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Abstract

Carbonatites are igneous rocks formed in the crust by fractional crystal-
lization of carbonate-rich parental melts that are mostly mantle derived.
They dominantly consist of carbonate minerals such as calcite, dolomite,
and ankerite, as well as minor phosphates, oxides, and silicates. They are
emplaced in continental intraplate settings such as cratonic interiors and
margins, as well as rift zones, and rarely on oceanic islands. Carbonatites
are cumulate rocks, which are formed by physical separation and accu-
mulation of crystals that crystallize from a melt, and their parental melts
form by either (#) direct partial melting of carbonate-bearing, metaso-
matized, lithospheric mantle producing alkali-bearing calciodolomitic
melts or (b) silicate-carbonate liquid immiscibility following fractional
crystallization of carbonate-bearing, silica-undersaturated magmas such
as nephelinites, melilitites, or lamprophyres. Their emplacement into
the crust is usually accompanied by fenitization, alkali metasomatism
of wallrock caused by fluids expelled from the crystallizing carbonatite.
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Rare earth elements
(REE): yttrium and
the 14 naturally
occurring lanthanides
from La to Lu;
scandium is not
considered a REE

Carbonatite system:
all igneous and
metasomatic rocks,
melts, and fluids and
their mutual
interaction processes
and products at any
particular carbonatite
occurrence

Ankerite: in the
carbonatite literature,
an informal term for
any dolomite with
substantial Fe
contents, including
compositions with
Mg# > 0.5 [Mg# =
Mg/(Mg + Fe)]

Natrocarbonatite:

an evolved carbonatite
melt or rock
comprising
dominantly alkali
carbonates (nyerereite
and gregoryite) with
halogen enrichment
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Carbonatites are major hosts of deposits of the rare earth elements and niobium, and the vast
majority of the global production of these commodities is from carbonatites.

m Carbonatites are igneous rocks formed from carbonate-rich magmas, which ultimately
formed in Earth’s upper mantle.

m Carbonatites are associated with economic deposits of metals such as the rare earth elements
and niobium, which are essential in high-tech applications.

m There are more than 600 carbonatites in the geological record but only one currently active
carbonatite volcano, Oldoinyo Lengai in Tanzania.

1. INTRODUCTION

Carbonatites are perplexing igneous rocks, consisting mostly of carbonate minerals, that have
been emplaced into Earth’s crust or erupted onto its surface in a variety of tectonic settings since
the Archean (Humphreys-Williams & Zahirovic 2021). There is a long history of academic and
economic interest in carbonatites, but despite this, many aspects of their origins and evolution
remain obscure. Nevertheless, they are currently receiving enhanced attention among researchers
because of their role in the deep time and deep Earth carbon cycle as well as their association with
resources of Nb and rare earth elements (REE) and some other important commodities such as
Fe, Cu, P, F, Ta, and U (Fortier et al. 2019, Lovik et al. 2018).

Here we review current understanding of the petrogenesis of carbonatite systems, using con-
straints from field observations, the petrology of natural samples and experimental analogs, as well
as geochemistry. We begin with a discussion of the definition and classification of carbonatites.

2. WHAT ARE CARBONATITES?
2.1. A New Classification Scheme for Carbonatite Systems

Most rock classification schemes fit into one of two categories: descriptive or genetic. Descriptive
classifications are based solely on observable characteristics of the rock type in question, most
commonly mineral proportions or chemical compositions. They require no assumptions about
the rock’s origin or evolution.

The descriptive classification approach is currently used for carbonatites, employing the car-
bonate mineral contents of rocks that can be confidently interpreted to be igneous in origin. The
required threshold volume percentage of carbonate minerals for a rock to be called a carbonatite
hasvaried from greater than 70% (Kresten 1983 ) to greater than 50% (Streckeisen 1980) to greater
than 30% (Mitchell 2005), with an upper limit of the silicate content set at 20% (Le Maitre 2002),
further subdividing silica-richer rocks as silicocarbonatites. Several different varieties have been
recognized, depending on the dominant carbonate mineral. These include calcite carbonatites
(formerly referred to as sovite if coarse grained or alvikite if fine grained), dolomite carbonatite
(formerly beforsite or rauhaugite), ferrocarbonatite (mainly Fe-carbonate minerals such as siderite
or ankerite), and natrocarbonatite (composed mainly of the alkali-dominated carbonate minerals
nyerereite and gregoryite).

Chemically, carbonatites are descriptively classified into calciocarbonatite, magnesiocarbon-
atite, ferruginous calciocarbonatite, and ferrocarbonatite, which closely correspond to or replicate
the mineralogical names calcite carbonatite, dolomite carbonatite, siderite calcite carbonatite, and
ferrocarbonatite, respectively (Gittins & Harmer 1997, Woolley & Kempe 1989). Natrocarbon-
atite is a further variety, rich in the chemical components Na, CO; and K, COj; relative to CaCOs,
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and known from the only currently active carbonatite volcano on Earth, Oldoinyo Lengai in
Tanzania.

Mitchell (2005) argued persuasively that the lithological complexity of carbonatite complexes
makes this purely descriptive definition inadequate. Because of magmatic differentiation! that
invariably occurs in carbonatites emplaced into the crust, including fractional crystallization and
formation of cumulates, modal mineralogy® can vary significantly over short length scales in the
field. For example, an apatite + magnetite-rich cumulate spatially and genetically associated with
a calciocarbonatite may not qualify as a carbonatite in the International Union of Geological
Sciences definition (Le Maitre 2002, Streckeisen 1980). Mitchell (2005) suggested a mineralogical-
genetic classification whereby an igneous rock containing greater than 30 vol % carbonate minerals
is a carbonatite. Although this cutoft is arbitrary, it would allow classification as carbonatites of
most of the range of modified rocks associated with carbonatite complexes. In most cases, “z given
carbonatite complex can be considered as a package of rocks that are modally diverse, but that have a common
magmatic origin” [Mitchell 2005, p. 2051 (italics in original)]. Additional mineral names can be
added to the dominant carbonate phase—for example, apatite magnetite calciocarbonatite, etc.

Although empirical classification schemes are straightforward to use, they convey little infor-
mation beyond a narrow scope of what the rock looks like and what minerals it contains. However,
the key scientific questions relate to the origin and evolution of carbonatites: How did this rock
form, why is it here, and what does it mean? Once scientific understanding of a rock-forming
system is sufficiently advanced, a genetic classification scheme that takes into account the petro-
genesis becomes possible. For example, granites are commonly classified into I, S, and A types
because these categories relate to magma genesis. Whether a certain granitoid rock is lacking 1%
of alkali feldspar and is therefore a granodiorite is inconsequential. Likewise, whether a carbonatite
has 21% silicates or only 49% calcite is inconsequential. Carbonatite mineralogy often changes
postemplacement. For example, an ankerite-dominated ferrocarbonatite can undergo near-surface
oxidation in which ankerite is altered to calcite + hematite, changing the mineralogical ferro-
carbonatite to a hematite calcite carbonatite, but the chemical ferrocarbonatite nature remains
(Gittins & Harmer 1997). A genetic classification avoids such conundrums.

Current knowledge of carbonatite systems based on decades of study of natural occurrences,
supplemented with extensive high-pressure experimental work, is sufficiently advanced to devise
genetic definitions.

2.2. A Definition for Carbonatite Melts

A carbonatite melt is the crucial component underpinning the formation of any carbonatite sys-
tem. At crustal pressures, carbonatite melts are clearly distinguished from silicate melts by their
low silica contents. At mantle pressures, we only consider carbonatite melts as liquids that are
broadly chemically equivalent to crustal carbonatite melts. Therefore, strongly carbonated sili-
cate liquids such as kimberlites and ultramafic lamprophyres are not included in this definition,
even if the carbonate anion may predominate at some stage during their petrogenesis. Nonethe-
less, carbonatite melts can coexist immiscibly with carbonated silicate melts. The most abundant
cations in carbonatite melts are Ca’*, Mg?*, Fe?*, Na*, and K*, and they often contain substan-
tial phosphate, fluoride, chloride, and water in solution. Carbonatite melt compositions are rather

IMagmatic differentiation refers to the range of processes by which bulk magma chemical compositions are
changed during emplacement into or eruption onto the crust, including crystallization of minerals.

?Modal mineralogy refers to the volume percent of different mineral types in a rock and is often the basis of
mineralogical rock classification schemes.
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Carbonatite melt:
any high-temperature
liquid in which
carbonate
predominates over all
other anions combined
and that solidifies into
a mostly volume-filling
mineral assemblage



Synmagmatic fluid:
any fluid phase that
coexists in chemical
equilibrium with a
denser carbonatite
melt

Brine-melt:

an H>O-rich evolved
carbonatite melt that
lost most of its initial
CaCOj3 and is now
saturated with alkali-
or Fe-rich carbonates

Paramagmatic fluid:
any fluid phase that is
in chemical
disequilibrium with a
contemporaneous
denser carbonatite
melt

Postmagmatic fluid:
any fluid phase that
interacts with a fully
solidified carbonatite
system and does not
contain synmagmatic
or paramagmatic
components

Carbonatite rock:
any rock containing
calcite, dolomite,
ankerite, magnesite,
siderite, or alkali
carbonates that has
crystallized from the
melts described above

enigmatic because they are not preserved in the geological record. Instead, they are inferred from
melt inclusions and experimental studies.

2.3. Fluids Associated with Carbonatite Systems

Carbonatite melts can occasionally be accompanied by synmagmatic fluids. These fluids span a
wide range from H,O-rich to H,O-poor compositions, and they can contain CO, either in the
gas phase or as carbonate, are often alkali rich, and are accompanied by a variety of anions such as
chloride, fluoride, or sulfate.

Melt and fluid phases in carbonatite systems persist to temperatures lower than the solidi of
other systems such as silicate magmas. Carbonatite melts continuously evolve by fractionating
calcite, apatite, and dolomite, leading to concentration of other incompatible components such
as alkalis, halides, and sulfate &+ H,O. These evolved carbonatite melts or brine-melts are highly
distinctive from their parental carbonatite melts as they are in equilibrium with alkali carbonates
that would otherwise dissolve in more dilute hydrothermal fluids.

Paramagmatic fluids often represent synmagmatic fluids that either (#) have been modified and
often diluted by mixing with noncarbonatitic fluids or () have moved away and evolved distally to
the location that contains its equilibrium carbonatite melt and mineral assemblage. For example,
a relatively alkali- and Fe-poor synmagmatic fluid may form in a deeper section of the carbonatite
system and rise toward a zone where an evolved brine-melt is actively crystallizing ankerite and
carbocernaite. The fluid is now paramagmatic and can potentially destabilize ankerite and carbo-
cernaite, mix with and modify the brine-melt, and cause autometasomatism of earlier formed solid
assemblages. Once the magmatic and associated fluid activity of the carbonatite system has ceased,
postmagmatic fluids can infiltrate the carbonatite. Postmagmatic fluids are externally derived, and
their composition is buffered by the surrounding predominantly silicate rocks. Therefore, post-
magmatic fluids are far from equilibrium with the unique chemical composition of carbonatite
systems, and they often lead to substantial overprinting of the original mineral assemblages.

2.4. Carbonatite Rock Classification

The primary solid component of a carbonatite system is a carbonatite rock. The predominant
crystallizing mineral during rock formation should be used as a prefix, excluding any obvious
subsolidus modifications. For example, calcite that has exsolved dolomite lamellae should be con-
sidered purely as calcite, and ankerite that has exsolved iron oxides should be considered purely
as ankerite. Other noncarbonate minerals of interest can be added as prefixes—for example, mag-
netite dolomite carbonatite or apatite calcite carbonatite. We discourage use of more than one
noncarbonate mineral in the rock name—rock names should be short and simple. The mineral
and bulk compositions of carbonatite rocks are not equivalent to the carbonatite melts from which
the rocks crystallized. For example, calcite carbonatite did not necessarily crystallize from a cal-
ciocarbonatite melt. Note that our definition differs from the chemical classification of Le Maitre
(2002), which uses oxide contents.

Carbonatite rocks can also contain various noncarbonate minerals such as wollastonite, mag-
netite, apatite, biotite/phlogopite, or forsterite so that when their oxide components (e.g., CaO,
FeO + Fe,03,P,05,AL, 03, K, O, and MgO) are included it may spuriously shift a chemical classi-
fication to an unrepresentative carbonatite type. For example, a carbonatite rock containing little
calcite but abundant olivine should be called olivine calcite carbonatite in a genetic classification,
although it may be chemically classified as a magnesiocarbonatite in descriptive schemes, falsely
implying the presence of dolomite.
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2.5. Fenites and Antiskarns

Carbonatite systems also include the products of metasomatic interactions between melts or flu-
ids and the country rocks into which they intrude. The most commonly observed metasomatic
silicate rocks are fenites. Fenites form by reactions between alkaline carbonatite-derived fluids
and the surrounding silicate country rocks. Whether the fenitizing agents are carbonatite melts,
evolved brine-melts, synmagmatic fluids, paramagmatic fluids, or a combination thereof varies
greatly from one carbonatite system to the next. Fenites are characterized by the formation of
metasomatic alkali-rich minerals such as micas, albite, K-feldspar, aegirine, and alkali amphi-
boles (arfvedsonite and riebeckite). Fenite bodies span a large size range, with some appearing
as centimeter-scale selvages around carbonatite rocks while others extend several kilometers into
the country rocks. Note that these alkali-rich minerals also occur in the igneous silicate rocks that
are commonly associated with carbonatites, such as syenites, ijolites, and nephelinites. Thus, dis-
tinguishing real fenites from pristine alkaline silicate rocks that form part of a carbonatite complex
may provide a challenge. These alkaline silicate rocks can themselves undergo fenitization by an
adjacent carbonatite, leading to cryptic metasomatism that may create additional compositional
complexity.

Other commonly observed metasomatic features in carbonatite systems are antiskarns. These
zones record the influence or ingress of chemical components from the surrounding silicate rocks.
These components react with the carbonatite melts, leading to mineral nucleation and growth
within the magmatic conduit including its walls. Antiskarns—reaction products of carbonatite
melt and solid host silicates—are essentially the opposite of classical skarns, in which carbonate-
rich rocks such as limestones react with intruding silicate melts or associated fluids. Antiskarns
typically contain Ca-Mg-silicate minerals characteristic of true skarns such as wollastonite, diop-
side, vesuvianite, cuspidine, etc. Antiskarnification of alkali-rich carbonatite melts will often lead
to mineral assemblages resembling fenites. Fenites are, however, external to the carbonatite in-
trusion, whereas antiskarns form within a carbonatite body. Antiskarns do not necessarily contain
carbonate minerals (thus they are not carbonatite rocks sensu stricto): The carbonatite melt can
migrate away from the reaction site, leaving behind silicate-dominated rocks. (See the sidebar
titled Anatectic Carbonatites and the sidebar titled Phoscorites.)

ANATECTIC CARBONATITES

Fenite: alkali-rich
metasomatic silicate
rocks that form an
aureole to an intrusive
body of carbonatite
rock

Antiskarn: a zone
within a carbonatite
intrusion containing a
mineral assemblage
that formed by
contamination of a
carbonatite melt with
externally derived
silicate material

This review focuses on carbonatites that originate from carbonated alkaline silicate melts formed at mantle depths.
However, this is not the only way to form natural carbonatite melts. Experimental work shows that partial melt-
ing of calcite and dolomite is feasible at upper crustal pressures and temperatures as low as 650°C, if sufficient
H,O is present (Durand et al. 2015, Lee et al. 2000). These conditions are not unusual in contact or high-grade
regional metamorphic environments. Partial melting can be enhanced by infiltration of metamorphic fluids (Evans
& Tomkins 2020) or hydrothermal brines expelled from nearby silicate intrusions (Audétat & Edmonds 2020).
Whereas calcite and dolomite in mantle-derived carbonatite rocks represent the cumulates from alkali- and halogen-
rich carbonatite melts, the rock compositions of anatectic carbonatites closely approximate those of melts. The
mineral assemblages and geochemical signatures of anatectic carbonatites resemble those of marbles and their
limestone or dolostone protoliths. Therefore, establishing that partial melting has occurred may not be straight-
forward, particularly if melt migration was limited so that the anatectic carbonatite melts did not escape from the
(meta)sedimentary source rocks. Schumann et al. (2019) and Ozkan et al. 2021) provide two examples for the pres-
ence of anatectic carbonatites, but there also exist cases where marbles with associated anatectic units have been
debated as true mantle-derived carbonatites (cf. Hegner et al. 2020).
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PHOSCORITES

Phoscorites are rocks containing varying proportions of apatite, magnetite, and Mg-dominated silicates (mostly

olivine but also clinopyroxene and phlogopite). They are occasionally found in association with carbonatites and

have diverse geometrical forms. While phoscorites are accepted to have originated from the same mantle source as
their associated carbonatites, the petrogenetic relationships are even less clear compared to other rock associations
of carbonatite systems (Giebel et al. 2019, Rass et al. 2020). Formation of phoscorites is a contentious subject
with the two leading models suggesting either cumulates from fractional crystallization from carbonatite melts or

phoscorite-carbonatite liquid immiscibility. Experiments by Klemme (2010) indicate that an Fe-P-rich melt can

crystallize a phoscorite mineral assemblage with the residual liquid resembling carbonatite melts, supporting the
fractional crystallization model. However, this model does not explain how an Fe-P-rich melt forms in the first

place. Even the most recent studies on natural phoscorites are inconclusive, with some suggesting fractionation
(Milani et al. 2017, Prokopyev et al. 2021), immiscibility (Giebel et al. 2019, Rass et al. 2020), or both (Barbosa et al.

2020).
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3.ISOTOPIC EVIDENCE FOR THE MANTLE ORIGINS AND SOURCES
OF CARBONATTITES

Low-degree partial melting of Earth’s upper mantle in the presence of CO,-bearing fluids or car-
bonate minerals (dolomite, magnesite) has long been the dominant paradigm to explain carbonate-
rich and associated alkaline silicate magmatism (Dalton & Presnall 1998, Eggler 1989, Lee &
Wyllie 1998, Woolley & Kjarsgaard 2008, Yaxley et al. 2020). Recognition of carbonatite rocks as
crystallization products of mantle-derived magmas led to numerous investigations that explored
the space-time evolution of their source regions by means of radiogenic isotope analyses (Bell &
Blenkinsop 1987, Nelson et al. 1988, Tilton & Bell 1994). This work established relatively uni-
form time-integrated evolutions for the Sr and Nd isotopic compositions of carbonatites from
continental shields since the Late Archean (Bell & Blenkinsop 1987), which was ascribed initially
to a common magma origin from depleted lithospheric mantle sources but was reinterpreted as
a record of the isotopic evolution of the convecting mantle (Bell & Tilton 2002). Over the past
20 years, the isotope database for global carbonatites has grown exponentially (Figures 1-3 and
Supplemental Data). This also includes nontraditional stable isotope systems such as ’Li/Li,
26Mg/**Mg, and **Ca/**Ca, which are increasingly explored to constrain the origins of carbon-
atites and the evolution of their mantle sources (e.g., Halama et al. 2008, Li et al. 2016, Sun et al.
2021, Tappe et al. 2017). The ever-growing isotope data sets are principally used to address the
long-standing question of whether carbonatite magmas are derived from lithospheric or astheno-
spheric mantle sources and to evaluate the potential role of deeply sourced mantle plumes in their
origin (Bell & Simonetti 2010). Another central question is whether anomalously strong geo-
chemical enrichment is essential for preconditioning the mantle sources of carbonatites and, if
so, whether the enrichment is driven internally involving primordial volatiles or driven mainly
by recycled crust components within Earth’s mantle (Amsellem et al. 2020, Horton 2021, Hulett
et al. 2016, Hutchison et al. 2019, Tappe et al. 2017).

Early Sr-Nd-Pb isotope studies observed the similarity between carbonatites and ocean island
basalts (OIBs), and it was suggested that the majority of Mesozoic—Cenozoic carbonatites were
derived from relatively undepleted mantle sources dominated by high-p end-member where
p = 238U/2%Pb and enriched mantle components (Bell & Tilton 2001, 2002; Nelson et al. 1988).

Yaxley et al.
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Figure 1 (Figure appears on preceding page)

Variations of Sr and Nd isotopic compositions for global carbonatites as compiled during this study.

(@) Sr-Nd isotope data with a focus on carbonatites from modern oceanic islands and Phanerozoic
carbonatites from continental shield settings. The compositional field for Group-1 kimberlites from cratons
worldwide is based on the groundmass perovskite data compiled by Tappe et al. (2017). The data for modern
oceanic basalts (mid-ocean ridge basalts and ocean island basalts) defining the mantle array are from Stracke
(2012). (b) Sr-Nd isotope data with a focus on Phanerozoic and Precambrian carbonatites from continental
shield settings. The Sr isotopic compositions of bulk Earth at 2 Ga, 1 Ga, and the present follow the Basaltic
Achondrite Best Initial model. (¢) Sr-Nd isotope data with a focus on Phanerozoic carbonatites from
continental collision zone settings. CHUR calculated using the recommended average Nd isotopic
composition of chondritic meteorites by Bouvier et al. (2008). DM, PREMA, HIMU, and EM calculated
from Zindler & Hart (1986) and Stracke (2012). See the Supplemental Data for the data in this plot.
Abbreviations: CHUR, chondritic uniform reservoir; DM, depleted mantle; EM, enriched mantle; HIMU,
high-p end-member where i = 238/204Ph; PREMA, prevalent mantle.

Although an updated global database confirms the broad overlap between OIBs and young
carbonatites from continental shield settings in Sr-Nd isotope space, the carbonatite data array
develops between a well-defined moderately depleted end-member, similar to the prevalent
mantle component of Zindler & Hart (1986), and a range of enriched isotopic components
(Figure 1a). The isotopically enriched components are highly heterogeneous and have been
variably interpreted as representing metasomatized continental mantle lithosphere (e.g., Bell
& Simonetti 2010) or various types of recycled sediment (e.g., Chen et al. 2016, Hoernle et al.
2002), located either within the convecting upper mantle or within rising lower mantle plumes.
Given that the few known carbonatites from oceanic islands (apparently restricted to the Central
Atlantic) do not show strong Sr-Nd isotopic enrichment (Figure 14), it would appear that the
continental mantle lithosphere is, to variable extents, involved in the petrogenesis of carbonate-
rich magmas beneath thick continental shields. The updated Sr-Nd isotope database also suggests
that Phanerozoic and Precambrian carbonatites from continental shield settings are derived from
similar mantle sources that comprise mixtures of moderately depleted and enriched components
relative to primitive mantle compositions (Figure 15). Although Phanerozoic carbonatites in
collision zone settings also record a moderately depleted mantle component similar to their
counterparts from continental shields, these orogenic to postorogenic carbonatites may extend
to extremely enriched Sr-Nd isotopic compositions not known from the global OIB record
(Figure 1¢). Such a strongly enriched isotopic flavor is currently best interpreted as a sedimentary
carbonate component that is added to certain mantle-derived low-volume magmas at crustal or
shallow upper mantle depths in active continental collision zones (Hou et al. 2006, Lustrino et al.
2020), without the stretching and efficient size reduction that leads to the dispersal of deeply
subducted sediments within the convecting mantle (Stracke 2012).

The updated Nd isotope database for global carbonatites shows a time-integrated evolution
from ca. 3 Ga to the present that closely follows a chondritic or primitive mantle evolution, with
some notable excursions to more depleted and enriched eNd?* values, which are most prominent in
the carbonatite data subsets for continental shields and collision zones, respectively (Figure 2a).
A similar temporal evolution is defined by the Hf isotopic compositions of carbonatites and
carbonatite-hosted zircon and baddeleyite from localities worldwide, albeit on the basis of many
fewer data compared to the Nd isotope evolution (Figure 25). Taken at face value, the Nd and

3Epsilon Nd (eNd) expresses the deviation in parts per 10% of the Nd isotopic composition of igneous rocks
at time ¢ after their formation, from the evolution of the chondritic uniform reservoir (CHUR), which rep-
resents the earliest, unfractionated material from which the Solar System formed. It is defined as eNd =
{[("B NN samplers] / (PN Nd)crurpy] - 1) x 10* (DePaolo & Wasserburg 1976).

Yaxley et al.
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Figure 2

Evolution diagrams for the (#) Nd and (b) Hf isotopic compositions of global carbonatites as compiled
during this study. Depleted mantle evolution follows the model by Salters & Stracke (2004). CHUR
evolution uses the recommended average Nd and Hf isotopic compositions of chondritic meteorites and the
respective parent-daughter element ratios, as given by Bouvier et al. (2008). Note the general paucity of Hf
isotope data for bulk carbonatites due to the typically extremely low Hf concentrations, which presents a
major analytical challenge. Abbreviation: CHUR, chondritic uniform reservoir.

Hf isotope evolution diagrams suggest an ultimate origin from the convecting upper mantle for
global carbonatite magmatism through time (e.g., Bizimis et al. 2003, Tappe et al. 2020). How-
ever, the Nd and Hf isotope data compilations also suggest that recycled crustal components in the
mantle sources of carbonatites became increasingly common after ca. 1 Ga (Figure 2), possibly
due to the transitioning of Earth into a modern plate tectonics regime at lower geotherms during
the Late Proterozoic (Hawkesworth et al. 2017). Establishment of colder subduction mechanisms
with time may have promoted deeper levels of oceanic lithosphere transfer into the convecting
mantle, including a more effective introduction of volatiles and sediments into the deep Earth
(Thomson et al. 2016).

An important role for recycled marine carbonates in the mantle sources of global carbon-
atites has recently been suggested on the basis of extremely light Ca isotopic compositions
(Amsellem et al. 2020) (Figure 34). However, an improved analytical protocol revealed that
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Figure 3 (Figure appears on preceding page)

Evolution diagrams for the (#) calcium, (4) boron, and (¢) sulfur stable isotopic compositions of global carbonatites, expressed in
standard delta notations relative to the most widely used international reference materials. The main data sources are: for panel 4,
Amsellem et al. (2020), Sun et al. (2021), and Tappe et al. (2021); for panel b, Hulett et al. (2016) and Kuebler et al. (2020); and for panel
¢, Hutchison et al. (2019). Terrestrial mantle compositions follow the recommendations by Chen et al. (2016) for §**4°Ca, Marschall
etal. (2017) for 8''B, and Labidi et al. (2013) for 8**S. The 83*S mantle source estimates for carbonatites from localities worldwide are
taken from Hutchison et al. (2019). Abbreviation: MORB, mid-ocean ridge basalt.

most carbonatites have less extreme Ca isotopic compositions, more similar to those of oceanic
basalts (Sun et al. 2021). Sun et al. (2021) argue that there is only a minor offset of carbonatite
§*40Ca values from the upper mantle range (Figure 34) and that this systematic offset can
be readily explained by melting-related isotope fractionation at ambient mantle temperatures.
According to these authors’ Ca isotope data, less than 2% of recycled carbonate sediments were
involved in source-forming processes prior to mantle-derived carbonatite magmatism. While
the evidence from Ca isotopes is currently inconclusive (Figure 3a), the fast-growing database
of B and S isotope ratios in the most primitive carbonatites from localities worldwide suggests
a secular evolution of their mantle source compositions (Amsellem et al. 2020, Hulett et al.
2016, Hutchison et al. 2019, Kuebler et al. 2020, Sun et al. 2021) (Figure 3b,¢). Similar to the
observation from the Nd and Hf isotope evolution (Figure 2), both the 3!'B (Figure 35) and $**S
(Figure 3c) values through time suggest marked contributions from recycled crustal components
to global carbonatite magmatism during the Phanerozoic, whereas the data for Precambrian
occurrences scatter around the respective mantle range.

4. PETROLOGICAL CONSTRAINTS ON THE FORMATION OF MELTS
PARENTAL TO CARBONATITES

Given the isotopic evidence outlined in Section 3, that Phanerozoic carbonatites contain signifi-
cant components derived from recycled crustal material, we now consider experimental constraints
on the deep recycling of crustal carbon and its eventual incorporation into carbonatites.

The major process responsible for the return of crustal carbon to the deep mantle is subduc-
tion (Dasgupta & Hirschmann 2010, Kelemen & Manning 2015). Oceanic crust, hydrothermally
altered in the ridge environment, typically contains a few percent of carbonate, mainly calcite
(Alt et al. 1986, Hart & Staudigel 1978). Pelagic sediments can also be carbon rich (Plank &
Langmuir 1998, Thomsen & Schmidt 2008). The fate of this material includes mass transfer
as part of CO, + H,O-fluid to the serpentinized mantle wedge (the cold nose) in the forearc
and storage as magnesite and other carbonates (Sieber et al. 2018, 2020), transfer into the subarc
mantle wedge in fluids or melts (Poli et al. 2009), and eventual outgassing associated with arc or
backarc volcanism or deeper subduction beyond the immediate arc environment (Kiseeva et al.
2013a, Thomson et al. 2016, Yaxley & Green 1994). More controversial is the relative magnitude
of the fluxes of carbon in each case, and particularly how much carbon is subducted beyond the
subarc environment, into the very deep mantle, and ultimately incorporated in the convecting
mantle. Recent estimates vary from near-zero to 52 Mt C/a globally (Dasgupta & Hirschmann
2010, Kelemen & Manning 2015). The upper limit is comparable to estimates of the modern
global CO; flux to the atmosphere from subduction-related volcanism (18-43 Mt C/a).

Isotopic evidence for recycled crustal components in Phanerozoic carbonatites suggests that
the carbon flux via subduction to the convecting mantle has been greater than zero, at least during
the past 1 Ga. Experimental studies have indicated that deeply subducted carbonate is likely to
reach its solidus in mafic or sedimentary compositions modeling oceanic crust (Grassi & Schmidt
2011a,b, Kiseeva et al. 2013a, Thomsen & Schmidt 2008, Thomson et al. 2016) near or in the
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mantle transition zone, along many feasible prograde pressure-temperature paths for subducting
oceanic crust. Partial melts will be broadly alkali-rich calcic-magnesian compositions. They will
undergo redox freezing on segregation from their recycled crustal sources and migration into peri-
dotite wallrock. Peridotites present at depths corresponding to greater than or equal to 9 GPa are
expected to be reduced (FeNi saturated, oxygen fugacity around the iron-wiistite buffer) (Ballhaus
1995, Frost & McCammon 2008). Reaction with carbonatite melts will initially form assemblages
of diamond + Fe-Ni-S-carbide, depending on the abundance of carbon (Rohrbach et al. 2014,
Tsuno & Dasgupta 2015). Further reaction will oxidize all Fe and Ni in carbides and produce hy-
brid, diamond-bearing pyroxenitic lithologies (Kiseeva et al. 2013b, Rohrbach & Schmidt 2011).
If H,O is present, methane fluids may form (Matjuschkin et al. 2018).

These diamond-bearing lithologies or methane-bearing fluids could then be entrained into the
convecting mantle or in mantle plumes and decompressed. As they ascend, they will encounter
progressively higher oxygen fugacity (Frost & McCammon 2008, Rohrbach & Schmidt 2011,
Stagno et al. 2013), eventually permitting diamond and carbide oxidation to carbonate by oxygen
exchange with Fe’*-bearing garnets and other mantle silicate minerals. One potential reaction
involving the Fe-bearing components is

2 andradite + 7 ferrosilite + diamond = 5 hedenbergite + 3 fayalite + calcite
2 Ca3Fe,;Si304; + 7 FeSiO; + C = 5 CaFeSi, Og + 3 Fe,Si04 + CaCOs.

However, as shown by Dasgupta & Hirschmann (2006), it is unlikely that the convecting
mantle could contain crystalline carbonate, as mantle adiabats with feasible potential tempera-
tures [1,315-1,425°C (Ita & Stixrude 1992, McKenzie et al. 2005)] lie at temperatures well above
the carbonate peridotite solidus. Based on experiments, these adiabats intersect this solidus at
approximately 10 GPa, where conditions are likely much too reduced for carbonate stability.
Instead, as a result of oxidation of the mantle during decompression, redox melting (Foley 2011)
may occur at an oxidized peridotite solidus, producing alkali-bearing, calcic magnesian melt as
the near-solidus liquid (e.g., Dasgupta & Hirschmann 2006, Falloon & Green 1989, Pintér et al.
2021). These melts would segregate and ascend at very low melt fractions (Hammouda & Laporte
2000, Kono et al. 2014) and evolve toward silica-undersaturated ultramafic to mafic silicate melts,
similar to kimberlites, melilitites, and nephelinites, at lower pressures (Massuyeau et al. 2021).

The model process of deep recycling of carbon via subduction of crust and its eventual in-
corporation into mantle source regions for primary carbonatites or silica-undersaturated silicate
melts is illustrated schematically in Figure 4.

Primary carbonatite melts may be produced near the peridotite + CO, £ H,O solidus in
the cooler lithosphere and will likely migrate along grain boundaries thermally buffered by the
local geotherm. Emplacement directly into the crust may be hindered at pressures below 1.5
2.0 GPa by the carbonate limiting reaction dolomite + orthopyroxene = olivine + clinopyroxene
+ CO; [known as the carbonate ledge (Hammouda & Keshav 2015)], whereby carbonatite melt
components will replace mantle orthopyroxene with olivine, clinopyroxene, and CO;-rich fluid
(Green & Wallace 1988). Evidence for this reaction has been recorded in some spinel peridotite
xenoliths from Australia and Tanzania (Yaxley et al. 1991, Rudnick et al. 1993), in which replace-
ment of orthopyroxene has in some samples been complete, leading to apatite-bearing wehrlites.
Wehrlitization of melt conduits or channels, or rapid transport along deep lithospheric fractures,
may allow subsequent primary dolomitic carbonatite melts to avoid reaction with orthopyrox-
ene and elimination of the melt, so that emplacement at crustal levels as directly mantle-derived
alkali-bearing calcic magnesian melts is possible (Dalton & Wood 1993).

However, about three-quarters of global carbonatite occurrences are spatially and temporally
associated with silicate magmas (mainly nephelinites, melilitites, and syenites) in intraplate
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Figure 4

continental or in rare cases oceanic island settings. The carbonatites of these bimodal associations
likely formed by silicate-carbonate liquid immiscibility after fractional crystallization of parental
carbonated silicate melts. This probably happened in the crust or perhaps in the uppermost
mantle lithosphere. Therefore, understanding the nature of crustally emplaced carbonatites’
mantle sources and how and where they formed is closely linked to understanding how and where
their parental silica-undersaturated silicate magmas formed.

The petrogenesis of intraplate basaltic rocks in continental and oceanic settings is controver-
sial. There are competing models for their mantle source components, which include low melting
temperature; metasomatically enriched and veined, volatile-bearing lithospheric mantle (e.g., Pilet
et al. 2008, Rooney et al. 2017); or underlying asthenospheric mantle that has entrained a range
of isotopically enriched components, some of which relate ultimately to recycled crustal materials
incorporated into the convecting mantle via subduction. Melts derived from the asthenosphere
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may also have metasomatized the overlying lithosphere, meaning that subsequent partial melts of
the lithosphere contain geochemical signatures of components derived from the asthenosphere,
or radiogenic isotope signatures grown in over geological time. In this case, it may be difficult
to unravel the isotopic signatures of asthenospheric versus lithospheric melting. Direct astheno-
spheric melting may be initiated by adiabatic upwelling associated with mantle plumes, thinning
of the lithosphere during rifting, or edge-driven convection (Davies & Rawlinson 2014). Alterna-
tively, or in addition, thermal input from upwelling asthenosphere may have initiated melting in
the volatile-enriched lithosphere.

The variations in primitive, silica-undersaturated magma compositions in continental or
oceanic intraplate settings are a complex interplay of the depth and degree of mantle melting,
the nature and abundance of volatile species present during partial melting (CO, + H,O partic-
ularly), and the nature of the sources involved (e.g., relative contributions by the asthenosphere
and lithosphere). Nevertheless, formation of silica-undersaturated melts such as olivine-normative
melilitite and nephelinite by partial melting of peridotite likely requires the presence of carbon-
ate dissolved in the near-solidus liquid, due to its ability to contract the olivine liquidus field in
the basalt tetrahedron relative to the volatile free system at high pressures, thereby moving low-
degree partial melts into the nepheline-normative field. H,O has the opposite effect, but a mixed
CO; + H,0 fluid dissolved in the primary silicate melt is still likely to lead to the formation of
nepheline- or melilite-normative compositions (Green et al. 1987). Olivine melilitites likely form
in the presence of CO, + H,O-fluids in equilibrium with a garnet lherzolite residue at relatively
high pressures (=4 GPa) on a typical mantle adiabat at low degrees of melting (<1%). Olivine
nephelinite likely forms at lower pressures and higher degrees of melting (<3 GPa, 2%) (Brey
1978, Green 2015).

The next question relates to the conditions under which these silica-undersaturated melts can
evolve by fractional crystallization to intersect a silicate-carbonate solvus and unmix into conjugate
silicate and carbonatite melts.

5. CARBONATITE FORMATION BY CRYSTAL FRACTIONATION
AND LIQUID IMMISCIBILITY

Experiments (Lee & Wyllie 1997, 1998) and melt inclusion records in early-formed minerals in
Kovdor, Gardiner, Guli, and Kerimasi mafic silicate rocks associated with carbonatites (Guzmics
et al. 2012, Nielsen et al. 1997, Rass & Plechov 2000, Veksler et al. 1998) and mafic-ultramafic
alkaline silicate rocks associated with carbonatites (Frisch & Keusen 1977, Nielsen 1981, Panina
& Motorina 2008, Ryabchikov & Kogarko 2016) suggest that at high temperatures (~1,050-
1,250°C) and crustal pressures (~0.1-1 GPa), crystallization of carbonated nephelinite-melilitite
melts likely results in the formation of silicate (e.g., olivine, nepheline, clinopyroxene, melilite,
phlogopite, amphibole) and oxide (e.g., magnetite and perovskite) minerals. Such crystal frac-
tionation* causes compositional changes of the residual carbonated nephelinite-melilitite melts,
sometimes leading to the formation of immiscible silicate and carbonatite melts (Brooker &
Kjarsgaard 2011, Hamilton et al. 1979, Lee & Wyllie 1998, Schmidt & Wiedendorfer 2018)
(Figure 5). Experimental and melt inclusion studies suggest that carbonatite melts forming at
the onset of nephelinite-carbonatite immiscibility (~1,000-1,100°C, ~0.1-1 GPa) are calcite

#Crystal fractionation is the most important process by which magma differentiation occurs. Crystals of min-
eral species precipitate from magmas and are physically separated from the remaining liquid, mainly because
of density differences between the crystals and the melt, leading to chemical evolution of the magma.
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Melt inclusions hosted in nepheline crystals from Kerimasi (#) and Oldoinyo Lengai (b) in Tanzania. The inclusions were heated to 850
or 800°C and quenched, and they show evidence for immiscible silicate and carbonatite melts.

normative (30-45 wt% CaO), alkali (>7-10 wt% Na,O + K,O) and P,Os bearing (2-7 wt%),
and MgO poor (<3 wt%). Generally, immiscible carbonatite melts at 800-1,250°C are enriched
in Na, K, Ca, Sr, Ba, light rare earth elements (LREE), P, Mo, W, E, and ClI relative to the
coexisting silicate melts (Berkesi et al. 2020, Guzmics et al. 2015, Martin et al. 2012, Veksler et al.
2012). Some experiments suggest an alternative magma evolution path at crustal pressures, when
initial carbonated nephelinite-melilitite melts can be CaCOjs rich and coprecipitate silicates and
calcite, without liquid immiscibility. This process may be recorded in silicate-calcite rocks found
at Oka and Prairie Lake in Canada, and Kovdor and Belaya Zima in Russia (Doroshkevich et al.
2017, Savard & Mitchell 2021, Treiman & Essene 1985, Veksler et al. 1998).

Whether a particular primitive alkaline or tholeiitic basaltic melt can evolve by fractional crys-
tallization in such a way that it intersects a carbonate-silicate liquid solvus depends on several fac-
tors. Schmidt & Weidendorfer (2018) showed that primitive basalts and basanites from 17 oceanic
islands evolved toward high SiO, and Na, O + K, O contents, producing a broad array of compo-
sitions from basaltic andesites and trachyandesites to trachytes. However, for oceanic islands with
recorded carbonatites (Cape Verde and the Canary Islands), primitive basanites have lower SiO,
and higher total alkalis, with fractionation toward phonolites. Both arrays terminate at a valley
on the liquidus surface of the KAISiO4-NaAlSiO4-SiO; system (Zeng & MacKenzie 1984). This
valley has a phonolite minimum at very high total alkalis (18 wt% Na,O + K,O) at around 52—
56 wt% SiO, and a granite minimum at around 9 wt% Na,O + K,O and 72-76 wt% SiO,. In
between the two minima is the alkali feldspar thermal divide (13-14 wt% Na,O + K, O, 64 wt%
Si0;). The maximum extent of the experimentally determined silicate-carbonate solvus inter-
sects the cotectic near the phonolite minimum (see the supplementary information of Schmidt &
Weidendorfer 2018). This means that primitive carbonate-bearing silicate melts that evolve to-
ward highly alkaline, broadly phonolitic compositions may intersect the carbonate-silicate solvus
and produce conjugate immiscible carbonatite and silicate liquids. Melts evolving toward the lower
total alkali-high SiO; side of the thermal divide will potentially terminate at the granite minimum
and never exsolve a carbonatite liquid. The rarity of oceanic carbonatites may relate to low CO,
solubility in evolved melts at relatively shallow crustal pressures, whereas fractionation in the deep
continental lithosphere tends to promote high CO; solubility and thus the potential to form dis-
crete quantities of carbonatite melt that can intrude the crust or erupt at Earth’s surface. This
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concept is supported by the fact that those oceanic islands with known carbonatites have some of
the thickest lithospheres within the ocean basins (Schmidt & Weidendorfer 2018).

6. EARLY EVOLUTION AND EMPLACEMENT
OF CARBONATITE MAGMAS

Once carbonatite melts are emplaced into the crust, regardless of whether they came directly from
the mantle or evolved by liquid immiscibility, they will be rich in the CaCOj; component. In addi-
tion, they contain alkalis (mainly Na and K), some Mg, and both Fe?* and Fe**. Anionic species
in the melt include abundant phosphate, fluoride, chloride, and sulfate. These initial carbonatite
melts will evolve via fractionation of calcite + apatite forming calcite carbonatite rocks (Guzmics
et al. 2011, Weidendorfer et al. 2017) or by a decarbonation reaction between the CaCOj; com-
ponent in the melt with silica sourced from the surrounding wallrocks, leading to formation of
wollastonite antiskarns. Magnesium will also participate in the decarbonation reaction forming
clinopyroxene antiskarns and potentially olivine in Mg-rich carbonatite melts or adjacent to ul-
tramafic wallrocks (Anenburg & Mavrogenes 2018). During these early stages of carbonatite evo-
lution in the crust, oxide minerals such as magnetite and perovskite frequently occur. Silicate
minerals also crystallize, most commonly olivine, phlogopite, clinopyroxene with varying aegirine
contents, and a range of amphibole compositions from Ca-Mg at early stages to alkali amphi-
boles later on (Anenburg et al. 2020a, Feng et al. 2020, Kjarsgaard 1998). The required SiO, and
Al, O; either can be sourced from the primitive carbonatite melt itself or was added to the evolving
carbonatite liquids via wallrock assimilation (Anenburg & Mavrogenes 2018).

7. ARE DOLOMITE CARBONATITES DIRECT MANTLE MELTS?

Much has been argued about whether some carbonatites crystallized directly from carbonatite
melts that formed in the mantle or whether they are products of differentiation of carbonated
silicate melts, by liquid immiscibility and/or crystal fractionation. The common association of
carbonatites with alkaline silicate rocks supports their derivation from carbonated silicate melts
(e.g., Tappe etal. 2017). However, a few studies argued that the coexisting carbonatite and silicate
rocks in some igneous complexes merely used the same crustal conduits but may have had distinct
origins and are not petrogenetically related (Harmer 1999). Of importance in this debate are
dolomite carbonatites, which are often considered to represent the crustal emplacement products
of mantle-derived Mg-rich carbonatite melts (Harmer & Gittins 1997).

Figure 6 shows several decarbonation reactions in the system CaO-MgO-Al, O;-Si0,-CO;.
These reactions relate to pure end-member components with unit activity, but they offer rea-
sonable approximations for carbonatite melts and the relevant crystalline phases. Decarbonation
reactions have a moderate slope in pressure-temperature space, but rising mantle melts are near
adiabatic with steep initial slopes (gray arrow in Figure 6). As they rise, the melts encounter crustal
rocks with higher SiO; and Al,O; contents compared to mantle rocks at decreasing pressures. The
carbonatite melts may react with silicate crustal minerals, consuming the melt’s dolomite compo-
nent (Figure 6) and leaving behind a Ca-enriched carbonatite melt. Such Ca-dominated carbon-
atite melts need abundant fluxing components to remain liquid and to reach the upper crust, and
melt inclusion evidence indicates high concentrations of the alkalis, F, H,O, etc. Without these
fluxing agents, carbonatite melts may simply freeze in the lower or middle crust after having lost
one of their most important fluxing components—MgCOj3. These melts can be preserved as zones
containing abundant clinopyroxene [i.e., antiskarns (e.g., Shaw 2018)] but are difficult to recog-
nize in the absence of exposures of deep pyroxenites. The process described above is similar to
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Figure 6

Silicate-carbonate reactions at crustal pressures, calculated using Perple_X. The gray arrow represents
schematically the pressure-temperature path followed by an ascending carbonatite liquid, which is initially
adiabatic (nearly vertical in pressure-temperature space) and then cools when it reaches its emplacement
level in the crust.

the model by Hammouda et al. (2014), where a hot magnesian carbonatite melt bypasses the car-
bonate ledge and subsequently reacts with the lower crust to produce olivine and a more calcic
carbonatite melt. We note, however, that this reaction is less likely to occur in the upper crust
because olivine is not stable at these conditions. Regardless of the details of such reactions, it is
important to recognize that rising mantle-derived carbonatite melts almost certainly lose a sig-
nificant amount of their Mg to the encountered country rocks in Earth’s crust. The formation
of mantle wehrlite is often explained as a mechanism by which magnesian carbonatite melts can
escape reactions at the carbonate ledge at shallow mantle depths and enter relatively unmodified
into the crust (Dalton & Wood 1993).

Once in the upper crust, carbonatite melts will cool down and crystallize primarily calcite,
enriching the residual melt in Mg and approaching the dolomite stability field. These evolved
carbonatite melts will reach a stage when dolomite becomes the main crystallizing phase instead
of calcite, resulting in the formation of dolomite carbonatite rocks. In essence, a mantle-derived
carbonatite melt may lose most of its MgCOj3 component upon ascent but may subsequently be
enriched in MgCO; during fractional crystallization in the uppermost crust.

Alternatively, a carbonatite melt formed by liquid immiscibility from a carbonated silicate melt
will initially have a low Mg content but will evolve to higher MgCOj; content due to calcite crys-
tallization. Therefore, the presence of dolomite in a carbonatite rock may not relate directly to
its mantle origin or differentiation via liquid immiscibility but can be controlled by magma evo-
lution within the upper crust. Harmer & Gittins (1997, p. 5) argue that “no reasonable petroge-
netic mechanism exists whereby magnesian carbonatite magmas could be generated from calcitic
parental melts: itis argued that the reverse is true.” This statement assumes that calcite carbonatite
rocks derive from Ca-dominated or calcitic melts and that dolomite carbonatite rocks derive from
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Mg-dominated or dolomitic melts. Neither of these theoretical end-member melts is likely to ex-
ist in nature. Natural carbonatite melts are a solution of a wide range of chemical components,
including Ca, Mg, Fe, Na, K, P, F, Cl, H,O, and more. Whether calcite or dolomite or both min-
eral phases crystallize from such melts depends on their temperature evolution and the previous
crystallization history. Contamination of ascending carbonatite melts by silicate mineral reactions
and assimilation processes suppresses the crystallization of dolomite because Mg is preferentially
incorporated into newly formed antiskarn materials containing silicates such as diopside, phlogo-
pite, and amphibole (Anenburg et al. 2020a, Giebel et al. 2019, Wei et al. 2020). Therefore, calcite
carbonatites, dolomite carbonatites, and mafic silicate calcite carbonatites can potentially all form
from the same parental carbonatite magma, depending on the complex evolutionary paths taken
by a primary magnesian carbonatite melt from the upper mantle or by a calcic carbonatite melt
conjugate to an undersaturated silicate melt (Djeddi et al. 2021).

8. NATROCARBONATITES AND THEIR ABSENCE
FROM THE GEOLOGICAL RECORD

Much controversy surrounds the formation of natrocarbonatite melts periodically erupting at
Oldoinyo Lengai at ~500-600°C (Dawson et al. 1990, Keller & Krafft 1990). Experimental re-
sults (Sweeney 1994, Wallace & Green 1988) rule out that natrocarbonatites, containing less than
1 wt% MgO (Keller & Krafft 1990), represent melts that were derived directly from the mantle.
Phase diagrams suggest that if immiscible nephelinite and carbonatite melts coexist from ~1,200
to 850°C, silicate (and oxide) minerals preferentially form and calcite precipitation is limited
to a narrow compositional field (Kjarsgaard 1998; Lee & Wyllie 1997, 1998). This can be re-
sponsible for the formation of diverse nephelinite-phonolite and melilitite rocks (Mitchell 2005,
Schmidt & Wiedendorfer 2018), containing minor or no calcite. Melt inclusion data suggest that
at 800-850°C and subvolcanic pressures, the fluid phase can be volumetrically significant, silicate
melt compositions can shift from mafic-intermediate nephelinitic to phonolitic, and carbonatite
melts tend to have compositions that can produce nyerereite and are enriched in F (5-14 wt%)
(Baudouin et al. 2018, Berkesi et al. 2020, Guzmics et al. 2019). Calcite saturation from these F-
rich carbonatite melts is unlikely because fluorine suppresses the calcite liquidus (Jago & Gittins
1991). Melt inclusions in calcite carbonatite rocks from Guli in Russia and Oka in Canada show
in addition alkali-rich compositions (Chen et al. 2013, Kogarko et al. 1991).

Natrocarbonatites at Oldoinyo Lengai consist of nyerereite and gregoryite phenocrysts set
in a fluorite + sylvite-bearing groundmass, which is enriched in halogens (2—-6 wt% F, 3—-6 wt%
Cl). These rare natrocarbonatites are associated with strongly peralkaline evolved nephelinites
(Church & Jones 1995, Keller & Krafft 1990, Kjarsgaard et al. 1995, Peterson 1989). Melt inclu-
sions from Oldoinyo Lengai reveal the coexistence of highly peralkaline, evolved nephelinite melts
(de Moor et al. 2013, Sharygin et al. 2012) with immiscible gregoryite- or nyerereite-normative
carbonatite melts (Mitchell 2009, Mitchell & Dawson 2012) at ~750-800°C (Berkesi et al. 2020)
(Figure 5). The high peralkalinity of the nephelinite melts was explained by clinopyroxene dis-
solution in a CaCOs-rich carbonatite melt (Weidendorfer et al. 2019) or by re-equilibration of
a gregoryite-rich fluid residue (Guzmics et al. 2019) with immiscible phonolite and F-rich car-
bonatite melts after CO,-rich vapor degassing (Berkesi et al. 2020). These F-rich gregoryite +
nyerereite normative carbonatite melts can fractionate fluorite at less than 750°C, resulting in
natrocarbonatite compositions alongside the complete solidification of the coexisting nephelinite
melts.

An often-discussed enigma of carbonatite petrology is the lack of natrocarbonatites in the ge-
ological record, which is dominated by calcite- and dolomite-bearing varieties among the more
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than 600 known carbonatite occurrences. This led to the hypothesis that natrocarbonatites have an
exceptionally poor preservation potential because of their soluble alkali-rich nature (e.g., Martin
et al. 2012). Alternatively, the recent Oldoinyo Lengai natrocarbonatites may present a geochem-
ical anomaly. This debate could potentially be resolved if calcite and dolomite carbonatites are
considered as cumulate crystallization products and the natrocarbonatite as the residual melt. An
initially heterogeneous carbonatite melt will contain Ca, Mg, Na, and K. Given that calcite is the
primary crystallizing phase followed by dolomite, these cumulates will form the carbonatite rocks
(Slezak & Spandler 2020). The fractionated carbonatite melt will then be depleted in Ca and Mg,
with strong enrichments of Na and K (Guzmics et al. 2011). Weidendorfer et al. (2017) demon-
strated that an evolved carbonatite melt will consist of less than 50% CaCQOj; with the remainder
comprising mostly Na, CO; and K, COj, while still crystallizing solely calcite on the liquidus. Sub-
sequent evolution to brine-melts by crystallization of dolomite and ankerite will further increase
the Na-K to Ca-Mg ratio of the residual melt. Although melt inclusions thought to be associated
with natrocarbonatite eruptions are H,O poor (Berkesi et al. 2020, Guzmics et al. 2019), they
could have been degassed prior to entrapment. Eruptions at Oldoinyo Lengai are occasionally
accompanied by abundant H, O fluxes (Fischer et al. 2006, Teague et al. 2008), which could repre-
sent degassing of the aqueous brine component of the brine-melt, leaving behind a relatively dry
natrocarbonatite. Alternatively, the H,O component could be groundwater derived, or it could be
generated by shallow CO,-H,O phase separation.

Thus, calcite—dolomite carbonatites and natrocarbonatites are not mutually exclusive. They
appear to represent the carbonatite cumulate and evolved carbonatite melt components of the
same magmatic system. Most calcite and dolomite carbonatites emplaced as cumulates into the
uppermost crust may have had an associated alkali carbonatite melt component. A natrocarbon-
atite may be the surface expression of an evolved carbonatite melt, similar to the condensate model
by Nielsen & Veksler (2002). Had it not erupted, it would have been consumed in metasomatic
reactions with silicate country rocks to form a fenite aureole (see Section 9). Given that most car-
bonatite complexes have a fenite aureole, it is reasonable to argue that natrocarbonatites have been
common in the geological past and do not represent a modern geochemical anomaly. However, it
remains unclear how common natrocarbonatite eruptions analogous to Oldoinyo Lengai were in
the distant past.

Although soluble alkali minerals were formed experimentally (Anenburg et al. 2020b, Mitchell
& Kjarsgaard 2011) and are common in fluid and melt inclusions (Chakhmouradian et al. 2016,
Bithn & Rankin 1999), they probably did not form plutonic natrocarbonatite rocks but rather oc-
cur in segregations within dolomite and ankerite carbonatites, or are widely disseminated within
them (Tucker et al. 2012). This implies that the Oldoinyo Lengai sodic lavas are not particularly
unusual, despite the fact that most fossil carbonatites are alkali poor and calcite rich. The processes
of immiscibility and fractional crystallization inferred for the Oldoinyo Lengai and Kerimasi vol-
canoes of the East African Rift System may be the standard petrological mechanism by which
Na-poor calcite and dolomite carbonatites are produced, also in the geological past. Clearly, the
natrocarbonatite lavas of Oldoinyo Lengai are unstable and difficult to preserve in the surficial en-
vironment because of the soluble nature of the sodic carbonate minerals. These lavas begin to react
with the atmosphere within hours after eruption and are mostly dissolved within a few weeks, with
the alkalis being transported to Lake Natron in the rift valley, which owes its extreme alkalinity
to the ephemeral nature of natrocarbonatites. In summary, the extreme rarity of natrocarbonatite
in the geological record likely relates to its loss from fractionally crystallizing carbonatite magma
during fenitization; also, in situations where natrocarbonatite forms as a highly fractionated liquid
during fractional crystallization of carbonatite magma and is erupted, it is lost due to the instability
of Na-rich carbonate minerals in the surface environment.
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9. FENITIZATION AND METASOMATIC REACTIONS
WITHIN THE CRUST

One of the most notable features of carbonatite emplacement in the crust is fenitization. Although
the concept of fenitization encompasses various definitions, it can be broadly described as a meta-
somatic process that leads to a loss of silica and gain in alkalis (notably Na) within the immedi-
ate country rocks into which a carbonatite magma intruded (e.g., Le Bas 2008, Woolley 1982).
The extent of the fenitized zone and the intensity of metasomatic overprinting vary greatly be-
tween localities. They strongly depend on the chemistry of the fluids and host rocks, country
rock permeability, duration of the metasomatic events, fluid/rock ratio, and geometry of the fluid
channel system. Synmagmatic and paramagmatic fluid phases coexisting with carbonate or immis-
cible silicate-carbonatite melts are thought to be diverse (Walter et al. 2021), ranging in composi-
tions from alkali-carbonate = alkali-sulfate + CO, + H,O (Guzmics et al. 2011, 2019; Nielsen &
Veksler 2002, Rankin 1975, Veksler & Keppler 2000) to halite + H,O + CO; (Biihn et al. 2002,
Walter et al. 2020). Thus, alkali-rich fluids are expelled from cooling carbonatite and alkaline sil-
icate magmas (e.g., Guzmics et al. 2019, Le Bas 2008), and they are the main driver of country
rock fenitization (Cooper et al. 2016), which includes their ability to carry and remobilize the REE
(Anenburg et al. 2020b, Biithn & Rankin 1999, Horton et al. 2021, Xu et al. 2010). Alternatively,
fenitization may be driven by the action of the carbonatite melts or brine-melts themselves, with-
out involvement of a separate fluid phase. An alternative source of the required alkalis is provided
by alkali-rich carbonates such as nyerereite, gregoryite, eitelite, rouvilleite, and burbankite. These
and similar minerals are unstable at geological timescales, and their breakdown would release al-
kalis available for fenitization (Zaitsev & Keller 2006).

Sodic fenites are typically found around intrusive carbonatite bodies and relate to high-
temperature fluids, whereas potassic fenitization (i.e., the feldspathic fenite type) occurs prefer-
entially at subvolcanic levels and is frequently associated with brecciation events (e.g., Le Bas
2008). The alkali contents of fluids depend on the depths of carbonatitic magma differentiation
in connection with crystal fractionation and immiscibility processes (Woolley & Church 2005).
Decoupling of Na-K may relate to the crystallization of sodic carbonates, which effectively frac-
tionates Na from the most evolved brine-melts, whereas no potassic carbonates are known to
form (Anenburg et al. 2020b). Most carbonatite and alkaline igneous complexes formed by re-
peated magmatic pulses, and thus, fenitization can be considered as a multistep process during
which each pulse may develop a new discrete alkali-rich fluid (Decrée et al. 2020b).

Hydrothermal fluids use and reuse the same plumbing system as the main carbonatite bod-
ies, generally exploiting structural weaknesses. This typically leads to a superimposition of var-
ious magmatic and hydrothermal processes at the scale of a single carbonatite occurrence (e.g.,
Andersson et al. 2013, Pirajno 1994, Woolley & Kjarsgaard 2008). This is even more prominent
in cases where shear zones controlled the emplacement of carbonatite magmas and influenced the
geometry of the intrusive bodies. Major shear zones act as corridors for fluid flow and circulation,
giving rise to successive metasomatic events by which the country rocks of carbonatite intrusions
can be mineralogically altered (Decrée et al. 2015).

In Figure 7, we summarize the processes reviewed above, by which carbonatite melts can
evolve in the uppermost mantle and crust.

10. ORE DEPOSIT FORMATION
10.1. Rare Earth Elements

Interpreting ore formation in carbonatites is often challenging because carbonatite rocks are
invariably overprinted by paramagmatic and postmagmatic hydrothermal activity (e.g., Fosu
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Figure 7 (Figure appears on preceding page)

A schematic sketch illustrating an idealized carbonatite system. Carbonatite melts can come directly from the mantle (), in which case
they are likely to react with surrounding rocks to form wehrlites and pyroxenites. Alternatively, they can form by immiscibility with a
silicate melt at crustal pressures (b). The first carbonate mineral crystallizing for most carbonatite melt composition is calcite (c),
followed by dolomite with increasing ankerite contents (d). The color gradient in the carbonatite melt represents increasing Na, K, and
Fe contents and decreasing Ca and Mg contents. When in contact with silica-rich rocks, the carbonatite melt could react to form
antiskarns with compositions that primarily depend on the melt composition at that location (e, f). Note that the figure depicts an
antiskarn while it is forming, and fossil antiskarns may not necessarily contain substantial carbonate minerals. Carbonatite melts may
react with the surrounding wallrocks and metasomatize them into fenites (g). Sodic fenites tend to form deeper and earlier, whereas
potassic fenites form shallower and later. One may overprint the other. Fenitization may be less obvious (cryptic) when it is affecting an
alkali silicate rock. The most evolved carbonatite melts are typically highly enriched in Na and K and are referred to as
natrocarbonatites. In cases where H, O is strongly elevated and the melts resemble brines, they are referred to as brine-melts (5).
Natrocarbonatite melts and brine-melts are in equilibrium with Na-rich alkali carbonates. Natrocarbonatite rocks have never been
found in plutonic settings in nature due to their ephemeral nature, but they may reach the surface to form natrocarbonatite lava flows
(7). Substantial degassing of H, O would occur if the erupting melt were a brine-melt. Rapid ascent of deeper, less alkaline melts can
cause brecciation and explosive carbonatite volcanism and formation of tuffs (not shown). Synmagmatic fluids exsolved from the
carbonatite melt will be in equilibrium at the place of exsolution (j), but once they migrate to other parts of the carbonatite system, they
will be out of equilibrium and become paramagmatic fluids, potentially mixing with externally derived fluids (). Postmagmatic fluids
are those fluids that operate once the carbonatite system is no longer active (J).

et al. 2021, Slezak & Spandler 2020, Ying et al. 2020). Carbonatites are renowned for their
LREE deposits, as currently most if not all of the world’s LREE and a substantial portion of
heavy rare earth elements (HREE) are sourced from carbonatites and related rocks. Experi-
mental evidence shows that carbonatite-associated REE mineralization is essentially magmatic
and that the partitioning of REE to synmagmatic fluids is negligible (Song et al. 2016). Al-
kali carbonates such as burbankite and carbocernaite are the principal REE-dominated minerals
crystallizing from brine-melts, which are the REE-enriched late-stage carbonatite melts. As the
predominant carbonate minerals crystallizing from brine-melts are dolomite and ankerite, REE
mineralization is typically found to be associated with dolomite and ankerite carbonatite rocks.
Even after intensive alteration, the former presence of alkali REE carbonates is evident from
the occurrence of these and similar minerals in melt inclusions (Chakhmouradian & Dahlgren
2021). Alkali REE carbonates are rarely preserved in nature due to destabilization in alkali-poor
paramagmatic and postmagmatic fluids. They are typically altered to an insoluble residue of mon-
azite and REE-fluorcarbonates such as bastnisite, alongside a gangue assemblage that records
the low-temperature hydrothermal activity (Andersen et al. 2017, Kozlov et al. 2020). Although
alteration changes the primary alkali REE mineral assemblage to an alkali-free REE mineral as-
semblage, the mobility of the REE is strongly limited in an environment that is typically rich
in fluoride and phosphate minerals, and buffered to nonacidic conditions by the virtue of be-
ing a carbonatite. Essentially, hydrothermal activity redistributes the REE in situ, but it does not
transport them over longer distances (e.g., Anenburg et al. 2018, Cangelosi et al. 2020). During
carbonatite magma ascent, part of the exsolved synmagmatic fluids is admixed with supergene
fluids (groundwater or meteoric water) originating from and interacting with the country rocks
(e.g., Broom-Fendley et al. 2016a; Decrée et al. 2015, 2016). These shallow paramagmatic fluids
significantly influence the chemistry and temperature of the magmatic and metasomatic fluids,
which may induce larger-scale element mobilization and fractionation leading to (#) mineraliza-
tion in association with carbonatites and fenites and (§) alteration of certain minerals (e.g., Broom-
Fendley et al. 2016b; Decrée et al. 2020a,b). The above-described process is further complicated
by the fact that in some cases bastnisite and monazite are primary magmatic phases. For example,
bastnisite can crystallize from Na-poor carbonatite melts, which is possible when contamina-
tion by silicates causes sequestration of Na into aegirine, riebeckite, or arfvedsonite (forming an
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Na-K-antiskarn assemblage). These mafic silicates will also sequester Mg and Fe, leading to unex-
pected REE mineralization within calcite carbonatites. Monazite can crystallize in highly potassic
carbonatites where the alkalinity suppresses bastnisite formation, but the Na contents are insuf-
ficient to stabilize burbankite or carbocernaite (Anenburg et al. 2020b).

A remarkable characteristic of carbonatites is the extreme LREE/HREE fractionation. The
four lightest elements (La, Ce, Pr, and Nd) often constitute 99% of the entire REE budget in a
carbonatite-hosted LREE deposit, with enrichment factors on the order of 10,000 to 100,000 rel-
ative to their respective mantle values. In contrast, the HREE concentrations are typically within
the range of average values for the continental crust, with Yb and Lu accounting for only a few
parts per million. Various processes contribute to LREE enrichment in carbonatites: (#) preferen-
tial partitioning into carbonatite melts within the mantle sources (Foley et al. 2009), (b) preferential
partitioning into carbonatite liquids during immiscibility (Martin et al. 2012, 2013; Nabyl et al.
2020), and (¢) preferential removal of the HREE during late brine-melt formation with HREE
redistribution into fenite aureoles (Andersen et al. 2016, Anenburg et al. 2020b, Broom-Fendley
et al. 2017). None of these processes alone can reach the measured enrichment factors for the
LREE over the HREE, but it is likely that combinations of known and as-yet-unidentified pro-
cesses are at play.

10.2. Niobium

Almost all global Nb production comes from pyrochlore, the majority of which is hosted in car-
bonatite rocks and their weathering products. Pyrochlore is a complex Nb oxide, which shows
evidence for magmatic crystallization in carbonatite systems.

Pyrochlore is a liquidus mineral in some experimental carbonatite melts (Kjarsgaard & Mitchell
2008, Mitchell & Kjarsgaard 2002). Experimental work on pyrochlore crystallization in simple
carbonatite analog systems [CaCO;-Ca(OH);-NaNbO; + NaTaO; + TiO; + CaF;] at very low
pressures (1 atm or 0.1 GPa) has shown that (#) the maximum solubility of Nb in hydrated, fluori-
dated carbonate liquids is high at ~13.8 wt% Nb,Os (equivalent to 17 wt% NaNbO;) and (5) the
crystallization sequence is pyrochlore, fluorite, and calcite in carbonate systems with 20-50 wt%
NaNbO;. Up to 60 mol% NalNbO; was included in these experimental studies because the aim
was to saturate the system in this phase in order to determine the solubility of pyrochlore. How-
ever, natural carbonatites generally contain only a few thousand parts per million Nb. Nephelinites
and melilitites, conjugate immiscible partners to carbonatites in many alkaline complexes, typi-
cally contain up to 400 ppm Nb. Therefore, in order to saturate a carbonatite liquid in pyrochlore,
Nb must be strongly enriched, and this may occur through (#) relative partitioning of Nb between
conjugate silicate and carbonatite magmas or (b) fractional crystallization of carbonate and phos-
phate minerals until the evolving carbonatite magma reaches pyrochlore saturation. Highly dif-
ferentiated carbonatites that evolved by fractional crystallization of calcite and probably apatite,
and other phases, to alkali- and Fe-carbonate-rich, hydrous- or fluoride-rich compositions are ex-
pected to have quite different pyrochlore solubilities and crystallization sequences compared to
the experimental analogs.

11. OUTLOOK

Considerable progress has been made over many decades of research involving geology, geochem-
istry, and experimental petrology in understanding the complexities of carbonatite systems. In
this review, we have attempted to present a summary of the current state of understanding of
the magma genesis, evolution, and emplacement of carbonatites and associated rocks and fluids.
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However, there remain many important questions, resolution of which will require ongoing re-
search into the future.

How can we unequivocally recognize carbonatite rocks derived directly from partial melting
of the upper mantle, as opposed to those that evolved from a parental melt that formed by
unmixing from mantle-derived carbonated silicate magmas?

How much of the carbon in mantle-sourced carbonatite systems was derived by the recycling
of crustal carbon via subduction, and how do we recognize this input? Whereas the stable
isotopes of C and Ca currently provide no firm answer to this issue, it appears that the
B and S isotopic compositions of carbonatites hint at significant contributions of recycled
crustal components in the mantle sources of many Phanerozoic carbonatites. Which other
isotope systems might prove useful for constraining the amount of crust in the deep sources
of carbonated mantle melts?

How can we resolve the nature and location of the mantle sources of the magmas parental to
carbonatites? Isotope geochemistry indicates the involvement of enriched mantle compo-
nents, but do these reside within the lithospheric mantle or as recycled crustal components
within the convecting mantle? How strong is the influence of the tectonic setting on whether
a carbonatite system is sourced from the lithosphere or asthenosphere?

We defined several melt and fluid types: carbonatite melts, brine-melts, and synmagmatic
and paramagmatic fluids. The composition of these fluids is often elusive and is only
serendipitously preserved, also undergoing postentrapment modification. The boundaries
are only loosely defined: Consider a brine-melt mixed with a paramagmatic fluid, both of
which derive from the same parental carbonatite melt. What are the relationships between
these melt and fluid types, and what is their petrological significance?

Most carbonatite rocks do not appear to be representative of the melt from which they
formed, further complicated by metasomatic reactions with the country rocks, which led to
changes of the original bulk compositions and primary mineral assemblages. Are there any
systematic changes that can be observed in natural rocks or reproduced in experimental and
thermodynamic studies?

Carbonatite rocks are invariably strongly enriched above continental crustal abundances in
LREE, while the HREE are present at generally similar abundances to the average conti-
nental crust. What causes this enrichment and the strong LREE/HREE fractionation?
Experimental studies indicate that key ore minerals of the REE (e.g., apatite and monazite)
and Nb (pyrochlore) are highly soluble in carbonatite melts. Despite this, they are usually
interpreted as products of crystallization from carbonatite magmas and are often concen-
trated to economic levels in carbonatite systems. What are the key processes that lead to this
natural enrichment of these critical metals in carbonatite systems?
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