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ABSTRACT

The physio-chemical framework that generates carbonatites and, ultimately, the associated
rare earth element deposits remains contentious. This primarily reflects the diverse tectonic
settings in which carbonatites occur: large igneous provinces, continental rifts and major
extensional terranes, syn- to post-collisional settings, or ocean islands. There is, however, a
broad consensus that carbonatites (or their parental melts) originate in the mantle. These
exotic melts have small volumes that make them ideal probes of conditions in their underly-
ing source regions. We combine the carbonatite locations with global maps of lithospheric
thickness, derived from seismic tomography, and show that post-Neoproterozoic carbonatites
occur preferentially above the margins of thick cratonic lithosphere (e.g., adjacent to the
South Atlantic and Indian Oceans or in North America, Greenland, and Asia) and where once
thick lithosphere has undergone stretching (e.g., eastern Asia). Our thermal modeling reveals
that lateral and vertical heat conduction on rifted craton margins, or rapid stretching of cra-
tonic lithosphere, can mobilize carbonated peridotite at the temperatures (950-1250 °C) and
pressures (2-3 GPa) required to form primary carbonatites or their parental alkali silicate
melts. Importantly, our models show that heat conduction from upwelling mantle plumes
or ambient mantle on rifted cratonic margins may sufficiently modify the temperature of
the lithospheric mantle to cause melting of carbonated peridotite, settling the long-standing

debate on the role of rifting and heating in the generation of carbonatites.

INTRODUCTION

Carbonatites and their associated alkali-sili-
cate melts host the majority of primary rare earth
element (REE) deposits (e.g., Chakhmouradian
and Wall, 2012). In addition to their economic
significance, carbonatites are exceptionally rich
in CO, (>25 wt%) and play an important role
in the deep cycling of carbon (e.g., Foley and
Fischer, 2017). Despite the increasing scien-
tific and economic interest, a physio-chemical
framework to account for the global distribution
of carbonatites is controversial, and the rela-
tive roles of rifting and mantle plumes in the
generation of carbonatites have been vigorously
debated for more than 60 years. The contention
primarily arises because of: (i) their extreme
reactivity, which makes their initial composi-
tion difficult to reconstruct (see Yaxley et al.,
2022); and (ii) occurrence in diverse tectonic
settings, i.e., large igneous provinces (LIPs),
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rift zones and extensional terranes, subduction
and collision zones, and ocean islands (Bailey,
1964; Le Bas, 1984; Gibson et al., 2006; Bell
and Simonetti, 2010; Ernst, 2014; Hou et al.,
2015; Goodenough et al., 2021; Zhang et al.,
2022).

Small-fraction volatile-rich melts, such as
carbonatites, lamprophyres, and kimberlites are
thought to be emplaced in the crust immediately
above their mantle source regions and therefore
act as probes of conditions in the underlying
mantle at the time of their formation (e.g., Gib-
son et al., 1993). Previous investigations have
shown that 88% of all dated carbonatites are
in Precambrian cratons (Woolley and Bailey,
2012) and within 600 km of their edges (e.g.,
Humphreys-Williams and Zahirovic, 2021).
Maps from seismic tomographic models show,
however, that while many large-scale geologi-
cal features are the surface expression of struc-
tures that extend through the whole lithosphere,
they often differ in lateral extent at sub-crustal
depths (e.g., Priestley and McKenzie, 2006;
Afonso et al., 2022; Hou et al., 2023). Here we

exploit recent increases in the global seismic
coverage and resolution of seismic tomographic
models, which more precisely define the mar-
gins of cratonic lithosphere. We show how
these—together with the thermal structure and
composition of Earth’s lithospheric mantle—
control the genesis of many Neoproterozoic to
Recent carbonatites.

METHODS

Tomographic inversion based on waveforms
or on global measurements of the phase veloci-
ties of Love and Rayleigh waves, and especially
those of higher mode velocities, can be used to
construct three-dimensional models of upper
mantle shear wave velocities (V,). In general,
the resulting maps agree well, and their resolu-
tion has improved steadily. From a geological
point of view, it is temperature (7)) rather than V
that is of interest. The V,-T relationship at seis-
mic frequencies cannot be measured directly,
but must be calculated from the shear modulus
determined from forced oscillations at the rel-
evant periods. Priestley et al. (2024) combined
the values of shear modulus from recent labora-
tory experiments with seismological estimates
of V, from regions where the T and pressure (P)
can be estimated from petrological and geophys-
ical arguments to obtain an empirical expression
for T (V,, P) for peridotite, the most common
lithology in the mantle. A similar parameteriza-
tion for the V, model of Schaeffer and Lebedev
(2013) shows that the temperature variations in
the mantle estimated from seismic tomography
are similar and now reasonably well constrained
(see Supplemental Material').

A common method of representing three-
dimensional temperature models is to use them
to estimate lithospheric thickness. The definition
of lithospheric thickness used here is the depth at
which the extrapolation of the shallow conduc-
tive part of the geotherm reaches an isentropic
potential temperature (7)) for the upper mantle,
which we assume to be 1315 °C (Priestley and
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McKenzie, 2006). In order to elucidate the rela-
tionship with carbonatites, we have superim-
posed their locations (Woolley and Kjarsgaard,
2008; Liu et al., 2023) on global maps of litho-
spheric thickness.

GLOBAL DISTRIBUTIONS OF
CARBONATITES AND SEISMIC
TOMOGRAPHY

Global maps of lithospheric thickness
derived from seismic tomography reveal that
the cores of the major continents have thick roots
extending to depths of >200 km (Schaeffer and
Lebedeyv, 2013; Afonso et al., 2022; Hou et al.,
2023; Priestley et al., 2024). Important for our
study are the boundaries of major Archean cra-
tons; here, we consider cratons as regions where
the lithosphere extends to depths >160 km and
have been tectonically stable for the past 2.5 Ga.
The world’s oldest carbonatites (ca. 3 Ga) occur
in west Australia, Canada, and southern Green-
land (Fig. 1) above thick lithosphere and adja-
cent to sutures of Archean crustal blocks (Fig.
S6). The tectonic setting at the time of their
emplacement and also many Mesoproterozoic
and Paleoproterozoic carbonatites, including
those with economic REE deposits at Bayan
Obo and Mountain Pass, which are associated
with LIPs and the break-up of the Nuna super-
continent (Zhang et al., 2022), remains unclear.
To negate the effects of post melt generation tec-
tonic processes, our study is primarily focused
on carbonatites that post-date the major plate
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reorganization linked with the break-up of Pan-
gea ca. 200 Ma, together with those that formed
earlier in the Phanerozoic and Neoproterozoic.

Previous studies have noted the occurrence
of carbonatites on the margins of outcrops of
Precambrian crustal blocks (Hou et al., 2015;
Humphreys-Williams and Zahirovic, 2021). A
key observation from Figure 1 is that the loca-
tions of carbonatites are influenced by the whole
lithospheric structure (i.e., crust and mantle),
and Figure 2 shows that they lie above where
there are major changes in the gradient at the
base of the lithosphere, i.e., on the margins of
thick cratonic lithosphere. This is especially the
case for Phanerozoic and Neoproterozoic car-
bonatites associated with rifting and the forma-
tion of the Atlantic and Indian Oceans. Many
carbonatites emplaced in the past 1 Ga in south
and central Africa, North America (Fig. 2), and
some of those in eastern Asia are also near major
changes in present-day lithospheric thickness
(Fig. 1). A few carbonatites occur in regions
of thin (<100 km) continental lithosphere that
has undergone large amounts of extension (e.g.,
eastern China).

While the horizontal resolution of the seis-
mic tomography does not reveal structures with
widths <100 km (e.g., Malawi and Kontozero
Rifts) it is clear from the lithospheric thickness
profiles for Africa, South America, and North
America in Figures 2D, 2E, and 2F that the
boundaries of the major cratons are well defined
and have the steep gradients. Moreover, many

young (<200 Ma) carbonatites on the continen-
tal margins in the Atlantic realm lie between thin
oceanic and thick cratonic lithosphere, through
which diamond-bearing kimberlites were
emplaced (Figs. 2D, 2E, and 2F). Numerous
of these carbonatites are associated with LIPs
linked to impacting mantle plumes (e.g., Dec-
can, Karoo, Parana-Etendeka, Alto Paranaiba,
Central and North Atlantic magmatic provinces;
Gibson et al., 1995; Ernst, 2014) and immedi-
ately pre-date or are synchronous with conti-
nental break-up, having similar ages to those
of the oldest adjacent sea floor. The presence
of carbonatites along the Eastern and Western
branches of the East African Rift (e.g., Oldoinyo
Lengai) also shows they can be produced by lim-
ited extension above a high-temperature thermal
anomaly (e.g., Ebinger and Sleep, 1998). But
some carbonatites post-date break-up by tens of
millions of years (e.g., on the southern coastal
margin of Brazil) and have no obvious relation-
ship with hotspots.

GENERATION OF CO,-RICH MANTLE
MELTS

Carbonatites require specific conditions in
the mantle for their formation. They may be
generated by incipient, high pressure (>6 GPa)
melting of carbonated peridotite in the convect-
ing mantle (Dasgupta and Hirschmann, 2006),
but only a few carbonatites have high *He/*He
ratios indicative of a primordial mantle com-
ponent (Bell and Simonetti, 2010) or §"'B and

1-200 Ma,B8 <200 Ma,® REE mines

Figure 1. Global map of lithospheric thickness (Priestley et al., 2024) with locations of carbonatites (Woolley and Kjarsgaard, 2008; Liu et al.,
2023). REE—rare earth element.
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Figure 2. Maps of (A) central and southern Africa, (B) eastern South America, and (C) North America showing gradients at the base of the
lithosphere, based on the seismic tomography model of Priestley et al. (2024), together with the distributions of carbonatites (Liu et al., 2023).
(D-F) Profiles of lithospheric temperatures along lines of sections shown on the corresponding maps. Kimberlite locations on profiles are

taken from Giuliani and Pearson (2019).
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Figure 3. Experimental studies show that car-
bonatites and their parental melts (melilitites
and nephelinites) are generated at specific
conditions in the mantle (Pintér et al., 2021).
An important region lies between 2-3 GPa and
950-1300 °C. Conductive geotherms associ-
ated with lithosphere between 75 and 150 km
thick intersect this region. The cratonic geo-
therm was calculated for a 200-km-thick
lithosphere and assumes a crustal thickness
of 40 km.

&S isotopes that resemble convecting upper
mantle melts (e.g., Hutchison et al., 2019; Kue-
bler et al., 2020). Instead, §''B and &*S isotopes
indicate recycled crustal components in mainly
Phanerozoic carbonatites; some of these may
represent shallow (1-3 GPa) melts of subducted
limestones with mantle peridotite (Chen et al.,
2023). These and other carbonate-peridotite—
derived melts are likely to remain interconnected
at small melt fractions (Hunter and McKenzie,
1989), be expelled from the asthenosphere, and
ascend into the lithosphere. But their move-
ment is too slow, and the volumes too small,
to perturb the temperature (McKenzie, 1989),
and the upwelling melt will solidify at a depth
where the steady-state geotherm is at the carbon-
ated peridotite solidus, i.e., at a temperature of
950-1100 °C and between 2 and 3 GPa (depths
of 65-100 km, e.g., Wallace and Green, 1988;
Pintér et al., 2021; Fig. 3). Incipient melting
of this metasomatized (CO,-bearing) peridotite
will generate carbonatites (e.g., Wallace and
Green, 1988). At similar pressures but higher
temperatures, carbonated peridotite melts to
form CO,-rich silicate melts that may ascend
and evolve to form carbonatites during shallow
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(0.1-1 GPa) crustal processing. This may be via
immiscibility from an olivine melilitite (Kjars-
gaard et al., 1995) or extensive differentiation
of olivine nephelinites (Watkinson and Wyl-
lie, 1971). Carbonated peridotite in the litho-
spheric mantle between 2 and 3 GPa is therefore
a “sweet spot” for the generation of carbonatites
if it can be mobilized.

THERMAL MODELS FOR
CARBONATITE FORMATION

The repetition of carbonatite emplacement
in the same region, sometimes billions of years
apart (e.g., East Africa and Gardar Rifts) has
been used to infer ambient mantle temperatures
(Woolley and Kjarsgaard, 2008; Woolley and
Bailey, 2012). Nevertheless, ocean islands with
carbonatites (e.g., Canary, Cape Verde, and Ker-
guelen) are all linked to mantle plumes. Below
we attempt to shed new light on the basic under-
lying processes that generate carbonatites by
combining our observations with the results
of published lab experiments and new thermal
modeling.

The most substantial amounts of solid car-
bonate are likely to accumulate within thick,
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Figure 4. Simple model of the thermal evolution of a craton boundary to illustrate the effects
of rifting and heating events at craton margins. Green shading shows the region of genera-
tion of carbonatites or their parental magmas (i.e., nephelinites or melilitites). The examples
illustrate temperature variations in the lithosphere adjacent to a craton that has been stretched
to a thickness of 70 km and at various times (0—100 Ma) after both passive (A—C) and active

rifting (D-F).

cold, ancient cratonic lithosphere where there is
the greatest time for metasomatism either related
to subduction (e.g., Hou et al., 2023) or small-
fraction melts derived from the underlying con-
vecting mantle (McKenzie, 1989). There are two
obvious ways in which to mobilize carbonated
peridotite in the cratonic mantle. If the litho-
sphere is stretched, the carbonated peridotite
will ascend to lower pressure where the tem-
perature will exceed its solidus (Fig. 3). This
behavior requires stretching to be sufficiently
fast for the upwelling to occur approximately
isentropically, without substantial heat loss to
the surface by conduction. This may explain the
carbonatites in eastern Asia (Fig. 1) that occur
on lithosphere that has undergone extensive
thinning, i.e., the North China craton.

The other scenario involves rifting adja-
cent to cratonic lithosphere. Whether and how
upwelling mantle heats the colder cratonic litho-
sphere will depend on its geometry. The density
of depleted cratonic mantle is ~60 kg m= less
than the convecting upper mantle (e.g., Poudjom
Djomani et al., 2001). If the upwelling hot mantle

is 500 °C hotter than the cratonic mantle, they
will have approximately the same density. Under
these conditions, a vertical boundary between
the upwelling hot mantle and cold depleted
lithosphere will be mechanically stable. These
arguments suggest that a model with vertical
boundaries can provide a simple scenario for
the thermal evolution of such rifted boundaries.

Our new thermal models (see Fig. 4 and
Supplemental Material) show that if the litho-
sphere adjacent to a craton is rifted and thinned
to a depth of 70 km, lateral conduction of heat
from ambient mantle (7, = 1315 °C) will raise
the temperature in substantial regions of the
cratonic lithosphere within 25 km of the rift
zone. This will be above the solidus of carbon-
ated peridotite between depths of 60-140 km
(Figs. 4A, 4B, and 4C), which is where experi-
ments show that primary carbonatites and their
parental melts will form (i.e., olivine melilitites
and nephelinites; Fig. 3). Figures 4D, 4E, and 4F
show the corresponding behavior above a mantle
plume with a T, of 1560 °C. This leads to more
extensive remobilization of carbonated perido-

tite at a horizontal distance of 30 km from the
rifted margin, by lateral heat conduction from
the mantle plume between a maximum depth
interval of 50-140 km, and also by vertical heat
conduction through the base of the cratonic lith-
osphere between a narrower depth interval (120
and 100 km) distal to the rift zone. The model
also shows that the temperature of a substantial
region of cratonic mantle is raised above the
carbonated peridotite solidus in the first 10 m.y.
of stretching and heating.

CONCLUSIONS

High-resolution seismic models, together
with compilations of the locations and ages of
global carbonatites, have allowed us to refine
the extent to which the temperature, composi-
tion, and thickness of Earth’s lithosphere con-
trol the distribution of these enigmatic magmas.
Many Neoproterozoic and Phanerozoic carbon-
atites are concentrated in extensional terranes or
around steeply dipping craton margins.

The results of our simple thermal models
are consistent with our present understanding of
melt movement in the mantle, the steady-state
temperature structure of cratons, and tempera-
ture changes resulting from rifting and stretch-
ing. They reveal that at rifted craton margins,
carbonated peridotitic mantle can be mobilized
to form primary carbonatites (or their parental
magmas) by lateral and vertical heat conduc-
tion. This may be from upwelling of mantle at
both ambient and high mantle temperatures and
hence sheds new light on the long-standing con-
troversy on the role of continental rifting and
mantle plumes in the generation of carbonatites.
Rapid stretching of thick lithospheric mantle
containing carbonated peridotite may also lead
to the formation of these exotic melts (e.g., east-
ern Asia). If our models are correct, carbonatites
could contain very large and variable concentra-
tions of incompatible trace elements. In order
to form economic deposits of REEs, however,
it is necessary for these elements to be further
concentrated by evolution of residual liquids
(e.g., Bayan Obo; Kuebler et al., 2020), hydro-
thermal processes, or weathering (e.g., Mount
Weld; Anenburg et al., 2021). More work is now
required to understand the distributions of Meso-
proterozoic and Paleoproterozoic carbonatites
and also Archean carbonatites, which occur
in regions where the underlying lithosphere is
>150 km thick at the present day.
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