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Abstract The restriction of most carbonatites to continental
areas raises questions as to whether the parental liquids to
carbonatites are generated within the continental lithosphere,
or whether they are derived from deeper parts of the mantle
with the lithosphere playing a subsidiary, but important, role
in trapping volatile-rich melts/fluids. The constraints imposed
by both radiogenic and stable isotopic data from carbonatites
world-wide are consistent with a sub-lithospheric source for
the parental melts, associated with either asthenospheric
‘upwellings’ or more deep-seated, plume-related activity.
Crucial evidences that support the generation of carbonated
melts from sub-lithospheric mantle are: the petrogenetic and
temporal association of carbonatites with large igneous
provinces (LIPs; e.g., Deccan, Parana), carbonatites with
primitive noble gas isotopic signatures, radiogenic isotope
ratios similar to OIBs (i.e. involving HIMU, EM1 and FOZO
mantle components), and the uniform, time-integrated Rb/Sr
and Sm/Nd development lines for Sr and Nd isotopic
data for carbonatites from the Superior Province, Canada,
and the Kola Peninsula, Russia. Such findings are
difficult to reconcile with a lithospheric origin. Even if
a metasomatized lithospheric mantle is considered to be
the sole source of carbonated melts, an unknown mantle
process is required, large enough to generate widespread,
synchronous metasomatism spanning regions in excess of
1x10°km”.
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Introduction

Carbonatites, found on all continents, are the products of
low-degree partial melting of a carbonate-bearing mantle,
and are unique in terms of their geochemistry due to their
unusually high concentrations (i.e. 100’s to 1000’s of ppm)
of Sr, Nd, and REEs. Carbonatitic melts are now known to
play a significant role in mantle metasomatism and as a
result are intimately associated with the secular evolution of
the sub-continental mantle. Their origin is also closely
linked to the source of mantle carbon (C) in which the
residence time has been considered to exceed the age of the
Earth (Zhang and Zindler 1993; Sleep and Zahnle 2001).
Carbon within the mantle may originate from recycling of
continental crust by subduction (e.g. carbonated eclogites),
or it may be primitive and juvenile, perhaps stored within the
less accessible parts of the mantle. The transfer of C from
these sources to melts that can generate carbonatites is no
doubt complicated, and probably involves transportation in a
variety of phases that migrate along different pathways
before the C ultimately resides in a carbonatitic melt.
Questions arise about the existence of carbonatitic melts
within the mantle, their role in metasomatism as well as
depletion of both volatiles and trace elements, and the
stability of carbonate phases at various mantle depths.
Recent electrical conductivity experiments (Gaillard et al.
2008) using P-T-oxygen fugacity conditions consistent with
those of the upper mantle, indicate that the CO, of the
mantle (abundance of 10s to 100s ppm) is most likely
present in the form of molten carbonate. There are other
indications that carbonatites may be generated at sub-
lithospheric levels. Partition coefficients for 23 trace
elements between deep mantle minerals, i.e. majoritic
garnet and perovskite and carbonatite liquids at 20 and 25
GPa and 1600°C were determined by Dalou et al. (2009).
When these are used in conjunction with the trace element
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composition of majoritic garnets found as inclusions in
diamonds, these partition coefficients produce trace element
abundances similar to those found in natural carbonatites.
Thus, this result suggests that carbonatite melts can
originate from mantle levels as least as deep as the
transition zone (Dalou et al. 2009). It has also been
proposed that carbonatitic melts may form via an oxidation
melting reaction taking place between elemental carbon
(e.g., diamond) within the upper mantle and convective
upwellings of deeper, transition zone-type mantle (Luth
2004).

Carbonate phases are known to be stable throughout
most of the mantle (i.e. dolomite is present between 1.9 and
4.8 GPa; Falloon and Green 1989; Dalton and Presnall
1998). Others argue that it is limited to <4.8 GPa in natural
systems (Dasgupta and Hirschmann 2006). Under lower
mantle conditions, magnesite remains stable to depths of at
least 100 GPa (Isshiki et al. 2004) depending on whether
the redox state of the mantle is suitable and if coexisting
phases are present to reduce the carbonate. At pressures
>1.9 GPa and appropriate oxygen fugacities, the presence
of carbonate depresses the mantle solidus temperature by at
least 300°C, and any initial melt generated will be
carbonatitic in nature (e.g., Wyllie and Huang 1975). As
carbonatitic liquids in equilibrium with lherzolites are stable
only at pressures >1.9 GPa, they must have originated in
the garnet stability field and thus consistent with their light
REE enrichment. The latter is also attributable, in part, to
metasomatic activity that may have occurred prior to or
contemporaneously with carbonatite melt generation.

Much debate remains, however, as to whether carbonatitic
melts are formed exclusively within the lithosphere, astheno-
sphere, or at much deeper levels within the mantle. Over the
past decades, several models have been proposed on the
basis of radiogenic isotope data to suggest that carbonatite
melt generation is restricted to the lithosphere (e.g., Bell
et al. 1982), the sub-lithosphere mantle (e.g., Nelson et al.
1988; Bell and Tilton 2002) and mixing between lithospheric
and sub-lithospheric sources (e.g., Gerlach et al. 1988;
Simonetti et al. 1998).

Mantle source—isotope perspective

The extensive radiogenic and stable isotope data available
to-date from studies of carbonatites world-wide indicate
that most young carbonatites (<200 Ma) have Nd, Sr, and
Pb isotopic compositions similar to HIMU, EMI1 and
FOZO mantle components (or mixture thereof) defined on
the basis of isotopic data from oceanic island basalts (OIBs;
Zindler and Hart 1986; Hart 1988; Hart et al. 1992). We
refer the reader to Hofmann (1997 and references therein)
for a more detailed overview of the radiogenic isotope
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characteristics of the various mantle components and
models proposed to explain their origins.

The most important findings to emerge from the isotopic
studies of carbonatites are:

1. The isotopic similarities between the subcontinental
mantle (SCM) and the sub-oceanic mantle.

2. The relatively undisturbed nature of some parts of the
SCM over billions of years; e.g. Superior Province
Canada, Kola Peninsula (Russia), and Greenland (e.g.,
Bell et al. 1982; Bizzarro et al. 2002; Bell and Rukhlov
2004) at least in terms of the time-integrated daughter-
parent ratios (i.e. Rb/Sr, Sm/Nd).

3. The involvement of HIMU, EM1, and FOZO mantle
components in the generation of most young
(<200 Ma) carbonatites (e.g., Tilton and Bell 1994;
Bell and Tilton 2002; Bell and Simonetti 1996;
Simonetti et al. 1995, 1998). All three of these
components have been considered to be located within
the sub-lithospheric mantle. HIMU and EMI1 are
prevalent mantle components that underlie most of
East Africa.

4. Derivation of some carbonatites from an enriched,
ancient deep mantle reservoir marked by an unra-
diogenic Hf isotope composition (Bizzarro et al.
2002).

5. C and O isotope ratios in carbonatites that are similar to
‘primary’ mantle values based on data from oceanic
basalts (e.g., Deines 1989; Keller and Hoefs 1995).

6. Noble gas (Xe, Kr, Ar) and N isotopic data recorded
from carbonatites from Brazil, Canada, and Russia
indicate derivation from primitive mantle (Sasada et al.
1997; Marty et al. 1998; Dauphas and Marty 1999;
Tolstikhin et al. 2002). Sasada et al. (1997) noted that
carbonatites of different age characterized by both
depleted and enriched Sr and Nd isotopic compositions
have similar '**Xe/"*°Xe and *°Ar/*°Ar values suggest-
ing a common source for the volatiles. Several
carbonatites from India have experienced a more
complex history involving inputs of He and Ne from
both MORB and lithospheric mantles (Basu and Murty
2006).

Lithospheric origin?

The generation of carbonated melts within the lithosphere
raises many questions. Included among these are: What is
the age of the SCL (sub-continental lithosphere)? How is it
metasomatized? Are cratonic and off-cratonic lithosphere
the same? What are the criteria used to recognize SCL?
Throughout our discussion we make the assumption that
the lithosphere, either oceanic or continental, has been
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subjected to metasomatism throughout its history, and that
this is still ongoing.

Generating carbonatitic melts from lithosphere must
involve metasomatism of some sort and if this is so, then
the role of lithosphere can take various forms. Either the
lithosphere can be metasomatized in situ and then tapped
intermittently throughout geologic time, or the metasomat-
ized lithosphere can be subducted and later melted to form
carbonatitic melts. Another variant is subduction of
lithosphere which then becomes metasomatized but at
sub-lithospheric levels.

A variety of metasomatic agents have been invoked for
the lithosphere including hydrous or carbonic fluids (e.g,
Lloyd and Bailey 1975; Erlank et al. 1987), lamproitic or
kimberlitic melts (e.g. Menzies et al. 1987; Bonadiman
et al. 2005), carbonatitic melts (e.g., Rudnick et al. 1993;
Kogarko et al. 2001; van Achterbergh et al. 2002; Moine
et al. 2004), and volatile-rich, alkaline silicate melts (e.g.,
Meen 1987; van Achterbergh et al. 2001), to name but a
few. Less specific agents include “reduced metasomatic
agent” (e.g., Thomassot et al. 2007), and “asthenospheric
melt” (e.g., Choukroun et al. 2005). The interaction of the
metasomatic agents with the mantle ledge at depths of
~75 km (~2.5 GPa) is a consequence of the phase
relationships in the system peridotite-H,O-CO, (Olafsson
and Eggler 1983; Meen et al. 1989; Wyllie 1989, and
references therein).

In many cases, multiple metasomatic events have to be
invoked in order to explain the complex mineralogy in
samples of upper mantle, and these can sometimes be
reflected even within a single mantle xenolith. The idea of a
‘closed loop’ involving only lithosphere and asthenosphere
seems to form a pervasive ideology in many current
models, in part driven by data derived from xenoliths
enclosed in kimberlites. The important features to emerge
from the many detailed studies of such xenoliths are that
the lithospheric mantle has been subjected to metasomatism
over billons of years in which metasomatic agents vary
from one locality to another, and that multiple metasomatic
events can take place even within the same mantle volume.
There remains little doubt that lithospheric mantle is
targeted by incursions of chemically different melts/fluids
throughout its history.

Both HIMU and EM1, recognized in many carbonatites,
are two mantle components once considered to be meta-
somatized lithosphere. The presence of HIMU and EM1
signatures in both oceanic island basalts (OIBs), and in
many carbonatites would argue for the involvement of
subducted rather than in sifu lithosphere. Nevertheless,
there are problems with this model. Although it is easy to
attribute mantle heterogeneities to contamination by slab
subduction and metasomatism, the extensive spatial distri-
bution of basalts with similar isotopic ratios implies that the

isotopic heterogeneities have remained chemically closed
for billions of years. And, equally as important, is the
implicit assumption that the isotopic systematics of the slab
material had to have been very similar, if not identical, over
large geographic areas. It seems unlikely to us that
metasomatic processes could generate end-members with
similar isotopic signatures, unless the metasomatism was
carried out on a global scale and that it was coeval over
extensive areas.

Of particular relevance to this discussion is the isotopic
data from young carbonatites. We use the data from East
African carbonatites to bring out some of these features (see
Fig. 1). Isotopic data from the East African Rift carbo-
natites describe a pattern that define a mixture with varying
proportions between just two end members HIMU and
EM1 (Bell and Dawson 1995; Bell and Tilton 2001; Bell
and Tilton 2002), a process noted even at single volcanic
centres within the rift (e.g., Napak — Simonetti and Bell
1993, 1994). It appears that both HIMU and EMI
components underlie a large portion of East Africa that
includes Kenya, Tanzania and Uganda. In addition to the
linear array shown in Fig. 1, another important feature to
note is that the isotopic data from Oldoinyo Lengai, the
only active carbonatite volcano erupting natrocarbonatites
(sodium-rich carbonatites), lie along the same mixing trend.
If both of these components, i.e. HIMU and EMI, are
sequestered within the continental lithosphere and they
reflect metasomatic events characterized by high U/Pb
(HIMU) and Rb/Sr (EM1) time-integrated values, then the
problem emerges as to why two quite distinct metasomatic
events affecting the whole of East Africa have somehow
retained their isotopic identities (Fig. 1). In other words, the
lithosphere seems to have retained the distinct isotopic
signatures of two, quite separate metasomatic events.

The basis of the main argument for in situ lithospheric
involvement is the repeated incursions of carbonatitic
material at the same spot on the Earth’s surface over
periods of billions of years (e.g., Greenland; Larsen and
Rex 1992). The argument is made that the source of the
carbonatitic melts has been retained within the migrating
lithosphere, only to be periodically tapped during times of
melt generation initiated by plate tectonism. Bailey (1993a, b)
cites magmatic activity in East Africa as one example and
has argued for localization of carbonatitic activity by old
lesions in the lithosphere, and the repetition of post-Jurassic
magmatism during distinct magmatic episodes. Bailey
(1993a) prefers “an origin linked to permissive release of
energy and materials flux from the deep mantle into the
lithosphere™.

A lithospheric source for carbonated melt generation,
from our perspective, presents problems. We agree that the
lithosphere does indeed play a key role in both focussing
and concentrating volatiles (see Bailey 1993a), but we
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Fig. 1 Nd and Sr isotopic data from young East African carbonatite
centres. Note the near-linear array that suggests mixing between two
distinct mantle sources, similar to those found in oceanic island basalts
(HIMU and EMI). The data from Oldoinyo Lengai cluster close to the
cross that marks the composition for the undifferentiated silicate part of
the Earth. Although the natrocarbonatites from Oldoinyo Lengai are quite

remain unconvinced that the source of carbonatites is
strictly within the lithosphere itself. Both Bailey (1993a)
and Bailey and Woolley (2005) seem unclear about the
nature of the triggering mechanisms for carbonatitic
magmatism and especially the causes of metasomatism.
The latter is related to undefined processes tied in with deep
mantle ‘upwellings’ and initiated by plate collisions and
changes in plate directions. The same criticisms can be
applied to other models where undefined convective mantle
‘upwellings’ are invoked (e.g., Tappe et al. 2007).

Many of the arguments Bailey (1993a) uses against
plume-related carbonatite magmatism are, in fact, consis-
tent with plume activity. His proposed migration of
volatiles and other materials from mantle disturbances
seem somewhat similar to plume-related mechanisms.
Bailey and Woolley (2005) also claim that the change in
lithospheric distribution and the core dynamo reflect
thermal and stress regimes within the mantle. However,
any model that involves deep mantle processes, variation in
thermal distributions, utilization of zones of weakness
within the lithosphere, extensive synchronous magmatism,
and restriction to continental areas are, more than ever,
consistent with plume-related magmatism or at the very
least ‘upwellings’ from deeper, convecting (asthenospheric)
mantle below the continental lithosphere.

More recently, Burke and Khan (2006) have emphasised
lithospheric involvement based on the widespread accep-
tance that many carbonatites are associated with rifting.
They argue that carbonatites are produced by partial
melting of deformed (existing) alkaline rocks and carbo-
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unique in chemical composition relative to other carbonatites, their Sr and
Nd isotopic nature conform to those from neighbouring alkaline/
carbonatitic centres. Also shown are data for whole rock nephelinites
(triangles) and clinopyroxene phenocrysts (open triangles) from Napak, a
single nephelinite-carbonatite volcanic centre (Simonetti and Bell 1993,
1994)

natites along with depleted lithospheric mantle components
subsequent to oceanic basin closure (formation of suture
zones). Unfortunately, Burke and Khan (2006) do not
discuss the ultimate source of carbonatites, and they have
ignored the extensive isotopic radiogenic data base from
carbonatites that presently exists that can be used to place
constraints on mantle sources. Many of their supposed
sutures are also questionable.

We wish to comment on a more recent model that may
have implications for lithospheric sources. On the basis of
He, N, Ar isotopes and CO,/*He ratios of gases emitted
from Oldoinyo Lengai, Fischer et al. (2009) proposed a
homogeneous (global) reservoir in the upper mantle that
supplies volatiles to both mid-ocean ridges and continental
rifts. *He/*He ratios for Oldoinyo Lengai do show
considerable overlap with those for samples of MORB
and lithospheric mantle but this feature generates an
important paradox between the isotopic composition of
the volatiles and the radiogenic isotopes measured from the
mineral phases in the lava flows, an important paradox that
eluded Fischer et al. (2009). As stated earlier in our paper,
almost all of the East African carbonatites, including
Oldoinyo Lengai, and many young carbonatites
(<200 Ma) world-wide have radiogenic isotope composi-
tions that reflect mixing between HIMU and EM1 mantle
components. Of equal importance is that few (if any) have
Sr, Nd, and Pb isotopic compositions that overlap with
those from MORBs (e.g. Bell and Tilton 2002). The Sr and
Nd isotopic data from Oldoinyo Lengai, in fact, cluster
close to the CHUR- bulk earth intersection (see Fig. 1).
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This apparent ‘decoupling’ between the isotopic composi-
tions of volatiles and the radiogenic isotopic data was also
noted by Sasada et al. (1997). Carbonatites from both
Brazil and Canada are characterized by both depleted and
enriched Sr and Nd isotopic compositions, but yet have
similar (primitive) '*°Xe/'*°Xe and *°Ar/°Ar values
suggesting a common source for the volatiles. Thus, the
findings from Oldoinyo Lengai are quite different to the
noble gas (Xe, Kr, Ar) and N isotopic data for carbonatites
reported by Marty et al. (1998), Dauphas and Marty (1999),
and Tolstikhin et al. (2002).

On the basis of these studies, it is clear that the volatile
components in carbonatites can be derived from different
mantle sources, whereas the major elements (Ca, Mg as
proxied by Sr, Nd, and Pb) tap distinct mantle components/
sources (e.g. EM1 and HIMU). Thus, it is extremely
important to emphasize that the findings from Fischer et
al. (2009) cannot be used to infer the origin of volatiles in
other carbonatites, especially in lieu of the uniquely Na-
and K-enriched nature of the erupted lavas at Oldoinyo
Lengai.

Crustal recycling?

An alternative model for in situ lithospheric control of
carbonatite melt generation involves the role of subducted
lithosphere into the mantle. Recycling C into the mantle
during subduction produces not only chemical inhomoge-
neity, but variation in redox conditions. On the basis of
phase equilibrium studies, it has been argued that the deep
carbon cycle would seem to be restricted to depths of
<300 km (see Hammouda 2003; and references therein),
although others, such as Yaxley and Brey (2004) and
Dasgupta et al. (2004, 2005), argue for much greater
depths. Falloon and Green (1989) emphasise the role of
dolomitic carbonatite in metasomatism of the mantle wedge
and if the Falloon-Green model is correct, then carbonatitic
melts with quite distinctive compositions can be generated
at convergent margins. Sweeney et al. (1992) have also
shown a connection between carbonatitic melts and
subduction-related settings, and argue for the metasomatism
of a harzburgitic source at >2.5 GPa. However, it should be
remembered that carbonatites are virtually absent in
present-day, subduction-related settings.

Barker’s (1996) arguments for the importance of crustal
recycling in carbonatite melt generation are: 1. calcite and
dolomite can survive in subducted oceanic crust as
refractory phases, and 2. estimates of exhaled CO, from
most volcanoes can be accounted for by crustal recycling.
Barker (1996) also states that both the ®’Sr/**Sr and C
isotope ratios of carbonatites are consistent with limestone
input into the mantle. Unfortunately, this model is at

variance with the relatively systematic, secular variations
of Sr and Nd isotope ratios over an extensive period of time
shown by most carbonatites from the Superior Province,
Canada, and the Kola Peninsula, Russia (e.g., Bell et al.
1982; Bell and Blenkinsop 1987; Kramm 1993; Bell and
Rukhlov 2004). In addition, abundant evidence from
diamonds shows that subducted C is scarce and that large
variations observed in the isotopic composition of both C
and O can be produced by redox/Rayleigh fractionation
methods rather than by contamination with crustal material
(e.g., Thomassot et al. 2007).

Constraints imposed by Sr and Nd isotopic compositions
further negate the role of subduction in providing a source
suitable for generating carbonatites. The most recent compi-
lation of data for carbonatites from Canada, Fennoscandia and
Greenland is shown in Fig. 2 (after Bell and Rukhlov 2004).
What emerges from the data is that the most depleted
isotopic signatures fall along a single development line that
corresponds to a Rb/Sr ratio of 0.02 that is quite different
from those of the carbonatites (Rb/Sr=0). Overall, the
isotopic data shown in Fig. 2 suggest the involvement of at
least two mantle sources with intermittent mixing between
the two. The distribution of Nd and Sr isotopic data from the
370 Ma Kola carbonatites indicates the involvement of at
least three end-members (Kramm 1993; Bell and Rukhlov
2004) with a convergence of the data towards a common
end-member considered to be a depleted reservoir of
Archean age (Bell and Rukhlov 2004). These findings imply
that the carbonatitic melts involved a mantle source whose
Rb/Sr, Sm/Nd and perhaps U/Pb ratios were retained over
long periods of time (in some cases at least 3 Ga). This is
especially brought out by the data shown in Fig. 2a. The data
are systematic and not random. Moreover few, if any, of the
87Sr/*6Sr ratios from carbonatites approach crustal values,
ruling out crustal recycling, especially sedimentary lime-
stones whose Sr isotope values are significantly higher. Most
values from limestones are greater than 0.707 (e.g. Veizer
1989).

The nature of the depleted mantle source for the
Canadian and Fennoscandian carbonatites in Fig. 2 needs
further discussion. It appears that the Precambrian source
has remained relatively unaffected by mantle convection,
and as a result must be situated either in the lithosphere or
at deeper levels in the mantle. It might be argued that the
development line marks the evolution of lithosphere
depleted in the Archean but if this is the case then the
lithosphere must have been subjected to a major metasomatic
event involving an unknown mantle process large enough to
generate widespread, synchronous metasomatism spanning
regions in excess of 1 x10°km?. These arguments, as well as
many others, could also be applied to “crustal carbonatites™;
i.e. formation of “carbonatites” by pneumotolytic skarn
processes (Lentz 1999).
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Two (Cape Verde and the Canary islands) of only three,
“oceanic” carbonatite occurrences, have been interpreted as
recycled, subducted marine limestones based on their distinct,
enriched isotopic signatures (Hoernle et al. 2002). Continental
carbonatites were also considered to be the result of melting
of metasomatized, sub-continental lithosphere by CO,-rich
fluids/melts generated by partial melting and decarbonation
of subducting crust, although some limestone, oceanic crust,
and perhaps detached sub-continental lithosphere might sink
into the mantle only to be returned by deep-mantle plumes
(Hoernle et al. 2002). Although these models help explain
the differences in isotopic composition between oceanic and
continental carbonatites they are still subject to many of the
problems outlined earlier; i.e. the marked absence of
carbonatitic activity in present-day subduction zones, a
feature that is commonly overlooked in most of the models
that invoke crustal recycling.
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One of the main arguments that has been used for
invoking the recycling of carbon by subduction is the
similarity between the C and O isotopic compositions of
some carbonatites and continental crust, but this reasoning
is hardly unequivocal. There are many other ways to
generate variations in the stable isotopic composition of
carbonatitic melts without recycling carbonate of crustal
origin. Among these are included replacement by secondary
carbonates, low-temperature magmatic and hydrothermal
processes, crustal contamination, deuteric processes, and
reactions with the atmosphere (e.g., Deines 1989; Simonetti
et al. 1995; Comin-Chiaramonti et al. 2005).

Further assessment of the stable isotopic data brings out
more interesting features. The summary of C and O isotopic
data shown in Fig. 3 includes carbonatites from different
parts of the Earth, as well as two fields that encompass the
isotopic data from Precambrian and Phanerozoic lime-
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Fig. 3 Comparison of the stable 15
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stones. The carbonatite fields enclose data from carbona-
tites of different ages. Particular reference is made to: i. the
generally higher delta'®0 and '*C values for the limestones
than the carbonatites, ii. the convergence of the carbonatite
data to mantle values defined by data from oceanic basalts,
and iii. the wide range of delta'®O values shown by
carbonatites from India and Africa. If there is any tendency,
it is for the carbonatite data to converge towards the mantle
field defined by data from oceanic basalts. From the
distribution of the data shown in Fig. 3, it therefore seems
improbable that limestones have played any role in the
generation of the carbonatitic melts, unless both the
radiogenic and stable isotopic compositions of the lime-
stones were dramatically changed during subduction.
Additional causes of concern are the criteria used to
assess whether carbonates in mantle xenoliths really fall
under the definition of carbonatites. We cite one example.
Carbonate-silicate globules from lherzolitic clinopyroxene
macrocrysts from 200 km below the Slave Province are
assumed by van Achterbergh et al. (2002) to be natural
samples of mantle carbonatite yet they state that “the
carbonatite globules are geochemically distinct from other
carbonatites worldwide”! Of importance, these carbonatite
gobules are characterized by significantly higher SiO,
contents (16-20 wt%.) and LREEs abundances roughly
one order of magnitude lower compared to the average
composition of carbonatites world-wide (e.g., Woolley and
Kempe 1989). The subduction-related/crustal signature is
based on an ¥’Sr*Sr ratio of 0.70666+/-0.00003 and a 10
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per mil difference in delta 'O between the host clinopyr-
oxene and the inclusions. We would argue that these
carbonate globules are certainly not mantle carbonatites
for the following reasons: i. the unusually high ®’Sr*®Sr
ratio, and ii. the unusual chemical composition of these
carbonate globules.

Mantle “upwellings”/plumes and lithosphere
interaction?

For the purposes of this paper we adopt the more
permissive definition of a mantle plume cited by Lustrino
and Wilson (2007) that includes “passive, diapiric upwel-
lings of the upper mantle” such as the hot fingers proposed
by Wilson and Patterson (2001). Phase assemblages and
magma generation in relation to what might be called the
more conventional, larger mantle plumes have been
investigated (e.g., Wyllie 1988) and these provide a basis
for evaluating carbonatitic melts in the context of mantle
upwellings. Wyllie (1989) has modelled the thermal and
chemical variation within a plume and notes that within
the centre of a plume, temperatures probably exceed 1500°
C with a systematic change towards the cooler, outer parts.
The volatile components transported by the plume from
depths greater than 300 km are subsequently dissolved
within interstitial melts as the plume crosses the peridotite-
C-O-H solidus. From the outer parts of the plume, any
volatile-rich melt enters the lithosphere and aborts at the
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solidus ledge (depth of ~75 km) producing metasomatism,
perhaps accompanied by explosive activity and/or the
escape of low volume, low viscosity melts. Plume
dynamics and the relative movement of vapours, liquids
and host rocks are difficult to evaluate; however, the work
by Wyllie and Ryabchikov (2000) indicate that a mantle
plume can rise with traces of interstitial vapour perhaps
from great depths, or vapours released by dehydration/
decarbonation reactions at a depth of about 300 km. More
recent studies also indicate that water can be trapped in
small amounts in supposedly anhydrous mineral assemb-
lages, such as pyroxene and olivine (e.g., Ingrin and
Skogby 2000; Kevin et al. 2007). Dissolution of the
vapour within a trace of interstitial volatile-rich liquid is
controlled by the thermal structure of the plume and the
oxygen fugacity. Such volatile-rich magmas and the
vapour phase are enriched in incompatible elements (e.
g., Mysen 1978) and the trace element patterns vary
radially from the plume centre depending on depth. At the
outer, cooler, volatile-rich margins of the plume trace
melts can be generated, some of which may be carbo-
natitic in composition. The behaviour of these liquids and
their passage to the lithosphere then depends on the fluid
dynamics associated with the migrating liquid, the
rheology and fracturing of the lithosphere, and re-
equilibration with the host rock during migration. How-
ever, the overall effect of upward migration is the
redistribution of mobile elements in the mantle, and
"preparing sources capable of providing the geochemical
signatures from kimberlites, lamproites and other types of
alkaline primary magmas during subsequent melting
events" (Wyllie and Ryabchikov 2000).

Gerlach et al. (1988) were among the first to relate
carbonatitic melts to plume activity; they suggested that
carbonatitic magmatism in the Cape Verde islands was
spatially controlled by plume geometry and that the melts
were generated by low degrees of partial melting at the
outer, cooler margins of an isotopically heterogeneous
plume. Plume-related magmatism can take several forms.
One might imagine: 1. direct melting of the plume itself at
low temperatures; 2. metasomatism of the surrounding
asthenosphere and/or lithosphere along with subsequent
melting; and 3. attachment of a plume head to the
lithosphere followed by episodic melting. Cited evidences
in favour of plume-related activity are: i. similarity between
the Pb-Sr-Nd isotopic signatures of OIBs and carbonatites;
il. spatial association of plumes and carbonatites with
continental flood basaltic provinces; iii. primitive noble
gas signatures found in some carbonatites, iv. presence of
carbonatites in plume-related tracks, e.g. the Monteregian
province (Canada). Carbonatites and kimberlites were also
linked by Haggerty (1994) to plume activity, who suggested
that they form continental recorders of superplumes that
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date back to at least 2.8 Ga. Plume-lithosphere interaction
has also been invoked, since the isotope systematics of
some carbonatites record mixing between two distinct
mantle end-member compositions (e.g., Gerlach et al.
1988; Simonetti et al. 1995). As an alternative, Bell and
Tilton (2002) proposed a model that involved direct melting
of an isotopically heterogeneous plume independent of any
lithospheric involvement.

In spite of the present controversy about plumes,
[compare discussions of Sleep (1990, 2006) and those in
Ernst and Buchan (2001) versus the papers in Foulger et al.
(2005)], they nevertheless provide a useful working model
that embraces many aspects of Earth history, including the
origin of continental flood basalts, oceanic island magma-
tism and continental break up. It is inappropriate here for
us to review all of the arguments for or against plumes, and
until the model has been more rigorously tested and shown
to be without merit, we accept the plume model as a
useful, comprehensive, working model for magmatic
activity. The plume model has the advantage of explaining
metasomatic activity, explosive volcanism at relatively low
temperatures, and the generation of small volume, low
degree partial melts rich in volatiles. For example, phase
equilibrium studies of the solidus of carbonated peridotite
shows that melting can occur beneath ocean ridges at about
300 km, with the production of 0.03 to 0.3 vol %
carbonatitic liquid (Dasgupta and Hirschmann 2006). If
such liquids have cation ratios similar to the silicates there
is little change in the peridotite solidus, but excess CO,
can increase the solidus if the carbonatitic liquid has a
cation ratio different from the bulk, or if the excess melt
dilutes concentrations of components such as Na,O or K,O
that lower the solidus. Extraction of incipient carbonatite
melts drom deep mantle generates an abundant source of
metasomatic fluids that can scavenge highly incompatible
elements such as K, U, Th as as well as C, He and Ar.
Small-degree carbonatite melts will be strongly enriched
in, and residual peridotite markedly depleted of, highly
incompatible elements, including those that produce heat
(U, Th, K), rare gases and alkali-earths (Cs, Rb, Ba).
Consequently, key radiogenic parent-daughter pairs (for
example, U-Th-Pb-He and K-Ar, Rb-Sr) may be strongly
fractionated in the depleted residual peridotite. On the
other hand, such melting could leave most of the H,O in
the residual peridotite.

Preferred model

A considerable number of papers have lent support to
models of plume involvement in the origin of carbonatitic
melts. Included among these are those of Gerlach et al.
(1988), Hoernle and Tilton (1991), Haggerty (1994),
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Simonetti et al. (1995, 1998), Bell and Simonetti (1996),
Sasada et al. (1997), Marty et al. (1998), Dauphas and
Marty (1999), Dunworth and Bell (2001), Bell (2001), Bell
and Tilton (2001, 2002), Tolstikhin et al. (2002), Bizzarro
et al. (2002), Hoernle et al. (2002), Bell and Rukhlov
(2004), Kogarko (2006) and Stoppa (2007). In addition to
these many papers, we also draw the reader’s attention to a
series of proceedings edited by Vladykin that include
several papers that relate alkaline magmatism as well as
carbonatites to plume activity (Vladykin 2007).

In order to generate a mantle source capable of
producing carbonatitic (or carbonated) melts, the litho-
sphere has to undergo major chemical changes but the
constraints imposed by the radiogenic isotopic data are
severe. Even if the isotopic characteristics are assigned to
lithospheric sources, the data suggest that some of the
isotopic signatures were established, at least in the cases of
the Superior Province and the Fennoscandian Shield,
sometime in the Archean and more importantly that the
source has remained chemically intact for billions of years.
However, the vast amount of information relating to the

chemical nature of the sub-continental mantle stemming
from kimberlite-/alkaline melt-hosted mantle xenolith stud-
ies makes the latter scenario seem highly unlikely. Of the
many examples we cite only a few. Cohen et al.’s (1984)
isotopic study of separated minerals from a garnet lherzolite
xenolith from the recent volcanics of the Lashaine tuff
cone, Tanzania, indicated that the lithosphere beneath
Tanzania has recorded a complex history including major
chemical fractionations ca. 2.0 Ga ago. The Lashaine
lherzolite xenolith is characterized by extremely unradio-
genic Pb isotope values (i.e. ca. 2°°Pb/***Pb=15.55) and a
87Sr/%°Sr value of 0.83604, both geochemical character-
istics that cannot be reconciled with the isotope data from
East African carbonatites (Fig. 1). As another example,
Rudnick et al.’s (1993) investigation of the chemical and
isotopic nature of peridotite xenoliths from the Olmani
cinder cone in northern Tanzania, led them to attribute the
distinctive mineralogical and chemical nature of the Olmani
peridotites to the interaction of ultra-refractory residues
with carbonatite melts. In addition, they noted that the
radiogenic isotope data for the Olmani peridotites are

Fig. 4 Cartoon depicting a schematic cross-sectional view of the
upper mantle/crust beneath the East African Rift. Green is sub-
continental lithosphere (SCL), orange is sub-lithospheric, isotopically-
heterogeneous mantle containing pods of HIMU and EM1 material
(yellow). A plume/convecting asthenospheric upwelling impinges on
the SCL; also shown are associated structural features such as crustal
doming and rifting. The convecting asthenosphere/sub-asthenospheric
plume is the source of the carbonatite-like/carbonated silicate melts, or
metasomatic agents. Any metasomatic activity occurs at depths of
about 75 km, the consequence of the phase relationships in the system
peridotite-H,O-CO, (Olafsson and Eggler 1983; Wyllie 1989 and
references therein). These regions have been the focus of repeated
metasomatic events throughout the Earth’s history as represented by

the different coloured metasomatic veins. As a result, the chemical/
isotopic composition of the SCL is extremely heterogeneous and does
not track the temporal evolution of any one source since it has
undergone a complex chemical history (i.e. partial melting, metaso-
matism). The sub-lithospheric source for the East African carbonatites
is primarily a mixture of HIMU and EM1 mantle components (Bell
and Tilton 2001) reflecting either an isotopically heterogeneous,
asthenosphere or a sub-asthenospheric plume. Mixing between HIMU
and EMI1 can occur at various depths. Given the scale of the
heterogeneities recorded in one volcanic centre, e.g. Napak (Simonetti
and Bell 1934, 1994; see also Fig. 1), mixing probably occurs during
source melting
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similar to those from the young (<40 Ma) East African
carbonatite centres. Thus, Rudnick et al. (1993) concluded
that metasomatic activity that affected the peridotites at
Olmani occurred recently and that the carbonatites respon-
sible for the metasomatism were ultimately derived from
sub-lithospheric sources. On the basis of their chemical and
isotopic investigations of nephelinites (and basalts) and
peridotite xenoliths from Tanzania, respectively, Paslick
et al. (1995) and Aulbach et al. (2008) both argue for the
chemical enrichment and modification of the continental
lithosphere by OIB/plume components derived from the
underlying asthenosphere. In view of these and other
reasons, it seems clear that metasomatism involving solely
lithosphere-derived components (agents) cannot produce
the observed radiogenic isotope evolution of the carbonatite
sources, and that the simplest explanation is to generate the
carbonated melts in a sub-lithospheric source. Moreover,
Harmer et al. (1998) also concluded that the source of the
Shawa carbonatites, Zimbabwe (South Africa), lies below
the zone of an ancient LREE-enriched lithosphere sampled
by nearby silicate magmas, and that the isotopic signatures of
the carbonatites more closely approximate an asthenospheric
component identified in nearby picrites.

Further supporting evidence for a sub-lithospheric source
for carbonatites has emerged from some recent laboratory
experiments based on the electrical conductivity of the upper
mantle (Gaillard et al., 2008). The latter indicate that the
presence of only small amounts of carbonatitic melts (<0.1%
by volume) in the asthenosphere is sufficient to match its
high conductivity nature; a feature normally attributed to
either hydrous silicate melts or water-bearing olivine. It
appears that molten carbonates are the most conductive
phases of the Earth’s mantle and are about 1000 times more
conductive than molten silicate at 1000°C. Moreover, Dalou
et al. (2009) advocate for the presence of molten carbonate
within the mantle’s transition zone based on the experimen-
tally determined partition coefficients between carbonatitic
melts and deep mantle minerals, such as majoritic garet and
perovskite. Although the results from these recent studies do
not provide unequivocal evidence for the sub-lithospheric
origin of parental melts to carbonatites, they do add
significant and important information that gives credence to
their non-lithospheric origin.

Our preferred model for carbonatite melt generation
(Fig. 4), therefore, involves partial melts derived from an
asthenospheric/plume source, assuming that the redox con-
ditions within the deep mantle promote carbonate stability.
The widespread similarity of isotopic signatures between
OIBs and carbonatites indicates they are generated from
sources that are widespread (Tilton and Bell 1994; Bell and
Tilton 2002), i.e. HIMU, EM1 and FOZO mantle compo-
nents are present within both oceanic mantle and SCL, and
hence below the lithospheric mantle. We consider that
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metasomatism of the lithosphere, although it can occur, has
not played a major role in generating the ultimate source of
carbonatites. Metasomatism can occur, but if so then it
becomes difficult to explain the similarity in isotopic
signatures between most young carbonatites (<200 Ma)
world-wide and the EM1, HIMU and FOZO components
found in oceanic island basalts (Tilton and Bell 1994). The
important implication here being that the isotopic signatures
were generated from the same mantle sources and acquired
by the melts at the time of their formation. The prevalence of
carbonatites in continental areas is a consequence of the
‘trapping’ of low degree partial melts or fluids/volatiles
derived from convecting asthenosphere/plume mantle by the
overlying lithosphere. The repeated, relatively localized
incursions of carbonatite activity over billions of years may
be related to mechanically weak regions within the SCM that,
once established, remain active as chemical-free pathways for
the migration of low viscosity melts generated by plume
melting and/or melting initiated by mantle upwellings. The
impact of plumes, if they reach lithospheric levels, may indeed
impart their distinct isotopic signatures to the lithospheric
mantle at depths of about 75 km but the Rb/Sr, Sm/Nd and U/
Pb development lines shown by the data from the Superior
Province and the Fennoscandian Shield implies that the
same closed chemical source was tapped at different
intervals during carbonatite formation. In contrast, car-
bonatite complexes associated with large igneous prov-
inces (LIPS - e.g. Polar Siberia, Brazil, and India) most
probably represent products of extreme differentiation of
alkaline ultramafic magmas generated by partial melting
of plume material whilst maintaining their isotopic
signatures inherited from a sub-lithospheric source.
Although we realize that there are arguments both for
and against a plume origin for carbonatites, any model that
involves a solely lithospheric source must explain the
similarity of the radiogenic isotopic data from carbonatites
to those found in oceanic island basalts. In this paper we
have tried to summarize some of the important findings
from the isotopic results with the hope that such a
foundation will lead to a more objective approach to
evaluating the mantle sources of carbonated melts. The
constraints imposed by the isotopic data are fairly severe
and until HIMU and EMI are found to be ubiquitous
components in mantle xenoliths of known lithospheric
origin, it seems highly improbable that the source for
carbonated melts was the continental lithosphere.
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