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Carbonatite melts are active agents of mantle
metasomatism [1–3]. Percolation of melt–fluids,
enriched with incompatible elements, forms enriched
reservoirs, sources of alkaline–carbonatite magmas
and related deposits of valuable metals. According to
the experimental results, partial melting of the mantle
substrate in the presence of СО2 produces melts of
dolomite composition, whose migration produces
metasomatic zones by the following reactions:
2Mg2Si2O6 + СаМg(СО3)2 = 2Mg2SiO4 + СaMgSi2О6 +
2CO2, 3CaMg(CО3)2 + CaMgSi2O6 = 4СаСО3 +
2Mg2SiO4 + СО2 [1, 4].

Despite the limited body of information on the
geochemistry for the elements and counterparts in the
mantle substrate, the partition of Zr and Hf during
processes of carbonate metasomatism has already
been noted in abyssal xenoliths from Northern Tanza�
nia [3], Spitsbergen [2], and other areas. These studies
demonstrated that in carbonatized mantle nodules
Zr/Hf rises substantially, sometimes reaching values
above 100 [3].

Our studies of carbonate metasomatism in mantle
xenoliths from some regions [1] have also revealed a
notable separation of Zr compared to Hf.

This regularity has been observed particularly well
in the metasomatized mantle xenoliths from Oasis
Jetty, East Antarctica, located in the Palaeozoic Bea�
ver rift system. The latter stretches for 400 km north–
northwestward. The age of the olivine mela–nephelin�
ite host rock, according to K–Ar analysis, is Early

Cretaceous. There, the mantle xenoliths constitute up
to 20–25% of the rock volume, ranging in size from a
few cm up to 0.7 m. The rock association of the xeno�
liths includes all the rocks entrained by the melt from
the upper mantle and crust of the eastern Antarctic:
garnet�bearing spinel lherzolite, habsburgite, dunite,
and fragments of crustal matter. The majority of xeno�
liths have a protogranular texture, according to Merc�
ier and Nicolas [5]. The main rock�forming minerals
of the xenoliths are olivine, clinopyroxene, orthopy�
roxene, spinel, and garnet. Many xenoliths have irreg�
ularly shaped zones and veins of carbonate: calcite,
dolomite, and magnesite. Texturally, these patches are
later formations: carbonate veins cut the main primary
minerals and form reaction zones in which
orthopyroxene is mainly altered (figure). The metaso�
matized zones, as has been found, contain some
accessory minerals: apatite and micas along with
first find of henrymeyerite [4] in a mantle rock:
(Ba0.97Ca0.03K0.03Na0.11)Σ1.14(Fe0.92Mg0.17Al0.02)Σ1.11
(Ti6.66Si0.25)Σ6.91O16. The latter mineral was found pre�
viously in the Kovdor carbonatite (Kola Peninsula)
[6]. By applying neutron�activation and XRF analyses
along with LA–MC–ICP–MS, the compositions of
some mantle xenoliths have been determined, as has
the distribution of Zr and Hf in some minerals (Table 1).
All the studied mantle nodules have experienced pro�
cesses of partial melting, which is supported by lower
concentrations of Ca and Al in comparison to the
primitive mantle: CaO–3.65 % wt, Al2O3–4.49% wt
[7]. In the process of partial melting, a melt will, first
of all, intake the incompatible, including Zr and Hf
elements in accordance with the values of their min�
eral–melt partition coefficients, which in conditions
of equilibrium mantle melts are very low, in the order
of thousands of parts. At the degree of partial melting
of the mantle substrate of 1%, the incompatible ele�
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ments (Zr, Hf) virtually entirely pass into the equilib�
rium melt [8]. The bulk coefficients of Ca and Al par�
tition during partial melting in the mantle are consid�
erably higher by some tenths of a percent.
Consequently, it is possible to conclude that in the
studied xenoliths (Table 1) all Zr and Hf are gained
during process of metasomatism, at least in nodules
nos. 1, 5, and 6, which are notably depleted in Ca and
Al: their matter experienced partial melting to some
degree. Thus, the significant partition of Zr and Hf in
the studied xenolith samples is a result of metasomati�
cally induced intake by the already molten matrix. On
the other hand, all metasomatized xenoliths without
exception contain glass of mainly phonolite or quartz
syenite compositions. This means that the evolution of
the studied mantle matter was quite complex and that
carbonatized mantle matter, in turn, was melted as a
result of a significant decrease in the solidus tempera�
ture during metasomatic introduction of volatiles.
Earlier [1] in mantle nodules from Montaña Clará
Island (Canary archipelago), partial melting of the
carbonatized mantle substrate was studied; it resulted
in formation of three immiscible fluids—siliceous of
syenite composition, carbonate resembling the com�
position of calcite carbonatite, and sulfide.

One of the major geochemical consequences of the
carbonatization of mantle matter is the reaction of
substitution of orthopyroxene by clinopyroxene and
wehrlitization of the altered substrate. In our opinion
there is a significant broadening of the crystallization
field of clinopyroxene, which has a higher partition
coefficient for Hf than that of Zr; this leads to forma�
tion of carbonate–silicate liquids with a higher
Zr/Hf ratio, which may explain the notable deviation
of this value in many carbonatites, relatively to chon�
drite [9–11]. Our studies have demonstrated quite
high Zr/Hf in carbonatites of Polar Siberia, Ukraine,
and the Cabo Verde Islands (Table 2). Uprise of such
carbonate melts to higher crustal levels will trigger
metasomatic reactions and forms carbonatized zones
with elevated Zr/Hf, which has been observed in the
East Antarctic mantle xenoliths. The orthopyroxene

content in the mantle substrate exceeds 20%, so its
substitution by clinopyroxene, which fractionates Zr
from Hf, would significantly contribute to growth of
the Zr/Hf value in molten carbonatite and carbon�
atite–silicate melts. The proposed model of Zr–Hf
fractionation during carbonate metasomatism in the
mantle is further corroborated by partition of these
elements in the pyroxenes from the East Antarctic car�
bonatized mantle nodules. The first generation of cli�
nopyroxene has lower Zr/Hf compared to that of
pyroxene of the second generation, which is formed by
metasomatic replacement of the primary pyroxene
(Table 1). Notably, some of the metasomatic zones
contain zoned pyroxene, which are a result of substi�
tution of the primary phase by reaction products.
From the pyroxene centers outwards, an increase in
Zr/Hf has been identified (Table 1).

The combination of mantle metasomatism under
conditions of an increased regime of volatiles, mainly
carbon dioxide, with variation of the partial melting

OL

OL

Opx

Cc

Cc

Cc OL, Cpx

OL, Cpx

Reaction zone in metasomatized mantle rock. OL, olivine;
Cc, carbonate; Opx, orthopyroxene; OL, Cpx, reaction
zone.

Table 1.  Partition of Zr and Hf in carbonatized mantle xenoliths and metasomatic clinopyroxene, ppm

Carbonatized mantle nodules Clinopyroxene

no. Zr Hf Zr/Hf no. Zr Hf Zr/Hf

1 20.0 0.13 153 1 26.7 1.07 Center 25

2 10.0 0.04 227 1 26.4 0.4 Edge 71

3 12.0 0.15 80 2 678 8.43 80

4 15.0 0.17 88 3 367 8.00 46

5 31.0 0.21 148 4 627 9.53 66

Average 17.6 0.14 125 Average 345.02 5.49 57.6
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parameters of the mantle substrate is undoubtedly the
cause of significant geochemical differentiation in
abyssal magma generation zones, and it triggers frac�
tionation of rare elements with subsequent formation
of enriched reservoirs, i.e., sources of carbonatite
magmas and related deposits of valuable metals. This
process evolves to a great degree in zones of melt gen�
eration of large magmatic provinces associated with
mantle plumes.
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