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Abstract The carbonatites of the Ilmeny-Vishnevogorsky
Alkaline Complex (IVAC) are specific in geological and
geochemical aspects and differ by some characteristics from
classic carbonatites of the zoned alkaline-ultramafic com-
plexes. Geological, geochemical and isotopic data and com-
parison with relevant experimental systems show that the
IVAC carbonatites are genetically related to miaskites, and
seem to be formed as a result of separation of carbonatite
liquid from a miaskitic magma. Appreciable role of a car-
bonate fluid is established at the later stages of carbonatite
formation. The trace element contents in the IVAC carbo-
natites are similar to carbonatites of the ultramafic-alkaline
complexes. The characteristic signatures of the IVAC car-
bonatites are a high Sr content, a slight depletion in Ba, Nb,

Та, Ti, Zr, and Hf, and enrichment in HREE in comparison
with carbonatites of ultramafic-alkaline complexes. This
testifies a specific nature of the IVAC carbonatites related
to the fractionation of a miaskitic magma and to further Late
Paleozoic metamorphism. Isotope data suggest a mantle
source for IVAC carbonatites and indicate that moderately
depleted mantle and enriched EMI-type components partic-
ipated in magma generation. The lower crust could have
been involved in the generation of the IVAC magma.

Introduction

The Ilmeny-Vishnevogorsky Alkaline Complex (IVAC) is
one of the largest alkaline complexes containing miaskites,
carbonatites, fenites and abundant rare metal—rare earth
mineralization with large deposits of Nb, Zr and REE. This
complex is situated in the Southern-Central Urals and has
been known since the late 18th century. Miaskite (a variety
of nepheline syenite) and a number of new minerals (ilmen-
ite, monazite, aeschynite, cancrinite, chevkinite, pyrochlore)
were firstly described there (Menge 1842; Rose 1839).
Endogenic carbonate veins with pyrochlore mineralization
have been discovered in the Vishnevogorsky miaskite mas-
sif after 1940 (Zhabin 1959). Over the next 50 years, more
than 10 new deposits and occurrences of Nb and REE
related to carbonatites of the IVAC were found (Fig. 1):
Vishnevogorsky, Potanino, Byldym, Ishkul, Baidashevo,
Uvildy, Svetlinskoe and others (Levin et al. 1997).

The carbonatites of the IVAC are specific in geological
and geochemical aspects and differ from classic carbonatites
of the ring alkaline-ultramafic complexes. These differences
provoked long debates on whether these carbonate rocks
belong to carbonatites (Ginzburg and Samoilov 1983;
Bagdasarov 1990; Egorov 1990; Sokolov 1991 and others).
The most debatable questions for the IVAC are: (1) the
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direct spatial and genetic relations of carbonate rocks with
nepheline syenites and fenite zones; and (2) the absence of
ijolite-urtite rock series like in classic alkaline-ultramafic
complexes. It also emphasizes the derivation of the IVAC
and the question of parental magmas, i.e. whether the sili-
cate alkaline rocks and related carbonatites are differentiates
of alkaline-ultramafic magmas, or products of an indepen-
dent miaskitic magma. Furthermore, the fact that the IVAC
carbonatites occur as veins, stockworks and metasomatic
zones, independent of the composition of the country rocks,
and the lack of typical magmatic, mono-stage features, may

indicate that silicate-carbonate immiscibility and fluids
played an important role in the origin of the IVAC
carbonatites.

Two diverging hypotheses were postulated for the origin
of the miaskites: a) miaskites and carbonatites represent
crystallization products of deep-seated alkaline magmas
(Kononova et al. 1979), or b) they are the result of metaso-
matism and subsequent anatexis of crustal material (i.e.
crustal palingenesis; Ronenson 1966). According to the
model of crustal anatexis (Ronenson 1966; Levin et al.
1997) the IVAC was formed under the influence of a

Fig. 1 Geological scheme of the Ilmeny-Vishnevogorsk alkaline com-
plex modified after Levin et al. (1997) and Zoloev et al. (2004). 1 –
granite (PZ3 - Late Paleozoic); 2-3 – IVAC: 2 – miaskites of the
Vishnevogorsk and Ilmenogorsk plutons; 3 – zones of carbonatites
and carbonate-silicate rocks; 4 – gabbros of ophiolitic complex (O1 -
Early Ordovician); 5 – ultramafic rocks of ophiolitic complex (O1); 6 –
meta-ultramafic rocks of the Buldym, Kagan, and Nyashevo com-
plexes (PR1 - Paleoproterozoic ?); 7 – volcanosedimentary rocks of
the Tagil-Magnitogorsk megasynclinorium (Pz1); 8 – garnet-mica
schists and eclogites of the eastern Ufalei complex (Pz1- Early Paleo-
zoic); 9 – plagioschists and quartzites of the Sysert-Ilmenogorsk

complex (R - Riphean); 10 – plagiogneisses, granitic migmatites,
crystalline schists, amphibolites, and quartzites of the Sysert-
Ilmenogorsk and Ufalei complexes; 11 – faults and unconformities;
12 – Nb and REE deposits and carbonatite occurrences (figures in
circles): 1 – Buldym (Nb and REE); 2-3 –Vishnevogorsk (Nb): 2 –
Zone 125; 3 – Zone 140, Vishevogorsky miaskite satellite saddle-
shaped body; 4 – Spirikha (REE); 5 – Svetlinskoe (Nb); 6 – Kagan
(REE); 7 – Potanino (Nb); 8 – Uvildy (Nb); 9 – Baidashevo (Nb); 10 –
Ishkul (Nb); 11 – Ilmeny, mine 97 (Nb and REE); 12 – Khalkhidino; 13
– Sungul
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powerful flow of juvenile alkaline hydrous-carbon dioxide
fluids onto the gneiss–amphibolite protolith of the Sysert–
Ilmenogorsky Block and subsequent development of crustal
anatexis controlling the formation of carbonatite–miaskite
intrusions. However, the low primary Sr isotope ratio (i.e.
87Sr/86Sr~0.703) and the oxygen isotope composition (i.e.
δ18О from +5.4 to +7.6‰) suggest that the IVAC miaskites,
like those from classic alkaline-ultramafic complexes, de-
rived from deep-seated (possible mantle) melts. Palingenesis
is supposed to play a minor role (Kononova et al. 1979;
Kramm et al. 1983; Chernyshev et al. 1987).

The Sr, C, O and S isotopic compositions of the IVAC
carbonatite veins also indicate a deep-seated, possibly
mantle source, which justifies their classification as car-
bonatites (Kononova et al. 1979). Geological-geochemical
peculiarities of the IVAC carbonatites allow a further
classification into “carbonatites related to nepheline syen-
ites and zones of alkaline metasomatic rocks” (Borodin
1966, 1994; Ginzburg and Samoilov 1983), and “carbo-
natites of linear fracture zones” (Bagdasarov 1979).

New Rb-Sr, Sm-Nd, U-Pb, Lu-Hf isotopic and ICP-MS
geochemical data, obtained during this study, will provide a
better understanding of the origin of the IVAC, the timing
and formation of carbonatites and ores, their sources, the
role of metamorphic processes, the geochemical evolution
of the complex and genetic relations to carbonatites associ-
ated with alkaline ultramafic rocks.

Geological setting and composition of the Ilmeny-
Vishnevogorsky Alkaline Complex

The IVAC (Southern-Central Urals) is located in the centre
of the large metamorphic Sysert-Ilmenogorsky anticlino-
rium. This metamorphic complex consists of two structural
units and is characterized by a long geological history. Its
core (the lower structural unit) is composed of retrograde
gneisses, granulites and migmatites of the Selyankino Suite
(U-Pb zircon age 1,820±70 Ma, Tugarinov et al. 1970) and
plagiogneisses and amphibolites of the Vishnevogorsky
Suite (PR1). The upper structural unit comprises the Ilme-
nogorsky Suite in the south and the Shumikhino Suite in the
north. This section is represented by amphibolites, plagiog-
neisses, crystalline schists and quartzites. It is suggested that
rocks of this structural unit are pre-Uralides (rift-related?)
metamorphic complexes with an U-Pb age interval from 643
±46 Ma (Ilmenogorsky Suite) to 576±65 Ma (Shumikhino
Suite) (Krasnobaev and Davydov 2000). All stratigraphic
units of the Sysert-Ilmenogorsky anticlinorium (except the
oldest Selyankino and Firsov Suites) contain abundant lense-
like boudinaged bodies of ultramafic rocks, comprised by
metamorphosed olivinites (metadunites) and metaperidotites
(amphibolite facies olivine-enstatite and olivine-enstatite-

antophyllite assemblages, Varlakov et al. 1998). The overly-
ing Riphean schists and quartzites belong to the sedimentary
cover. The U-Pb and Rb-Sr ages of crystallization of silicate
rocks and carbonatites of the IVAC occurring in the centre of
the Sysert-Ilmenogorsky anticlinorium are 434±15 and 446±
12 Ma, respectively (Kramm et al. 1983, 1993). The subse-
quent metamorphism and granite formation in the Sysert-
Ilmenogorsky anticlinorium are related to the Hercynian
orogeny (360–320 Ma) and post-collision extension (260–
240 Ma).

The IVAC extends from north to south for more than
150 km with a maximum width of 4–6 km (Fig. 1), and
consists of two miaskite plutons (20–25×6 km), the
Vishnevogorsky and the Ilmenogorsky pluton, which are
connected by the 150 km Central Alkaline Belt (width–
20 km), composed of fenites, feldspathic metasomatic
rocks, miaskites, melanocratic carbonate-silicate rocks
and carbonatites.

The Vishnevogorsky and Ilmenogorsky plutons mainly
consist of miaskites and subordinate amphibole miaskites,
plagiomiaskites and alkali syenites of the contact facies.
Miaskites contain microcline-perthite (up to 50 vol %),
oligoclase (up to 12 vol %), nepheline (up to 28–35
vol %) and lepidomelane (up to 30 vol %) (Levin et al.
1997). Calcite (up to 5–10 vol %) is quite abundant in the
Vishnevogorsky miaskites. Zircon, ilmenite, magnetite,
titanite, pyrochlore, and apatite are minor and accessory
minerals. Secondary minerals are albite, cancrinite, sodalite,
analcime, natrolite, and sericite. Banding, some of which is
gneissic and vague banding of unknown origin, is a com-
mon feature of most miaskites and is related to the Late
Paleozoic metamorphism (Kononova et al. 1979). Massive
miaskites occur occasionally and belong to a magmatic
stage of crystallization. The magmatic origin of miaskites
is confirmed by its relatively stable modal composition
corresponding to eutectic crystallization, sharp intrusive
contacts with country rocks, and the occurrence of veined
miaskitic aplites and pegmatites. Bands of melanocratic
carbonate-silicate rocks and sheet-like bodies of carbona-
tites extend parallel to the intrusive contacts in the apical
part of the Vishnevogorsk pluton and in miaskites of the
Central Alkaline Belt. Unlike the miaskites of the Vishne-
vogorsky and Ilmenogorsky plutons, miaskites of the Cen-
tral Alkaline Belt are rich in antiperthite and poor in
nepheline (24–26 vol %). They contain oligoclase with
spindle-shaped ingrowths of K-feldspar or pure albite with
sporadic K-feldspar ingrowths. Miaskite bodies of the Cen-
tral Alkaline Belt are mylonitized and schistose.

Miaskite intrusions are surrounded by pyroxene fenites at
conformable contacts and by biotite and amphibole-biotite
fenites at crosscutting contacts. Fenites are also abundant in
the Central Alkaline Belt. Fenites are characterised by pres-
ence of the following minor or accessory minerals: titanite,
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ilmenite, apatite, ilmenorutile, zircon, allanite, chevkinite,
molybdenite, pyrrhotite, pyrite and magnetite.

Carbonatite occurrences

Carbonatites are most abundant in the northern part of the
IVAC in the apical part and exocontact aureole of the Vish-
nevogorsky miaskite pluton and in the Central Alkaline
Belt. Exocontact carbonatites are located in fenitized rocks
of the Vishnevogorsky Suite and in ultramafic bodies near
the NW contact of the Vishnevogorsky intrusion—i.e. at
Buldym, Spirikhino, Haldichino, Sungul (Fig. 1). Carbona-
tites are extremely rare in the southern IVAC. In the Ilme-
nogorsky Massif they occur as rare individual veins in
miaskites and in the eastern exocontact in an ultramafic
body (Polyakov and Nedosekova 1990). The largest and
most abundant occurrences of carbonatites are situated in
the endo- and exocontact areas of the Vishnevogorsky plu-
ton (Fig. 1). Sheet-like bodies and veins of carbonatites form
two essential zones in the northern part of the pluton: zone
147 (width–up to 30 m, extension–up to 4 km) and zone 140
(extension–up to 1.7 km). The zone 140 represents a series
of subparallel veins (from 10 cm to 7–10 m in thickness) of
carbonatite, albitites and miaskitic pegmatites confined to
the contact of fenites and miaskites of the Vishevogorsky
satellite saddle-shaped body. In addition, abundant carbon-
ate veins occur in the fenite aureole of the Vishnevogorsky
intrusion, within amphibolites and plagiogneisses of the
Vishnevorsky Suite.

Carbonatites are also abundant in the Central Alkaline
Belt (Potanino, Ishkul, Baydashevo, Uvildy, Svetlinskoe Nb
occurrences, Fig. 1). The Potanino Nb deposit is one of
largest occurrences and confined to the eastern contact with
country rocks. There carbonatites form a linear stockwork
zone in miaskites and fenites (thickness–40 m, extension–up
to 15 km).

Miaskite-related carbonatites (Vishnevogorsky and
Potanino) are represented by early and late calico-
carbonatites (sövite I and sövite II). Sövite I forms schlieren
and bed-like bodies or dikes (thickness – up to 10 m, ex-
tension - up to some hundred meters) conformable with the
layering in the miaskite as well as to the contact of the
miaskite intrusion. Massive types are common. Some sövite
I dikes and veins (thickness – 0.5–1 m) are brecciated and
bear rounded fragments (1–5 cm), both of miaskites and
their pegmatites and individual large grains of miaskitic
minerals “cemented” by calcite-silicate fine-grained ground-
mass. In the contact with fenites, the carbonatites may
contain their debris. The sövite I consists of calcite, biotite,
K-feldspar, nepheline, apatite and minor/accessory pyro-
chlore, uranpyrochlore, zircon, ilmenite, magnetite, pyrrho-
tite, pyrite. Sövite II forms pockets and veins in early sövite

I and in miaskites and their pegmatites, sometimes cutting
early carbonatites. They comprise calcite, biotite, apatite,
pyrochlore, zircon, ilmenite, pyrrhotite and pyrite.

Carbonatites from the exocontact aureole of the miaskite
plutons and the Central Alkaline Belt form stockworks,
veined and lens-like bodies and metasomatic zones. They
are coarse-grained types and contain fragments of fenites
and calcite, clinopyroxene, feldspars, phlogopite, pyro-
chlore, titanite, apatite, ilmenite, chevkinite, orthite, zircon,
magnetite, pyrrhotite and pyrite.

The Buldym carbonatites are localized in the Buldym
ultramafic massif, 100 m north of the Vishnevogorsky plu-
ton (Fig. 1). They form linear carbonatite bodies up to 10 m
in thickness and hundreds of meters in extent, controlled by
NE-trending faults dipping to the northwest and accompa-
nied by thick carbonate-phlogopite-richterite metasomatic
zones (fenite replacing ultramafic protolith). The total thick-
ness of carbonatites and associated metasomatic rocks rea-
ches 50 m. The Buldym carbonatites are represented by
dolomite-calcite carbonatite (Sövite III) and late dolomite
carbonatite (Beforsite IV). Sövite III is a massive coarse-
grained rock containing dolomite, calcite, tetraferriphlogo-
pite, richterite, and minor/accessory pyrochlore, zircon,
magnetite, ilmenite, pyrrhotite, and pyrite. Beforsite IV
occurs as thin veins consisting of dolomite, monazite,
aeschynite, REE-bearing pyrochlore, fersmite, and phlogo-
pite replaced by chlorite, winchite, apatite, magnetite, il-
menite, zircon, and occasional strontianite

Analytical methods

Chemical analyses of whole rocks for major oxides were
performed at the Institute of Geology and Geochemistry
(IGG) of the Ural Division of the Russian Academy of
Sciences in Yekaterinburg. Trace element (35 elements)
compositions of the studied rocks and minerals were deter-
mined by acid decomposition of the samples and subsequent
analysis on high-resolution ICP-MS Element 2. The uncer-
tainty of element analysis is no higher than 8–10 % for
concentrations 10–20 times above the detection limit.

Sr and Nd isotope compositions and concentrations in
carbonates were also determined at the IGG. Prepared sam-
ples were decomposed with 3 % CH3COOH in a Teflon
beaker at room temperature. Chromatographic extraction of
Sr was carried out with AG-50×8 (200–400 mesh) resin.
Neodymium was separated during two stages: in the first
stage total REE were isolated by stepwise elution on cati-
onite AG-50×8 (200–400 mesh), and then by extraction
chromatography on columns filled with KEL-F powder
coated by ionite (HDEHP). The isotopic composition was
measured on a Finnigan MAT-262 multicollector solid-
phase mass spectrometer in the static regime. The measured
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87Sr/86Sr and 143Nd/144Nd ratios were normalized to
86Sr/88Sr00.1194 and 146Nd/144Nd00.7219, corresponding-
ly. External uncertainty and reproducibility were controlled
by systematic measurements of LaJolla and MTI interna-
tional standards. The blank contamination for Sr and Nd was
as low as 70 and 90 pg, respectively.

Nd and Sm isotopic compositions of the studied min-
erals and whole-rocks samples of the Buldym Massif
were measured on a multicollector Finnigan MAT-262
(RPQ) solid-phase mass spectrometer in the static regime
at the Geological Institute of the Kola Center of the
Russian Academy of Sciences (Apatity). The measured
ratios were normalized to 148Nd/144Nd00.241570 and
then recalculated to 143Nd/144Nd00.511833 in the LaJolla
standard. Over the period of measurements, the average
143Nd/144Nd values for LaJolla (n011) and JNdl (n044)
were 0.511833±6 and 0.512074±8 (2σ), respectively.
The blank level for Nd and Sm during analysis was
0.3 and 0.06 ng, respectively.

Сarbon and oxygen isotopic compositions of carbonates
were determined at the Analytical Center of the Far East
Geological Institute of the Russian Academy of Sciences in
Vladivostok. The samples were prepared using the McCrea
technique. Carbon dioxide was extracted from carbonates
with 100 % phosphoric acid. The reaction proceeded in
vacuum at a temperature of 50 °C. The obtained CO2 was
refined from impurities in a cryogenic trap. The С and О
isotope ratios were measured on a Finnigan MAT-252 mass
spectrometer using a double system of bleeding. The weight
of analyzed samples was 2–5 mg. The reproducibility of
δ18O and δ13C (1σ) determinations was 0.1‰ and 0.05‰,
respectively (n05). Calibration of analytical procedure was
carried out using the NBS-18, NBS-19, and IAEA-CO-
8 international standards.

IVAC zircon Lu-Hf- and U-Pb-isotope compositions
were studied by laser ablation at the GEMOC (Macquarie
University, Sydney). Hf isotope composition and U-Pb–
dating was conducted by UV laser UP213 New Wave
(Merchantek) coupled with a MC-ICP MS Nu-Plasma and
Agilent 7000 ICP MS instrument. Analyses were done with
a laser beam size of about 50 μm. Ablation time was about
100–120 s, laser pit depth was 40–60 μm. Errors of values
for the 176Hf/177Hf ratio are ±0.00002 (2σ), which is equal
to ±0.7 εHf based on zircon standard no. 91500. The prin-
cipal of U-Pb dating and analysis of Hf isotope composition
were described in detail previously (Griffin et al. 2000).

Major and trace elements in the IVAC carbonatites

The representative chemical compositions of carbonatites
from different occurrences of the IVAC are given in Table 1.
Chemical compositions of carbonatites are shown in Fig. 2.

The contents of major elements indicate ranges from calcio-
(sövites) and magnesiocarbonatites (beforsites). The tenden-
cy to ferrocarbonatite compositions is noted among sövites I
due to local enrichment of these rocks in ilmenite, pyrrho-
tite, and pyrite, whereas the composition of carbonates
remains unchanged. Carbonatites of the Vishnevogorsky
pluton and the Central Alkaline Belt (the Potanino and
Uvildy occurrences) are located in the calico-carbonatite
compositional field forming separate areas (for sövite I and
II) in the Wooley and Kempe (1989) CaO-MgO-FeO clas-
sification diagram (Fig. 2а). Sövite I differs from sovite II in
higher contents of MgO (0.5–4.2 wt %), A12O3 (2.0–4.6 wt %)
and SiO2 (5–12 wt %). Sövite II is characterized by appreciable
MnO (0.42–0.77 wt %).

Carbonatites from the Buldym and Baidashevo occurren-
ces make up individual fields in the classification diagram
CaO-MgO-FeO after Wooley and Kempe (1989) and differ
from carbonatites of the Vishnevogorsky pluton and the
Central Alkaline Belt as well. The early dolomite-calcite
carbonatite corresponds to calico-carbonatite (sövite III) in
chemical composition, and the late dolomite carbonatite is
close to magnesio-carbonatite (beforsite IV). They differ
from carbonatites of the aforementioned deposits in high
contents of MnO (1.1–1.4 wt %) and MgO (5.6–7.2 wt % in
dolomite-calcite carbonatite).

The position of averaged compositions of the IVAC carbo-
natites in the CaO-MgO-FeO diagram illustrates a similar
compositional trend, common to carbonatite-related complexes
worldwide: from calico-carbonatite to magnesio-carbonatite.
Unlike carbonatites of highly evolved complexes such as
Tomtor, Chilva, Gudini, Mud Tank and others, the IVAC rocks
do not show a pronounced tendency to ferro-carbonatite com-
position (Fig. 2b). The REE and rare element contents for
carbonatites of the IVAC are presented in Table 1 and in
Fig. 3 a, b. All carbonatite of the IVAC are characterized by
high contents of Sr (11,000–23,000), Ba (300–3,400) and REE
(1,500–3,200 ppm) and wide variations in contents of Nb (up
to 1,500), Zr (up to 100), V (up to 135) and Th (up to
1,400 ppm) (Nedosekova et al. 2009), comparable with aver-
aged compositions of calcio- andmagnesio-carbonatites world-
wide (Wooley and Kempe 1989).

Carbonatite I (Sövite I) is characterized by high Sr
(3,950–12,340 ppm), Ba (700–3,400 ppm) and ∑REE
(700–1,600 ppm) contents but lower than sövite II, which
is typical for high-temperature and magmatic carbonatites.
The Nb/Ta ratios are between 11 and 98 (mean 43) and are
quite similar to those for magmatic carbonatites. The Sr/Ba
ratios are high (17–21 ppm), typical for the high-
temperature deep facies of carbonatites (Bagdasarov 1994).
The Eu/Eu* ratio (0.98–0.91) is maximal and close to that of
miaskite, confirming that the early generation of carbona-
tites belongs to high-temperature derivatives of miaskitic
magma.
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Carbonatite II (Sövite II) is distinguished by the highest Sr
(9,100–21,980 ppm) and REE (1,600–3,210 ppm) contents,
high Nb/Ta (582–1,310) and Sr/Ba (78) ratios, and decrease in
the Eu/Eu* ratio down to 0.70, which is typical for the late high-
temperature carbonatite series (Samoilov and Smirnova 1980).

Dolomite-calcite carbonatites III (Sövite III) from the
Buldym Massif are characterized by a similar Sr content and
higher Nb, REE, Mn and HREE contents, compared to those
of Carbonatite I from the VishnevogorskyMassif (Nedosekova
2007a). Their REE patterns (Fig. 3a) are distinguished by
elevated HREE contents and the lowest La/Yb ratio (17–37).

Dolomite carbonatites IV (Beforsite IV) from the Buldym
Massif have extremely high REE (up to 48,000 ppm) and Th
(up to 1,400 ppm) contents, due to the presence of minerals
such as monazite and aeschynite, and are characterized by
low Sr, Ba, and Nb contents in combination with the highest
and variable Nb/Ta, Zr/Hf, Sr/Ba, and LREE/HREE ratios,
typical for low-temperature members of carbonatite series.
The lowest Eu/Eu* ratio (0.65) confirms that these rocks
belong to the final stages of carbonatite generation.

Discussion

Geochemical evolution and comparative characteristics
of the IVAC carbonatites

All calico-carbonatites of the IVAC are enriched in Sr (up to
4,000 ppm in Carbonatite I and 21,980 ppm in Carbonatite
II) compared to carbonatites from ultramafic-alkaline-
carbonatite ring complexes of platform (Fig. 4a). In the early
high-temperature carbonatites of these complexes the

Fig. 2 Compositions of the IVAC carbonatites (wt %) on classification
diagrams. a – Diagram from Wooley and Kempe (1989); b – Diagram
from Gittnis and Harmer (1997). 1 – Sövite I, Central Alkaline Belt,
Vishnevogorsky and Ilmeny Massifs; 2 – Sövite II, Central Alkaline
Belt and Vishnevogorsky Massif; 3 – Sövite III, Buldym Massif; 4 –
Beforsite IV, Buldym Massif; 5 – Sövite III, Baidashevo; 6-7 –

Carbonatites of differentiated complexes: 6 – Tomtor; 7 – Gudini.
Dashed line – trend for the Tomtor massif (Kravchenko et al. 2003).
СC calciocarbonatites (sövites); MC magnesiocarbonatites; FC ferro-
carbonatites. Authors’ data for the IVAC carbonatite compositions with
SiO2<12 wt % were supplemented by the data from Levin et al. (1997)

Fig. 3 Chondrite-normalized REE patterns (a) and primitive mantle-
normalized trace element (b) diagrams for the IVAC carbonatites and
miaskites (whole rock samples). Chondrite (C1) and primitive mantle
values are from Sun and McDonough (1989). Average sövite is from
Wooley and Kempe (1989)
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average Sr content is about 5,800 ppm. The elevated Sr/Ba
ratio (17–78) of the IVAC calico-carbonatites is typical for
the high-temperature deep carbonatite facies and contrasts
with volcanic carbonatites, where the Sr/Ba value is 1.2–2.6
(Samoilov 1984). From the early Carbonatites I to the late
Carbonatites II the Ba/Sr ratio decreases with a decrease of
Ba contents. Dolomite carbonatite IV of the IVAC is evi-
dently depleted in Sr (3,790–6,610 ppm) and Ba (220–
300 ppm) relatively to calico-carbonatites, apparently, be-
cause Sr is accumulated at the early stages of carbonatite
formation, in contrast to alkaline ultramafic complexes,
where the highest Sr and Вa contents are characteristics of
the late generation of carbonatite.

Carbonatites of the IVAC are depleted in Nb and Ta (4–
1,600 and 0.01–11 ppm, respectively) in comparison with
carbonatites of the ultramafic-alkaline carbonatite com-
plexes (which contain up to 4 wt % Nb and up to 0.2 wt %
Та) and high Nb/Ta ratio (66–1,310) with a maximum in
pyrochlore-bearing varieties. In Carbonatites I Nb/Ta is 9–
98, with a mean of 43 (Levin et al. 1997), i.e. close to the
ratio in magmatic carbonatites (Bagdasarov 1994). The Nb/
Ta ratio in Carbonatites II is much higher (217–1,310). Such
an increase in the Nb/Ta ratio from early to late members of
carbonatite series was already noted for ultramafic-alkaline-
carbonatite complexes by Kukharenko et al. (1965). High
and variable Nb/Ta ratios are characteristic of post-magmatic
hydrothermal processes.

Zirconium (0.1–110 ppm) and Hf (0.1–1.0 ppm) contents
in carbonatites of the IVAC are somewhat lower than in
carbonatites of ultramafic-alkaline complexes. The Zr/Hf
ratio varies from 18 to 92, i.e. from chondrite to supra-
chondrite values, and is close to high-temperature carbona-
tites and alkaline rocks (Fabio et al. 2002). It is also typical

for other highly evolved and fluid-saturated magmatic sys-
tems (Bau 1996). In general, carbonatites of the IVAC show
two correlation trends between the Zr content and the Zr/Hf
ratio (Fig. 5a), clearly indicating a formation in the course of
magma fractionation. The first trend is shown by carbona-
tites and miaskites of the Vishnevogorsky Massif and Cen-
tral Alkaline Belt, whereas a second trend is indicated by
carbonatites of the Buldym Massif and fenites of the Vish-
nevogorsky Massif. Carbonatites and miaskites of the Vish-
nevogorsky Massif are characterized by an almost linear
decrease of Zr content and Zr/Hf ratios, illustrated by the
first trend in Fig. 5a, starting from the miaskites to early
carbonatites and trending further to the late carbonatites.
This provides further evidence for differentiation and corre-
sponds well with the Zr and Hf evolution trends of pluma-
site silicate magmas (Zaraysky 2005).

All calico-carbonatites of the IVAC are characterized by
an enrichment of LREE relatively to HREE (LREE/HREE0
7–25), a feature seen in typical ultramafic-alkaline com-
plexes. At the same time, carbonatites of the IVAC are
slightly enriched in HREE, and the La/Yb ratio of these
rocks (14–67) is markedly lower than that of carbonatites
related to ultramafic-alkaline complexes (La/Yb075–256)
(Fig. 4b). Only volcanic carbonatite complexes of the East
African Rift have a similarly low La/Yb ratio (28–41)
(Samoilov and Smirnova 1980). Low La/Yb ratio is also
characteristic for other carbonatite complexes related to
nepheline syenites (Bagdasarov 1990).

The REE contents in Carbonatites I of the IVAC (700–
1,600 ppm) correspond to those in high-temperature carbo-
natites related to ultramafic-alkaline complexes. In Carbo-
natites II, total REE increases up to 3,210 ppm. The highest
∑REE contents (7,480–48,000 ppm) were determined in

Fig. 4 Sr vs. Ba and La/Yb vs. REE diagrams for carbonatites related
to alkaline ultramafic rocks (I) and linear fracture zones (II). 1-3 –
Calico-carbonatites related to linear fracture zones: 1 – IVAC; 2 –
Chernigovka; 3 – Penchenga (Glevassky and Krivdik 1981; Samoilov
1984; Samoilov and Ronenson 1987; Bagdasarov 1990; Vrublevsky et
al. 2003; Rass et al. 2006; Nedosekova 2007a; 2007b; Nedosekova et
al. 2009); 4-10 – Calciocarbonatites related to alkaline ultramafic
complexes: 4 – Tomtor; 5 – Kola-Karelian Province; 6 – Fen; 7 –

Oka, 8 – East African Province, 9 – West African Province; 10 –
Eastern Sayan Complex; 11 – Oldoinyo Lengai; 12 – Kenya; 13 –
Maimecha-Kotui Province; 14 – East Siberia Province; 15 – Aldan
Province; 16 – Amba Dongan, India (Samoilov and Smirnova 1980;
Samoilov 1984; Kravchenko et al. 2003; Wall and Zaitsev 2004;
Oktyabr’sky et al. 2004); 17 – Averaged calico-carbonatite (Le Bas
1999); 18 – Average calico-carbonatite (Wooley and Kempe 1989)
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dolomite Carbonatite IV from the Buldym Massif. This
carbonatite contains monazite, aeschynite, and allanite; the
total REE and LREE contents increase from the early car-
bonatites to the late ones. The Eu/Eu* ratios in the early
carbonatites of the IVAC are close to unity as in miaskite,
confirming the idea of carbonatite liquid fractionated from a
miaskitic magma. The Eu/Eu* ratios in carbonatites system-
atically decrease from the early to the late generations, i.e.
from 0.95 to 0.60, indicating accumulation of Eu in early
carbonatites, as is commonly noted in all fractionated car-
bonatite complexes.

The Y/Ho ratios of the early Carbonatites I (24–32), and
miaskites of the IVAC as well, are close to chondrite values
(Fig. 5b), showing CHARAC-behavior of the Y and Ho
during carbonatite melt formation. For the late Carbonatites
II Y/Ho ratios are far away from the CHARAC field, typical
for the fluid-hydrothermal carbonate systems (Bau 1996).

Thus, from the early to the late carbonatites of the IVAC,
Sr, Nb, and REE are gained (note that the REE enrichment
has two maxima – during Sövite II formation and prior to
the Buldym Massif formation); the LREE/HREE ratio
increases; the Ba/Sr, Zr/Hf and Eu/Eu* ratios decrease; the
Nb/Ta ratio increases. In general, these trends correspond to
the evolution of carbonatitic magmas in ultramafic-alkaline
complexes (Samoilov 1984).

The principal compositional difference of the IVAC car-
bonatites compared to those from ultramafic-alkaline com-
plexes consists in higher Sr contents in the early carbonatites
and, as a result, the absence of significant concentrations of
this element and a lack of Sr minerals in the late low-
temperature carbonatites. Ba, Nb, Та, Ti, Zr, and Hf con-
centrations are also low, and HREE contents are somewhat
higher, consequently La/Yb ratios decrease (Table 1, Figs. 3,
4 and 5). These features are noted for carbonatite complexes
related with nepheline syenites and linear zones of alkaline
metasomatites; i.e. the so-called “carbonatites of the linear
fracture zones” (Borodin 1966; 1994; Ginzburg and
Samoilov 1983; Bagdasarov 1990) or “meta-carbonatite
complexes” where the rocks show the features of hydrother-
mal reworking and substance replacements. Furthermore,

these features underline the specific nature of the IVAC
carbonatites, evidently related to fractionation of miaskitic
magma, contrasting with carbonatites from ultramafic-
alkaline complexes that formed by fractionation of parental
ultramafic-alkaline melts.

PT conditions of the IVAC rock formation

The crystallization temperature and pressure of the IVAC
miaskites, including their contact facies, were estimated by
Levin (1974) and Ronenson (1966) using two-feldspar,
nepheline-feldspar, and amphibole-plagioclase geother-
mometers, the homogenization of fluid inclusions in neph-
eline, and experimental data on nepheline-feldspar eutectics.
According to their results miaskites of the IVAC were crys-
tallized at T0700–850 °C and P02–5 kbar. A temperature
of 900 °C was established in contact aureoles of miaskitic
plutons from the amphibole-garnet geothermometer applied
to fenitized amphibolites. The separation of immiscible sil-
icate and carbonate melts occurred at T01,000 °C and P0
5 kbar (Nedosekova 2007b; Nedosekova et al. 2009).
According to Simonov (1981) miaskite-pegmatites were
crystallized at T0590–750 °C and P02.5–3.5 kbar.

To estimate the carbonatite and fenite formation temper-
atures, the biotite-pyroxene and amphibole-pyroxene geo-
thermometers, based on partitioning of femic components
between these phases (Samoilov 1977) as well as the geo-
thermometer, based on partitioning of fluorine between
coexisting biotite and apatite, and taking into account an
annite-siderophyllite component (Sallet 2000), were ap-
plied. In addition, the pyrite-pyrrhotite geothermometer
(Toulmin and Barton 1964), dolomite-calcite thermobarom-
eter (Talantsev and Petrova 1991), and the improved
Buddington-Lindsley titanomagnetite-ilmenite geother-
mometer (Poltavets 1975) were used. Chemical analyses of
coexisting biotite, pyroxene, amphibole, apatite, dolomite,
and calcite (Levin et al. 1997) were used for the calculations
and several geothermometers were applied on the same
sample. Biotite-pyroxene and amphibole-pyroxene ther-
mometers, applied to samples from the Central Alkaline

Fig. 5 Zr vs. Zr/Hf (a) and Y
vs. Y/Ho (b) diagrams for
carbonatites and miaskites of
IVAC in respect to CHARAC
field (Bau 1996). 1 – Miaskite,
Vishnevogorsky Massif; 2 –
Miaskite, Central Alkaline Belt;
3 – Sövite I, 4 – Sövite II; 5 –
Sövite III; 6 – Beforsite IV
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Belt, reveal formation temperatures for melanocratic
carbonate-silicate metasomatic rocks and Carbonatites II in
the range of 650 to 600 °C and 590–490 °C, respectively.
Both thermometers applied gave consistent temperature
estimates.

The formation temperatures of Carbonatites I and II
from the Central Alkaline Belt are 730–770 °C and
640–770 °C, respectively (apatite-biotite thermometer),
and for carbonatites I from the Vishnevogorsky Massif
(Zone 147) – 760–900 °C (apatite-biotite thermometer).
Zircon crystallization temperatures for the early carbona-
tites of the Vishnevogorsky Massif, based on the “Ti-in”
geothermometer (Watson et al. 2006), are about 670–
770°С, and for carbonatites of the Buldym Massif –
580–650°С. Dolomite-calcite Carbonatites III from the
Buldym Massif were formed at 410–575 °C, and dolomite
carbonatites IV at 230–315 °C, according to the dolomite-
calcite geothermometer (Talantsev and Petrova 1991). Sul-
fides in Carbonatites III were formed at the final stages at
330–350 °C, based on the pyrite pyrrhotite thermometry.

IVAC isotope geochronology

The first Rb-Sr and U-Pb isotope data for the rocks of the
IVAC were obtained in the 70ies and 80ies of the 20th
century (Kononova et al. 1979; Kramm et al. 1983, 1993;
Chernyshev et al. 1987). Whole-rock Rb-Sr isochrones for
the miaskites of the IVAC yielded ages of 446±12 Ma
(Ilmenogorsky Massif; Kramm et al. 1983) and 436±
31 Ma (Vishnevogorsky Massif; Kononova et al. 1979).
These ages were interpreted as intrusion ages of the miaskite
plutons during the final stage of the continental rifting at the
Ordovician to Silurian boundary. However, Rb-Sr mineral
isochrones revealed ages of 245±8 Ma (Kononova et al.
1979) and 245±24 Ma (Kramm et al. 1983) for the mia-
skites. These younger ages were related to a metamorphic
overprint during which new isotopic equilibria between the
minerals were established.

The TIMS U-Pb ages for one group of zircons (Zircon I)
from IVAC is 434±15 Ma (Kramm et al. 1993), 422±10 Ma
for miaskite and 432±12 Ma for carbonatites (Chernyshev
et al. 1987). Thus, TIMS U-Pb zircon dating demonstrates
the same chronology for the geological events in the evolu-
tion of the carbonatites and miaskites. U-Pb zircon systems
as well as Rb-Sr reflect metamorphic overprinting events,
which are accompanied by the radiogenic Pb loss and gave
261±14 Ma for miaskites and 261±12 Ma for carbonatites
(Chernyshev et al. 1987).

In this study we have investigated zircons from miaskites
and carbonatites of the Vishnevogorsky Massif as well as
from dolomitic carbonatites of the Buldym Massif by the
“in-situ” isotope methods (SHRIMP II and LA-ICP MS).
Additionally, U-Pb isotopic ages of the pyrochlores from the

miaskite-pegmatite of the Vishnevogorsky Massif and
dolomite-calcite carbonatites of the Buldym Massif were
obtained for the first time by TIMS (VSEGEI, St.-Petersburg).

SHRIMP U-Pb age of Zircon I formation (IVAC) cor-
responds to 417±7 Ma for miaskites (Krasnobaev et al.
2010a, b) and 411±14 Ma for carbonatites (Table 2).
Alongside with it, later processes are dated by zircons of
the IVAC. Most of zircon grains from miaskites and
carbonatites are characterized by intermediate types and
are dated at 383±14 Ma and 359±25 Ma, respectively
(Krasnobaev et al. 2009, 2010a, b). U-Pb dating of the
late newly formed Zircon II from miaskites and carbona-
tites yielded agey of 279±10 Ma (SHRIMP II) and
282 Ma (LA-ICP MS) (Table 2). The U-Pb age for zircon
from dolomitic carbonatites of the Buldym Massif is 268±
6 Ma and MSWD (mean square of weight deviations)
equals to 8.2 (n011, La-ICP MS) (Table 2) (Nedosekova
et al. 2010). The U-Pb TIMS ages of pyrochlores from the
miaskite-pegmatite of the Vishnevogorsky Massif and
calcite-dolomite carbonatites of the Buldym Massif corre-
spond to 233±3.1 Ma and 210±13 Ma (Tables 3).

K-Ar ages of biotite from miaskite and carbonatite range
from 226 to 256 Ma (Levin 1974; Kononova et al. 1979),
reflecting a thermal event in the evolution of the miaskites
and carbonatites, which is caused by total radiogenic argon
loss from the minerals.

Sm-Nd and Rb-Sr isotopic systems for rocks and con-
stituent minerals of the Vishnevogorsky and Buldym Mas-
sifs have been analyzed by HR-TIMS at IGG UD and GI
KSC. A six-points whole rock Rb-Sr isochron for the
miaskites and carbonatites of the Vishnevogorsky Massif
corresponds to the IVAC age at 438±8 Ma and MSWD0

0.62. However, the Sm-Nd system, applied to miaskites
and carbonatites of the IVAC, seems to be slightly dis-
turbed and does not give meaningful whole-rock iso-
chrones. Alkali metasomatic processes within the
ultramafic rocks of the Buldym Massif are evident at
443±23 Ma (MSWD00.46) and 324±7 Ma (MSWD0

0.64, n05, Sm-Nd isotope data).
The isotope dating results from the IVAC, based on

several isotopic systems and including whole rock, as well
as mineral data, revealed several age clusters: a) 446–
410 Ma (Late Ordovician-Early Devonian), b) 390–
360 Ma (Middle-Late Devonian), c) 335–325 Ma (Early
Carboniferous) and d) 280–230 Ma (Permian-Triassic).
The corresponding events have been dated in other struc-
tural complexes of the Middle Urals (Echtler et al. 1997;
Krasnobaev and Davydov 2000). The age clusters ranging
from 446 Ma to 230 Ma clearly reflect the complex
magmatic and geotectonic history of the IVAC, as a part
of the Uralian Fold Belt, including rifting, subduction,
plate collision, anatexis, and metasomatism connected
with post-collisional extension.
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Isotope geochemistry and mantle sources of the IVAC

Previous isotopic studies of the IVAC indicated a deep
(mantle) source for miaskitic and carbonatitic magmas
(Kononova et al. 1979). On the basis of Sr, C, and О
isotopic data it was concluded that the carbonate veins of
the IVAC should be classified as carbonatites. The low
initial 87Sr/86Sr ratio of –0.703 and extremely homogeneous
isotopic compositions of oxygen and carbon (δ18О 0 +6.4 to
+8.5‰ and average δ13С 0 –7.3‰) throughout the 150 km
alkaline belt confirm the suggested deep source of the
IVAC, and no significant isotope exchange reactions with
the host rocks can be assumed.

In this study we determined the δ18О VSMOW and δ13C
VPDB isotopic compositions of calcite and dolomite from
IVAC carbonatites and calciphyre (Table 4). δ18О VSMOW
were also obtained from phlogopite, richterite and magne-
tite. Initial 87Sr/86Sr and 143Nd/144Nd ratios were determined
in miaskites, fenites IVAC and Buldym ultramafic rocks, as
well as in calcite, dolomite, amphibole, phlogopite from
IVAC carbonatites and calciphyre. Figure 6 summarizes
the C and O isotopic compositions. The carbonatites of the
IVAC plot into the field of primary mantle carbonatites
(Yavoy and Pineau 1986; Ray and Ramesh 2000; Table 4).

The C and O isotope compositions of calcites from Sövite
I and II of the Ilmenogorsky and Vishnevogorsky Massifs
are identical (δ13С 0 –6.3 to –7.0‰ and δ18О 0 +7.6 to
+7.8‰) and somewhat different from signatures, which are
typical for carbonatites of the Buldym Massif and the
Central Alkaline Belt. Carbonatites from the Buldym
Massif, Zone 140, and Vein 125 are characterized by
similar carbon and oxygen isotope composition and differ
from carbonatites of the Vishnevogorsky Massif by a
lighter carbon. The values of δ13С of –7.4 to –8.2 ‰
and δ18О +8.0 to +9.0‰ in sövite III of the Buldym
Massif are slightly but systematically different from
Sövite I and II of the Vishnevogorsky Massif, in agreement
with Sr-Nd isotopic data. Beforsite IV from the Buldym
Massif is enriched in heavy oxygen (δ18О 0 +8.0 to
+10.4‰). Carbonatites hosted in ultramafic rocks (Ilmenogor-
sky ore occurrence, Pit 97) are characterized by the highest
δ18О values (+10.7‰) and are close, in this respect, to dolo-
mite carbonatites of the Buldym Massif.

The shift of δ18О and δ13С of dolomite carbonatite
(Fig. 6) towards relatively elevated values compared to
calico-carbonatite corresponds to the trend of Rayleigh
isotope fractionation in the course of carbonatite melt
crystallization with formation of a solid phase relatively
depleted in these isotopes, and separation of an isotope
enriched fluid phase (Ray and Ramesh 2000). Amphibole
and phlogopite from carbonatites of the Buldym Massif
are characterized by δ18О 0 +5.8 and +5.4‰, corre-
spondingly, which are close to mantle values 5.5±T
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0.5‰, thus they also can be considered as products of
the carbonatite formation.

The carbon and oxygen isotope compositions of cal-
cites from carbonatites of the Central Alkaline Belt (Pota-
nino deposit) are distinguished by the highest δ13С
(–5.3 to –5.6‰) relatively to the early carbonatites of
the Vishnevogorsky (δ13С 0 –6.3 to –7.1‰) and Buldym
(δ13С 0 –7.4 to –8.2‰) deposits. The oxygen isotopic
composition of all these carbonatites is almost identical
(δ18О 0 +7.5 to +8.2‰); the same applies to the Sr and
Nd isotope compositions (Table 4). Taking into account
that carbonatites of the Potaninsky and Vishnevogorsky
deposits are close in chemical composition and differ only
in stages of carbonatite formation, the increase in δ13С
may be a result of reworking of the IVAC by fluids
during formation of post-collision shear zones.

Sr and Nd isotope compositions were determined from
miaskites, fenites, and carbonatites of the Vishnevogorsky
Massif and the Central Alkaline Belt (Potanino deposit), as
well as from carbonatites and metahyperbasites of the Bul-
dym Massif (Table 4). The initial isotope compositions of
parental magmas were calculated for 440 Ma, i.e. the age of
carbonatites and miaskites of the IVAC according to Kono-
nova et al. (1979), Kramm et al. (1983, 1993),
Chernyshev et al. (1987). The initial 87Sr/86Sr ratios are
accepted equal to the measured values because of the low
Rb/Sr ratios.Т
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Fig. 6 Carbon and oxygen isotopic compositions of carbonates from
carbonatites of the IVAC. Compositional fields: PC I – Primary carbo-
natites (Keller and Hoefs 1995); PC II – Primary carbonatites (Ray and
Ramesh 2000); NSC – Marine sedimentary carbonates; SC – Soil
carbonates (Salomons 1975). The solid bold lines are the mantle square
with lines of carbonatitic magma fractionation (Yavoy and Pineau
1986). 1 – Carbonatites (sövite I, II) of the Vishnevogorsk pluton; 2
– Carbonatites of the Ilmenogorsk pluton; 3-4 – Carbonatites of the
Buldym Massif: 3 – Sövite III; 4 – Beforsite IV; 5 – Carbonatites in
fenites (zones 125 and 135); 6 – Carbonatites of the Central Alkaline
Belt (Potanino); 7 – Carbonatites in the Ilmeny ultramafic rocks (mine
97); 8 – Calciphyres of the Ilmenogorsk Suite

Origin and evolution of the Ilmeny–Vishnevogorsky carbonatites 115



Figure 7 illustrates an εNd vs. εSr diagram of all IVAC
rocks, along with mantle reservoir signatures (i.e. DM,
HIMU, EMI, EM2, MORB, and OIB after Zindler and Hart
1986; Hofmann 1997). Also shown in Fig. 7 are the carbo-
natite isotope system evolution lines from the Kola Province
(KCL, Kramm 1993) and East Africa (EACL, Bell and
Petersen 1991) for comparison. The data points of carbona-
tites of the IVAC fit the mantle array along the line connect-
ing depleted (DM) and enriched (EMI-like) mantle. A
similar evolution line is marked for carbonatite complexes
of the Kola Province, demonstrating mixing of substances
from mantle reservoirs DM and EMI in the process of
magma generation, in contrast to the line of the East African
carbonatites, formed with a substantial contribution of the
HIMU component (Bell 2001).

The initial Nd and Sr isotope ratios of the IVAC rocks are
clustered in discrete fields in the εNd vs. εSr diagram
(Fig. 7). Carbonatites and miaskites of the Vishnevogorsky
Massif and the Central Alkaline Belt are distinguished by
low (87Sr/86Sr)t 0 0.70336–0.70380 (εSr0–8.8 to –2.6) and
the highest values of (143Nd/144Nd)t (εNd0+2.9 to +4.9),
corresponding to the values of moderately depleted mantle.
Carbonatites of the Buldym Massif and carbonatites of Zone
125 and Zone 140 make up a cluster with higher
(87Sr/86Sr)t00.70421–0.70470 (εSr0+3.2 to +10.2) and
low (143Nd/144Nd)t (εNd0−1.4 to −3.4), corresponding to
the enriched mantle EM1. Dolomite carbonatites IV from
the Buldym Massif differ somewhat in (143Nd/144Nd)t from
dolomite-calcite carbonatites III, having an identical

87Sr/86Sr ratio, and are similar to metahyperbasites of the
Buldym Massif according the isotope signatures. The dif-
ference in isotopic signatures of carbonatites from the Vish-
nevogorsky and Buldym Massifs may be related to either
progressive evolution of mantle isotope systems or contam-
ination of silicate and carbonatite melts during evolution of
fluid-melt systems of the IVAC.

The similarity of the Sr and Nd isotope compositions of
carbonatites and miaskites of the Central Alkaline Belt and
the Vishnevogorsky Massif indicate a common source. The
Sr and Nd isotope signatures of carbonatites from the Cen-
tral Alkaline Belt show the most depleted values (εNd04.8,
εSr0–8.5), close to those of miaskites, thus confirming their
plausible formation at the initial stage of the development of
the IVAC (Levin et al. 1997) and by fractionation from
miaskite magmas.

The separate clusters of data points of carbonatites related
to the IVAC plotted on the εNd – εSr diagram testify the
multistage formation of carbonatites. Carbonatites and mia-
skites of the Vishnevogorsky Massif and the Central Alka-
line Belt are related to a moderately depleted mantle source,
while carbonatites of the Buldym Massif and zones 140 and
125 correspond to a more enriched source of EMI type.
Carbonatites of the Buldym Massif probably had another
source enriched in radiogenic Sr and unradiogenic Nd,
which could have been related to mantle pluming, or melt-
ing of lower crust (Hofmann 1997); however, crustal con-
tamination during the carbonatite fluid-melt evolution of the
IVAC cannot be ruled out as well.

Lu-Hf- and U-Pb isotope data of zircons from miaskite,
miaskitic pegmatite, and carbonatite of the Vishnevogorsky
miaskitic Massif, as well as zircons of dolomitic carbonatite
of the Buldym ultrabasic Massif were obtained (Table 5).
Zircon of the miaskites and carbonatites of Vishnevogorsky
Massif is represented by grains of several morphological
types with ill-defined forms, prismatic and dipyramidal-
shape, different in colour, transparency and also presence
of inclusions. The early Zircon I, possibly formed during
crystallization of the miaskite melt, has an irregular form. It
is not transparent enough, usually darker in CL images and
shows spotty BSE images with relics of growth zoning. Late
Zircon II forms short-prismatic grains, is transparent, with
relics of the primary zoning, highly homogeneous in BSE
and with distinct CL images. However, the majority of the
zircon grains is represented by an intermediate type, char-
acterized by early zircon alteration and its replacement by a
late zircon generation.

The initial ratios of Hf isotopes for the early zircon
were measured on the same grains that were used for the
U–Pb dating, and they demonstrate insignificant varia-
tions of (176Hf/177Hf)41000.282617–0.282678, εHf03.5–
5.7 and provide evidence for zircon formation from a
moderately depleted source (Fig. 8). Zircons from

Fig. 7 Diagram of εSr vs. εNd of carbonatites, miaskites and fenites of
the IVAC in respect to the Kola (KCL) and East African (EACL)
carbonatites (Bell and Petersen 1991; Kramm 1993) and various man-
tle sources DMM, HIMU, EM1, EM2, as well as MORB and OIB
(Hofmann 1997). 1-2 – Miaskites: 1 – Vishnevogorsk pluton; 2 –
Central Alkaline Belt; 3 – Fenites, Zone 125; 4-5 – Sövites I: 4–
Vishnevogorsk pluton; 5 – Central Alkaline Belt; 6-7 – Sövites II: 6
– Zone 140; 7 – Zone 125; 8-11 – Rocks of the Buldym Massif: 8 –
Sövites III: 9 – Beforsite IV; 10 – Metaolivinite; 11 – Metaperidotite;
12 – Calciphyres of the Ilmenogorsk Suite
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miaskite, miaskitic pegmatite, and carbonatite have close
Hf isotopic parameters that point to the same magmatic
source (at least for Hf).

The Hf isotope composition was also analyzed on Zircon
II crystals (U-Pb age of 282 Ma) from carbonatite of the
Vishnevogorsky Massif. Zircon II differs significantly from

Table 5 Lu–Hf isotopic data of zircons from the IVAC rocks

Rock and Massif Sample 176Lu/177Hf 176Yb/
177Hf

176Hf/177Hf Age
206Pb/238U
(Ma)

176Hf/177Hf
(T)

εHf
(Т)

TDM

(Ga)
TDMC

(Ga)

Miaskite, Vishnevogorsky
Massif

Vnp-2 0.00003 0.00114 0.282623 411 0.282623 +3.8 0.87 1.17

Vnp-
1A

0.00004 0.00163 0.282633 411 0.282633 +4.1 0.86 1.15

Vnp-
1B

0.00003 0.00132 0.282668 411 0.282668 +5.4 0.81 1.07

Miaskite-pegmatite,
Vishnevogorsky Massif

Krv-5-
1*

0.00005 0.00160 0.282617 411* 0.282617 +3.5 0.88 1.17

Krv-5-
2*

0.00004 0.00138 0.282632 411* 0.282632 +4.1 0.86 1.15

Krv-5-
3*

0.00004 0.00162 0.282654 411* 0.282654 +4.8 0.83 1.10

Sövite I, Vishnevogorsky
Massif

V -3 0.00020 0.00968 0.282680 411 0.282678 +5.7 0.79 1.04

V -6 0.00027 0.01302 0.282660 411 0.282658 +5.0 0.82 1.09

V-8* 0.00203 0.08847 0.282679 411* 0.282663 +5.2 0.84 1.08

V-10* 0.00006 0.00255 0.282673 411* 0.282673 +5.5 0.80 1.06

V-12* 0.00031 0.01415 0.282664 411* 0.282662 +5.1 0.82 1.08

V -2 0.00006 0.00235 0.283055 282 0.283055 +16.2 0.27 0.27

Beforsite IV, Buldym Massif K103-
02

0.00049 0.02142 0.282593 268 0.282591 -0.5 0.92 1.33

K103-
03

0.00025 0.01044 0.282587 268 0.282586 -0.7 0.92 1.34

K103-
10

0.00028 0.01184 0.282589 268 0.282588 -0.6 0.92 1.34

K103-
12

0.00044 0.01781 0.282601 268 0.282599 -0.2 0.91 1.31

K103-
13

0.00037 0.01598 0.282589 268 0.282587 -0.7 0.92 1.34

K103-
15

0.00035 0.01422 0.282557 268 0.282555 -1.8 0.97 1.41

Error values for the 176 Hf/177 Hf ratio are ±0.00002 (2σ), which is equal to ±0.7 εHf based on 91,500 zircon standard. Isotopic characteristics for
chondrite after (Scherer et al. 2001) were accepted for calculations of initial Hf isotopic ratios and εHf. Asterisks denote points at which the
206 Pb/238 U age was not determined but was extrapolated for the calculation of the initial 176 Hf/177 Hf ratios and εHf (T)

Fig. 8 Initial 176Hf/177Hf isotopic ratios and εHf in zircons from the
IVAC rocks. 1-3 - Vishnevogorsky Massif: 1 – Miaskite; 2 – Carbo-
natite; 3 – Miaskite-pegmatite; 4 – Beforsite IV, Buldym Massif. Lines
for the DM and CHUR mantle reservoirs isotopic evolution are shown

for comparison. A decay constant of 176Lu λ01.865·10-11 is applied for
the calculation of DM and CHUR isotopic evolution (Scherer et al.
2001)
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early Zircon I. It has high values of (176Hf/177Hf)2820
0.283055 and εHf016, corresponding to those typical for
depleted mantle that may provide evidence for the different,
juvenile source of the matter participating in miaskite and
carbonatite transformations. However, at present this sug-
gestion is speculative and would need further study.

The isotope composition of Hf of zircons from dolomitic
carbonatite of the Buldym Massif (176Hf/177Hf)2680
0.282525–0.282555, εHf0–0.2 to –1.8 is close to that of
chondrite and differs significantly from those of Vishnevogor-
sky Massif zircons by lower initial Hf isotope ratios and εHf.
This indicates contribution of substances from various sour-
ces. Figure 9 is an εNd vs. εHf plot, where it becomes obvious
that early zircon compositions of the IVAC plot in the field of
moderately depleted mantle and lower crust rocks. Only one
point (V-354-2, late Zircon II with age of 282 Ma from
carbonatite of the Vishnevogorsky Massif) is outside the “ter-
restrial array” (Fig. 9; Vervoort et al. 2000), which is possibly
connected with the metamorphic genesis of the Zircon II.

The origin and source of the carbonatite parental melts
remains a poorly resolved problem up to now. Several sources
have been suggested for carbonatites. These include the sub-
lithospheric source, associated with deep-seated, plume-
related activity (Gerlach et al. 1988; Simonetti et al. 1995,
1998; Bell and Simonetti 1996, 2010; Marty et al. 1998;
Dunworth and Bell 2001; Bell 2001; Bell and Tilton 2001,
2002; Tolstikhin et al. 2002; Bell and Rukhlov 2004; Kogarko
2006), or either asthenospheric ‘upwellings’ (Bailey 1993;
Bailey and Woolley 2005); subducted lithosphere (Barker
1996); lithospheric source (Bell et al. 1982; Burke and Khan
2006) and mixing between lithospheric and sub-lithospheric
sources (Gerlach et al. 1988; Simonetti et al. 1998).

Our new isotope data of rocks and minerals from the
IVAC miaskite and carbonatites, i.e. εSr between –6 and –
10, εNd between +3 and +6 and εHf between +4 and +6,
require a depleted mantle source with continuous low Rb/Sr,
high Lu/Hf and Sm/Nd ratios over a long period of time.
This implies that the IVAC miaskite-carbonatite is fairly
homogeneous in respect to all three isotopes systems stud-
ied. The initial isotope ratios plot, together with the bulk
rocks, into the moderately depleted mantle field in Figs 7
and 9. A close resemblance exists between the isotope
characteristics of the IVAC and carbonatites of ultramafic-
alkaline carbonatite complexes (Kola Alkaline Province–
Kovdor, Sockly, Lovozero, Khibina, and the Maymecha-
Kotuy Alkaline Province, Polar Siberia: Guli, Essey, Ingily,
and intrusions of the Northern America), which are located
within Precambrian cratons (Bell and Blenkinsop 1989;
Kramm 1993; Kramm and Kogarko 1994; Zaitsev and Bell
1995; Dunworth and Bell 2001; Kogarko et al. 2010). This
suggests that the origin of these alkaline-ultrabasic com-
plexes and carbonatites is connected with deep seated man-
tle sources, possibly related to an upwelling mantle plume
(FOZO) and/or further mixing with a plume enriched with
an EM1 component (Bell and Blenkinsop 1989; Kramm
1993; Bell 1998; Dunworth and Bell 2001). The hypothet-
ical FOZO deep mantle source, suggested to be common to
all plumes, has εNd around +5, according to Hart et al.
(1992), which is close to the characteristics of the IVAC.
Therefore, it is very likely that the IVAC has a similar
source. However, the origin of the alkaline magmas of the
IVAC by melting of oceanic crust (Levin et al. 1997), which
has the same isotopic characteristics (Echtler et al. 1997),
cannot be excluded. It should also be noted, that а decou-
pling of the Nd and Hf isotope compositions, shown in the
late zircons of the Vishnevogorsky carbonatite, could be
related to the metamorphic stage of the IVAC formation.

Sr, Nd and Hf isotope data of the carbonatites of the
Buldym Massif, i.e. εSr between +6 and +8, εNd between
+1 and -3, and εHf between 0 and –2, require continuous
higher Rb/Sr ratio, lower Lu/Hf and Sm/Nd over a long
period of time in their source (EM1-like). Demonstrated
differences in Sr, Nd and Hf isotope compositions between
rocks of miaskite-carbonatite complex and carbonatites of
the Buldym Massif could be explained either by variable
degrees of mixing a plume with an enriched mantle compo-
nent, i.e. like EM1, or crustal contamination processes driv-
en by the IVAC carbonatite fluid-melt evolution.

Silicate-carbonate liquid immiscibility and fluid-hydrothermal
processes during carbonatite formation within the IVAC:
evidence from trace elements and isotope data

The similarity of initial Nd and Sr isotope ratios of carbo-
natites and miaskites of the IVAC strongly indicates a

Fig. 9 εHf vs. εNd diagram of zircons from the IVAC rocks. Compo-
sition fields of zircon from: 1 – Miaskite, miaskitic pegmatite, and
carbonatite of the Vishnevogorsky Massif (U-Pb ages – 410); 2 –
Carbonatite of the Vishnevogorsky Massif (U-Pb ages – 282 Ma); 3
– Beforsite IV, Buldym Massif (U–Pb age – 268 Ma). Isotopic com-
positions of MORB, OIB and IAB (Patchett and Tastumoto 1980;
Salters and White 1998, and others) and lower crustal rocks (Vervoort
et al. 2000) are shown for comparison
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common source. This raises the question whether partition
of a parental carbonated miaskitic melt into a silicate and a
carbonate liquid has taken place. Evidences for such a
process derive from geological observations, trace element
patterns, isotope data (i.e. Fig. 7; Nedosekova 2007b) and
the occurrence of salt melt inclusions in miaskites of the
IVAC (Simonov 1981; Talantsev and Petrova 1991).

Support for the suggested possibility of immiscibility into
silicate and carbonate liquids evolves from Fig. 10, a
Freestone-Hamilton diagram (Kjarsgaard and Hamilton
1989). The IVAC carbonatites, based on major element

composition, plot right onto the line of immiscibility con-
strained at a temperature of 1,000 °C and at 5 kbar pressure.
Additional support for immiscibility derives from trace ele-
ments and REE. Trace element partition coefficients (D)
calculated, based on miaskite samples and their Y/Ho and
Zr/Hf ratios, from early and late carbonatites are different. D
values calculated from Carbonatites I and miaskites of the
Vishnevogorsky Massif are: Sr (4.5–6), Ba (0.44–1.92), Zr
(0.01–0.33), Hf (0.03–0.24), Nb (0.5–0.8), Та (0.09–0.43).
These D values are similar to those experimentally deter-
mined by Hamilton et al. (1989), Veksler et al. (1998) for

Fig. 10 Chemical compositions of the IVAC rocks plotted on the
(SiO2 + А12О3 + TiO2)-(CaO + MgO + FeO)-(Na2O + K2O) diagram
(Freestone and Hamilton 1980). 1 – Melanocratic carbonate-silicate
rock; 2 – Sövite I; 3 – Brechia Dyke of carbonatites 4 – Sövite II
(Vishnevogorsky Massif, zone 147); 5 – Sövite II (Potanino); 6 –

Sövite III (Buldym Massif); 7 – Beforsite IV (Buldym Massif); 8 –
Miaskite of the Vishnevogorsky pluton and Central Alkaline Belt. The
dashed line is the miscibility gap between carbonate and silicate melts
at T01,000 °C and P05 kbar; the dotted line is the same gap at T0
900 °C and P02 kbar (Kjarsgaard 1998)

Fig. 11 Partitioning coefficients
of REE (DREE) between the
IVACCarbonatites I and miaskite
(dashed lines I - red) and between
the late carbonatites (II, III, IV)
and miaskite (dotted lines II -
blue, III - green, IV- brown). The
experimentally determined DREE

(solid lines) are shown for com-
parison: (a) between coexisting
carbonate and silicate melts at T0
1,200-1,300 °C and P05-
20 kbar; (b) between coexisting
CO2 vapor and silicate melt at T0
1,200-1,300 °C and P05 kbar;
between CO2 vapor and carbon-
ate melt at Т01,200-1,300 °C and
P05 kbar; between CO2 vapor
and silicate melt at Т01,300 °C
and P020 kbar (Wendlandt and
Harrison 1979)
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silicate-carbonate liquid immiscibility in alkaline melts at
P00.8–1 kbar Т0965–1,150 °C (Fig. 12). REE partition
coefficients calculated from IVAC Carbonatites I and mia-
skites, i.e. Ce (3–7), Sm (5–8), Tb (6–9), are higher than
those obtained from experiments, stated above, and cor-
respond to D values for silicate-carbonate liquid immiscibil-
ity at P05 kbar and Т01200 °C (Fig. 11a; Wendlandt and
Harrison 1979). Carbonatites II and III show higher D values,
i.e. Ce (10–38), Sm (11–18), Tb (14–28), close to values
between carbonate fluid and silicate melt (Wendlandt and
Harrison 1979). This clearly indicates the significant role of
an alkali carbonate fluid in the formation of late carbonatites
of the IVAC (Fig. 11b).

Conclusions

The Ilmeny-Vishnevogorsky alkaline complex intruded into
the crystalline basement (Paleoproterozoic) at the Ordovician/

Silurian boundary and underwent significant reworking dur-
ing Ural Fold Belt formation. The present geochronological
data of the IVAC mirror clearly the magmatic intrusion of
alkaline rocks and carbonatites (Late Оrdovician) and a long-
lasting metamorphic overprint, involving anatexis, pegmatite
formation, metasomatism and ore deposit formation, attribut-
ed to the rift-related (Silurian-Early Devonian), collision
(Middle-Late Devonian, Early Carboniferous) and post-
collision (Permian-Triassic) stages during the evolution of
the Ural Belt.

The IVAC was formed at T01,000-230 °C and P05-
2 kbar. Immiscibility of an initial carbonated miaskite melt
occurred at Т01,000 °C and P05 kbar. Miaskite crystallized
at T0850-700 °C and P02-5 kbar, whereas miaskite-
pegmatites at T0750-590°С and P02.5–3.5 kbar. The for-
mation temperature (700–900 °C) of early carbonatites
(Sövite I) and fenites is close to the temperature of crystal-
lization of miaskites. Sövite I and melanocratic carbonate-
silicate rocks of the Central Alkaline Belt were formed at
600–650 °C and Sövite II at 500–600 °C. Dolomite-calcite
sövite III and Beforsite IV from the Buldym Massif crystal-
lized at Т0575-410 °C and T0315-230 °C, respectively.

Geological, geochemical and isotopic data indicate a
possible separation of cabronatite liquid from miaskitic
magma. It is most likely that silicate-carbonate liquid im-
miscibility, regarding the formation of early carbonatites and
miaskites, took place. IVAC rock compositions correspond
to the boundary of silicate and carbonate melts, experimen-
tally determined at T01,000 °C and P05 kbar. REE parti-
tion coefficients between early IVAC carbonatite and
miaskite match with those of an initial alkaline melt at
immiscibility into silicate and carbonate liquids at the same
P-T-conditions mentioned above. Isotope data from carbo-
natites and miaskites also indicate the separation of a car-
bonatite liquid from a miaskitic silicate magma. Trace
element data from late stage IVAC carbonatites indicate
the significant role of an alkali-carbonate fluid.

The geochemical evolution of the IVAC carbonatites
show similarities to that of ultramafic-alkaline complexes
and related carbonatites. This is indicated by: (1) elevated
concentrations of Sr, Ba, Nb, and REE with two maxima of
REE and Sr, one at the albite-calcite and the second at the
chlorite-sericite-ankerite facies; (2) an increase in the LREE/
HREE ratio with decreasing crystallization temperature; and
(3) systematic variations in Sr/Ba, Nb/Ta, Zr/Hf, La/Yb, and
Eu/Eu* ratios from the early to late members of carbonatite
series due to the evolution of carbonatitic melt and its fluid
derivatives.

Carbonatites of the IVAC differ in geochemical features
from carbonatites of the ultramafic-alkaline complexes and
have much in common with carbonatites related to nepheline
syenites and carbonatites localized in linear fracture zones.
This is manifested in the high Sr contents in early carbonatites

Fig. 12 Carbonate-silicate partitioning coefficients for trace elements
in the IVAC rocks, in comparison to experimental data at Т0965-
1,150 °C and P00.8-1 kbar (Hamilton et al. 1989; Veksler et al.
1998). Ph – phonolite-alkali carbonatites system. A) dashed red line
– Sövite I - miaskite; B) dotted blue lines – Sövite II - miaskite
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and, as a consequence, the absence of significant Sr concen-
trations and Sr minerals in late, low-temperature carbonatites;
a slight depletion in Ba, Nb, Та, Ti, Zr, and Hf; and enrichment
in HREE, marked by a decreased La/Yb ratio, relative to
carbonatites of ultramafic-alkaline complexes.

Sr, Nd, C, О, and Hf isotope data suggest a mantle source
of the IVAC and indicate that material of a moderately
depleted mantle (DM) and an EMI-type enriched compo-
nent participated in magma generation. The significant dif-
ference in the carbonatite isotopic data from the
Vishnevogorsky pluton and the Buldym Massif clearly tes-
tifies their different sources and the multistage formation of
the IVAC carbonatites. Carbonatites and miaskites of the
Vishnevogorsky Massif have a moderately depleted mantle
source. Carbonatites of the Buldym Massif were derived
from an enriched source. Contamination cannot be excluded
in the formation of these carbonatites, e.g. based on isotopic
evidence, the lower crust could have participated in the
generation of magma that produced the IVAC. The strong
differences in the isotopic signature of the carbonatites from
Vishnevogorsky and Buldym Massifs could be explained by
different extent of the mixing of the plume component and
enriched component (EM1 like), or by processes of crustal
contamination during evolution of the IVAC carbonatite
fluid-melts.

Consequently, the origin and genesis of Ilmeny-
Vishnevogorsky carbonatite-miaskite complex is related to
mantle anatexis and subsequent mantle-crust interaction. As
a result, fluid-saturated miaskite and carbonatite were
formed. The isotopic and geochemical data of this study
shows that the carbonatites of the IVAC are genetically
related to miaskites and are distinct from carbonatites de-
rived from ultramafic-alkaline melts.
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