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INTRODUCTION

There are significant differences in the character of
trace element fractionation related to the differentiation
of alkaline ultrabasic melts, immiscibility of carbon-
atite and alkaline melts, and the interaction between a
melt (carbonate or silicate) and a fluid. In most alka-
line–ultrabasic–carbonatite ring complexes, the distri-
bution of trace elements in the successive derivatives of
mantle magmas is usually described by Rayleigh frac-
tional crystallization in accordance with their partition
coefficients; whereas the compositions of late deriva-
tives, nepheline syenites, and carbonatites are usually
consistent with the characteristic features of silicate–
carbonate liquid immiscibility. The resulting chondrite-
normalized distribution patterns of, for example, REE
in the alkaline rocks derived from these magmas [1]
and carbonatites [2] are smooth functions of their ionic
radius and atomic number.

However, in many cases the distribution of trace ele-
ments cannot be explained by either fractional crystal-
lization or liquid immiscibility. In particular, immisci-
bility between two melts was probably not the main
control of the trace element distribution observed in the
silicate rocks and natrocarbonatites of Oldoinyo Lengai
[3]. There are cases when REE distribution both in sil-
icate rocks and carbonatites cannot be explained by
fractional crystallization. For example, according to

[4], the REE distribution patterns in successive deriva-
tives [alkaline picrite–nephelinite (Hanang Volcano),
melanephelinite–nephelinite (Moroto Volcano),
melanephelinite–phonolite (Eldoret Volcano)] display a
negative Eu anomaly increasing toward the later deriv-
atives; the same is observed in the nephelinite–phono-
lite–carbonatite series (Oldoinyo Lengai, eruption of
1966?); whereas REE distribution in the ijolite–melt-
eigite of the Napak Massif, Uganda, exhibits a tetrad
effect. According to other data, the silicate lavas of Old-
oinyo Lengai (eruption of 1983?) show a weak Eu
anomaly [5]. The REE distribution patterns in the pho-
nolite and carbonatite of the Kaiserstuhl Massif show
negative and positive Eu anomalies, respectively
(according to [6]). A negative Eu anomaly was reported
for some carbonatites from the East African Rift [4],
Guli Massif in NW Siberia [7], syenites of Magnet
Cove [8], and some melilitites from Germany [9]; a
positive Eu anomaly was observed in the REE patterns
of ijolites and monticellite–diopside carbonatites of the
Oka Massif, Canada [10].

The presence of a negative Eu anomaly in the REE
distribution pattern of alkaline–ultrabasic rocks and
carbonatites of ring complexes cannot be explained by
plagioclase fractionation, because plagioclase is lack-
ing in them.
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Abstract

 

—In most alkaline–ultrabasic–carbonatite ring complexes, the distribution of trace elements in the
successive derivatives of mantle magmas is usually controlled by the Rayleigh equation of fractional crystalli-
zation in accordance with their partition coefficients, whereas, that of late derivatives, nepheline syenites and
carbonatites, is usually consistent with trends characteristic of silicate–carbonate liquid immiscibility. In con-
trast to the carbonatites of ring complexes, carbonatites from deep-seated linear zones have no genetic relation
with alkaline–ultrabasic magmatism, and the associated alkaline rocks are represented only by the nepheline
syenite eutectic association. The geochemical study of magmatic rocks from the Vishnevye Gory nepheline
syenite–carbonatite complex (Urals), which is assigned to the association of deep-seated linear zones, showed
that neither differentiation of a parental melt nor liquid immiscibility could produce the observed trace element
distribution (Sr, Rb, REE, and Nb) in miaskites and carbonatites. Judging from the available fragmentary exper-
imental data, the distribution patterns can be regarded as possible indicators of element fractionation between
alkaline carbonate fluid and alkaline melt. Such trace element distribution is presumably controlled by a fluid–
melt interaction; it was also observed in carbonatites and alkaline rocks of some ring complexes, and its scarcity
can be explained by the lower density of aqueous fluid released from magma at shallower depths.
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In addition to fractional crystallization and liquid
immiscibility, which usually control the distribution of
trace elements in the carbonatites and alkaline rocks of
ring complexes, fluid–rock or fluid–melt (silicate or
carbonate) interactions may be of great importance. It
was experimentally shown that the efficiency of REE
fractionation caused by the interaction of aqueous chlo-
ride fluid with an ultra-alkaline melt is comparable or
even stronger than that related to crystallization differ-
entiation [11].

The development of giant fenite halos around alka-
line–ultrabasic–carbonatite ring massifs provides com-
pelling evidence for the existence of alkaline fluids
genetically related to mantle derivatives, both silicate
rocks and carbonatites [12, 13]. According to experi-
mental data [14], alkaline fluids can be highly concen-
trated. In the past decade, orthomagmatic fluids bearing

Na, K, Ca, 

 

Cl

 

–

 

, 

 

, 

 

, and other components
were found in many magmatic inclusions in the miner-
als of both carbonatites and alkaline ultrabasic rocks
[15, 16].

Experimental studies on the partitioning of trace
elements between melt and fluid are still scarce and
fragmentary, i.e., restricted to narrow ranges of either
physicochemical parameters or compositions of melts
and/or fluids. In order to better understand the character
of trace element partitioning, we performed a study of
nepheline syenites and carbonatites from the Vishnevye
Gory massif in the Urals. Their formation is a natural
experiment in which the differentiation of primary
alkaline ultrabasic magmas is excluded, because the
carbonatites of deep-seated linear zones (including the
Vishnevye Gory nepheline syenite–carbonatite massif),
unlike the carbonatites of ring complexes, have no
genetic relation with alkaline ultrabasic magmatism
[17], and the only accompanying alkaline rocks are the
nepheline syenites (miaskites) of the eutectic associa-
tion.

The Vishnevye Gory alkaline complex (

 

55°59

 

′ 

 

N;

 

60°34

 

′

 

 E) is situated in the eastern slope of the Urals
[18–20] among the Early Proterozoic (~2 Ga) plagiog-
neisses and amphibolites of the Vishnevye Gory For-
mation and confined to an anticlinal structure with an
SW-plunging hinge. Owing to this, a major portion of
the complex, from the near-root zone at the Potaniny
Mountains to the apical zone at the Vishnevye Moun-
tains, is exposed and accessible for study (Fig. 1). The
erosion depth is 7–10 km. The carbonatites belong to
the high-temperature (

 

>530°C

 

) calcite–feldspar facies
[21] of the association of linear zones. Their isotopic
and trace-element characteristics suggest mantle origin
[22, 23] for these rocks.

In the root zone of the massif (Potaniny Mountains,
vermiculite quarry), we studied the geochemistry of
successive zones of plagiogneiss fenitization, alkaline
igneous rocks, and miaskites: plagiogneiss–fenitized
plagiogneiss–pyroxene fenite–biotite-feldspar rock–
nepheline migmatite–antiperthite miaskite. Another

HCO3
– CO3

2–

 

target for the geochemical study were the successive
metasomatic zones developed after amphibolites:
amphibolite–amphibole-plagioclase-biotite rock–pla-
gioclase-biotite-calcite rock–biotite-calcite rock with
plagioclase–melanocratic biotite carbonatite. The
width of the metasomatic zones in the root part of the
complex varies in the plan view from 40 to 400 m [20].

In the apical zone of the massif (Vishnevye Moun-
tains, Dolgaya and Mokhnataya mounts), two-feldspar
miaskites, including calcite-bearing varieties (up to
10

 

−

 

12% calcite in equilibrium with nepheline and
K feldspar), carbonatites and metasomatic rocks were
studied. The latter compose successive zones of mias-
kite-related fenitization of the plagiogneisses of the
same formation (Vishnevye Gory): plagiogneiss–
biotite fenite–amphibole fenite–pyroxene fenite–mias-
kite. The chemical compositions of the rocks are shown
in Tables 1 and 2.

GEOCHEMISTRY OF IGNEOUS ROCKS

The compositions of the miaskites of the Vishnevye
Gory Complex vary within a narrow range, with a
minor increase in alkalis and Ca content from the root
to the apical zones and further to the calcite-bearing
miaskites (Fig. 2). The compositions of carbonatites
follow the curve of liquid immiscibility experimentally
determined at 2–5 kbar and 

 

900°

 

C [24]. The points of
carbonatite–syenite from the Malyi Kovdor ring mas-
sif, Kola Peninsula, fall close to them [25]. The average
partition coefficients of Ti, Mn, and trace elements
between the carbonatites and nepheline syenites (mias-
kites) of the Vishnevye Gory Complex (Table 3) are sig-
nificantly different from those calculated for the ring
complexes (for example, East African Rift), as well as
from the values experimentally determined within a
wide temperature and pressure range typical of liquid
immiscibility. The geochemistry of the antiperthite
miaskites and corresponding carbonatites of the root
zone, as well as the two-feldspar miaskites (including
calcite-bearing ones) and corresponding carbonatites of
the apical zone rules out a liquid immiscibility origin.

The contents of a number of trace elements in the
miaskites and carbonatites of the root and apical zones
of the complex are shown in binary logarithmic plots
(Fig. 3). It should be noted that both carbonatites and
miaskites of the Vishnevye Mountains have notably
higher contents of Mn (up to 2.4 and 0.33% MnO,
respectively), Rb (up to 723 and 230 ppm), and Nb (up
to 1450 and 485 ppm) than the carbonatites and mias-
kites of the Potaniny Mountains (<0.58 and 0.15%
MnO, <72 and 33 ppm Rb, <643 and 359 ppm Nb,
respectively). By contrast, the rocks of the Potaniny
Mountains show higher contents of Ba and 

 

P

 

2

 

O

 

5

 

 (up to
1836 ppm Ba and 1.5% P

 

2

 

O

 

5

 

 in the carbonatites and
4375 ppm Ba and 0.92% P

 

2

 

O

 

5

 

 in the miaskites) com-
pared to the carbonatites (up to 755 ppm Ba and 0.42%
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P

 

2

 

O

 

5

 

) and miaskites (1081 ppm Ba and 0.19% P

 

2

 

O

 

5

 

) of
the Vishnevye Mountains.

The carbonatites of the root and apical zones have
the highest REE abundances among the rocks of the
complex and have a somewhat different REE distribu-
tion patterns. The carbonatites of the root zone have a

smooth almost linear pattern with notable LREE
enrichment, whereas the carbonatites of the apical zone
have a more fractionated LREE pattern (La/Gd = 22–27
compared with 8–13 in the root zone) and an almost
horizontal HREE pattern (Gd/Yb = 1.7–2.0 compared
with 4–6 in the root zone) (Fig. 4a).

 

Fig. 1.

 

 Geological sketch map of the Vishnevye Gory Massif [18, 19]. (

 

1

 

) Sediments; (

 

2

 

) carbonatite; (

 

3

 

) albitite; (

 

4

 

) pyroxene fen-
ite, biotite–feldspar rock, and nepheline migmatite; (

 

5

 

) nepheline syenite; (

 

6

 

) fenitized plagiogneiss and amphibole fenite; (

 

7

 

) pla-
giogneiss, amphibolite, and schist; (

 

8)

 

 profiles: (a) in the root zone of the complex (Potaniny Mountains, vermiculite quarry),
(b, c) in the apical zone of the complex (Vishnevye Mountains, Vishnevogorsk area, Dolgaya and Mokhnataya mounts).
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The miaskites of the root zone differ from those of
the apical part in significantly lower bulk REE contents
(46.8–251 and 181–610 ppm, respectively) and a deep
negative Eu anomaly (Fig. 4b).

GEOCHEMISTRY 
OF METASOMATIC ROCKS

The fenitization of plagiogneisses from both the
root (Potaniny Mountains) and apical zones (Vishnevye
Mountains) of the complex produced a decrease in SiO2
and an increase in alkalis and Al2O3 from the weakly
altered rear to frontal zones. The contents of MnO,

Fe2O3, CaO, P2O5, and TiO2 also increase, only
decreasing in the root part at the transition to the mig-
matite zone. The fenites of the Potaniny Mountains
show an increase in MgO content in the successive
zones, whereas those of the Vishnevye Mountains show
a decrease in MgO relative to the unaltered plagiog-
neisses. The altered amphibolites from the Potaniny
Mountains show similar trends but weaker for alkalis
and Al2O3 and more pronounced for Fe2O3, CaO, P2O5,
and TiO2 (Fig. 5).

The abundances of trace element in the metasomatic
rocks after amphibolites and plagiogneisses, as well as
after plagiogneisses of the root and apical zones show
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80604020
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Fig. 2. Diagram of SiO2 + Al2O3 + TiO2–CaO + MgO + FeO–Na2O + K2O for the (1) antiperthite miaskites of the Potaniny Moun-
tains, (2) miaskites and (3) calcite-bearing miaskites of the Vishnevye Mountains, (4) carbonatites of the root zone, (5) carbonatites
of the apical zone, and (6) carbonate-syenite [25].

Table 3.  Average partition coefficients of some elements between carbonatite and nepheline syenite

Component 1 2 3 4 5 6

TiO2 2.86 1.34 1.21 0.02 0.11 0.1–0.5

MnO 5.01 8.27 6.34 – – 0.5–1.5

K2O 0.39 0.59 0.58 – – 0.4–1.5

P2O5 4.96 2.52 2.53 1.3 6.9 2.0–10.0

Zr 0.48 0.38 0.51 <0.012 0.23 0.1–1.5

Nb 1.81 3.43 3.04 0.09 0.67 <1

Y 5.61 2.64 3.78 0.15 <1

Sr 4.95 4.08 2.57 5.2 4.7 1.0–4.0

Ba 0.50 0.81 0.79 9.2 4.0 0.2–4.0

Rb 0.46 1.10 1.09 – 0.04 –

La 10.7 3.6 3.8 3.7 – 0.3–1.5

Ce 11.7 3.9 4.2 2.7 – 0.3–1.3

Nd 13.1 4.1 4.2 1.3 – <1

Sm 12.7 4.2 4.6 0.6 – 0.2–1.1

Eu 308.6 5.6 5.4 – – 0.2–1.1

Tb 12.3 4.4 5.5 0.2 – <1

Note: (1–3) Vishnevye Gory Complex: (1) carbonatite/antiperthite miaskite of the root zone, (2) carbonatite/two-feldspar miaskite of the api-
cal zone, (3) carbonatite/calcite-bearing miaskite of the apical zone; (4) Oldoinyo Lengai: Na carbonatite/nephelinite [26]; (5) East Afri-
can rift: Ca carbonatite/phonolite [21]; (6) experimental data: carbonate melt/silicate melt [24, 27–31]. Dashes denote no data.



GEOCHEMISTRY INTERNATIONAL      Vol. 44      No. 7      2006

ROLE OF FLUID IN THE GENESIS OF CARBONATITES AND ALKALINE ROCKS 647

(a)

(b)

(c)
(d)

1000

10000
10
10000

10
1000

100

100

100000 1000000

10000

100000

100
1000

Mn

Ca

100

1000

100000

10000100

100

1000
Rb

Ba

Rb

K

10000

1000

10000

10
1000 100000

Mn

Nb

(e)

1000

1000100 10000

10000

100000

P

Sr

1

2

3

4

5

Fig. 3. Covariations of (a) Ca–Mn, (b) K–Rb, (c) Ba–Rb, (d) Mn–Nb, and (e) P–Sr in (1, 3, 4) miaskites and (2, 5) carbonatites of
the (1–2) root (Potaniny Mountains) and (3–5) apical zones (Vishnevye Mountains).
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more significant differences. In particular, the high con-
tents of Cr (up to 400 ppm), Ni (up to 144 ppm), and Co
(up to 61 ppm) in the melanocratic carbonate–silicate
metasomatic rocks (decreasing to the carbonatites) are
indicative of their formation after amphibolites. In
contrast, the contents of these elements in the fenites
after plagiogneisses are close to the detection limit
(Table 1).

In all cases, the Sr content and Sr/Ba, Sr/Rb, and
Ba/Rb ratios increase to the frontal zones (Figs. 6a, 6b).
The Ti/Nb and Mn/Nb ratios decrease in all the meta-
somatic associations from unaltered amphibolites or
plagiogneisses to the frontal zones and carbonatites
(Fig. 6c). However, these values are strongly differ-
ent in the metasomatites after amphibolites and pla-
giogneisses. The K/Ba, K/Rb, Nb/Ta, and Zr/Hf
ratios and REE distribution patterns are also indica-
tor parameters [23].

The REE distribution patterns of the plagiogneisses
show a weak negative Eu anomaly. The amphibolites

have an order of magnitude lower LREE contents and
an almost horizontal REE pattern. The REE contents
increase in the successive metasomatic zones from
amphibolites to carbonatites (Fig. 7a). The REE con-
tents of the fenites after plagiogneisses from the root
zone of the complex also increase from the rear (fen-
itized plagiogneisses) to frontal zones (Fig. 7b). In con-
trast to the preceding metasomatic zones, fenites
proper, the REE distribution patterns of both migma-
tites and antiperthite miaskites (Fig. 4b) display a nota-
ble negative Eu anomaly. The fenites of the apical part
are depleted in REE relative to the plagiogneisses
(Fig. 7c).

DISCUSSION

The established geochemical features of the fenites
developed after plagiogneisses in the Potaniny and
Vushnevye mountains, in particular, changes in REE
content relative to the miaskites, could be explained by
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Fig. 4. Chondrite-normalized REE distribution patterns in the (a) carbonatites and (b) miaskites. Symbols are the same as in Fig. 3.
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the different compositions of fenitizing fluids. The fen-
ites of the root zone could be produced by a carbonatite
(fluid?), whereas those of the apical zone, by a fluid
equilibrated with the miaskite.

Based on REE distribution in the successive metaso-
matic zones formed after the plagiogneisses of the root
zone, the metasomatic process proper can be separated
from the migmatization and generation of miaskites as
development of the frontal metasomatic zone of the
magmatic stage. A sharp decrease in REE content from
the biotite–feldspar rocks to the migmatites and the
deep negative Eu anomaly in the REE distribution pat-

terns of the migmatites and antiperthite miaskites can-
not be assigned to a fluid–rock interaction or fractional
crystallization [32]. The Y/Ho ratios in the migmatites,
antiperthite miaskites, and carbonatites of the root
zone, as well as the miaskites, calcite-bearing mias-
kites, and carbonatites of the apical zone (Fig. 8) are
usually beyond the typical magmatic range of 24–34 [32].
Only the REE distribution patterns of calcite-bearing
miaskites from the apical zone are consistent with frac-
tional crystallization.

The appearance and evolution of the Eu anomaly in
the REE patterns of the antiperthite miaskites are simi-
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Fig. 5. Variations in the concentrations of elements in the (1–7) apical and (8–13) root zones of the complex versus SiO2 content.
(1, 13) Carbonatites; (2) calcite-bearing miaskites; (3, 8) miaskites; (4, 11) fenites; (5, 12) plagiogneisses; (6) metasomatic rocks
after amphibolite (amphibole–plagioclase–biotite and calcite-bearing biotite–plagioclase rocks); (7) amphibolites; (9) migmatites;
and (10) biotite–feldspar rocks.
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lar to the relationships reported by Abramov and
Kurdyukov [33] for the enderbite–charnockite associa-
tion and reproduced by the simulation of the fluid–
magma interaction [34]. In particular, fluoride fluids
equilibrated with a granitic melt show a sharp positive
anomaly in REE distribution patterns increasing as
temperature increases from 500 to 800°C. Thus, the
migmatization and generation of miaskites was pre-
sumably caused by the percolation of high-temperature
fluid through the rocks and generated alkaline magma,
which controls trace-element fractionation.

According to experimental data [35], the sharp
decrease of Sr/Rb (Fig. 5a) in the miaskites of the apical
zone (averaging up to 10) compared with the miaskites
of the Potaniny Mountains (40, on average) and carbon-
atites (from 24–580 to 4–220), could also be caused by
the release of fluids (fluoride liquid, in the experiment)
from the magma, because Rb is accumulated in the alumi-
nosilicate melt, and Sr is accumulated in fluoride liquid.

Some trace element ratios affected by fluid-assisted
fractionation (Sr/Rb, Y/Ho, LREE/HREE, Eu*, and
others) in the miaskites and carbonatites [36, 37] are

consistent with the concept of a palingenic–metaso-
matic origin of the alkaline rocks of the Vishnevye
Gory Complex [18, 20, 23, 38, 39] and, together with
other evidence, are at odds with their derivation [40, 41]
through the crystallization of a deep-seated alkaline
magma. The formation of nepheline syenites (mias-
kites) in linear fenite–carbonatite complexes, which
complete fenitization, and their enrichment in trace ele-
ments are related to mantle carbonatite fluid flows. The
mineralogical and geochemical features of these rocks,
differing from those of the agpaitic nepheline syenites
of ring complexes, resulted from the deep reworking of
crustal material by such flows. The close association
with fenites [18, 20] preceding migmatization, low Mg
numbers of magmatic miaskites, agpaitic coefficients
of <1, the presence of biotite instead of phlogopite and
zircon instead of baddeleyite in response to the high
redox potential, and SiO2 activity in the mineral-form-
ing environment [42] cannot be explained by the forma-
tion of miaskite magmas in the mantle.

A deep carbonatitic melt with dissolved alkaline
fluid was emplaced into the plagiogneisses and
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amphibolites of the Vishnevye Gory Formation either
directly from the mantle or from a transitional mag-
matic chamber. At a depth of 10–15 km and tempera-
tures >530°C, the country rocks experienced metaso-
matic reworking (fenitization) under increasing tem-
perature up to the formation of migmatites and miaskite
melts at 750°C (?). The generated miaskite melt and
carbonatites (with mantle isotopic signatures) ascended
by 10 km into the apical zone, where fluids were equil-
ibrated with alkaline magma and caused fenitization of
the same plagiogneisses. The pressure in the apical
zone is 3 kbar lower than that in the root zone, which
resulted in differences in the density and composition
of fluid released from the crystallizing carbonatite and
silicate magmas.

The fluid regime in the root part of the complex was
controlled mainly by the characteristics of the initial
deep fluids and variations in the chemical composition
of fluid and lower crustal rocks; whereas fluids in equi-
librium with alkaline magmas were responsible for pro-
cesses of the apical zone.

The possibility of such a mechanism is supported by
the high water solubility (up to 10 wt % at 900°C and
0.25–2.25 kb) in carbonatite magma with the partition-
ing of alkalis into the fluid phase [43], high F, Cl, and
alkali concentrations in the fluid phase in equilibrium
with carbonatite magma [44], and efficient trace ele-
ment fractionation in such fluids owing to different
complexing ability in various hydrous salt liquids (car-
bonate, chloride, fluoride, phosphate, etc.), which are
immiscible with aluminosilicate melt. In particular, the
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presence of Cl– and F– enhances REE partitioning into
the gas phase, and the Eu partition coefficient between
the fluid and the melt (at 4 kb and 800°C) is signifi-
cantly higher than those of other elements [45]. The
vapor phase (CO2) is enriched in REE, especially
LREE, relative to both silicate and carbonate melts at
5 kb [46].

More than 99% of the bulk REE content in natural

alkaline waters occur as , , and

 complexes [47]. It was established that Eu2+

is the predominant Eu species in fluids at temperatures
of more than 250°C [48], and its solubility is higher
than that of trivalent REEs. The positive Eu anomaly
increases with temperature in natural waters [49].

The emplacement depth of the Vishnevye Gory car-
bonatite massif is estimated as 10–15 km [38]. There
are no known shallower carbonatites of linear zones,
whereas the carbonatites of ring complexes are formed
at depths of less than 5 km.

The distribution of trace elements in the Vish-
nevye Gory complex is not consistent with the frac-
tional crystallization or liquid immiscibility mecha-
nism. The occurrence of similar compositional fea-
tures in the carbonatites and alkaline rocks of ring
complexes can be considered indicative of element
fractionation by fluids released from a carbonatite
melt [37]. The scarcity of rocks with such geochem-
ical characteristics can be related to the lower den-
sity of aqueous fluid released at shallower depths
under the subvolcanic conditions of the formation of
carbonatites of ring complexes.

LnHCO3
2– LnCo3

+

Ln(CO3 )2
–
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