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Abstract

The compositions of parental magmas forming kimberlitic rocks remain largely unknown because of masking effects of syn-
eruptive contamination and degassing, and post-magmatic alteration. Among most affected elements are volatiles (H2O and CO2)
and alkalies (Na and K). This study attempts to overcome the problems related to the alteration of kimberlites by detailed
petrographic and chemical analyses of exceptionally fresh, and thus essentially anhydrous (b0.5 wt.% H2O), kimberlite samples
from the Udachnaya-East pipe (Daldyn–Alakit region, Siberia). The groundmass of these kimberlites contains abundant carbonate
(calcite, shortite, zemkorite) and chloride (halite, sylvite) minerals, cementing olivine phenocrysts, and forming round segregations
(“nodules”). The nodules, belonging to the chloride and chloride–carbonate types, show no evidence of thermometamorphic effects
on the contacts with the host kimberlite. The chloride–carbonate nodules demonstrate liquid immiscibility textures that are
remarkably similar to those observed in the olivine-hosted chloride–carbonate melt inclusions at ∼600 °C. The similarity
of oxygen and carbon isotope values of carbonates from the groundmass and nodules (δ18O 12.5 to 13.9‰ VSMOW; δ13C –3.7 to
–2.7‰ VPDB) points to their common origin at similar temperatures. We argue for crystallisation of the chloride–carbonate
nodules from residual kimberlite melts, pooled after exhaustion of the silicate melt component. The enrichment of the residual melt
in alkali carbonate and chloride is partly reflected in the bulk groundmass compositions (10–11 wt.% CO2, 2.3–3.2 wt.% Cl, 2.6–
3.7 wt.% Na, and 1.6–2.0 wt.% K). We propose that this enrichment is inherited from the kimberlite parental magma, and it can be
responsible for the kimberlite low liquidus temperatures, low viscosities, and rapid emplacement.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Kimberlite magmas are in many aspects unusual
compared to other terrestrial magmatic liquids. They are
renowned for carrying diamonds, but the kimberlite-
diamond genetic links are still elusive. Despite signif-
icant research efforts, there is still uncertainty about the
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true chemical identity of kimberlite parental melts and
their derivates. Kimberlite magmas are often contami-
nated by large quantities of lithic fragments and crystals,
unrelated to the evolution of the parental melt. In most
cases kimberlites are severely modified by syn- and
post-magmatic changes that have altered the original
alkali and volatile element abundances. These problems
are reflected in the definition of the kimberlite rock as
“both a contaminated and altered sample of its parent
melt” (Pasteris, 1984). Numerous other definitions of the
kimberlite commonly reflect on ultramafic compositions
and enrichment in volatiles (CO2 and H2O) (Skinner and
Clement, 1979; Clement et al., 1984; Mitchell, 1986)
which are supposedly inherited from parental magmas.

The ultramafic silicate compositions of kimberlites
are ascribed to abundant olivine phenocrysts (olivine-II)
in the groundmass, whereas significant CO2 and H2O
abundances are attributed respectively to carbonate
minerals (calcite and dolomite) and serpentine (+ other
H2O-bearing magnesian silicates). It is still debatable
whether all measured H2O in kimberlites had magmatic
origin or was partly introduced post-emplacement
(Sheppard and Dawson, 1975). On the other hand,
shallow-level evolution of the volatile-rich kimberlite
melt can be accompanied by the loss of volatiles
(particularly CO2). This is another factor complicating
quantification of the parental melt composition if
inferred from bulk kimberlite analyses.

In general, the broad compositional range of
kimberlites is defined by two end-members, magnesian
silicate (olivine and serpentine) and carbonatitic (cal-
cite). Thus, the kimberlites worldwide form a trend
between these two end-members, Mg-rich and Ca-rich
Fig. 1. MgO vs CaO compositional co-variations among Group I
kimberlites from Siberia, South Africa and Canada (Price et al., 2000;
Vasilenko et al., 2002; Bogatikov et al., 2004; Fedortchouk and Canil,
2004; Harris et al., 2004; Becker and le Roex, 2006). All compositions
are recalculated to 100 wt.% on a volatile-free basis.
respectively (Fig. 1). It is likely that several processes
can account for this compositional array. For example,
crystallisation of olivine and segregation of carbonatitic
melt (Ca increase) is counter-balanced by olivine
accumulation and removal of carbonatitic melt (Ca
decrease). Whatever the reason for the build-up in Ca, a
general consensus exists that the magmatic carbonatitic
component is an integral part of all kimberlite rocks, and
their parental magmas. What still remains to be
understood is why an expected increase in concentra-
tions of alkali elements (Na and K) during the evolution
of the kimberlite magmas is not reflected in the
compositions of common kimberlites (e.g., Na2O is
invariably b0.3 wt.%). Moreover, low abundances of
these elements relative to the elements of similar
incompatibility are not easily reconciled with expected
geochemical characteristics of low-degree mantle melts,
even if residual phlogopite is present in the source
peridotite (le Roex et al., 2003).

The idea of an alkali element loss and an H2O gain in
kimberlites during post-magmatic processes can be
promoted based on the fact that all kimberlites studied to
date are, to some extent, altered rocks. The alteration of
the carbonate fraction towards essentially alkali-free
calcitic compositions has been advocated since the
discovery of modern alkali natrocarbonatite lavas from
the Oldoinyo Lengai volcano and their altered counter-
parts (Dawson, 1962; Gittins and McKie, 1980; Hay,
1983; Deans and Roberts, 1984; Clarke and Roberts,
1986; Dawson et al., 1987; Dawson, 1989). Rapid
degradation of alkali carbonates and dissolution of alkali
chlorides in crustal environments can be responsible for
depriving kimberlites (carbonatites) of their original
sodium and potassium. But how do we learn about
magmatic alkali abundances in kimberlites without
having an “Oldoinyo Lengai” case among kimberlites?

This paper provides unequivocal evidence for the
preservation of alkali carbonates and chlorides in the
groundmass and olivine-hosted melt inclusions in at
least some kimberlitic rocks. Our example of an
unaltered kimberlite of the diamondiferous Udach-
naya-East pipe in Siberia reveals the presence of
significant quantities of non-silicate melt components
in a common Group I kimberlite magma. We propose
that an essentially non-silicate melt aggregated within
the solidifying kimberlite groundmass and underwent
carbonate–chloride unmixing at temperatures b600 °C.

2. Udachnaya-East kimberlite: location and samples

The Udachnaya diamondiferous kimberlite pipe is
located in the Daldyn–Alakit region of the Siberian
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diamondiferous kimberlite province. Most Siberian pipes
are tuff-breccias essentially devoid of unaltered olivine,
but some contain large blocks of massive fresh
kimberlite. A remarkable characteristic of this region is
that it contains more pipes with fresh, unaltered olivine
than any other kimberlite region within the Siberian
province. About 10% of the intrusions exhibit either two
adjacent channelways or repeated intrusion of magma
through the same chimney. The Udachnaya pipe, the best
known example of these twin diatremes, is located in the
northwest part of the Daldyn field. At the surface it
consists of two adjacent bodies (East and West) that are
separated at depth N250–270 m. Based on stratigraphic
relationships both intrusions formed at the Devonian–
Carboniferous boundary (∼350 Ma), and the age
estimates vary from 389 to 335 Ma (Maslovskaja et al.,
1983; Burgess et al., 1992; Kinny et al., 1997; Maas et al.,
2005). The eastern and western bodies of the Udachnaya
kimberlite pipe are different from each other in terms of
mineralogy, petrography, composition, and degree of
alteration. As the alteration of the western pipe can be
considered as typical of this rock type, the rocks of the
Udachnaya-East are unique in having lesser alteration,
and in some places they are completely unaltered.

At depths greater than 350 m a particularly fresh
kimberlite has been found in the Udachnaya-East pipe.
These rocks are described as dark-grey massive kimber-
lite, characterized by unaltered euhedral–subhedral
olivine phenocrysts set in a dominantly carbonate matrix
(Marshintsev et al., 1976; Marshintsev, 1986). A
considerably lower amount of xenolithic material occurs
here compared to the upper part of the pipe (Marshintsev
et al., 1976). At deeper levels (N400 m) of the kimberlite
body the amount of serpentine in the groundmass
gradually decreases and the amount of carbonate in the
groundmass increases. The origin of carbonate (i.e.,
primary vs secondary) is still a matter of considerable
debate in the Russian literature (Marshintsev et al., 1976;
Mal'kov and Bobolovich, 1977; Marshintsev, 1986;
Ukhanov et al., 1988; Zinchuk et al., 1993). Intensive
mining of the Udachnaya pipe revealed widespread
chloride minerals (mostly halite) as dispersed masses in
the groundmass and massive multi-mineral segregations
of halite, serpentine, anhydrite, carbonates and hydrous
iron oxides (Pavlov and Ilupin, 1973). The amount
of chloride minerals in the groundmass increases with
depth, and recently a large number of chloride–carbonate
“nodules” were recovered from ∼470–500 m depths of
the mine.

Kimberlites in our study are dark massive rocks with
porphyroclastic fragmental textures. A fine- to coarse-
grained groundmass comprises a mixture of euhedral
olivine, phlogopite, perovskite, zoned spinel (Cr-spinel–
titanomagnetite–magnetite), calcite, Na–K–Ca carbo-
nates, Na–K chlorides, pyrrhotite and K-sulphides
(Sobolev et al., 1989; Golovin et al., 2003; Sharygin
et al., 2003; Kamenetsky et al., 2004). Monticellite,
sodalite, rutile, ilmenite, and sulphates occur occasion-
ally. Some varieties of the kimberlite are characterised by
higher amounts of monticellite and sodalite in small veins
and segregations. Groundmass olivine, the main pheno-
crystic mineral of the kimberlitic melt, is very abundant
(up to 40–50 vol.%), completely unaltered, and repre-
sented by relatively small (0.2–0.8 mm) euhedral,
colourless or slightly greenish, flattened grains. Almost
all groundmass olivine crystals have cores with highly
variable Fo contents (85.5–93.5 mol%) and very
homogeneous (89.0±0.2 mol%) rim zones. Olivine
contains abundant crystal, fluid and melt inclusions
(Golovin et al., 2003; Kamenetsky et al., 2004).

The compositions of kimberlite groundmass (hand
picked from olivine macrocrysts and fragments of country
rocks) are characterised by typical kimberlite silica
undersaturation (25.2–27.1 wt.% SiO2) and low Al2O3

(1.74–2.13 wt.%), but high CaO (12.04–12.70) wt.% and
CO2 (9.83–10.71 wt.%) contents (Table 1). Trace element
compositions are similar to those of other kimberlites,
having incompatible element enrichment and depletion in
heavy rare-earth elements and Y. The radiogenic isotope
data (87Sr/86Srt≈0.7047, εNd≈+4, 206Pb/204Pbt≈18.7,
207Pb/204Pb t = 15.53, 208Pb/204Pb t = 35.5–38.9,
t=367 Ma; Maas et al., 2005) fall within the field defined
by most group-I kimberlites (Smith, 1983; Fraser et al.,
1985;Weis andDemaiffe, 1985). The overall petrographic,
mineralogical and chemical characteristics of the Udach-
naya-East kimberlites suggest that they are common type-I
(Mitchell, 1989) or group-I (Smith, 1983; Smith et al.,
1985) kimberlite. However, the studied three samples are
distinctly different from other kimberlites in that they have
high abundances of alkali elements (4.3–5.7wt.%Na+K),
strong enrichment in chlorine (2.3–3.2 wt.%), and
extraordinary depletion in H2O (b0.5 wt.%) coupled
with absence of primary or secondary serpentine (Kame-
netsky et al., 2004; Maas et al., 2005).

3. Chloride–carbonate nodules in kimberlite

The chloride–carbonate samples (“nodules”) were
collected from fresh kimberlite at the stockpiles of the
Udachnaya-East pipe. The assumed depth of their origin in
the mine pit is ∼500 m. The nodules vary in size from a
few cm to 0.5×1.5m, but are commonly 5 to 30 cm across.
The shapes are usually round and ellipsoidal, but angular
nodules were also encountered. The nodules have very



Table 1
Compositions of host kimberlites, a chloride–carbonate nodule and its mineral constituents (in wt.%)

1 2 3 4 5(16) 6(3) 7(13) 8(12) 9(2) 10(18) 11(7)

SiO2 27.06 26.08 25.24 1.32 0 0 0 0 0 0 0
TiO2 1.23 1.12 1.40 0.05 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Al2O3 2.13 1.74 2.11 0.09 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FeOt 7.63 7.16 6.92 0.37 0.02 0.04 0.01 0.02 0 0.02 0.01
MgO 29.41 29.59 27.79 2.47 0 0 0 0 0 15.83 0.03
CaO 12.70 12.04 12.41 31.90 36.57 38.87 30.41 34.35 32.20 0.25 0.07
Na2O 3.55 4.24 4.96 18.87 19.46 19.48 20.38 20.94 21.08 36.91 10.33
K2O 1.97 2.33 2.39 2.41 0.10 0.26 6.88 6.17 3.59 0.62 41.24
P2O5 0.49 0.42 0.41 0.23 0.02 0.39 0.22 0.61 0.22 0.02 0.01
SO3 0.55 0.67 0.82 1.45 0.02 0.09 6.70 2.04 3.25 0.06 48.31
Cl 2.28 3.05 3.20 4.32 0.01 0.10 0.06 0.09 0.57 14.26 0.01
SrO 0.11 0.10 0.11 0.25 0.35 0.63 0.58 0.59 0.58 0.04 0.01
BaO 0.13 0.13 0.14 0.05 0.06 0.10 0.14 0.14 0.09 0.08 0.04
CO2 9.83 10.27 10.71 35.27 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
H2O 0.45 0.45 0.63 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Total 99.52 99.39 99.24 99.05 56.61 59.96 65.38 64.95 61.58 68.09 100.06

(1–3) Groundmass of Udachnaya-East kimberlites (samples YBK-0, YBK-1 and YBK-3 respectively).
(4) Chloride–shortite–northupite nodule UV-2-03.
(5) Shortite (sample UV-2-03).
(6–9) Carbonate sheet along profile line (sample UV-5a-03, Fig. 4, from left to right).
(10) Northupite (sample UV-2-03).
(11) Aphthitalite segregations fringing carbonate sheets (Fig. 3D).
Numbers in brackets represent number of analytical spots;
FeOt — total Fe; n.d. — not determined.
Analyses of rocks and minerals were respectively performed by X-ray fluorescence (Phillips 1400, University of Tasmania) and electron-microprobes
(Cameca SX100, University of Tasmania and Camebax microbeam, IGM, Novosibirsk; analytical conditions: beam size — 10 μm, accelerating
voltage— 20 kV; current— 10–12 nA). Chlorine in the rocks was analysed by ion chromatography (Analytical Services of Tasmania) using standard
methods for the examination of water and wastewater proposed by the American Public Health Association (APHA methods). Carbon and hydrogen
were determined by an elemental analyser Carlo Erba CHNS-O (University of Tasmania).
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distinct contacts with the host kimberlite, but without any
thermometamorphic effects. The contacts are composed of
thin (b1 mm) breccia-like aggregate of olivine, calcite,
sodalite, phlogopite–tetraferriphlogopite, humite–clino-
humite, Fe–Mg carbonates, perovskite, apatite, magnetite,
djerfisherite (K6(Cu,Fe,Ni)25S26Cl) and alkali sulphates in
a matrix of chlorides. Olivine grains present at the contact
with nodules belong to two types: zoned euhedral crystals
similar to the Udachnaya-East groundmass olivine-II, and
grains with highly irregular shapes and “mosaic” distribu-
tions of Fe–Mg (Fig. 2D). Carbonate and sulphate grains
are often present as “skeletal” crystals (Fig. 2E, F).

Based on mineralogy the nodules can be separated
into two major groups — chloride and chloride–
carbonate. Chloride minerals are mainly represented
by halite with included round grains of sylvite, and rare
sylvite grains with halite inclusions. The grain size,
halite colour and transparency are highly variable,
ranging from translucent to milky white and from white
to all shades of blue. White and blue halite is often
randomly interspersed, although in some coarse-grained
nodules the interior parts are blue and dark-blue
coloured, whereas rims are almost colourless. Chloride
nodules always contain variable amount of fine-grained
silicate–carbonate material (from 1 to 20 vol.%) that is
either present interstitially among halite crystals or
forms irregular compact masses veined by chlorides.
Contacts between silicate–carbonate material and
chlorides are decorated by euhedral grains of olivine,
monticellite, djerfisherite, perovskite, pyrrhotite, short-
ite and magnetite.

Chloride–carbonate nodules contain roughly similar
amounts of chloride and carbonate minerals that are
regularly interspersed (Figs. 2A–C, 9B). Carbonates are
present as 1–5 mm thick sheets with a bumpy or boudin-
like surface. The groups of aligned, subparallel sheets
make up rhombohedron formations (2–2.5 cm) that
resemble hollow (skeletal) carbonate crystals (∼78°
angle) in shape. Cross-sections of inflated parts of the
sheets show symmetrical zoning that reflects the change
from translucent to milky-white carbonate (Figs. 2A, B,
9B). The intra-sheet space and cracks in carbonate
sheets are filled with sugary aggregates of chloride
minerals. A texturally and mineralogically different



Fig. 2. Textural characteristics and mineral relationships in the chloride–carbonate nodules. A, B— sample UV-5a-03 show texture resembling liquid
immiscibility; white zoned sheets are composed of carbonates (Na–Ca±K±S), greyishmasses cementing sheets are chlorides (halite–sylvite). Scale: 1
graticule=1mm. C— sample UV-2-03, composed of shortite, northupite and chlorides. D–E— contact zones of nodule UV-2-03 and host kimberlite,
composed of mozaic-structured olivine, chlorides, Mg-hydrosilicates and “skeletal” calcite (E). F— Skeletal Ba-sulphate and euhedral djerfisherite in
a matrix cementing large shortite crystals (shr) in sample UV-2-03. 1— olivine; 2—Mg-hydrosilicates (?); 3—Mg carbonate (?); 4— halite; 5—
calcite; 6 — Ba-sulphate; 7 — aphthitalite; 8 — apatite; 9 — djerfisherite; 10 — tetraferriphlogopite.
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variety of the chloride–carbonate nodules is represented
by a single sample UV-2-03 (Fig. 2C; Table 1). In this
∼15 cm nodule, carbonates are present as very thin
(b0.2 mm) aligned white calcite–shortite sheets, as well
as individual well-formed yellowish crystals of shortite
Na2Ca2(CO3)3 and northupite Na3Mg(CO3)2Cl (up to
1 cm). In the carbonate intergrowths northupite is
interstitial and less abundant (25–30%), and can be
distinguished from shortite by crystallographic proper-
ties and higher transparency.
4. Mineralogy of chloride–carbonate nodules

The chloride component of the nodules is dominated
by halite, whereas individual grains of sylvite are rare.
Typically, sylvite is included in halite, making up to
30 vol.% of the chloride assemblage, and in places halite is
sprinkled with minute sylvite grains. Sometimes sylvite
inclusions in halite show crystallographic outlines,
however, round, lens-shaped and ameboid-like blebs of
sylvite with different sizes and orientations are a



Fig. 3. Sample UV-5a-03. The nodule texture is determined by a carbonate–chloride grid. Chloride minerals are represented by massive halite,
hosting amoeboid blebs of sylvite. Halite away from large sylvite formations is sprinkled with minute sylvite grains. Sometimes sylvite forms streaks
that show distinctive alignment. The overall texture of chloride layers and shape and distribution of sylvite, are reminiscent of liquid immiscibility.
Carbonate sheets are symmetrically zoned (A, B), and fine-scale heterogeneity is noted within zones (areas 1 on A and B). The outer carbonate zone is
often porous. Irregular aphthitalite is present in halite, always near contacts with carbonate (D) and in veinlets in carbonate (B, area 2, D). Fine-
grained aphthitalite is dispersed in inner parts of carbonate sheets (A, area 2). 1 — halite; 2 — sylvite; 3 — aphthitalite.
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prominent feature of the chloride masses (Fig. 3). Sylvite
domains are often extremely irregular in shape, with
curved re-entrances and attenuated swellings. Some
domains are thin and elongated, and they can be either
subparallel or perpendicular to the contacts with the
carbonate sheets (Fig. 3A–C). Although on polished
surfaces sylvite shows round outlines, however, the
overall texture is emulsion-like. The amoeboid shapes of



Fig. 5. Covariation of potassium and sulphur abundances in Na–Ca
carbonate minerals in sample UV-5a-03. Different symbols represent
analytical points in individual sheets.
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sylvite typically appear in three dimensions under
examination in transparent light (Fig. 3). Chloride
minerals also seal fractures cutting across the carbonate
sheets and along the cleavage planes in carbonates (Fig. 3).

The carbonate sheets are very heterogeneous in
texture and composition (Figs. 2A–C, 3, 4). In one case
associated shortite, northupite and calcite were found
(sample UV-2-03, Fig. 2C), whereas in other samples
(UV-1-03 and UV-5a-03, Fig. 2A, B) the dominantly
Na–Ca carbonates show zoning with respect to K2O
(decreasing from centre to rims). In some occurrences a
patchy distribution of textures and compositions is
observed, but commonly a symmetrical zoning across
carbonate sheets exists (Fig. 3B). The Na–Ca carbo-
nates (mainly shortite) at the rims, near contacts with
chlorides forms intergrowths of acicular crystals. The
interstitial space between these crystals (at polished
surfaces) is either porous or filled with chlorides and
aphthitalite (Na0.25K0.75)2SO4. On average the carbon-
Fig. 4. Compositional variability (in wt.%) across a carbonate sheet in
sample UV-5a-03.
ate core is characterised by Na–Ca composition with
significant K2O and SO3 (Figs. 4, 5; Table 1). Highly
variable, but with good correlation, amounts of SO3 (up
to 13 wt.%) and K2O (up to 14 wt.%) in the individual
analyses of core carbonates (Fig. 5) suggest that Na–Ca
carbonates are intermixed with tiny aphthitalite crystals,
the presence of which can be identified at high
magnification (Fig. 3A, area 2), and rare needles of
rasvumite (KFe2S3). Another Na–Ca carbonate (pirsso-
nite, Na2Ca(CO3)2·2H2O) is developed along the
cleavage planes in the core and at the contacts with
the rims (Fig. 3A-1). In some cases pirssonite replace
original Na–Ca carbonate almost completely. It is
possible that the original high-temperature alkali
carbonate represents a new mineral in the family of
Na–Ca carbonates, which includes nyerereite, zemkor-
ite (described in the Udachnaya kimberlites by Egorov
et al., 1988) and natro-fairchildite.

An alkali sulphate, aphthitalite (Na0.25K0.75)2SO4, is
a minor but widespread component of the carbonate–
chloride nodules. It is always associated with halite as
irregular blebs, fringing the outmost rims of carbonate
sheets (Fig. 3D), and filling fractures and interstitial
spaces in carbonates (Fig. 3). As noted before,
aphthitalite is also dispersed in the core parts of the
carbonate sheets (Fig. 3A, area 2).

Anhydrous and hydrated Na–Ca carbonates with
variable Ca/Na ratios are typical in all nodules, but in
one sample (UV-2-03) an end-member shortite compo-
sition Na2Ca2(CO3)3 was found in close association
with Cl-bearing Na–Mg carbonate (northupite Na3Mg
(CO3)2Cl; Table 1) and calcite. Unlike heterogeneous
and thus barely transparent carbonates in other nodules,
well-formed crystals of shortite and northupite are clear
and can be used for the inclusion studies (see below).



Fig. 6. Euhedral apatite in a chloride–aphthitalite matrix cementing shortite (shr) and nortupite (nort) crystals in sample UV-2-03. 1— apatite; 2—
sylvite; 3 — halite; 4 — phlogopite; 5 — aphthitalite.
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The mineral assemblage in this nodule is very complex
(Fig. 6), and includes euhedral crystals of apatite and
phlogopite, as well as tetraferriphlogopite, djerfisherite,
K–Na and Na–Ca sulphates, Ba-, Ca- and Sr–Ca–Ba-
sulphates and carbonates, calcite, perovskite, and
bradleyite Na3Mg(PO4)(CO3). The above minerals are
present in aggregates within the interstitial chloride
cement (Fig. 6) and as inclusions in shortite (Fig. 7).

5. Inclusions in shortite from nodule UV-2-03

Shortite in the nodule UV-2-03 has many inclusions
with different sizes, shapes, orientations and composi-
tions (Figs. 7, 8). Most common are mineral inclusions
of euhedral apatite, phlogopite–tetraferriphlogopite,
northupite and their intergrowths (Fig. 7A–D). These
minerals are also present in multiphase inclusions in
association with halite, sylvite, K–Na–Ca carbonates
and sulphates (Fig. 7C). Zoned apatite contains inclu-
sions of phlogopite, chlorides, alkali–Ca–carbonate and
aphthitalite along the growth planes (Fig. 7A, B).
Association of euhedral crystal(s) of northupite with
halite, sylvite and various sulphates is common within
shortite grains (Fig. 7D, F).

Multiphase inclusions of melt (fluid) occur in clusters
along healed cracks and growth planes, and are likely to
be pseudo-secondary. They have round or cylindric
shape, and consist of several (up to eight) translucent
crystals, a large vapour bubble and interstitial liquid
(Fig. 8A). Daughter crystals show cubic, pseudocubic,
hexagonal, pyramidal, and prismatic forms, and some
have high relief and birefringence.

Experiments with the multiphase melt (fluid) inclu-
sions in shortite (Fig. 8B) were performed in air using a
Linkam TS1500 heating stage. First visible changes to
the shape and mutual arrangement of daughter crystals
occur at ∼170 °C. Heating at N240 °C results in
intensive melting and the disappearance of some
crystals at 350 °C. At ∼390 °C inclusions begin
increasing in size, and the remaining daughter minerals
melt. At ∼400 °C, it appears that at least two liquids are
separated from each other by a phase boundary, and the
bubble moves back and forth between phases. The
inclusions size continues growing. At 415 °C the bubble
suddenly disappears, and this coincides with drastic
increase in the inclusions size (by the factor of ∼4–5
compared to original volume) by melting of the walls.
Unfortunately, at this temperature the host shortite lost
transparency and started to disintegrate, and heating was
stopped. Cooling to room temperature causes inclusions
to decrease in size, and inclusion outlines become
jagged, possibly because of crystallisation on the walls.

6. Melt inclusions in groundmass olivine

Melt inclusions are trapped either individually within
olivine cores and rims, or occur along healed fractures
(Golovin et al., 2003; Kamenetsky et al., 2004). Many
inclusions are interconnected by thin channels, and thus
modifications of original melt compositions by “necking
down” cannot be ruled out. Abundant secondary melt
inclusions in fractures connected to the groundmass, and
decrepitated inclusions, are assumed to have experi-
enced exchange and loss of material, respectively, after
entrapment. “Necking down” can explain variable
proportions of fluid and mineral phases in the studied
melt inclusions. Fluid components are represented by
low-density CO2 bubbles, whereas solid phases are
mainly Na–K–Ca carbonates, halite, sylvite, olivine,
phlogopite–tetraferriphlopite, calcite, Fe–Ti–Cr oxides,
aphthitalite and djerfisherite (Golovin et al., 2003;
Sharygin et al., 2003; Kamenetsky et al., 2004). The



Fig. 7. Mineral and multiphase melt inclusions in shortite (shr) in sample UV-2-03. A— intergrown crystals of zoned apatite; B— zoned apatite (1)
with inclusions of phlogopite (2), halite (4) and attached euhedral crystal of tetraferriphlogopite (3); C — euhedral apatite (1) associated with
crystallised melt; crystals are represented by phlogopite (2), tetraferriphlogopite (3), halite (4), and aphthitalite (5); note that apatite contains
inclusions of phlogopite, chloride minerals and alkali–Ca–carbonate (6); D — inclusion of intergrown euhedral northupite (nort) and halite; E —
melt inclusion composed of sulphate (slf) and chloride minerals; F — euhedral northupite inclusion associated with chloride and sulphate minerals.
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inclusions occasionally contain monticellite, humite–
clinohumite, northupite, clinopyroxene and Ca–Mg–
Fe-carbonates.

During heating stage experiments with round,
relatively small (40–60 μm) melt inclusions, melting
begins at ∼160 °C, as indicated by jolting movements
of either solid phases or vapour bubbles. The amplitude
of bubble movements increases between 420 and
580 °C, indicating the appearance of the liquid phase
(melt). Daughter phases experience some changes in
their relative position, size and shape at 540–600 °C. At
N600 °C we record a number of liquid globules that
move freely and change shape continuously. The outline
of a single globule is always smoothly curved: it can
instantaneously change from spherical to cylindrical,
embayed or lopsided, similar to an amoeba. With further
heating, the number and size of the globules, as well as
the number and size of vapour bubbles, gradually



Fig. 8. Multiphase melt inclusions in shortite (sample UV-2-03) at room temperature (A) and during heating experiment (B). Note significant increase
of the size of inclusion at TN300 °C (see text for details).
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decreases. Homogenisation of the inclusions (except
some opaque crystals) occurs when the globules and
vapour bubbles disappear almost simultaneously (within
20–30 °C) at 660–760 °C.

During slow cooling (5–20 °C/min), vapour bubbles
nucleate at 690–650 °C and then progressively increases
in size. Cooling to 610–580 °C, the inclusions acquire a
‘foggy” appearance for a split second. We describe this
process as the formation of emulsion, i.e, microglobules
of liquid in another liquid (carbonate–chloride melt
immiscibility). Microglobules coalesce immediately into
elongate or sausage-like pinkish globules. The neighbour-
ing globules (“boudins”) are subparallel, and are grouped
into regularly aligned formations with a common angle of
∼75–80° (Fig. 9A). A resemblance to a skeletal or
spinifex texture is evident for several seconds, after which
the original “pinch-and-swell structure” pulls apart giving
rise to individual blebs of melt. The latter coalesce and
become spherical with time or further cooling. They
continue floating, but slow down with decreasing
temperature and further coalescence. The exact moment
of crystallisation or complete solidification is not detected.



Table 2
Stable isotope composition of host kimberlite and chloride–carbonate
nodules

δ18O ‰ SMOW δ13C ‰ PDB

Chloride–carbonate nodules
UV-1-03 12.47 −3.73
UV-2-03 13.90 −2.68
UV-5a-03 12.27 −3.72

Kimberlite groundmass carbonates a

YBK-0 12.87 −3.35
YBK-1 13.78 −3.28
YBK-3 13.68 −3.22
a Average of two determinations.
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7. Carbon and oxygen isotope compositions

The carbonate fraction of the Udachnaya-East
kimberlite groundmass and carbonates from three
chloride–carbonate nodules were analysed for carbon
and oxygen isotopes (University of Tasmania, Australia
and Institute of Geological and Nuclear Sciences, New
Zealand) using a VG Optima Mass Spectrometer
equipped with Multiprep system and a Europa GEO
20–20 Mass Spectrometer, equipped with CAPS
(automated carbonate machine), respectively. Well-
established analytical methods (McCrea, 1950; Sharma
and Clayton, 1965) were used for isotope analyses. All
measurements (Table 2) are expressed in the familiar
delta (δ) notation, in per mil (‰), and normalised to
international reference sample (NBS19-Pee Dee Bel-
emnite (VPDB) for carbon and Standard Mean Ocean
Water (VSMOW) for oxygen. Precision for carbon
isotopes is ±0.05‰ and 0.1‰ for oxygen isotopes.

δ13C values for the kimberlite carbonate vary insigni-
ficantly, from −3.11 to −3.41‰ and are consistent with
Fig. 9. Textural similarity between olivine-hosted melt inclusion at the
moment of immiscibility (A) and chloride–carbonate nodule, sample
UV-5a-03 (B).
carbon isotope variations observed in other Udachnaya-
East samples (−1.05 to−4.26‰, Galimov andUkhanov,
1989), kimberlites from the Daldyn–Alakit region (−1.5
to −9.3‰) and Siberian province in general (Galimov
and Ukhanov, 1989), magmatic carbonatites (δ13C
values=−2.6 to −7.1‰), diamonds (δ13C values=
−1.9 to −8.8 ‰) and carbonates from other kimberlitic
rocks (δ13C values=−3.3 to −5.7‰, Deines and Gold,
1973; Sheppard and Dawson, 1975; Deines, 1989). δ18O
values of the carbonate fraction of the Udachnaya-East
kimberlite range from +12.7 to +14.4‰. These values
are systematically lower than those from other Daldyn–
Alakit kimberlites (+15.5 to 25.5‰, Galimov and
Ukhanov, 1989), but well within the range for carbonates
in the group-I kimberlites (δ18O values=6.5 to 18.5‰
with a strong maximum at about 12‰; Deines and Gold,
1973; Kobelski et al., 1979; Deines, 1989; Price et al.,
2000; Fedortchouk and Canil, 2004) and carbonates
from magmatic carbonatites (δ18O=4.5 to 28‰; Deines
and Gold, 1973).

δ13C (−2.67 to −3.73‰) and δ18O (12.3 to 13.9‰)
values for carbonates in the chloride–carbonate nodules
have a small variability and are consistent with those of
the carbonate component of the host kimberlite
groundmass and kimberlites worldwide (Deines and
Gold, 1973; Kobelski et al., 1979; Mitchell, 1986;
Deines, 1989; Kirkley et al., 1989; Price et al., 2000;
Fedortchouk and Canil, 2004).

8. Discussion and conclusions

8.1. Chloride–carbonate nodules are samples of
residual kimberlite magma

The presence of the chloride–carbonate nodules in
the Udachnaya-East kimberlite is significant in several
aspects. Firstly, such nodules have not been reported to
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date in any other known kimberlite rock. Secondly, their
host kimberlite shows unprecedented enrichment in
alkali chloride and alkali carbonate components (Kame-
netsky et al., 2004; Maas et al., 2005). Thirdly, their host
kimberlite is completely unaltered (Marshintsev et al.,
1976; Marshintsev, 1986; Kamenetsky et al., 2004), and
this feature taken together with very low measured H2O
content (b0.5 wt.%) is unique for kimberlites world-
wide. The degree of serpentinisation within the
Udachnaya-East body gradually decreases with depth,
and finally serpentine disappears (Zinchuk et al., 1993).
This is concomitant with an increase in unaltered
olivine, carbonate in the groundmass, and concentra-
tions of K2O and Cl, and generally unaltered nature of
xenoliths (Pavlov and Ilupin, 1973; Zinchuk et al.,
1993). All these facts are consistent with a flushing of
either magmatic or meteoric aqueous fluids through
kimberlites (Drozdov et al., 1989) which would cause
dissolution of chloride minerals and serpentinisation.

Magmatic shortite was first discovered in the
kimberlite of Ontario, which was characterised by “the
extensive preservation of fresh olivine…and general
absence of hydrothermal effects on the megacrysts,
groundmass, or host rocks” (Watkinson and Chao,
1973). Similar unaltered samples from Udachnaya-East
indicate that the absence of “ephemeral” minerals, like
shortite and chlorides, in common kimberlites can be
related to their pervasive alteration. It is also possible
that these minerals still remain in smaller than original
quantities in altered kimberlites, but require special
effort and sample preparation for recognition.

The textural relationships between chloride–carbonate
nodules and kimberlite groundmass do not indicate a
chemical and/or thermometamorphic reaction at the
contacts. Importantly, alkali carbonate and chloride
minerals, comprising the kimberlite groundmass and
melt inclusions in olivine (Golovin et al., 2003;
Kamenetsky et al., 2004), are compositionally similar to
these minerals in the nodules. Moreover, the C and O
isotope values of carbonates from the chloride–carbonate
nodules and carbonate fraction of three fresh studied
samples of the Udachnaya-East kimberlite are also
comparable to each other (Table 2). Thus, a xenogenic
origin for the nodules (e.g., from country sedimentary
rocks) is highly unlikely. We consider that a prolonged
evolution of the kimberlite magma by olivine crystal-
lisation was responsible for a build-up of abundances of
alkalies, chloride, carbonate, and sulphate components.
As a result, the residual kimberlite magma acquires
essentially a non-silicate composition that is represented
by abundant chloride, carbonate and other Cl- and S-
bearing minerals in the groundmass. The non-silicate
residual kimberlite magma has low temperatures (b650–
750 °C), as shown by the study of the Udachnaya-East
melt inclusions (Kamenetsky et al., 2004), experimental
data on the fluorine-bearing Na2CO3–CaCO3 system
(Jago and Gittins, 1991) and direct temperature measure-
ments in the halogen-rich (up to 15 wt.% F+Cl, Jago and
Gittins, 1991) natrocarbonatite lava lakes and flows of the
Oldoinyo Lengai volcano (Krafft and Keller, 1989;
Dawson et al., 1990; Keller and Krafft, 1990). However,
even at these temperatures it is highly fluid. Thus, we
envisage that droplets of residual melt separate from a
solid aluminosilicate framework of the magma, percolate
into weaker, less solidified zones, and finally coalesce,
forming melt pockets. The latter are now seen in the
kimberlite as chloride–carbonate nodules.

8.2. Liquid immiscibility and crystallisation of residual
kimberlite magma

Liquid immiscibility is observed in the olivine-hosted
melt inclusions at ∼600 °C on cooling (Fig. 9A; see also
Kamenetsky et al., 2004). The immiscible liquids are
recognized as the carbonate and chloride on the basis that
these minerals are dominantly present in the unheated
melt inclusions (Golovin et al., 2003; Kamenetsky et al.,
2004). Remarkable textures, observed in melt inclusions
at the exact moment of melt unmixing (Fig. 9A), is
governed by the carbonate crystallographic properties.
The presence of similar textures in the chloride–carbonate
nodules (Figs. 2A, 9B) is unambiguous “snapshot” record
of the chloride–carbonate melt immiscibility in rocks.
Chloride–sulphate microveinlets in carbonates (Fig. 3)
suggest intruding of already rigid carbonate by still liquid
or plastic material, and this additionally supports earlier
event of carbonate–chloride–sulphate immiscibility. The
previous natural evidence was based on melt and fluid
inclusions in the skarn minerals ofMt Vesuvius (Fulignati
et al., 2001), minerals composing olivine–melilite–
monticellite rocks from the Krestovskiy massif, Siberia
(Panina, 2005) and kimberlitic diamonds (Bulanova et al.,
1998; Izraeli et al., 2001; Izraeli et al., 2004; Klein-
BenDavid et al., 2004). However, the extensive review of
experimental studies (Veksler, 2004) points to the lack of
data for chloride–carbonate systems.

Given the analogywith the texture ofmelt inclusions at
the onset of immiscibility, the boudin-like shape of the
carbonate sheets and their subparallel alignment, argues
for preservation of primary (instantaneous) immiscibility
texture. This means that post-immiscibility (b600 °C)
cooling and crystallisation were fast enough to prevent
aggregation of one of the immiscible liquids into ovoid or
spherical globules that are more typical of steady-state



Fig. 10. Fibrous phlogopite crystal aggregates in alkali carbonate (A) and
sylvite (B); sample UV-5a-03.
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immiscibility. Occurrence of the chloride-rich veinlets in
the carbonate sheets (Fig. 3) testifies to later solidification
of the chloride liquid relative to carbonate crystallisation.
The round and ameboid-like bleb textures of sylvite in
halite (Fig. 3) are also reminiscent of liquid immiscibility.
In theory this contradicts the fact of complete miscibility
in the system NaCl–KCl above the eutectic point of
∼660 °C. However, the separation of the Na–K chloride
melt from the carbonatitic melt, in the case of Udachnaya-
East residual melt pockets, occurred at temperatures
below the eutectic, and thus the chloride liquid was
supercooled. On the other hand, it was close to the point of
solid solution unmixing in the system 75% NaCl–25%
KCl (543 °C at 1 atm), and in this case unmixing of liquids
rather than solids is more likely.

Crystallisation from a homogeneous chloride–car-
bonate liquid (i.e., prior to immiscibility) is possible, and
very unusual Na–Mg carbonates containing an NaCl
molecule (northupite NaCl*Na2Mg(CO3)2) is an exam-
ple (Table 1). Disruption of the melt structure caused by
chloride–carbonate immiscibility and followed by
reduction in solubility of the phosphate and Fe–Mg
aluminosilicate components, prompted rapid crystal-
lisation of zoned and often skeletal micro-crystals of
apatite and phlogopite–tetraferriphlogopite (Fig. 6).
Fibrous aggregates of phlogopite in carbonates
(Fig. 10A) and sylvite (Fig. 10B) are common and
suggestive of incomplete extraction of the aluminosili-
cate component from carbonate and chloride melts by
post-immiscibility crystallisation. After chloride–car-
bonate liquid unmixing the sulphate component of the
original melt was largely accommodated within the
carbonate melt. It was partially released as an aphthitalite
melt at the chloride–carbonate interfaces, leaving porous
K- and S-free carbonate behind (Fig. 3B), and it was also
partially exsolved and re-distributed within the carbon-
ate (Fig. 3A) at subsolidus temperatures.

8.3. Possible origins of chlorine enrichment

The studied Udachnaya-East kimberlite is unusually
enriched in chlorine and alkalies, yet it is essentially
anhydrous (Table 1). Its groundmass and residual melt
pockets are dominated by minerals (Table 1) unknown
elsewhere, or found rarely as magmatic minerals, but in
paragenetic association with common silicates and
oxides. The alkali chloride–carbonate liquid results
from exhaustion of silicate components in the kimberlite
magma. It pools at b700 °C, undergoes immiscibility at
∼600 °C (Fig. 9) and solidifies at even lower tempera-
tures, possibly 300–400 °C. The unusual mineralogy and
compositions together with the lowest temperatures and
viscosities, yet found for terrestrial melts, make a perfect
analogy with the Oldoinyo Lengai carbonatites, and with
melt inclusions in minerals from ultramafic alkaline and
carbonatitic complexes (Veksler et al., 1998; Zaitsev and
Chakhmouradian, 2002; Panina, 2005).

Although the Oldoinyo Lengai carbonatite lavas are
indisputable magmatic, the ultimate source of the
natrocarbonate and halogen components is still a matter
of significant controversy (see review in Nielsen and
Veksler, 2002). One of the possible origins through
melting of regional troniferous sediments has been
advocated (Milton, 1968), but later rejected on the basis
of petrological and geochemical data (Bell and Dawson,
1995). The presence of extensive carbonate–evaporite
basin in the south and southwest of the Siberian
craton also pose a possibility of contamination of the
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Udachnaya kimberlite magma en route to the surface.
Obviously, the difficulty in resolving this question using
stable and radiogenic isotopes is in that very small
amount of evaporitic chloride (∼5 wt.%) can account
for the Cl enrichment in the Udachnaya-East kimberlite
and effects of isotope fractionation between magmatic
minerals at low temperatures remain unknown.

A number of considerations, although speculative to
some extent, allow us to argue against contamination in
this case:

– The Udachanya pipes were emplaced through the
Lower to Middle Cambrian sediments of the
Anabar–Sinyaya transitional belt, separating the
north-eastern Yudoma–Olenek belt of normal marine
carbonate facies and the south-western Turukhansk–
Irkutsk–Olekma belt of carbonate–evaporite facies
(Brasier and Sukhov, 1998). The Anabar–Sinyaya
transitional belt of archaeocyathan–microbial facies
comprises shallow marine shoals with calcimicrobe
bioherms, but no evaporates have been found in
numerous boreholes (from 700 to 1700 m deep)
around the Udachnaya pipes.

– Extensive mining and drilling (∼1000 m) of the
Udachnaya pipe have not, to date, encountered
evaporites within the country rocks, evaporite-related
fragments or xenoliths in the kimberlite (Zinchuk et al.,
1993).

– The fresh kimberlites of the Udachnaya-East pipe
belong to the latest stages of emplacement (Zinchuk
et al., 1993), and thus because of establishedmagmatic
conduits the interaction of magmas en route to the
surface with crustal sediments seems unlikely.

– According to radiogenic isotopes (Maas et al., 2005)
the studied kimberlite remained a closed system since
emplacement. This is independently supported by the
fact of spontaneous outgassing (∼105 m3/day; 50–
70 atm; Drozdov et al., 1989) of pristine magmatic
H2, N2 and CH4 (Marshintsev, 1986) from boreholes
drilled through this unaltered block of the Udach-
naya-East kimberlite.

– The minerals that are present in the Udachnaya-East
kimberlite and that signify high concentrations of
alkalies and chlorine in kimberlite magmas have
been reported from other kimberlites; for example,
halite (Mir pipe, Yakutia, Pavlov and Ilupin, 1973),
shortite (the Upper Canada Gold Mine, Ontario,
Watkinson and Chao, 1973), zemkorite (Na1.77K0.29)
Ca1.08(CO3)1.95 (Venkatampalle, southern India,
Parthasarathy et al., 2002), and Cl-bearing K–Fe
sulphide, djerfisherite (Yakutian kimberlites (Dobro-
vol'skaya et al., 1975); Frank Smith mine, South
Africa (Clarke et al., 1977); Elwin Bay, Somerset
Island, Canada (Clarke et al., 1994)).

– Occurrence of alkali- and Cl-rich phases in melt
inclusions in the deep formed olivine cores and Cr-
diopside and among alteration products of mantle
xenocrysts (garnet, pyroxenes and ilmenite), and
presence of similar minerals in the kimberlites
worldwide. Similar alteration assemblage of eclogite
xenoliths in the Udachnaya kimberlites was ascribed
to a metasomatic event that occurred in the upper
mantle, after the xenoliths were incorporated in the
kimberlite (Misra et al., 2004).

– Discoveries of halite and sylvite (Zolensky et al.,
1999) and djerfisherite (Fuchs, 1966) in chondrites
reinforce origin of these minerals in Udachnaya and
other kimberlites from mantle-derived components.

We emphasise that in the Udachnaya-East kimberlite
the combination of extraordinary freshness, high
abundances of Na, K and Cl, depletion in H2O, and
preservation of water-soluble minerals and chloride–
carbonate melt pockets cannot be coincidental. We
believe that these features are inherently related. This is
independently confirmed by the study of the Oldoinyo
Lengai magmas: “…the presence of so much Cl is
further evidence that the magma was dry, because an
aqueous fluid would have removed it. …Because the
magma is dry, no aqueous fluid develops; alkalis,
therefore, are not removed but are progressively
concentrated in the magma by continued fractionation
of essentially alkali-free minerals” (Gittins, 1989).

From the analogy with dry carbonatite magmas of
Oldoinyo Lengai (Keller and Krafft, 1990; Keller and
Spettel, 1995) and experimental evidence that alkali
carbonatite magmas “will persist only if the magma is
dry” (Cooper et al., 1975) we conclude that the parental
magma of the studied kimberlite was essentially
anhydrous and carbonate-rich. This is indirectly sup-
ported by the spectroscopic study of micro-inclusions in
Udachnaya cubic diamonds that showed that their
parental media was an H2O-poor carbonatitic melt
(Zedgenizov et al., 2004).

Chlorine and H2O show opposing solubilities in
fluid-saturated silicate melts, as they apparently com-
pete for similar structural positions in the melt (Webster
et al., 1999; Chevychelov et al., 2003). Although Cl
does not form complexes with Si in a melt, it may
complex with network modifier cations, especially the
alkalies, Ca and Mg (Carroll and Webster, 1994;
Sandland et al., 2004). General “dryness” of carbona-
tites and enrichment of natrocarbonatites in halogens
(Gittins, 1989; Keller and Krafft, 1990; Jago and Gittins,
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1991; Dawson et al., 1995) suggest that Cl and H2O
decouple which can be an intrinsic feature of carbonate-
rich kimberlite magmas. If this is the case, the
conventional role of H2O in governing low temperatures
and low viscosities of kimberlite magmas can be
readdressed to Cl. Furthermore, the data on carbon-
ate–chloride compositions of melt inclusions in dia-
monds (Bulanova et al., 1998; Izraeli et al., 2001; Izraeli
et al., 2004; Klein-BenDavid et al., 2004), nucleation
and growth of diamonds in alkaline carbonate melts
(Pal'yanov et al., 2002) and catalytic effect of Cl on the
growth of diamonds in the system C–K2CO3–KCl
(Tomlinson et al., 2004) concur with the proposed
mantle origin of chloride and alkali carbonate compo-
nents in the Udachnaya-East kimberlite. Chlorides,
discovered in the Monahans (1998) chondrite immedi-
ately after its fall (Zolensky et al., 1999), suggest that the
Cl content in the Earth's undepleted mantle can be
largely underestimated.
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