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Abstract

The experiments in the model system CaMgSi,Og—(Na,CO;, CaCO3)—KCl are performed at S GPa and 1400—1600 °C in order to
study the phase relations, including liquid immiscibility, in the chloride—carbonate—silicate systems with application to alkali and
chlorine-rich liquids preserved in kimberlitic diamonds. Experiments in the boundary joins of the system demonstrated that both the
carbonate—silicate and chloride—carbonate melts are homogeneous; while high-temperature (above 1800 °C) liquid immiscibility is
assumed for the chloride—silicate join of the above system. Addition of silicate component into the chloride—carbonate melts and
chloride component into the carbonate—silicate melts results in splitting of the homogeneous liquids into the immiscible chloride—
carbonate brine and carbonate—silicate melt. Carbonate—silicate and chloride—carbonate branches of the miscibility gap converge
within the carbonate-rich region of the system. Regular temperature evolution of the shape and size of the miscibility gap is deduced.
With decreasing temperature, the convergence point moves toward more Si-rich compositions, expanding fields of homogeneous
chloride—carbonate silica-saturated melts. This effect is governed by the precipitation of the silicate phases even from silica-bearing
chloride—carbonate melts. In addition, experiments revealed regular evolution of both Cl-bearing carbonate—silicate melt and Si-
bearing chloride—carbonate brine toward the low-temperature chlorine—bearing carbonatitic liquid with decreasing temperature. These
trends are similar to the evolution of the melt and brine inclusions in some diamonds from Botswana, Brazil, Canada, and Yakutia,
indicating their growth during cooling. The model for interaction of the chloride—carbonate brine with the mantle rocks is developed on
the basis of the present experimental data. This model is applied to the chlorine-enriched kimberlites of the Udachnaya—East pipe.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction ligible (e.g., [1]). Nevertheless, data on compositions of
micas, amphiboles, and, especially, apatites from the

Role of chlorine and alkali chlorides in the formation upper mantle rocks indicate their interaction with fluids
of mantle rocks is traditionally considered to be neg- enriched in chlorine (e.g. [2—5]). Chlorine-rich fluid
inclusions have also been observed in the upper mantle
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provide direct mineralogical and geochemical evidences
on presence of alkali chloride compounds during their
evolution. Halite and sylvite are known both in ground-
mass [9] and in secondary melt inclusions in olivine
[10] of some fresh Yakutian kimberlites. Recent Sr, Nd,
and Pb isotopic study [11] provided strong evidence
for primary magmatic origin of alkali chlorides and
carbonates in these kimberlites [11]. The deep-seated
origin (>4 GPa) of alkali-rich chloride—carbonate liquid
as a derivate of kimberlitic magma is supported by the
study of primary melt inclusions in olivines from un-
altered kimberlites of the Udachnaya—East pipe, Yakutia
[12]. The estimated chlorine content of the kimberlite
melt, that produces chlorine—carbonate liquid, could be
above 7 wt.% [12]. This concentration is much higher
than the chlorine solubility in mantle-derived basaltic
melts (e.g. [13,14]).

Further evidence for the activity of alkalic Cl-bearing
liquids during the evolution of some deep-seated
assemblages is provided by the compositions of alkaline
(mostly high-potassic) liquid inclusions in diamonds
from kimberlites. Four compositional groups of
these liquids are distinguished in diamonds from Af-
rica, Canada, Brazil, Yakutia, and India (Fig. 1): (1)
alumino—silicate melt inclusions [15-20]; (2) carbo-
nate—silicate melt inclusions [21-27]; (3) carbonate
melt inclusions [23,25,27-30]; (4) chloride—carbonate
brine inclusions [29-33]. The composition of the brine
inclusions in diamonds [29,30,32,33] closely resembles
the composition of chloride—carbonate inclusions in
kimberlitic olivines [11,12]. Concentration of Cl in the
carbonate—silicate inclusions reaches 1.5 wt.% [21-24].
The carbonate-rich inclusions contain 6—12 wt.% of Cl
[27-30]. Chlorine in the carbonate—silicate and carbo-
nate inclusions shows a distinct positive correlation
with K at negative correlation both with Si and Al
(e.g. [22,29,30]). Correlation between K and Cl was
previously reported for diamonds from Yakutia, Africa,
and Canada, which were analyzed by the proton
microprobe, neutron activation method, and step heating
techniques [18,34—36]. This correlation implies that
KCl is the major chlorine contributor to composition of
the above inclusions [30]. Burgess and Turner [36]
estimated chlorine content of 2—-5 wt.% in the mantle-
derived fluid, which is in a good agreement with
compositions of carbonate—silicate and carbonate melt
inclusions in diamonds. The chloride—carbonate brine
inclusions are apparently concentrated in cores of
diamond crystals and associated both with eclogitic
and peridotitic mineral assemblages [29,32,33]. Locally,
products of reactions between mantle minerals and
brines are observed in single inclusions in diamonds
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Fig. 1. Variations in compositions of the melt and fluid inclusions in
diamonds from kimberlites of (1) Zaire and Botswana [22], (2, 3)
Koffiefontein pipe, South Africa [26,32]; (4) Yubileinaya pipe, Yakutia
[25,28,30]; (5) Diavik mine, Canada [29,30]; (6) diverse Yakutian
pipes (O. Navon, pers. comm.); (7) Brazil [27]; (8) Aikhal pipe,
Yakutia [17]; (9) Mir pipe, Yakutia [16,19], as well as (10) from
alluvial Indian diamonds (O. Navon, pers. comm.). (11) average
composition of chloride—carbonate inclusion in olivine (i) and host
kimberlites (k) from the Udachnaya—East pipe, Yakutia ([11,12], A.
Sobolev, pers. comm.). Alkalis are omitted in the diagram since their
addition masks behavior of chlorine. Long-dashed thick line illustrates
a specific shape of the immiscibility gap in the chloride—carbonate—
silicate melts deduced from the composition of the inclusions. Short-
dotted thin line shows a tie-line connecting compositions of chloride—
carbonate inclusion in olivine (/) and host kimberlites (k) from the
Udachnaya—East pipe, Yakutia, implying their liquid immiscibility
relations. Black stars show average compositions of liquids in three
diamonds from the Diavik mine [30]: 1 — brine inclusion in diamond
ON-DVK-272; 2 — carbonate—silicate melt inclusion ON-DVK-281.
Dotted arrows illustrate evolution of average compositions of melt
inclusions in diamond BR-5 [27] and ON-DVK-294 [29,30].

[26,30,33]. Assemblage of brine and mineral inclusions
allow determination of P—T conditions for their entrap-
ment: 4.6-5.1 GPa and 1000-1200 °C [26,32,33].
These data imply that diamond growth was coeval with
an influx of alkali-rich chloride—carbonate liquids,
which arrived from the greater depths.

Fig. 1 demonstrates regular variations of chlorine in
the melts included in diamonds. The data points form
two continuous trends along the silicate—carbonate and
carbonate—chloride joins [37]. The continuous trend
between the silicate and carbonatitic melts is also
recorded in compositional variation of the melts
inclusions within single diamond crystals [22,27].
Chlorine positively correlates with content of the
“carbonate” end-member [22,27]. Brine inclusions
from the Koffiefontein pipe [32,33] and the Diavik
mine [29,30] also form continuous trends along the
chloride—carbonate join. These trends converge near the
“carbonate” (Ca+Mg+Fe+Ba+Sr) apex of the diagram
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(Fig. 1) with data on Cl-rich carbonatitic inclusions in
diamonds [26,28-30] (Fig. 1). According to Navon
et al. [37], the continuous trends between the silicate and
carbonate inclusions points to perfect miscibility of
corresponding melts within the diamond stability P-T
conditions. Similar conclusion follows for the chloride—
carbonate brines. An absence of data points between
silica-rich melts and chloride-rich brines may reflect a
wide miscibility gap between them under the upper
mantle conditions. Integrating data on compositions of
liquid inclusions in diamonds, Klein-BenDavid et al.
[38] concluded that carbonate-rich melts were asso-
ciated both with silica-rich melts and brines, while the
carbonate—silicate melts and brines have never been
found together in any single diamond. This conclusion
supports an idea that the liquid miscibility controls
compositions of alkalic liquids trapped in fibrous
diamonds. Observation of the chloride—carbonate
segregations in unaltered kimberlites of the Udach-
naya—FEast pipe [12] gives an additional evidence for
liquid immiscibility between carbonate—silicate (kim-
berlitic) melts and chloride—carbonate brines within the
diamond stability field.

The liquid immiscibility model, tentatively proposed
by Perchuk et al. [39] and further developed by Navon
et al. [37], might be a powerful tool to explain genetic
relations between alkalic Cl-rich melts in the upper
mantle. Based on the natural data only, this model never
been substantiated experimentally, since liquid immis-
cibility in the complex chloride—carbonate—silicate
systems never been studied at the mantle P-T condi-
tions. Moreover, experimental data on such systems at
low pressures are extremely scarce, as well [40—42].

Our paper describes results of experiments on phase
relations in the model chloride—carbonate—silicate
system CaMgSi,0s—(Na,CO;, CaCO5)—-KClI at 5 GPa.
The choice of the boundary components is based on the
natural data on melt inclusions in diamonds. KCl is the
major chlorine-contributing component in the liquid
inclusions preserved in diamonds [22,29,30,32], while
Na and Ca are mostly bound into carbonates [30].
Diopside is a major end-member of pyroxenes, which
are characteristic phases both for peridotitic, eclogitic,
and webstritic deep-seated assemblages. In addition, the
above composition of the system allows comparison
with experiments at low pressure [41,42].

2. Starting materials, experimental technique, and
analytical procedures

Mixtures of diopside glass with crystalline CaCOs,
Na,CO3, and KCI1 were used as starting materials. Four

basic chloride—carbonate mixtures (mix. 1, mix. 2, mix.
3, and mix. 4 in Supplementary Table 1) and one basic
carbonate—silicate mixture (mix. 5 in Supplementary
Table 1) were prepared for the experiments in the ternary
system. Desired proportions of either diopside or KCI
were added in these mixtures, respectively. About of
20 mg of each mixture were placed into Pt or PtsoRhy
capsules and subsequently dried at 110 °C.
Experiments (Supplementary Table 1) were performed
at 5 GPa and 1400—1600 °C with the high-pressure to-
roidal “anvil-with-hole” apparatus [43—45], which is a
modification of the Bridgmen-type anvil assembly [46].
The apparatus is characterized by a homogeneous distri-
bution of pressure and temperature (~1 °C/mm.) in the
reaction volume of 0.1-0.15 cm® (see details in [43]). The
limestone high-pressure cell prepared individually for
each run is equipped with a graphite heater of 7.2 mm in
length, 7.5 mm in diameter, and 0.75 mm wall thickness
[43—45]. The capsule was placed in the center of the cell
on the holders made of pressed MgO and BN mixture
(MgO:BN=3:1). Pressurization of the cell was accom-
plished using the uni-axial compression of upper and
lower anvils in a 500-ton hydraulic press. Pressure at
room temperature was calibrated using bismuth phase
transitions at 2.55 (Bi I-Bi II), 2.7, and 7.7 (Bi III-Bi
V) GPa, as well as barium phase transition at 5.5 GPa [47].
Pressure was corrected for high temperature with the
diamond—graphite curve [48] using growth/dissolution of
diamond seeds in carbon-oversaturated multicomponent
carbonate melts [49]. As a result, run pressure was con-
trolled to 0.2 GPa. Because of small reaction volume,
experiments with the “anvil-with-hole” assembly were
not monitored directly with thermocouples. The current
power setting control of temperature has been used [43].
The temperature-current power dependence of the cell
was calibrated using a Pt;oRhsz(/Pto4Rhs thermocouple
without pressure correction. The cells were recalibrated
after several runs to check the reproducibility of the
temperature—current power dependence. Run temperature
was controlled within +20 °C using a MINITHERM-
300.31 controller. This accuracy includes an error of the
Pt;oRh3(/Pto4Rhg thermocouple used in calibration, self-
accuracy of the controller, and an error resulted from the
thermogradient in the cell [43]. Duration of each exper-
iment varied in dependence on temperature (Supplemen-
tary Table 1). Experiments were quenched by shutting
power off and subsequently depressurized. In order to
confirm a reproducibility of the experimental results,
some paired (similar composition and temperature) exper-
iments were performed (Supplementary Table 1). Experi-
ments 1/1236 and 1498 were carried out using well
calibrated various “anvil-with-hole” apparatuses.
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Each run sample was embedded in epoxy and polished.
After preliminary examination in reflected light, the mi-
croscopic features of run products and phase compositions
(Supplementary Table 2) were studied by means of BSE
with a CamScan MV2300 (VEGA TS 5130MM) electron
microscope equipped with the EDS electron microprobe
Link INCA Energy. Some samples were examined twice or
thrice after repeated polishing. Microprobe analyses of
crystalline phases were performed at 20 kV accelerating
potential, 10 nA of beam current and beam diameter of
3 pm. Microprobe analyses of glasses and the products of
melt quenching were performed using a rastered beam over
areas 500—20 pum?. The quenched melt was assumed to be
homogeneous if analyses from large areas (up to 500 pm?)
show composition similar to smaller areas (down to
20 um?). The following standards were used both for
crystalline phases and quenched melts: synthetic SiO, for
Si, synthetic MgO for Mg, synthetic Al,O; for Al, natural
wollastonite for Ca, and natural microcline and albite for K
and Na, respectively, and synthetic NaCl for Cl. The ZAF
matrix correction was used. No normalization procedure is
applied. Compositions of the quenched melts and salt
phases in the quenching products (Supplementary Table 2)
are shown as weight percent of elements. This allows
comparison of carbonate—silicate and chloride—carbonate
liquids, since the oxygen basis for the chloride—carbonate
liquids is not fully justified. No special attempt to analyze
carbon in the quenched melts was made. All analyses of the
quenched melts in Supplementary Table 2 show low total
oxide content (below 95 wt.%). As assumed by some
authors [50-53], the difference between the total oxide
content and 100% roughly reflects a concentration of CO,
in the quenched melts. Therefore, in our study we accept
that this difference can be tentatively used as a marker for
variation of carbonate component with respect to other
components in the melts. This difference is positively cor-
related with the carbonate content in the starting mixtures.

Infrared absorption spectra for chloride—carbonate—
silicate glasses from several run products were collected in
reflection mode using Bruker [FS66 spectrometer equipped
with IR microscope using an aperture of 100 pm. Spectra
were recorded between 600 and 5000 cm ' at 4 cm
resolution. The IR data were evaluated with the OPUS-5
software. We have measured relative intensities of bands at
1400 cm™ ' (representative for CO3~ groups [54]) and
950 cm™ ! (representative for the Si—O—Si groups [54]) in
these glasses and found the perfect negative correlation of
the 7400/los0 parameter both with the silica content in the
glasses and the difference between the total oxide content
and 100%. These correlations supported the idea to use the
above difference as a marker for the carbonate content in
the melts.

3. Experimental results

In order to consider the phase relations of the
complex chloride—carbonate—silicate melts in the sys-
tem CaMgSi,04—(CaCO3, Na,CO5)-KCl, we have to
know phase relations in the boundary pseudo-binary
joins (1) CaMgSi,Os—KCl, (2) CaMgSi,Os—(CaCOs5,
Na,CO;3), and (3) (CaCO3, Na,CO3)-KCl.

3.1. Join CaMgSi>,OsKClI

Experiments in this boundary join were performed at
temperatures up to 1730 °C. Despite of clear evidence for
melting of chloride (quenched aggregates of elongated
KCl crystals), no detectable signs of interaction between
the chloride melt and diopside were identified (Fig. 2a).
Chloride quench shows up 0.15 wt.% of SiO, and 0.1—
0.4 wt.% of CaO without MgO. Such composition of the
quench, probably, reflects an insignificant incongruent
dissolution of diopside in the KCI melt.

The observed phase relations up to 1730 °C imply that
the T—X topology of the join is similar to the topology of
a binary system with two immiscible liquids, where the
liquidus temperature within the liquid immiscibility
compositional interval is close to the melting tempera-
ture of the most refractive component (diopside). Below
this temperature crystalline diopside coexists with the
chloride melt, which slightly dissolves the silicate
substance. Thus, we assume liquid miscibility gap in
the join diopside—KCl at 5 GPa and above 1800 °C.

3.2. Join CaMgSi;O4sNa,CO3(xCaCO3)

Liquid immiscibility in this join was observed at low
pressure [41,42]. In the run #1/1232 (Supplementary
Table 1), the quenched material shows an inhomogeneous
texture that is expressed in ovoidal segregations of deli-
cate dendrital quenching crystals cemented by homoge-
neous glass (Fig. 2b). Nevertheless, the compositional
homogeneity of the quench was observed. Therefore, the
quenched material is formed from the homogeneous
carbonate—silicate melt. No crystalline phases were iden-
tified in the products from the same mixture at 1500 and
1400 °C (Supplementary Table 1), suggesting a low tem-
perature liquidus of alkali-rich carbonate—silicate melts.

3.3. Join (Na,CO3, CaCO3)-KClI

No data on phase equiliria in chloride—carbonate
systems at high-pressure are available so far. No liquid
immiscibility in the reciprocal systems including
CaCOQs;, CaCl,, Na,CO3, NaCl, K,COs3, KCl is observed



116 O.G. Safonov et al. / Earth and Planetary Science Letters 253 (2007) 112—128

at ambient pressure (see [55] and references therein).
Thus, no liquid immiscibility should be expected at high
pressures. Spectacular quenching textures in the run
products at 5 GPa and 1500 °C (Fig. 2c) prove this
conclusion. Homogeneity of the quenched material was
verified with rastered microprobe analyses.

Thus, experiments in the boundary joins of the
system CaMgSi,0—(CaCO;, Na,CO3)—KCl at 5 GPa
demonstrated that (1) melts both in the carbonate—
silicate and chloride—carbonate joins are homogeneous
liquids; (2) high-temperature liquid immiscibility is
characteristic for the chloride—silicate join; (3) presence
of pure chloride does not influence on melting
temperatures of Ca—Mg silicates. Higher temperatures
of melting in the chloride—silicate join with respect to
the carbonate—silicate and chloride—carbonate joins
assume that the carbonate-rich portion of the pseudo-
ternary system is much of lower-temperature, and
evolution of complex melts would proceed toward the
carbonate apex during cooling.

3.4. Pseudo-ternary system CaMgSi,Os—(CaCOj3,
Na2C03)—KCI

3.4.1. Textural relations in the run products

Quenched melts were identified in all run products of
the experiments in the ternary system (Fig. 3a—f). Two
groups of the run samples are distinguished: (1) the run
samples showing clear textural evidences for liquid
immiscibility (Fig. 3a, ¢, d, e) and (2) the run samples
containing homogeneous melt only (Fig. 3b, f). In
addition to quenched melt, some run samples contain
diopside and/or merwinite (Fig. 3b, e, f).

The specific feature of the first-group run samples is
the globular textures (Fig. 3a, c, d, e). Both chloride—
carbonate globes in the carbonate—silicate glass and
carbonate—silicate glass globes in the chloride—carbo-
nate matrix are identified in the run samples. In the most
cases, the chloride—carbonate globes in carbonate—
silicate glass are spherical or ellipsoidal. However,
globes of irregular shape with rounded outlines are
observed in the run sample #1/1236 (Fig. 3a). Diameter
of the chloride—carbonate globes varies from several
microns to 1000 pm (see Fig. 3d). In presence of
diopside crystals, the globes are attached to them, but no
diopside crystals are observed inside the globes. The
globes are composed of finely grained aggregates of
KCl intermixed with unidentified carbonates and
silicates. In the relatively carbonate-poor globes (corre-
sponding to the low-carbonate starting mixtures), KCI
forms “brain-like” aggregates (Fig. 3e), where inter-
stices between KCl grains is filled with carbonate—

silicate material. In addition to KCI crystallites, the
globes contain NaCl or (K, Na)Cl cubes. Locally,
delicate glass balls are present in the globes. With
increase of the carbonate content in the chloride—
carbonate globes, the delicately interlaced sheaf-like
aggregates of chloride grains and acicular carbonate
crystals (see an inset in Fig. 3d) appear in the product
texture. The texture ruled by carbonates becomes more
distinct in the carbonate-rich globes (Fig. 3a). Accord-
ing to microprobe analyses, major carbonate phases in
the globes are K—Ca varieties. In addition to spherical
globes, chloride—carbonate aggregate forms shapeless
layers and cumulates in the glass, which are mostly
attached to upper zones of the capsules. They imply an
upward floatation of chloride—carbonate material in the
silicate melt during the runs. Glassy (carbonate—silicate)
spherical and ellipsoidal globes of different sizes (from
0.5-1 pm to 10-20 pm) plunged into the chloride—
carbonate matrix are characteristic for the run products
of the experiments with the carbonate-rich mixtures
(Fig. 3c, f). As a rule, large glassy globes contain
numerous chloride—carbonate globes (Fig. 3c). Thus,
rounded shapes of both chloride—carbonate and glassy
globes and spectacular “globe-in-globe” textures in
some samples unambiguously suggest a liquid immis-
cibility between carbonate—silicate and chloride—sili-
cate melts under the experimental P—T conditions.
Some samples (Supplementary Table 1) contain neither
chloride—carbonate nor glassy globes, while quenching
textures represent a homogeneous melt (Fig. 3b, f).
Diopside and merwinite form large crystals, associated
both with carbonate—silicate glasses and the chloride—
carbonate aggregates (Fig. 3b, e, ). If both merwinite and
diopside are present in a run sample, aggregates of diop-
side grains replaces large merwinite subhedral crystals at
their contact with the quenched melt (Fig. 3b) suggesting
possible peritectic relations (Mrw+ L =Di) between these
phases. Run products of the experiments #1516 (contain-
ing diopside only) and #1459 (containing both diopside
and merwinite) indicate that this reaction, probably,
proceeds to the right with decrease of temperature in the
interval 1500—1400 °C (Supplementary Table 1).
Supplementary Table 1 indicates regular changes of
phase relation in the run samples produced in a single
starting mixture at different temperatures. For example,
mixture [mix. 1]g;Di3 produces merwinite coexisting
with homogeneous chloride—carbonate melt at 1500 °C
(run #1458). However, crystals disappear, while globular
textures appear in the products at 1600 °C (Fig. 3c).
Similar sequence is observed in the run products with the
mixtures [mix. 1];1Disg, [MiX. 1]56Di44, and [mix. 3]50Disq
within the interval 1400—-1600 °C (Supplementary
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Table 1). Thus, dissolution of crystalline silicates in the
chloride—carbonate liquid and its saturation with silica
results in splitting of the homogeneous melt into

Exp. 1439: Di, KCL,1730°C 100 pm

Exp. 1440; mixture 1, 1500°C 50 um

chloride—carbonate and carbonate—silicate immiscible
melts.

In addition, Supplementary Table 1 shows that addi-
tion of 44 wt.% of diopside into the chloride—carbonate
mixture (mix. 1) results in splitting of the initially ho-
mogeneous chloride—carbonate melt (Fig. 2c) into
chloride—carbonate and carbonate—silicate immiscible
liquids at 1500 °C (Fig. 3d). In turn, 29 wt.% of KCI
added in the carbonate—silicate mix. 5 (Supplementary
Table 1) causes immiscibility, as well. Thus, the addition
of silicate components into the chloride—carbonate melts
and chloride components into the carbonate—silicate
melts leads to the formation of the immiscible chloride—
carbonate and carbonate—silicate liquids.

3.4.2. Melt composition in the run products

Three compositional groups of melts are distin-
guished in the run products: (1) homogeneous chloride—
carbonate—silicate melts; (2) chlorine-bearing carbo-
nate—silicate melts, that are immiscible with (3) the
silica-poor chloride—carbonate melts.

As a rule, homogeneous chloride—carbonate—silicate
melts coexist with diopside and/or merwinite (Supple-
mentary Table 1; Fig. 3b). Concentration of Si in these
melts positively correlates with the difference [100 —
oxide total] (Fig. 4). This correlation implies that the
saturation limit of chloride—carbonate melt with silica
increases with increase of the carbonate content in them.
The carbonate content in the homogeneous melts,
coexisting with crystalline silicates, increases with
decrease of temperature (Fig. 4).

Compositions of the carbonate—silicate melts coexist-
ing with immiscible chloride—carbonate liquids are
mostly determined by the bulk composition of the starting
mixture (Fig. 5a—g). Concentration of Si varies within the
range of 10—19 wt.% and negatively correlates with the
difference [100 — total oxide] (Fig. 5a). The observed
negative correlation corresponds to isomorphism
Si0, < CO, in the carbonate—silicate melts. The diagram
shows that at constant Si, the difference [100 — total
oxide] decreases with increase of temperature, i.e. low-
temperature melts are, presumably, more carbonatitic. The
Si content in the melts positively correlates with Mg,

Fig. 2. Textural relations in the run samples representing the boundary
joins of the system CaMgSi,Os—(CaCO;, Na,CO;3)-KClI at 5 GPa.
(a) No reaction between diopside crystals and the KCI melt in the join
CaMgSi,04—KCl; (b) Specific ovoidal textures formed during
quenching of the homogeneous carbonate—silicate melt in the join
CaMgSi,O4—Na,COs; (c) Spectacular dendrital textures resulted from
the quenching of the homogeneous chloride—carbonate liquid in the
join (CaCOj;, Na,CO;3)-KCI. All images are taken with CamScan
MV2300 (VEGA TS 5130MM) microscope.
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reflecting variation of the diopside component in the All melts are highly calcic (10-23 wt.% Ca) and
starting mixtures (Fig. 5b). However, Fig. 5b indicates alkalic (1024 wt.% of K+Na) reflecting high calcium
positive correlation between Mg concentration in the and alkali contents in the starting mixtures. Never-
melts and temperature at constant Si. theless, the K/Na ratio in the carbonate—silicate melts

jmm—————
lemmee -l

Exp. 1/1236: [mix. 2],,Di,, 1500°C 200 pm

e, u
A

T

Exp. 1470: [mix. 1],Di,, 1600°C 500 pm

L =

Exp. 1506: [mix. 3|,Di,, 1500°C 200 pm
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that were produced from starting mixtures of similar
bulk composition regularly increases with increasing
temperature for relatively silica-rich melts, while
decreases for carbonate-rich melts (Fig. 5¢). The regular
variation of the K/Na ratio in the melts coexisting with
KCl-rich immiscible liquids implies that solubility of K
and Cl is regulated by complex exchange reactions with
silicate and carbonate components in the melts, rather
than simple solubility of KCI. Such exchange reaction
should inevitably result in separation of K and Cl in the
carbonate-silicate melts. This conclusion is supported
by an increase of the K/Cl ratio with the Si content in the
melts (Fig. 5d), while this ratio (in wt.%) in all melts is
>1.1 (corresponding to this ratio in pure KCI). Thus, the
higher silica in the melts the higher potassium content
and lower chlorine in them at constant T and P.
Chlorine content in the carbonate—silicate melt equil-
ibrated with KCl-rich chloride—carbonate liquid reaches
4-5 wt.%, while it distinctly decreases down to 1-2 wt.%
in Si-rich melts (Fig. 5¢). Moreover, chlorine concentra-
tion in the carbonate-rich melts decreases by 1-2 wt.%
with increasing temperature. Chlorine content in the Si-
rich melts is approximately the same at temperatures
1500 °C and 1600 °C (Fig. 5e). Decrease of the Cl content
in melts is not related to the bulk composition of starting
materials, but is strongly determined by the silica content
in corresponding melts. The negative correlation between
Siand Cl content is well known for silicate melts of wide-
range compositions at low pressures (e.g. [13,14] and
references therein). Data by Suk [41,42] show similar
negative correlation between Si and Cl in the carbonate—
silicate melt in its equilibrium with chloride—carbonate
liquid at 0.2 GPa. Our experimental results for the mixture
Di—Na,CO;—KClI at 5 GPa and 1500 °C (run #1508 in
Supplementary Table 1) can be compared with Suk’s data
(2001, 2004) for the mixture Di—Na,COs;—NaCl at
0.2 GPa and 1110 °C. At the comparable SiO, contents
(about 40 wt.%), melts from the run #1508 contain about
of 2.5 wt.% of chlorine, while the CI concentration in
Suk’s [48,49] run products is just about 1.2 wt.%. It would
be prettily concluded that the Cl content in the melts is a
function of pressure. However, in our case, it is hard to
make a final decision, since our runs and runs by Suk
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Fig. 4. Dependence of Si content in homogeneous chloride—carbonate—
silicate melts coexisting with diopside and/or merwinite on the difference
[100 — total oxide], reflecting the content of the carbonate component.
Open symbols correspond to melts at 1500 °C (diamonds — exp. 1458,
circles — exp. 1459), while filled symbols indicate melts at 1400 °C
(diamonds — exp. 1516, circles — exp. 1517).

[41,42] were conducted at incomparably different tem-
peratures. In general, Cl content increases from silica-rich
toward the carbonate-rich melts, so far (Fig. 5a and e).
The chlorine content in the carbonate—silicate melts at
5 GPa shows no distinct correlation with the Ca content.
Thus, Ca is not the factor regulating chlorine solubility in
the melts. No any apparent correlation between Cl and Na
is observed for most of synthetic melts (Fig. 5f). Sodium,
therefore, is not a strong promoter of CI solubility, as well.
In general, Cl increases with K in the melts (Fig. 5g).
There are two distinct groups of data points in Fig. 5g,
each of which shows positive correlation of K and Cl. The
high-potassium group of the data points includes melts of
the runs #1501 and #1506, performed from the Si-rich
starting mixture [mix. 3]50Diso (Supplementary Table 1),
and melt of the run #1508, that is produced from the
Na,COs-rich starting mixture [mix. 5];1KClyo (Supple-
mentary Table 1). These relations show that along with
high Si content (Fig. 5d), the displacement of the
equlllbrlum N32C03 (Lcs)""KCl (Lcc):K2C03(Lcs)
+NaCl (Lcc) to the right could be an effective mechanism
for enrichment in potassium of the carbonate—silicate
melts without significant enrichment in chlorine in

Fig. 3. Textural relations in the run samples representing the pseudo-ternary system CaMgSi,Os—(CaCOj3, Na,CO3)—KCl at 5 GPa. (a) Irregularly
shaped chloride—carbonate globes with rounded outlines in the carbonate—silicate glass; the inset (scale bar is 50 um) demonstrates the sheaf-like
texture of the acicular chloride—carbonate aggregate in the globes. (b) Large euhedral crystals of merwinite partially replaced by the aggregates of
diopside grains in the quenching products of homogeneous chloride—carbonate melt. (¢) and (d) Clear immiscibility between chloride—carbonate and
carbonate—silicate melts; textures “globe-in-globe” are evident in the image (c): carbonate—silicate glass contains numerous chloride—carbonate
globes, whereas the chloride—carbonate quench is crowded with glassy globes; the inset in the image (c) (scale bar is 50 um) illustrates the texture of
the chloride—carbonate quench with rounded glassy globes; the inset in figure (d) (scale bar is 50 pm) demonstrates in detail the texture of the
chloride—carbonate globes in the carbonate—silicate glass. (¢) and (f) Coexistence of the immiscible liquids with diopside at 1500 and 1400 °C. All
images are taken with CamScan MV2300 (VEGA TS 5130MM) microscope.
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Fig. 5. Specific compositional features of the carbonate—silicate melts, coexisting with immiscible chloride—carbonate liquids. (a) Dependence of the
difference [100 — total oxide] on the Si content, reflecting the possible isomorphism SiO, < CO, in the melts. (b) Positive correlation of the Mg and
Si contents in the melts indicating also the dependence of the Mg concentration on temperature. (c) Variations of the K/Na ratio on temperature for
the melts produced in the silicate-rich mixture [mix. 3]50Diso (runs 1506 and 1501), mixture [mix. 1]s¢Digq (runs 1514, 1470, and 1469), and
carbonate-rich mixture [mix. 2];,Diyg (runs 1/1236, 1498, and 1/1235). (d) Increase of the K/Cl ratio in the melts with the Si content (dashed line
indicates the K/C1 ~1.1 corresponding to pure KCl). (e) Negative correlation of the Cl content with the Si concentration in the melts. (f) Dependence
of the Cl content on the Na concentration in the melts (the experiments 1508, 1/1236, and 1498 are labeled for comparison discussed in the text).
(g) Positive correlation of the CI content with the K content in the melts.



O.G. Safonov et al. / Earth and Planetary Science Letters 253 (2007) 112—128 121

equilibrium with the immiscible chloride—carbonate
liquid. This mechanism is supported by high concentra-
tion of Na (up to 16 wt.%) in the chloride—carbonate
globes from the run products (Supplementary Table 2).
General variations of composition of the chloride—
carbonate melts will be discussed below.

3.4.3. Phase relations in the chloride—carbonate—
silicate system

Liquid miscibility gaps are constructed from the com-
positions of the coexisting carbonate—silicate melt and
chloride—carbonate brine in the ternary system CaMgSi,.
0—(CaCO3, Na,CO5)—KCl (Fig. 6a—c). Branches of the
miscibility gaps converge at the (Ca+Mg+Na) apex of

Si

A1501
01469
© 1472
O 1468
X 171235

Ca+Mg+Na

K+Cl Di(Mrw)+L .

K+Cl mix. 3 Di(Mrw)+L.. mix. 1 mix. 2

Ca+Mg+Na

the triangular diagram (point k), which corresponds to the
carbonate—rich compositions (Fig. 6a—c). For the carbo-
nate-rich compositions, the tie-lines have gentle slopes.
The chloride-rich ends of the tie-lines migrate toward the
KCl apex with decreasing carbonate content, and for the
silicate-rich composition [mix. 3]s0Diso (Supplementary
Table 1) they are situated immediately at this apex. Prob-
ably, these relations correspond to preferential partition-
ing of the carbonates to the carbonate—silicate melt rather
than in the chloride—carbonate brine.

Fig. 6a—c allows the tracing of the major changes in
phase relations in the complex chloride—carbonate—
silicate system with temperature at pressure 5 GPa. Crys-
talline phases are absent in the run products at 1600 °C,

A 1506
01470
< 1499
01508
X 111236

+ 1498

[ A

{74

Ca+Mg+Na

d Si

— 1600°C
~ 1500°C
""""" 1400°C

K+Cl Ca+Mg+Na

Fig. 6. Schemes illustrating evolution of phase assemblages and shape of the miscibility gap in the carbonate-rich portion of the ternary system
CaMgSi,06—(CaCOs3, Na,CO3)—KCl at 5 GPa. (a) 1600 °C. No crystalline phases are observed, while the miscibility gap is expended toward the
(Ca+Mg+Na) apex. (b) 1500 °C. Diopside and/or merwinite appear with the immiscible liquids, while the field of the homogeneous melt (L)
slightly expends; (c) 1400 °C. Phase fields Di(Mrw)+ L¢cc, Di+ Lcs, and the field of the homogeneous melt (L) are greatly expended at expanse of
the miscibility gap. (c) Rough comparison of miscibility gaps at 1600, 1500, and 1400 °C, constructed in the diagrams a, b, and c. Liquids within the
miscibility gap: Lcs — carbonate—silicate liquid and Lcc — chloride—carbonate liquid; L — homogeneous liquid. Long-dashed lines
schematically mark boundaries of the miscibility gap, while thin lines are tie-lines connecting compositions of the coexisting liquids. Short-dashed
lines schematically indicate boundaries of pseudo-liquidus fields Di(Mrw)+ Lcc and Di+ L.
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while clear evidences for the liquid immiscibility are
present (Supplementary Table 1; Fig. 3c, d). The conver-
gence point (k) is located close to the (Ca+Mg+Na) apex,
whereas the phase fields L and Lcc are narrow (Fig. 6a).
The phase relations drastically change at 1500 °C
(Fig. 6b). Diopside and merwinite (Fig. 3b, e, f) man-
ifest an appearance of phase fields Di(Mrw)+Lcc, Di
(Mrw)+Lcs, and DiMrw)+Lcg+Lec (we do not sepa-
rate Di and Mrw in the schematic diagram, since no
specific experiments were performed to study their
peritectic relations). However, these phase fields do not
extend to the carbonate portion of the diagram. The
convergence point (k) moves slightly further from the (Ca
+Mg+Na) apex (Fig. 6b). In turn, the phase fields L and
Lcc become wider at the expense of the miscibility gap
(Fig. 6b). The subsequent drop of temperature down to
1400 °C results in further displacement of the conver-
gence point from the (Ca+Mg+Na) apex and widening
of the phase fields L, DiMrw)+Lcc, Di(Mrw)+L¢s, and
Lcc. The liquidus assemblages Di(Mrw)+Lcc and Di
(Mrw)+ L¢g spread further to the carbonate-rich portion
of the system toward the (Ca+Mg+Na) apex (Fig. 6¢).
Probably, these fields meet each other in the convergence
point (k), resulting in a minimum on the miscibility gap.
Comparison of the above miscibility gaps at 1600, 1500,
and 1400 °C (Fig. 6d) indicates general modifications of
the phase relations with decreasing temperature: (1) the
miscibility gap displaces toward the more silica-rich
portion of the system and (2) the compositional ranges
for the homogeneous silica-bearing chloride—carbonate
brine significantly widens.

In order to explain the observed temperature variation in
the shape and position of the miscibility gap, we consider
the evolution of phase equilibria for bulk compositions
[mix. 1],;Diy9 and [mix. 1]5¢Dis4 (Fig. 7a, b). In products
of runs #1472 and #1467 (Supplementary Table 1) formed
from the first mixture at 1600 °C, two melts coexist, while
crystalline phases are absent. At 1500 °C, both diopside and
merwinite crystallize and coexist with chloride—carbonate
homogeneous melt. The composition of the melt displaces
both toward the (Ca+Mg+Na) apex and becomes
enriched is Si, as well. This process is reflected in
reaction L& +LEQ— Di(=Mrw)+ L& (Fig. 7a). Precipi-
tating silicates remove Si from the melt, assisting, thereby,
miscibility of chloride—carbonate and carbonate—silicate
liquids. Subsequent cooling down to 1400 °C gradually
destroys merwinite via reaction Mrw+L(CZ%—>Lg&(iDi),
enriching further the melt with Ca, Mg, and Si. As the
result, over temperature 1600—1400 °C the bulk composi-
tion of the chloride—carbonate liquid strongly displaces
toward the carbonate-rich portion of the system, becom-
ing simultaneously enriched in Si.

a Si

Bulk composition
of the mixture [mix.1],,Di,,

melts tie-lines
W00 e
X150 ——
S1600 ----

Ca+Mg+Na

Bulk composition
of the mixture [mix.1],Di,,

melts  tie-lines
W1400 e
X500 ——
<1600 ----

Ca+Mg+Na

Fig. 7. Evolution of the phase relations and melt compositions with
temperature in the system corresponding to the starting mixtures
(a) [mix. 1]7,Diy and (b) [mix. 1]5¢Dis4 (see Section 3.4.3 for dis-
cussion). Grey dashed line shows the miscibility gaps at 1600 °C
(long-dashed) and 1500 °C (short-dashed) (see Fig. 6b).

Atall temperatures, run products in the second mixture
[mix. 1]5¢Dis4 contain clear evidences for liquid immis-
cibility (Fig. 3d). Decreases of temperature from 1600
(LEY) to 1500 °C (L&) drives composition of the
chloride—carbonate melt toward the carbonate-rich por-
tion of the system (Fig. 7b). The carbonate—silicate melt
slightly depletes in Ca and Mg. However, at 1400 °C, the
chloride—carbonate melt strongly accumulates Si, Ca,
Mg, and Na, while the carbonate—silicate melt looses Si
(Fig. 7b). Rapprochement of the melt compositions (L&
and LEY) can be easily explained by precipitation of Di
and Mrw, who extracts Si from the carbonate—silicate
melt. As a result, the carbonate—silicate melt actively
dissolves in the coexisting chloride—carbonate brine.
Since the composition L& is situated inside the triangle
LE-Di-Mrw (Fig. 7b), we assume that the carbonate—
silicate melt may disappear at temperature below 1400 °C
due to reaction LE2 — LEX+Di+Mrw. Thus, precipitation
of silicates from the melt is a major factor resulting in the
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formation of homogeneous Si-saturated chloride—carbo-
nate melt at lower temperatures.

4. Discussion and application to the mantle alkalic
liquids

Navon and co-authors [22,24,37] explain transitions
between silicate and carbonate melts preserved as
inclusions in diamonds (Fig. 1) by two major mechanisms:
(1) partial melting of carbonate-bearing mantle rocks or (2)
fractional crystallization of initial liquid (probably,
kimberlite-like). The first mechanism is based on the fact
that carbonated peridotite yields a dolomitic partial melt at
depths 70-200 km ([56] and references therein). With
increasing degree of melting, the carbonaitic melts become
richer in SiO, approaching to the composition of kim-
berlitic melts [50,51,57]. Similar regularities in evolution
of the melt composition are observed in melting of
carbonated eclogites, as well [58]. Thus, partial melting
can explain the evolution of the liquids from carbonate-
rich to carbonate—silicate [50,51,57,58]. The carbonate—
silicate melts are able to intensively dissolve supercritical
aqueous fluids saturated with alkalis and silica [56,59]
continuing the trend toward the silica-rich liquids.
Fractional crystallization implies that the crystallization
of carbonates would displace the melt composition to more
silica-rich varieties. Geochemical similarities between
trapped liquids in diamonds and host kimberlites suggest
origin of the melts from a kimberlitic magma [24,60].

However, the above models unable explain the forma-
tion of chloride—carbonate brines. Brine can be produced
only by unusually intensive fractional crystallization,
which drives the chlorine content from about of 3 up to
40 wt.% [37]. Melting of chlorine-depleted mantle rocks is
not a mechanism for the formation of those brines, as well.
Thus, the potassic chloride—carbonate brines may exist in
the upper mantle as an independent liquid phase. High
concentration of Cl in carbonate—silicate and carbonate
inclusions in diamonds, on the one hand, and the con-
tinuous trends between chloride—carbonate and carbonate
liquids (Fig. 1), on the other, implies that the brine, being
independent, is closely associated with other constituents of
alkali and chlorine-rich inclusions in diamonds.

Our present experiments unambiguously substantiated
the liquid immiscibility model for the alkalic chloride—
carbonate—silicate liquids in the upper mantle [37-39]. Of
cause, direct comparison of compositions of the inclu-
sions in diamonds with composition of the synthetic
liquids is not fully justified, since natural liquids are much
more complex in composition. For example, high
concentrations of Ca and Na in the synthetic melts
would be the factor, which is responsible for the overall

higher chlorine content in these melts [13,14]. In contrast
to the natural melts, the synthetic melts are undersaturated
with water and do not contain such important components
as Ti and P, which severely lower the chlorine content
[13,14]. Temperatures of our experiments (1400—
1600 °C) are much higher than temperatures estimated
for the melt inclusions in diamonds [32,33]. Nevertheless,
major compositional trends observed in the inclusions are
identical to that of the synthetic melts. They include the
following characteristics.

(1) Positive correlation of Cl with K (Fig. 5g) and
negative correlation with Si (Fig. Se, f; see also
[22,24,27,29,30,32]).

(2) Increase of Si with the increase of the carbonate
content is evident both for chloride—carbonate
brine inclusions in diamonds [29,30,32] and the
synthetic chloride—carbonate melts (see Fig. 6a—c).

(3) The ratio K/CI>1 is characteristic both for natural
and synthetic melts (Fig. 5d). K—Ca-carbonates in
the chloride—carbonate globes reflect intensive
exchange of components between KCI and carbo-
nates. K-bearing carbonates are detected inside the
chloride—carbonate inclusions in the Diavik dia-
monds [30].

(4) Positive correlation of the K/Cl ratio with the Si
content in the synthetic carbonate—silicate melts
(Fig. 5d) reflects bonding K with Si in the silica-
rich varieties. Evidence for this bonding in natural
assemblages is association of the carbonate—
silicate melt inclusions with unique Si-rich mica
[26,30,33].

Our experimental results demonstrate regular tem-
perature trends for the immiscible carbonate—silicate and
chloride—carbonate liquids. The data show that decrease
in temperature results in evolution of both the Cl-bearing
carbonate—silicate melt and the Si-bearing chloride—
carbonate brine toward the low-temperature Cl-bearing
carbonatitic liquid. Composition of the carbonate—silicate
melt inclusions in some Botswanian diamonds varies
from relatively SiO,-rich to SiO,-depleted and CaO-
enriched liquids [22]. Chlorine is negatively correlated
with silica. According to the data on variations of trace
elements of sub-microscopic inclusions in Zairean
diamonds [60], the major path for carbonate—silicate
melts evolution proceeds from relatively silica-rich
liquids toward the carbonate-rich ones. Shiryaev et al.
[27] observed zoning of diamond BR-5 from Brazil (Fig.
1): inner zone is enriched in water and silicates, while the
outer zone is carbonatitic with high concentration of CL
These data are consistent with the temperature trend
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constructed from the experimental data. They reflect
diamond growth under decreasing temperature.

No evolution trends are reported for chloride—car-
bonate brine inclusions in diamonds from the Koftiefon-
tein pipe [32,33], although carbonate-rich inclusions with
high CI content were reported in some of them [26].
Klein-BenDavid et al. [30] described the melt inclusions
in three diamonds from the Diavik mine (Canada). The
diamond ON-DVK-272 contains inclusions of chloride—
carbonate potassium-rich brine, while the diamond ON-
DVK-281 bears inclusions of the silica-poor carbonate—
silicate melts (Fig. 1). The third diamond (ON-DVK-294)
is zoned with respect to distribution of the melt inclusions
[29,30]. Composition of inclusions in the inner zone is
intermediate between the chloride—carbonate brine and
carbonatitic liquid, while the outer zone contains
essentially carbonatitic inclusions (Fig. 1). The brines in
diamond ON-DVK-272 and in the inner zone of the
diamond ON-DVK-294 form a single trend with the
carbonatitic melt in the outer zone of the diamond ON-
DVK-294. This apparent trend well agrees with the tem-
perature trends constructed on the basis of our experi-
mental data for the chloride—carbonate liquids. The
average composition of melt inclusions in the diamond
ON-DVK-281 is projected onto the silicate—carbonate
join of the miscibility gap (Fig. 1). Thus, this diamond
could grow from the carbonate—silicate melt that was
immiscible with the chloride—carbonate brines preserved
in other diamonds. Taking into account slopes of the tie-
lines in Fig. 6a—c, this melt was, presumably, equilibrated
with the high-temperature brine, preserved in the diamond
ON-DVK-272. Melts in the diamond ON-DVK-294,
probably, did not coexist with the immiscible liquids.
Displacement of the miscibility gap boundaries toward
the silica-rich field with decreasing temperature (Fig. 6a—
c) allows evolution of the melts in the diamond ON-DVK-
294 as low-temperature homogeneous liquids.

Interruptions in melt composition are recorded in
zoning of diamond BR-5 [27] and diamond ON-DVK-
294129,30]. Nevertheless, Klein-BenDavid et al. [29,30]
mentioned that some intermediate inclusions were found
between the inner (brine) zone and the outer (carbona-
tite) zone. Thus, the evolution of the liquids between two
zones was interrelated. In our interpretation, the paucity
in the diamond growth was, probably, related to change
in temperature regime in the system, i.e. cooling. In turn,
the cooling could be caused by “shutting-off” or weak-
ening of an external thermal source. Cooling could result
in change of isotopic composition [27,29].

On the basis of experimental results, we can consider
the potassic Cl-rich carbonatitic liquids trapped in dia-
monds from the Yubileinaya [28,30], Diavik [29,30], and

Koffiefontein [26] pipes as the most low-temperature
liquids. This conclusion contradicts to the model of
fractional crystallization proposed by Navon and his co-
authors [22,24,37]. The key aspect of this model is a
primary crystallization of carbonates, which drives
compositions of carbonatitic liquids toward the silica-
rich varieties. Our experiments indicate that liquidus
phases in the Cl-saturated carbonate—silicate and the
Si-saturated chloride—carbonate melts are silicates
(Fig. 6a—c). Data on Cl-rich system are consistent with
the experimental data on the Cl-free alkalic carbonate—
silicate systems, which also clearly indicate that the
carbonate—silicate melts precipitate silicate phases at
liquidus [44,61]. Our results also consistent with the
experiments on partial melting of carbonated mantle
rocks [50,51,57,58]. Melts forming from the carbonated
peridotites and eclogites vary from essentially carbona-
titic to Si-saturated carbonate—silicate melts with
increasing degree of melting, since carbonate—silicate
systems at high pressures show perfect miscibility of the
liquid end-member components. With addition of
chlorides, this behavior is violated because of the
immiscibility phenomena. In this case, the system
would have a topology of a pseudo-binary T—X section
penetrating the ternary system chloride—carbonate—sili-
cate along an arbitrary (silicate+carbonate)—(chloride
+carbonate) join (Fig. 8). Alkali-rich chloride—carbo-
nate—silicate system begins to melt with the formation of
carbonate-rich liquid saturated with both the chloride and
silicate components (point £ in Fig. 8). Subsequent
evolution of the system would be determined by solubility
of silicate component in the chloride—carbonate melt.
Solubility of'silicates is a complex function of temperature
and carbonate content in the melt, which is impossible to
depict in the schematic T—X section. However, there is a
limit for saturation of the melt with the silicate compound
for every bulk composition (a—b in Fig. 8). Above this
limit, two immiscible liquids appear in the system.
Thus, the formation of carbonate—silicate Cl-bearing
melts proceeds via liquid immiscibility with the silica-
saturated chloride—carbonate liquids migrating through
the silicate rocks. This model is supported by the direct
observations of Si-bearing chloride—carbonate liquids in
single inclusions together with garnets, pyroxenes,
chromites, olivines [26,30,33]. Complex daughter crys-
tals inside the inclusions and findings of unique silicate
phases (e.g., high-Si mica) associated with inclusions are
indubitable evidences for the interaction (equilibration)
of the liquids with mantle minerals [26,30,33]. Safonov
et al. [62] reported the formation of similar Si-enriched
mica in the chloride-bearing system at 4 GPa. In our
present experiments, we also observed reaction between
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Fig. 8. Schematic T—X section of the pseudo-ternary system chloride—
carbonate—silicate with the wide miscibility gap (see the inset picture)
along an arbitrary join (silicate+ carbonate)—(chloride+carbonate)
(dashed line) at constant pressure. S — silicate, C — carbonate, Ch —
chloride.

diopside and chloride—carbonate liquid with the forma-
tion of merwinite. Appearance of this silica-deficient
phase is related both to low silica and high Ca contents in
the coexisting melt. In the Mg-rich system we could
expect formation of forsterite. The progress of reactions
of the chloride—carbonate liquids with diverse minerals
in complex natural rocks would explain diversity of
alkaline chlorine-rich liquids preserved in diamonds.
Liquid immiscibility in the chloride—carbonate—silicate
melts greatly widens this diversity, since immiscibility
results in abrupt change of the liquid composition.
Appearance of two immiscible liquids would influence
on the relative mobility of these liquids in the solid-
dominated media (e.g. [63]). The predominant carbo-
nate—silicate melt wetting the grain boundaries would be
more mobile in contrast to the carbonate—chloride brine,
which forms globes.

Our experiments do not involve water, which is an
important constituent of the melt and brine inclusions in
diamonds [21,22,27,29,30,32]. Presence of water could
assist to miscibility of the liquids, expanding the compo-
sitional region of the homogeneous chloride—carbonate—

silicate melt. Moreover, perfect solubility silicates in
supercritical aqueous fluids (e.g. [56] and references
therein) would result in further contraction of the mis-
cibility gap. In the case of liquid immiscibility, water
seems to preferentially partitions from the silicate-rich
melt to the coexisting chloride—carbonate liquid, which
serves as a dryer for the melt. This suggestion is sup-
ported by aqueous composition of the brine inclusions in
diamonds (30-40 wt.% of water, [32]) in comparison
with the carbonate—silicate inclusions, as well as extreme
dryness of the Udachnaya—East kimberlite enclosing
chloride—carbonate segregations [12].

High Si/Mg ratio, high Ca and alkali contents of the
synthetic melts are different from kimberlite. Never-
theless, our experiments give some general implications
for a model of the formation of Cl-enriched kimberlites
of the Udachnaya—East pipe [10—12]. Kamenetsky et al.
[12] estimated chlorine content above 7 wt.% in the
chloride—carbonate—silicate magma producing these
unique kimberlites. Taking into account compositions
of the kimberlite groundmass and the chloride—carbo-
nate liquid preserved as inclusions in olivine [12], we
can roughly estimate that the primary magma could
contain up to 40 wt.% of the alkali chloride—carbonate
component. It corresponds to about 22 wt.% of SiO, (or
about 10 wt.% of Si). Our experiments show that such
magma is hardly to be homogeneous at 5 GPa. We
assume that kimberlitic magma already coexisted with
the chloride—carbonate immiscible liquid during its
formation. The chlorine content about of 2.5 wt.% in
the kimberlite groundmass is consistent with the chlorine
concentration in the synthetic melts (Fig. 5¢). However
this conclusion is true for temperatures 1400—1600 °C,
while at T ~1000 °C [12] coexistence of a homogeneous
melt with abundant solid phases is quite possible. But, in
this case, it could be Cl-rich carbonatitic magma rather
than kimberlitic one. Thus, the model for the formation
of the Cl-rich kimberlite would include progressive
melting and splitting into two melts, kimberlitic and
chloride—carbonate. In contrast to the formation of
“usual” kimberlitic melts, these processes could occur at
relatively low temperature owing to the presence of the
alkalic chloride—carbonate liquids.

5. Conclusion

Presented experimental data unambiguously indicate
that the liquid immiscibility as a major mechanism
controlling evolution and diversity of the alkalic Cl-rich
liquids in the upper mantle. However, it is hard to state
that these liquids are ubiquitous in the mantle. More
likely, that the above processes are localized and occur
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at low degrees of partial melting of the mantle rocks.
This is supported by high enrichment of the chlorine-
rich liquids in trace elements, chlorine, phosphorus, and
alkalis with complimentary depletion in Al and Cr.
Nevertheless, the liquids precipitate diamonds [64—69]
and, probably, are able to trigger much more volumi-
nous processes, like kimberlitic magmatism. Geochem-
ical and isotopic data show close relation of the
carbonate—silicate and carbonatitic melt inclusions in
fibrous diamonds with basaltic kimberlites (group I)
[24,60,70]. Our experiments indicate that these melts
could form as immiscible phase during interaction of
chloride—carbonate liquids with the mantle rocks. It
brings forth a problem of participation of the chloride—
carbonate liquids in the kimberlite genesis. Moreover,
most the petrological data on chlorine activity in the
upper mantle, briefly summarized in the introduction,
came from kimberlites.
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