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Abstract—The paper reports experimental data on the partial melting of hydrous peridotite and basalt at pres-
sures up to 4 GPa and temperatures up to 1400°С, as well as peridotite–basalt association in the presence of
alkaline water–carbonate f luid as an experimental model of mantle reservoir with subducted oceanic proto-
liths. At partial melting of the hydrous peridotite at 3.7–4.0 GPa and 1000–1300°С, critical relations were
observed over the entire studied pressure and temperature interval. At partial melting of hydrous basalt, crit-
ical relations between silicate melt and aqueous f luid were recorded at 1000°С and 3.7 GPa. The Na-alkaline
silicate melt coexists with garnetite at 1100°С and with clinopyroxenite at 1150 and 1300°С. The peridotite–
basalt–alkaline-aqueous–carbonate f luid at 4 GPa and 1400°C shows signs of critical relations between a
carbonated silicate melt and a f luid. Reaction relations in the residual peridotite minerals with replacements
of olivine ← orythopyroxene ← clinopyroxene ← potassic amphibole-type testify to a high chemical activity
of the supercritical liquid. Experimental results suggest the existence of regions of partial melting (astheno-
spheric lenses) in the f luid-bearing upper mantle under supercritical conditions. These lenses contain near-
solidus highly reactive supercritical liquids enriched in incompatible elements. Mantle reservoirs with super-
critical liquids are geochemically similar to undepleted mantle and could serve as sources of magmas enriched
in incompatible elements. The modal and cryptic upper mantle metasomatism under the effect of supercrit-
ical liquids leads to the refertilization of peridotite via enrichment of residual minerals in incompatible ele-
ments.
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INTRODUCTION
Geophysical and geochemical data indicate a

large-scale crust–mantle exchange. Subduction of
oceanic crust leads to the eclogitization of basalts and
formation of f luid-rich subducted oceanic protoliths
in a peridotite mantle (Taylor and Neal, 1989). Inter-
est to studying the high-pressure f luid-bearing silicate
systems is determined by the f luid effect on the phase
composition and melting temperature of mantle, and
the composition of generating silicate and salt (car-
bonate, chloride, and sulfide) melts. The extractive
and transport properties of f luids at high pressure pro-
vide the mobilization and transfer of major and trace
elements. Their interaction with mantle protolith is
also responsible for mantle metasomatism.

An important feature of the f luid-bearing silicate
systems is the critical relations between silicate melt
and fluid at high pressures and temperatures, which
are caused by their excellent mutual solubility. At crit-
ical parameters (РcТc), they show a complete miscibil-
ity with formation of a supercritical liquid. Above sec-
ond critical point (2РcТc), Р-Т solidus of silicates is
absent (Keppler and Audetat, 2005; Litasov and

Ohtani, 2007). The existence of critical relations in the
upper mantle and the composition of supercritical liq-
uids are determined from inclusions in diamonds,
from minerals in peridotite and eclogite xenoliths in
kimberlites and alkali basalts, as well as in high-pres-
sure peridotite and eclogite massifs emplaced in crust.
Three major types of these f luids are distinguished:
carbonate f luid enriched in Ca, Mg, Fe, salt f luid
enriched in Na, K, H2O, and Cl, and silicate f luid
enriched in Si and Al (Klein-BenDavid et al., 2007;
Navon et al., 1988; Weiss et al., 2009; Bogatikov et al.,
2010). A complete miscibility between the salt and car-
bonate f luids, as well as between the carbonate and sil-
icate end members of mantle f luids was confirmed
experimentally. A complete miscibility between all
three components is predicted in the diamond stability
field (Wyllie and Ryabchikov, 2000; Kessel et al.,
2005).

Critical relations have been experimentally studied
in the simple water-bearing silicate systems of
monomineral (quartz, nepheline, albite, and jadeite)
and granite composition. In this series, the critical
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parameters are within the intervals of 0.7–2.3 GPa
and 550–1050°C, increasing in the same sequence.

The range of critical pressure decreases with addi-
tion of components, which increase the mutual solu-
bility of melt and fluid, and increases with addition of
fluid, which leads to the decrease of the mutual solu-
bility of melt and fluid (e.g., СО2) (Bureau and Kep-
pler, 1999). The pressure of the second critical point is
estimated at 12–13 GPa for the Fo–En–H2O system,
(Stalder et al., 2001), at 5–6 GPa for the eclogite–
Н2О system (Kessel et al., 2005), 3.8 GPa for the per-
idotite–H2O system (Mibe et al., 2007), and 3.8–4.0 GPa
for the basalt–peridotite–H2O system (Gorbachev,
2000). In the Fo + En + H2O + CO2 system, the 2РcТc
parameters are estimated within 12–15 GPa (Wyllie
and Ryabchikov, 2000).

In most of experimental works, the transition of a
system in the supercritical state was determined in situ
at superliquidus temperatures. A complete miscibility
between silicate melt and fluid was observed visually
during homogenization of melt–fluid association in
anvil-with-hole apparatus (Bureau and Keppler, 1999)
or using X-ray radiography (Mibe et al., 2007). Some
works applied a quench method, when a transition
from subcritical to supercritical state is identified from
the composition of hydrous glass and fluid in frozen
diamond traps (Kessel et al., 2005). However, these
methods do not allow one to study in detail the phase
composition of the transition from subcritical to
supercritical state, as well as the interaction of super-
critical liquids with residue. Moreover, most of the
experiments were carried out at superliquidus tem-
peratures. Taking into account the wide temperature
interval between solidus and liquidus in mafic and
ultramafic systems, as well as the formation of mantle
magmas during partial melting of mantle, of great
interest are studies of critical relations between melts
and fluid in subliquidus region in the presence of resi-
due. The structure and phase composition of experi-
mental samples were taken as indicators of critical
relations in such experiments (Gorbachev, 2000; Gor-
bachev et al., 2015). The composition of supercritical
liquids and character of their interaction with silicate
protolith depend on the relations of silicate and fluid
components. The supercritical liquids could contain
clusters typical of both melt and fluid (Wyllie and
Ryabchikov, 2000). Such a dual nature of the super-
critical liquids could affect the structure and phase
composition of quench run products.

In order to obtain new data on phase relations in
the upper mantle under supercritical conditions, the
peridotite–Н2О and basalt–Н2О systems, as well as
peridotite–basalt–(Na, K)2CO3–H2O system have
been studied experimentally at 3.7–4 GPa and 1000–
1400°С. The studies of f luid-bearing eclogite and per-
idotite–eclogite systems as the experimental model of
mantle reservoir with subducted oceanic protoliths are
of interest for developing the petrogenetic models of
suprasubduction magmatism.

EXPERIMENTAL PROCEDURE
Experiments were carried out at the Institute of

Experimental Mineralogy of the Russian Academy of
Sciences on an anvil-with-hole NL-40 apparatus
using quench method. The study of the peridotite–
Н2О and basalt–Н2О systems was carried out in her-
metically welded Au capsules in a temperature range of
1000–1250°С, in an Au–Pd capsules at 1300°С, and
in ferruginated Pt capsules at 1400°С. Quenching was
conducted under isobaric conditions at switching the
voltage. The peridotite–basalt–(Na, K)2CO3–H2O
system was studied using a multi-capsule technique
with combined Pt-peridotite ampoule (Gorbachev,
1989). Starting material was loaded in a peridotite cap-
sule manufactured by molding and sintering. This
capsule, in turn, was placed in a platinum capsule,
which then was hermetically welded.

Temperature was measured with a Pt70Rh30/Pt94Rh6
thermocouple. Pressure at high temperatures was cal-
ibrated using the quartz–coesite equilibrium curve.
Temperature and pressure in the experiments were
determined accurate to ± 5°C and ± 1 kbar (Litvin,
1991). The experiments lasted from 8 to 24 h.

After quenching, the capsules were cut into two
parts along length, and each was pressed into polysty-
rene in a special mold under pressure and heating.
Polished specimens were prepared from obtained tab-
lets. The studies were carried out using a CamScan
MV2300 electron microprobe equipped with YAG
secondary and back-scattered electron detectors at the
Institute of Experimental Mineralogy of the Russian
Academy of Sciences, and a Link INCA Energy
energy dispersive X-ray microanalyzer with Si(Li)
detector at the Yaroslval Branch of the Physical and
Technological Institute of the Russian Academy of
Sciences.

EXPERIMENTAL RESULTS
Peridotite–Н2О System

Starting materials for experiments in the peridot-
ite–Н2О system were garnet peridotite from xenoliths
in the Obnazhennaya kimberlite pipe, Yakutia (collec-
tion by A. Ukhanov) and distilled water in a volumet-
ric ratio of 0.4–0.6. The compositions of starting per-
idotite and coexisting phases in run products at 4 GPa
and 1000–1300°С are listed in Table 1. Photos charac-
terizing the structures and phase relations in the run
products are shown in Figs. 1 and 2.

At 1000°С, the samples are characterized by a loose
powdered structure formed by relicts of starting peri-
dotite phases and the absence of intergranular silicate
melt. Separate fragments of the sample resemble
“breccia”, in which oval olivine grains from 5 to 50 μm
PETROLOGY  Vol. 27  No. 6  2019
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Table 1. Representative chemical compositions of coexisting phases and starting peridotite in the peridotite–Н2О system
at Р = 4.0 GPa, Т = 1000–1300°С

Phase SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cr2O3 Total

Т = 1000°С
Ol 40.51 0.0 0.32 7.89 0.21 50.95 0.11 0.16 0.00 0.0 100.17
Grt 40.95 0.21 19.19 8.31 0.38 17.66 8.80 0.21 0.08 4.15 99.95
Cpx 52.04 0.18 3.19 1.71 0.17 16.45 21.51 1.28 0.04 0.56 97.11
Cht 0.46 0.25 18.63 16.62 0.0 13.45 0.43 0.23 0.07 44.81 94.95

T = 1100°С
Ol 41.11 0.02 0.09 8.22 0.06 49.78 0.03 0.04 0.03 0.20 99.59
Grt 41.83 0.03 22.17 5.58 0.45 19.94 7.99 0.17 0.00 2.37 100.54
Cpx 52.77 0.15 2.57 2.55 0.17 18.56 21.52 0.05 0.05 0.70 99.10
Opx 54.64 0.0 3.70 5.23 0.29 34.52 0.83 0.23 0.00 0.32 99.76
Cht 0.71 0.17 37.38 10.41 0.56 19.37 0.13 0.12 0.03 34.40 103.28

T = 1200°С
Ol 40.79 0.05 0.12 4.97 0.12 52.47 0.13 0.04 0.05 0.20 99.05
Cpx 50.06 0.18 5.33 5.56 0.26 16.05 18.28 0.01 0.00 0.52 96.31
K-Amp 49.62 2.71 13.86 9.80 0.25 4.50 13.77 1.24 1.36 0.00 97.61
Cht 0.08 0.00 4.23 9.57 0.44 15.43 0.16 0.27 0.00 68.10 98.37
Glglob 73.65 0.19 6.89 0.41 0.25 4.03 2.09 0.05 0.47 0.03 88.16

T = 1300°С
Ol 41.52 0.14 0.09 5.66 0.04 54.90 0.08 0.00 0.00 0.01 102.67
Cpx 53.18 0.08 3.49 4.17 0.62 20.08 19.63 0.00 0.00 0.87 102.12
Opx 54.35 0.17 5.96 8.54 0.27 31.29 2.31 0.07 0.03 0.00 102.99

Starting peridotite
Peridotite 42.84 0.04 1.74 7.19 0.13 40.52 3.39 0.12 0.03 0.56 97.57
in size (sometimes, up to 100 μm) are rimmed by Cr-
bearing garnet (up to 4–5 wt % Cr2О3) and clinopy-
roxene (Fig. 1a). The “breccia” fragments are 100 μm
in size. The samples contain accessory chromite. With
temperature increase up to 1100°С, the structure and
phase composition of the samples change insignifi-
cantly. The olivine and orthopyroxene relicts are sur-
rounded by garnet–clinopyroxene aggregates. Garnet
occurs only in the “breccia” matrix, and is absent
among relict peridotite minerals. Clinopyroxene close
in composition to diopside is present in matrix and as
separate grains 10–20 μm in size.

However, at 1200 and 1300°С, the morphology and
phase composition of the samples change after
quenching. At 1200°С, garnet disappears, the charac-
teristic brecciated structure is absent, but signs of reac-
tion relations between olivine and clinopyorxene are
preserved. Single oval olivine grains are overgrown by
clinopyroxene and K-bearing amphibole (K-Amp)
(Fig. 2). Silicate glass forms isolated microglobules. At
1300°С, the olivine coexists with clinopyroxene,
which is replaced by orthopyroxene along rims.

The contents of trace elements in the coexisting
phases are listed in Table 2. Figure 3 shows the primi-
PETROLOGY  Vol. 27  No. 6  2019
tive mantle-normalized trace element patterns for
olivine, garnet, orthopyroxene, clinopyroxene as
compared to these minerals from peridotite mantle
xenoliths. The minerals from experimental samples at
1000 and 1100°С are characterized by the high con-
tents of incompatible elements, which exceed their
contents in olivine, garnet, orthopyroxene, and clino-
pyroxene from natural peridotite xenoliths. The REE,
Ta, Nb, Zr, and Th contents in olivine are higher than
those in garnet and pyroxenes at 1000°С and 1100°С,
respectively. However, at 1200 and 1300°С, olivine
shows no REE enrichment relative to pyroxene, while
the REE content increases in the order of olivine <
orthopyroxene < clinopyroxene.

Basalt–Н2О System

In the absence of aqueous f luid, the basaltic pla-
gioclase + clinopyroxene assemblage changes subse-
quently into spinel-bearing assemblage at 8–10 kbar
and eclogitic garnet + clinopyroxene assemblage with
further pressure increase up to 15–18 kbar (Ringwood
and Green, 1966). Kessel et al. (2005) studied the crit-
ical relations between a melt and a f luid in the eclog-
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Fig. 1. BSE images of samples characterizing the structure and phase composition in the peridotite–Н2О system. (a) Т = 1000°С.
Disintegration of peridotite, quenched silicate glass is absent, isolated minerals and intergrowths of peridotite residue coexist with
“reaction conglomerates”, in which olivine relicts (Ol) are involved in a matrix of garnet composition (Grt). (b) Т = 1100°С.
Structure of “reaction conglomerate”. Relicts of olivine (Ol) are overgrown by newly formed garnet–clinopyroxene (Grt + Cpx)
aggregate. In photos, a “dark” matrix is polystyrene filling interstices between isolated peridotite residual minerals.
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Fig. 2. BSE images of experimental samples characterizing the structure and phase relations of residue in the peridotite–Н2О
system. (а) 1200°С; (b) 1300°С. In photos, a “dark” matrix is polystyrene. Figure 2a shows a wall of platinum capsule (upper left
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ite–Н2О system at 5–6 GPa. The transition from the
subcritical to supracritical state was identified by the
authors on the basis of composition of hydrous glass
and fluid in frozen diamond traps. However, the change
of phase composition during transition from subcritical
to supercritical states and the interaction of supercritical
liquids with residue have not been studied.

In our experiments, the tholeiite basalt–Н2О sys-
tem was studied at 3.7–4.0 GPa and 1000–1300°С.
The starting materials were powdered standard
tholeiitic basalts СТ-1, which is the chemical ana-
logue of Siberian trap (collection by A. Almukhame-
dov), and distilled water in a volumetric ratio of 0.4–
0.6. Microphotos of samples after experiments are
given in Figs. 4–6, while the chemical compositions of
coexisting phases are listed in Table 3.

At 1000°С, samples consisted mainly of garnet and
clinopyroxene embedded in a matrix formed by a
quench water-bearing silicate melt. The euhedral gar-
net crystals of grossular–pyrope composition up to
PETROLOGY  Vol. 27  No. 6  2019
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Table 2. Concentrations of trace elements (ppm) in the coexisting phases in the peridotite–Н2О system at Р = 4.0 GPa,
Т = 1000–1300°С

Elements
T = 1000°C T = 1100°C T = 1200°C T = 1300°C

Ol Grt Ol Cpx Opx Ol Cpx Ol Cpx Opx

Li 0.38 0.82 0.61 1.02 1.96 0.79 4.16 0.68 1.44 1.54
Be 0.01 0.02 0.003 0.02 0.09 – 0.1 0.003 0.07 0.07
Ba 1.69 16.6 0.91 7.08 26.9 0.36 164.65 19.99 43.53 319.17
Th 2.92 1.08 0.04 0.37 0.69 0.01 0.94 0.02 0.45 0.5
U 1.86 0.67 0.1 0.23 0.38 0.03 0.35 0.1 1.22 0.72
Nb 35.43 15.86 1.21 2.44 6.86 0.69 9.89 1.6 3.51 3.49
Ta 0.93 0.39 0.38 0.08 0.18 0.02 0.23 0.01 0.15 0.17
La 3.3 2.72 0.18 1.49 3.02 0.02 5.66 0.09 7.78 6.92
Ce 16.25 9.71 1.1 4.55 4.78 0.02 10.89 0.07 12.74 15.39
Pb 0.29 0.82 0.08 0.26 0.91 0.25 1.02 0.98 2.22 1.48
Sr 4.44 32.67 2.27 46.5 19.28 1.07 228.67 2.45 57.36 90.96
Nd 24.02 12.37 3.02 2.3 2.18 0.01 4.17 0.01 6.68 7.45
Hf 0.78 0.31 0.91 0.16 0.19 – 0.34 0.01 0.25 0.41
Sm 6.44 2.72 1.75 0.53 0.57 0.02 0.77 0.07 1.5 2.02
Eu 1.43 0.61 0.57 0.18 0.17 0.004 0.96 0.11 0.56 0.5
Gd 8.93 4.41 3.37 1.45 1.3 0.01 2.62 0.01 4.32 4.54
Ti 1181.27 730.67 549.49 248.04 393.57 51.0 416.08 33.26 478.34 533.33
Dy 2.19 1.08 3.87 0.47 0.44 – 0.54 0.02 1 1.07
Y 9.49 4.3 26.03 2.87 2.35 0.05 3.82 0.07 6.32 6.41
Er 1.29 0.59 3.35 0.41 0.3 – 0.38 0.01 0.7 0.74
Yb 1.25 0.68 4.1 0.47 0.43 – 0.46 0.01 0.74 0.81
V 181.22 207.8 173 97.29 147.15 17.61 86.53 26.98 303.38 319.65
B 6.23 16.86 9.48 17.28 21.2 3.01 29.07 4.46 17.75 17.08
Zr 32.59 9.65 12.5 3.74 4.47 0.32 8.72 0.46 3.82 3.33
500 μm in size contain inclusions of relict clinopyrox-
ene and ilmenite (Fig. 4a). The garnets are character-
ized by the elevated (up to 2.9 wt %) TiO2 content,
which indicates the presence of schorlomite end mem-
ber (Ca3Ti2(Si,Fe)3O12) reaching > 10 mol %. Two
structural types of clinopyroxene are distinguished:
residual Cpx-1 observed as resorbed crystals and reac-
tion Cpx-2 developed after garnet. Unlike the Cpx-1,
the Cpx-2 is depleted in Na2O and Al2O3, and has
higher Mg/(Mg + Fe) = 0.78 against 0.63. Silicate
melt is quenched as aggregates of micron-sized
phases. The composition of quench products of melt
(LSil-1) determined by defocused beam corresponds to
trachyandesite. Silicate glasses at the contact of garnet
with matrix (LSil-2) are characterized by the higher Na
contents and have trachydacite composition (Fig. 4b).

At 1100°С, samples consist of single isolated clino-
pyroxene and garnet grains in a matrix consisting of
silicate glass (Fig. 5a). Euhedral garnets up to 5 μm in
size (Grt-1) are present as inclusions in clinopyroxenes
and in rims of their crystals (Grt-2), as well as form
PETROLOGY  Vol. 27  No. 6  2019
numerous euhedral crystals or their intergrowths in a
silicate matrix (Grt-3) (Fig. 5b). The pyrope–alman-
dine–grossular garnet with Mg/(Mg + Fe) = 0.4 is
characterized by low Cr2O3, but high TiO2 (up to 2 wt %)
and MnO (up to 0.65 wt %) contents. The clinopyrox-
ene grains up to 100 μm are zoned (Fig. 5а). The inner
zones of crystals (Cpx-1) with Mg# 0.6 have higher
FeO, MgO, TiO2, and MnO contents. The outer zones
in contact with a silicate matrix (Cpx-2) are character-
ized by the higher CaО, Al2О3, Na2О contents, and
Mg/(Mg + Fe) = 0.7. The clinopyroxene contains gar-
net inclusions up to 5 μm in size. The matrix is repre-
sented by trachyandesite silicate glass filling interstices
between clinopyroxene and garnet (Table 3).

At 1150 and 1300°С, the samples are characterized by
massive structure and consist of clinopyroxene and K-
bearing amphibole cemented by andesitic (at 1150°С)
and trachyandesitic (at 1300°С) silicate glass (Fig. 6,
Table 3).
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Fig. 3. Primitive mantle-normalized trace element contents in the olivine (Ol), garnet (Grt), orthopyroxene (Opx), and clinopy-
roxene (Cpx) of experimental samples at temperatures: (а) 1000°С, (b) 1100°С; (c) 1200°С; (d) 1300°С as compared to the olivine,
clinopyroxene and orthopyroxene from mantle peridotite xenoliths (Gregoire et al., 2000): (1) olivine; (2) clinopyroxene + ortho-
pyroxene.
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Fig. 5. BSE images of samples at eclogitization of hydrous tholeiitic basalt and partial melting of eclogite at 1100°C. (a) Zoned
crystals of residual clinopyroxene (Cpx-1 and Cpx-2) and garnet (Grt-1 and Grt-2) in a matrix consisting of dispersed euhedral
garnet crystals (Grt-3) or their intergrowths and silicate glass (LSil); (b) garnet crystals (Grt-3) or their intergrowths in a silicate
matrix (LSil). Replacement of garnet (Grt-2) by clinopyroxene (Cpx).
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Peridotite–Basalt–(K, Na)2CO3–H2O System

In many works, the study of mantle–crustal inter-
action is based on the results of experiments in the vol-
atile-free peridotite–basalt systems (Yaxley, 2000;
Tumiati et al., 2013; Mallik and Dasgupta, 2012).
Unlike these works, we used a multi-capsule tech-
nique with Pt-peridotite capsule and water–carbonate
fluid. The peridotite capsule for experiments at
1400°С and 4 GPa was prepared from garnet peridotite
described above. It was filled with a powdered mixture
of tholeiite basalt СТ-1 (~80 wt %), Na2CO3 and
PETROLOGY  Vol. 27  No. 6  2019
K2CO3 (of analytical grade) (~10 wt %), pyrrhotite
(~ 10 wt %), and distilled Н2О (~20 wt % relative to
silicate). Microphotos of the samples after experi-
ments are shown in Fig. 7, while the chemical compo-
sitions of the coexisting phases are shown in Table 4.

Three zones are observed in the transverse section
of the samples after experiment (Fig. 7a): zone of dis-
integrated peridotite capsule (Fig. 7c), reaction zone
at the peridotite–basalt boundary, and basaltic zone
(Fig. 7b) formed by quenching of supercritical f luid–
melt. The basaltic zone consists of fine-grained (up to
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Table 3. Representative composition of coexisting phases at melting of the basalt–Н2О system at Р = 3.7–4.0 GPa,
Т = 1000–1300°С

Phase SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total

T = 1000°C
Grt 37.87 2.89 19.76 0.00 22.96 0.71 6.61 10.38 0.30 0.00 101.48
Cpx-1 52.25 0.33 3.59 0.04 10.34 0.32 12.47 18.95 1.41 0.00 99.72
Cpx-2 51.39 0.55 5.09 0.02 9.48 0.17 11.67 19.80 1.63 0.08 99.88
LSil -1 58.31 0.19 12.91 0.00 0.62 0.03 0.21 1.81 4.94 1.28 80.30
LSil -2 63.14 0.38 15.50 0.00 0.28 0.07 0.19 2.59 5.94 1.45 89.60
Ilm 4.90 46.92 3.23 0.00 38.77 0.38 3.06 1.72 0.17 0.08 99.24

T = 1100°C
Grt-1 38.39 1.02 21.37 0.22 19.30 0.48 7.88 10.36 0.02 0.00 99.04
Grt-2 38.90 1.10 20.59 0.04 19.59 0.65 7.88 10.69 0.21 0.01 99.70
Grt-3 38.40 1.18 21.39 0.05 20.21 0.48 7.78 10.81 0.15 0.02 100.47
Cpx-1 51.20 0.79 1.91 0.00 13.77 0.26 13.33 18.49 0.24 0.00 99.99
Cpx-2 52.76 0.53 4.78 0.13 7.74 0.16 12.42 19.32 1.82 0.00 99.74
LSil 60.03 1.33 15.88 0.00 1.67 0.05 0.20 3.35 4.89 0.77 88.18

T = 1150°C
Cpx-1 45.06 2.72 11.42 0.00 12.11 0.07 8.54 18.05 0.92 0.09 98.99
K-Amp 42.18 2.52 13.09 0.04 15.18 0.21 9.65 10.22 2.62 0.93 96.66
LSil 61.02 0.13 15.9 0.00 0.41 0.00 0.06 4.93 3.68 1.43 87.56

T = 1300°C
Cpx 49.18 2.43 13.87 0.11 7.13 0.02 8.95 19.83 2.30 0.37 104.19
Bt 45.87 2.53 13.28 0.00 7.43 0.20 17.00 8.77 1.09 4.67 100.84
LSil 60.15 0.29 17.72 0.02 0.46 0.00 0.00 1.97 5.60 2.69 88.90

Transitional zone T = 900°C, P = 12 GPa (Okamoto and Maruyama, 2004)
Grt 41.2 1.8 18.4 0.00 16.6 0.00 7.9 14.0 0.5 0.01 100.41
Cpx 56.4 0.76 13.1 0.00 5.12 0.00 7.6 10.1 6.2 0.06 99.34

Table 4. Compositions of the coexisting phases at partial melting in the peridotite–basalt-(Na, K)2CO3–H2O system at
Т = 1400°С, Р = 4 GPa

Phase SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total

Ol 40.23 0.40 0.78 2.36 6.08 0.12 50.20 0.18 0.38 0.04 100.58

K-Amp 41.78 0.85 15.02 0.10 6.56 0.21 14.36 10.87 2.09 1.50 93.37

Cpx 45.82 2.04 11.54 0.18 3.77 0.00 11.97 21.69 0.89 0.10 98.16

Opx 54.29 0.28 4.88 1.03 3.54 0.13 33.33 1.69 0.00 0.00 99.17

Phl 40.67 0.35 14.20 0.37 2.89 0.20 21.92 0.06 1.31 6.65 88.89

LSil-Gl 53.08 0.24 18.60 0.04 0.10 0.12 0.00 0.22 6.81 2.83 82.17

LCb 2.59 0.17 0.72 0.05 0.88 0.48 3.21 42.89 0.89 0.10 52.07
5 μm) silicate and carbonate aggregates, sulfide and
aluminosilicate microglobules. Unlike subcritical
conditions, no silicate glass is formed in the peridotite
capsule under these conditions. The peridotite part of
the sample consists of the isolated relicts and the inter-
growths of olivine, orthopyroxene, and clinopyroxene.
The residual minerals show reaction relations with the
newly formed minerals in sequence orthopyroxene ←
PETROLOGY  Vol. 27  No. 6  2019
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Fig. 7. BSE images of experimental samples in the peridotite–basalt–(K,Na)2CO3–H2O system at 1400°С and 4.0 GPa.
(a) Longwise section of sample capsule, peridotite–basalt contact; (b) basaltic part of sample represented by finely dispersed
mixture of quenched silicate phases; (c) peridotite part of the sample; residual olivine (Ol), orthopyroxene (Opx), clinopyroxene
(Cpx) in association with newly formed clinopyroxene (Cpx), phlogopite (Phl), K-amphibole (K-Amp), carbonate (Cb), and glob-
ules of quench glass (LSil); (d) magnified area in Fig. (c), reaction relations of orthopyroxene (Opx) ← clinopyroxene (Cpx) ←
К-amphibole (K-Amp).
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clinopyroxene ← K-bearing amphibole; among other
phases are quench phlogopite (Phl) and carbonate
(Cb), as well as globules of aluminosilicate glass (Gl).

DISCUSSION

Peridotite–Н2О System

Run products in the peridotite–H2O system are
characterized by the anomalous structure and phase
composition. Their main peculiarity is the absence of
intergranular glass, which caused the disintegration of
samples. The absence of evidence for partial melting
cannot be explained by the fact that experimental tem-
perature was less than solidus temperature, because
PETROLOGY  Vol. 27  No. 6  2019
the solidus of water-saturated peridotite depending on
its composition within 3–6 GPa varies from 800–820
to 1000–1100°С (Till et al., 2012). The similarity of
structure and phase composition of samples within the
range of 1000–1300°С gives grounds to suggest that
the temperature of all these experiments (not only at
Т ≥ 1100°С) corresponded to supersolidus conditions.

It was previously shown (Gorbachev, 2000; Gor-
bachev et al., 2015) that the transition of the silicate–
fluid system from subcritical to supercritical state is
clearly seen from the comparison of structure and
phase composition of samples obtained in experi-
ments in the silicate–fluid system of the same compo-
sition using the same technique at different (subcriti-
cal and supercritical) pressures and temperatures.
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Regardless of experimental technique, samples
obtained by partial melting in dry and hydrous condi-
tions are characterized by monolithic texture, where
silicate glass cements residual silicate and oxide
phases. Quench phases in the glass and globules of
immiscible sulfide or carbonate melts do not change
the monolithic texture of the sample. The anomalous
structure and phase composition of quench samples
within 1000–1300°С can be explained by the existence
of critical relations between silicate melt formed by
partial melting of peridotite and aqueous f luid. The
supercritical liquid dissolved peridotite minerals, and
reaction garnet–clinopyroxene rims were formed
around relicts of olivine–orthopyroxene peridotite.

In experiments at 1000 and 1100°С, olivine is char-
acterized by high Th, U, Nb, Ta, Zr, and REE con-
tents, which exceed those in garnet, clinopyroxene,
and orthopyroxene. This means that the trace-ele-
ment partition coefficients between olivine and super-
critical f luid melt are higher than between garnet, clin-
opyroxene, orthopyroxene and supercritical f luid melt
(L): DOl/L > D(Grt,Cpx,Opx)/L. Partial melting of peridotite
at subcritical pressures show opposite relations: DOl/L <
D(Grt,Cpx,Opx)/L. The absence of such enrichment in
higher temperature (1200 and 1300°С) samples indi-
cates that only near-solidus supercritical liquids are
enriched in trace elements and have high dissolving
and reaction ability, causing trace elements enrich-
ment in olivine.

Available experimental data make it possible to
estimate the minimum pressure of the formation of
supercritical liquids during partial melting of hydrous
peridotite. Some works (Till et al., 2012; Green et al.,
2010; Grove et al., 2006; Kawamoto and Holloway,
1997; Kushiro, 1968; Mysen and Boettcher, 1975)
revealed the absence of critical relations between melts
and aqueous f luid at Р ≤ 3.0 GPa. With allowance for
experimental data by (Gorbachev, 1989, 2000; Gor-
bachev et al., 2015), this indicates that at partial melt-
ing of hydrous peridotite, supercritical liquids exist at
Р ≥ 3.8 GPa within 1000–1300°С. The dissolution of
peridotite minerals and formation of reaction “brec-
cias” of garnet–clinopyroxene composition with rel-
icts of olivine and orthopyroxene were caused by the
interaction of supercritical f luid melts with residual
minerals, while isolated microglobules of silicate glass
are the quench products of this f luid melt.

Figure 8 shows the stability diagram of Fo, En, and
Pyr versus log a(SiO2) and log a(Al2O3) in supercritical
liquid. This diagram was plotted using the concept of
thermodynamic systems with perfectly mobile com-
ponents and rules of constructing the multisystems
with inert and perfectly mobile components (Kor-
zhinskii et al., 1973; Zharikov, 1978). In the SiO2–
Al2O3–MgO system, at inert behavior of MgO and
perfectly mobile behavior of SiO2 and Al2O3, the
chemical potential of which is given by supercritical
liquid, the interaction of the latter with peridotite is
simulated by the following monovariant reactions:

(1)

(2)

(3)

In the diagram (Fig. 8), the coordinates of ternary
point Fo + En + Pyr are determined by equations (1)
and (2), while an equation of monovariant line is
determined by the following reaction:

(4)

Using thermodynamic data (Nicholls et al., 1971;
Nicholls and Carmichael, 1972; Robie and Heming-
way, 1995) on temperature and pressure dependence
logK = ∆G(T, P)/2.3RT for reactions (1) and (2), the
coordinates of ternary point Fo + En + Pyr at
Т = 1500 К, Р = 4 GPa can be calculated as follows:
loga(SiO2)L = –1.13 and loga(Al2O3)L = –0.49. For
true compositions of minerals, these values of
a(SiO2)L and a(Al2O3)L will be true for equilibria (1)
and (2) at ratios of component activities in the right-
hand (reaction products) and left-hand (starting
phases) sides equal 1.

Experimental results indicate that asthenospheric
lenses could exist in the upper mantle f luid-bearing
peridotite at supersolidus temperatures and pressures
≥3.8 GPa. These lenses represent partial melting
regions of peridotite with supercritical liquids enriched
in incompatible elements. They are geochemically
similar to undepleted mantle. At shallower depths,
peridotites shall contain subcritical intergranular
melts depleted in trace elements. The existence of such
zoning will affect the geochemical features of basaltic
magmas generated from peridotites (Fig. 9). Judging
from the composition of mid-ocean ridge (MOR)
basalts generated at depths less than critical pressure,
melting of their sources under subcritical conditions
does not lead to the enrichment in incompatible ele-
ments. Mantle reservoirs with supercritical intergran-
ular liquid could serve as a source of incompatible ele-
ment-rich ocean island basalts and riftogenic subalka-
line basalts of trap provinces.

The vertical and lateral zoning of the Siberian
superplume can explain the geochemical features of
lavas of the Permian–Triassic trap province of the
Siberian Platform. The activation of the Permian–
Triassic (250 Ma) tectonomagmatic activity at the
Siberian Platform under the inf luence of the Siberian
superplume is ascribed to the global-scale cata-
strophic magmatic manifestations. It spanned an
area of 1.5 million km2, while the volume of magmatic
products (lava, tuffs, intrusions) is more than 1 million
km3 (Masaitis, 1983). The trap magmatism began and
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Fig. 8. Dependence of association forsterite (Fo)–enstatite (En)–pyrope (Pyr) on the loga(SiO2) and loga(Al2O3) of supercritical
liquid.

log a(SiO2)

lo
g 

a(
A

l 2
O

3)
Fo

Pyr

En

Fig. 9. Primitive mantle normalized trace element content in the basaltic series of different geodynamic settings. (1) Ocean
islands, (2) continental within-plate settings (Kovalenko et al., 2007), (3) mid-ocean ridges (Bogatikov et al., 2010), (4, 5) traps
of the Siberian platform: (4) Ivakinskaya Formation, (5) Mokulaevskaya Formation (Lightfoot et al., 1990).
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reached peak intensity at the northwestern margin of
the platform, in the Norilsk district (Gorbachev,
2010). A volcanogenic tuff–lava sequence 3.5 km
thick, 45 thou km2 in area, and 152 thou km3 in vol-
ume was formed in this area (Fedorenko, 1981). Its
lower horizons represented by the rift-related Ivak-
inskaya, Syverminskaya, and Gudzikhinskaya forma-
tions are developed only within the Norilsk district.
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The lavas are represented by high-Ti basalts enriched
in incompatible elements. Geochemically, they are
similar to ocean-island basalts (Lightfoot et al., 1990),
which testifies to an enriched plume source with inter-
granular supercritical liquids. With ascent and propa-
gation of plume head in a diffuse spreading setting,
volcanism was developed over the entire area of the
trap province (Putorana Plateau and Tungusskaya
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syneclise). These conditions provided the generation
of low-Ti MOR basalts. Their formation depths corre-
sponded to subcritical pressures.

Supercritical liquids caused secondary enrichment,
“refertilization” of depleted harzburgite or dunite
residuals with trace and incompatible elements
(“cryptic” metasomatism), and the replacement of
olivine–orthopyroxene association by newly formed
garnet and clinopyroxene (“modal” metasomatism).
Disintegration of f luid-bearing mantle peridotite pro-
tolith at supercritical pressures could lead to the for-
mation of tectonically weakened zones, which served
as f luid pathways.

Basalt–Н2О System

In the basalt–Н2О system, the solidus and liquids
temperatures are more than 1000°С and 1300°С,
respectively. The Na2О-rich (up to 6 wt %) silicate
melts of trachybasaltic composition were formed
within the entire temperature interval. The disinte-
grated texture of sample and the absence of silicate
glass at 1000°С and 3.7 GPa indicate critical relations
between melt and aqueous f luid. This results in the
formation of supercritical highly reactive alkaline liq-
uid, which caused the enrichment of garnet in tita-
nium, the replacement of garnet by clinopyroxene,
and the formation of ilmenite. The residue has a gar-
netite composition. The supercritical liquid interacts
with the garnet crystals to cause a local melting with
formation of alkali melt, which formed a glass at the
contact with garnet during quenching. With increase
of temperature from 1100°С to 1300°С and pressure
from 3.8 to 4 GPa, the critical relations are absent,
while eclogite experienced partial melting with forma-
tion of Na-alkaline silicate melt coexisting with garne-
tite at 1100°С. At 1150°С and 1300°С, garnet disap-
pears, while Na-alkaline silicate melt coexists with
clinopyroxene.

Thus, partial melting of hydrous basalt leads to the
formation of supercritical liquid at 1000°С and 3.7 GPa.
This process results in the formation of garnet with
elevated (>10 mol %) content of schorlomite end-
member Ca3Ti2(Si,Fe)3O12 corresponding to isomor-
phism 2Al + Si ← 2Ti + Fe. A transition of eclogite
into garnetite observed in the experiments during par-
tial melting of the basalt–Н2О system at upper mantle
Р-Т conditions indicates the possible formation of
garnetites in the upper mantle through the interaction
of subcritical and supercritical hydrous melts with
residual minerals. The experiments demonstrate that
the upper mantle garnetites differ from garnetites of
the mantle transition zone, where eclogite to garnetite
transition is related to increasing solubility of clinopy-
roxene component in garnet with formation of
majorite garnet through isomorphic replacement
2Al ← Mg + Si (Collerson et al., 2000; Collerson
et al., 2010; Gasparik, 1989). The comparison of gar-
nets from experiments in the basalt–Н2О system at
3.7–3.9 GPa and 1000–1100°С and garnets from the
transition zone at 12 GPa and 900°С (Okamoto and
Maruyama, 2004) shows that the garnets from the
transition zone as compared to the upper mantle gar-
nets are enriched in Si, Ti, Ca, depleted in Al, Fe, and
have similar proportions of Mg and Na.

Peridotite–Basalt–(K,Na)2CO3-H2O System
At experimental Р-Т conditions, critical relations

were reached between carbonated silicate melt and
fluid. This follows from structural features and phase
composition of samples: the disintegration of peridot-
ite capsule and the absence of intergranular silicate
glass in it. After experiment, the peridotite capsule
filled with a mixture of basalt and carbonates con-
sisted of a pressed mixture of micron-sized silicate and
carbonate particles, which were formed at quenching
of supercritical liquid. Reaction relations in residue
with replacements of olivine←orthopyroxene←clino-
pyroxene←potassium-bearing amphibole-type are
caused by the interaction of peridotite with supercriti-
cal liquid. The wide development of reaction relations
among residual peridotite minerals indicates the high
chemical activity of the latter. The composition of
supercritical liquid is characterized by the presence of
phlogopite and globules of aluminosilicate glass and
carbonate. Melting of supercritical mantle reservoir
with subducted oceanic protolith at pressures and
temperatures exceeding critical values should be
accompanied by decompaction of the protolith owing
to peridotite disintegration.

The structural features and phase composition of
samples under supercritical conditions suggest a zoned
structure of reservoirs with subducted oceanic proto-
liths: the outer zone represented by disintegrated harz-
burgite or dunite residue, which was metasomatically
altered by supercritical liquid and experienced “refer-
tilization” owing to the formation of new minerals,
and the inner zone consisting of isolated lenses of
supercritical liquid.

CONCLUSIONS
At supercritical Р-Т parameters, the regions of par-

tial melting (asthenospheric lenses) exist in the f luid-
bearing upper mantle. They contain near-solidus
incompatible elements-enriched supercritical liquids,
which possess high extracting and reactive ability.
Mantle reservoirs with supercritical liquids are geo-
chemically similar to enriched mantle and could serve
as a source of incompatible element-enriched ocean-
island basalts and riftogenic subalkaline basalts of trap
provinces. Disintegration of f luid-bearing mantle per-
idotite protolith at supercritical pressures could lead to
the formation of tectonically weakened zones, which
served as pathways for f luids and upper mantle
plumes.
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The modal and cryptic metasomatism of the upper
mantle under the influence of supercritical liquids
leads to the refertilization of depleted harzburgite or
dunite residue, with enrichment of residual minerals
in trace and incompatible elements, replacement of
peridotite olivine–orthopyroxene assemblage by
newly formed garnet–clinopyroxene one. Eclogitiza-
tion of peridotite during interaction with supercritical
liquids could serve as an efficient mechanism of over-
coming the “eclogite” barrier. This effect could also
explain also the coexistence of peridotite and eclogite
mineral assemblages in mantle xenoliths and inclu-
sions in diamonds (Wang, 1998; Sobolev, 1974). The
interaction of subcritical and supercritical f luid-bear-
ing melts with residual minerals at partial melting of
eclogites provides the eclogite to garnetite transition at
upper mantle Р-Т conditions.
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