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The determination of ancient ages of zircons in dunites from the orogenic regions and central-type platform massifs raised a
number of issues: 1) the equilibrium of zircon with dunite material and, as a result, the possibility of determining the age of
dunite using zircon; 2) polychronic zircons in dunites and the mechanism for the formation of zoned zircon crystals; 3) the
origin of the oldest dunite material dated at more than 2500 Ma; 4) mechanism for the formation of zoned zircon crystals
in dunite. The article presents results of studying phase equilibrium in the system MgO-SiO,—ZrO,, which confirmed the
possibility of zircon crystallisation in equilibrium with olivine and pyroxene. It was found that zircon is stable in dunite up
to 1450°C, whereas at higher temperatures zircon is replaced by baddeleyite. It is shown that zoned zircon crystals can be
formed in dunite as a result of the gradual transformation of zircon into baddeleyite and vice versa. Drawing on the experi-
mental data, the authors proposed a mechanism for the accumulation of dunite material in the form of restite, which forms
during the partial melting of mantle peridotite, as well as the possible way for dunite resitite to raise to the surface in the
form of diapir. The difference between the Ural alpine-type ultrabasites and the ultrabasites of the Platiniferous Belt is dis-

cussed. It is proposed that the alpine-type ultrabasite occur closer to the surface where they actively interact with water.
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INTRODUCTION

Ultrabasite formations are the main components
of Earth’s orogenic systems. In addition, they consti-
tute the earliest intrusive formations showing the initial
stage in the development of linear tectonic-magmatic
systems [Kuznetsov, 1964; Pinus et al., 1973; Velin-
skii, 1979]. However, despite a long history of study-
ing ultrabasite massifs, their genesis is still debatable
[Kuznetsov, 1964; Pinus et al., 1973; Pushkarev, Fer-
stater, 1995; Ivanov, 1997; Efimov, 2010; Malitch et
al., 2012]. The most problematic issues associated with
ultrabasite formations are as follows: how and where
ultrabasic material accumulated, its state of matter up-
on introduction into the upper levels of the Earth’s
crust, as well as the mechanism of its introduction. The
following views on the genesis of ultrabasites are ex-
pressed in the literature [Velinskii, 1979].

1. According to the first view, ultrabasites were
formed through the introduction and crystallisation of
ultrabasic melt or the crystallisation differentiation of
basaltic magma in magmatic chambers. It is believed
that the ultrabasic melt was formed during the melt-
ing of the upper mantle substance. A high (more than
1500°C) temperature of the ultrabasite melt [Hiroshi,
Kushiro, 1993] is not consistent with the chill margins
of ultrabasite massifs, as well as with the absence of
evidence of the effect of this temperature on the host
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rocks [Kuznetsov, 1964; Pinus et al., 1973]. In addi-
tion, ultrabasite melt heated to this temperature cannot
reach the surface without assimilating the material of
the surrounding rocks and thus changing its composi-
tion. Despite these contradictions, this view continues
to be discussed in the literature [Ivanov, 1997; Salty-
kov et al., 2008; Simonov et al., 2011].

2. According to the second view, the variety of rocks
in the ultrabasite formation is explained by metasomat-
ic processes in the rocks of the upper mantle [Moska-
leva, 1959]. The research work of V. Velinskii [1979]
and A. Efimova [1995] showed that metasomatism is
widespread in ultrabasite massifs; however, being su-
perimposed, it cannot be involved in the formation of
primary rocks of ultrabasite massifs.

3. The third view, which considers refractory resi-
due formed from the upper mantle material during the
production of basalt melt to be the source of ultraba-
sites, in our opinion, is the most justified [Pinus et al.,
1973; Velinskii, 1979].

GEOLOGICAL STRUCTURE
OF ULTRABASITE MASSIFS

One of the most comprehensive works on the study
of ultrabasites is the monograph by V. Velinskii [1979],
which describes in detail the geological structure and
petrography of alpine-type ultrabasite massifs of the
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Cenozoic Kamchatka-Koryak orogenic region. Due to
young age, these massifs have preserved many struc-
tural features that cannot be observed in more ancient
orogenic zones where they were erased or deformed by
superimposed processes. Studies conducted by V. Ve-
linskii allow us to draw the following conclusions.

1. Ultrabasite massifs are commonly associated
with the formations of orogenic systems in their early
stage of development, represented by siliceous-volca-
nogenic deposits.

2. Ultrabasites are predominantly shaped as plates
or lenses of various thickness, occurring concordant-
ly within the host rocks. Most often they are introduced
into the central parts of anticlinal structures. The po-
sition of bodies is determined by the dip angle of the
fault, which they are associated with.

3. Well exposed contacts of ultrabasites with host
rocks possess a pronounced tectonic character.

4. Eclogite-like garnet-containing rocks were found
in the axial part of a number of elongated lentoid ultra-
basites.

5. Gabbroid outcrops are associated with all large
ultrabasite massifs. Plagiogranite intrusions are also
associated with ultrabasites and gabbroids. Gabbro in-
trusions break through and metamorphose ultrabasic
rocks.

A number of important conclusions made drawing
on the study of the geological structure of the ultraba-
site massifs of the Ural Platiniferous Belt are given in a
review paper by A. Efimova [2010].

1. The internal structure of large ultrabasite massifs
was formed in the course of high-temperature plastic
flow and dynamic metamorphism, which led to the for-
mation of huge volumes of hot tectonites around ultra-
basites.

2. The clearly manifested metamorphism of the
granulite and amphibolite facies is confined to the con-
tours of the massifs, being absent outside of them.

3. Tectonic-metamorphic evolution (not generation)
of the initial ultrabasite material from the Platiniferous
Belt could take place in a zone whose depth did not ex-
ceed 25 km (about 10-15 km).

4. Dunites are always surrounded by a pyroxenite
shell and never come into contact with gabbro.

AGE OF ULTRABASITE MATERIAL

The age of the material composing ultrabasite mas-
sifs constitutes one of the most important characteris-
tics exhibited by ultrabasites, the issue of whose gene-
sis is impossible to solve without its determination. In
recent years, absolute age has been determined for a
number of dunites through U-Pb dating of zircon crys-
tals. This was made possible by using SHRIMP-II —
a secondary ion mass spectrometer [Ireland, Williams,
2003]. The results of these studies were quite unexpect-
ed. Firstly, it was found that zircons in dunites are poly-
chronic and their age in the same massif can vary from
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140 to 2400-2850 Ma. Secondly, ancient zircons dat-
ed at 2850-2400 Ma were discovered in the five stud-
ied massifs: the Kytlym and Nizhny Tagil massifs in
the Urals, the Kondyor and Inagli massifs in the Aldan
Province), as well as the Galmoenansky Massif (South
Koryakia), [Bea at al., 2001; Knaupf, 2009; Malitch et
al., 2009; Krasnobaev et al., 2011; Anikina et al., 2012;
Malitch et al., 2012; Ibragimova et al., 2015] (Fig. 1).

Ancient zircons dated up to 3000 Ma are also found
in the gabbro-ultrabasite complex of the Mid-Atlantic
Ridge [Bortnikov et al., 2008; Shulyatin et al., 2012;
Simonov et al., 2013]. This indicates that 3.0-2.5 Ga
ago dunites accumulated in the upper mantle or at the
base of the lithosphere, which served as material for the
formation of ultrabasite massifs of the orogenic system
during subsequent activation. The obtained results al-
so indicate that before being introduced into the up-
per layers of the Earth’s crust ultrabasite material un-
derwent a long evolution, which was accompanied by
the resetting of the U-Pb zircon chronometer. These re-
sults can be considered as a fundamental contribution
to studying the history of Earth’s geological develop-
ment, if we prove that zircons in dunites are not xe-
nogenic, engulfed by dunites from other, more acidic
rocks, and the ages of zircons correspond to real events
that took place during the formation and evolution of
dunite materials.

It is traditionally believed that zircon is a miner-
al present in acidic rocks and that it is unstable if sur-
rounded by dunite material. For this reason, a number
of researchers consider zircons in dunites as foreign
material engulfed by dunite from host rocks or hypo-
thetical acidic magmas in the process of its formation
and introduction [Bea at al., 2001; Bortnikov et al.,
2008; Malitch et al., 2012]. Thus, the xenogenicity of
zircons in dunite requires a more detailed discussion.
Clearly, xenogenic zircon crystals must be present in

Fig. 1. Absolute ages of zircons from the Nizhny
Tagil and Kytlym massifs (Urals) and the Kondyor
Massif (Aldan Shield).
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dunite as part of rock fragments enveloped by dunite,
whose composition is different from that of dunite. The
sampling of dunite material from Ural ultrabasite mas-
sifs to determine the absolute age revealed no materi-
al other than dunite in all the massifs. Figures 2 and 3
show the photographs of zircon crystals from the dun-
ite of the Kytlym Massif. Obviously, if these crystals
originate from more acidic rocks and are not in equilib-
rium with dunite, then they must undergo intense cor-
rosion. However, the beautiful faceting of crystals and
the brilliant lustre of facets are not consistent with the
assumption about their xenogenic nature.

The host rocks of the Kondyor ultrabasite mas-
sif in the Aldan Province are composed by Middle
Riphean sedimentary rocks and Early Archean meta-
morphic rocks, whereas the youngest zircons in dun-
ites are dated at 140—180 Ma old [Malitch et al., 2012].

Fig. 2. Zircon crystals from dunites of the Kytlym
Massif (Northern Urals).

Fig. 3. A zircon crystal from the dunite of the Kytlym
Massif, a backscattered electron image.

This brings up the question, where and from which
rocks dunite could engulf zircons of this age. There is
a point of view that ancient zircons were engulfed by
the mantle melt from the rocks of the continental crust,
which descended into the mantle during paleosubduc-
tion [Bea at al., 2001]; however, according to O. Shu-
lyatin et al. [2012], it is completely incomprehensible
how isotopic geochronological data could be stored in
zircon crystals at temperatures of 1500—-1600°C. In ad-
dition, it is difficult to explain why xenogenic zircons
dated at more than 2.5 Ga are present in all the stud-
ied massifs located in different tectonomagmatic pro-
vinces.

PHASE EQUILIBRIA IN THE SYSTEM
MgO-ZrO,-SiO,

The issue associated with the equilibrium between
zircon and dunite, which largely determines the cor-
rectness of ages yielded by zircons, can only be solved
experimentally drawing on the study of phase equi-
libria in the system MgO-SiO,~ZrO,, which is the ba-
sis for determining the stability field of zircon in equi-
librium with olivine and pyroxene.

The reference literature [Toropov et al., 1969]
gives a diagram showing phase equilibria in the sys-
tem MgO-SiO,~ZrO, (Fig. 4); however, its correctness
raises serious doubts. The area of zircon crystallisation
forms a closed field inside the diagram. The position
of this area suggests the presence of the ternary com-
pound mMgO-nZrO,—qSiO, — which is absent in this
system — rather than zircon. The SiO,~ZrO, side of the
diagram is adjacent to the area of two liquids, which

Fig. 4. Diagram of phase equilibria in the system
MgO-ZrO,-SiO, [Toropov et al., 1969].
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is absent in the binary diagram of SiO,~ZrO, [Torop-
ov et al., 1969]. This was the basis for the experimental
verification of the diagram of the system MgO-SiO,—
ZrO, and for the determination of the real area of zir-
con crystallisation in equilibrium with Mg,SiO,, Mg-
SiO;, and Si0O,. The experiment results were published
in [Ryzhkov et al., 2016].

The diagram showing the phase equilibria that we
obtained is shown in Figure 5. This diagram contains
6 fields: T — MgSiO; + SiO,; I = MgSiO; + ZrO,; 111 -
ZrSio, + SiO,; IV — MgSiO; + Mg,SiO,; V - ZrO, +
+ MgO; VI - ZrSiO, + ZrO,. The four upper fields, es-
pecially fields II and IV, are of interest for solving the
issue associated with the stability of zircon in dunite. In
field II, zircon is in equilibrium with pyroxene. Along
the line separating fields II and IV, zircon is stable in
the presence of pyroxene and olivine. With an increase

in the MgO content and a compositional transition of
the system into field IV, olivine interacts with zircon
forming baddeleyite:

ZrSio, + Mg,SiO, = ZrO, + 2MgSiO,. (1)

Reaction (1) exhibits two important features: 1) the
change in free energy in the reaction at a temperature
of 1400-1500°C, calculated according to the data gi-
ven in [Robie at al., 1978], is close to zero; 2) total mo-
lar volumes of phases in the left and right sides of the
equation are equal. Given these features, the equilibri-
um (1) will depend only on the composition of the sys-
tem. At point P, baddeleyite appears on the liquidus
curve (see Fig. 5). The presence of field II in the dia-
gram solves one of the most important issues — the pos-
sibility of zircon crystallisation in dunite at a very low
concentration of ZrO..

Fig. 5. Diagram of phase equilibria in the system MgO-ZrO,—SiO, (experimental data).
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The formation of baddeleyite in zircon should be
considered as acid-base interaction. In this process,
a strong base (MgO) takes silica from a weak base
(Zr0O,). In accordance with the principle of acid-base
interaction, baddeleyite rims around zircon grains ap-
pear during the interaction of zircon with olivine, as
well as upon introduction of any strong base into the
system (for example, CaO in the form of CaCOs). Such
processes are observed in rodingites and kimberlites
[Corfu et al., 2003; Mitsyuk et al., 2005; Kuznetsov,
Mukatova, 2013]. Conversely, in komatiite rock series
zircon replaces baddeleyite [Kulikova et al., 2010].

In addition to studying phase equilibria in the sys-
tem MgO-SiO,~ZrO,, a series of experiments was car-
ried out to test the stability of zircon in natural dun-
ite. Olivine powder selected from dunite was used as
model dunite material [Anfilogov et al., 2015]. It was
found that at temperatures above 1450°C a rim (an ag-
gregate of baddeleyite and pyroxene) is formed around
the zircon grain (Fig. 6). Note that the model composi-
tion of the mixture in the experiments was in field IV
(see Fig. 5). Therefore, the interaction of olivine with
zircon led to the formation of baddeleyite and pyrox-
ene according to reaction (1). Thus, experiments have
shown that zircon remains unchanged in dunite when
heated to 1400°C. The results of above-mentioned ex-
perimental studies suggest that the absolute age deter-
minations made using zircon reflect the time of real
events occurring during the formation and transforma-
tion of dunite material.

The second issue associated with determining the
age of ultrabasites consists in the need to explain the

Fig. 6. Rim of baddeleyite lamellae (white) in zircon
grain (grey). T = 1550°C.

mechanism for the formation of zircon generations and
zoned zircon crystal in dunite yielding different ages.
At the initial stage, when dunite material is generated
in the mantle as refractory restite, zoned zircon crys-
tals can form during their growth in the melt; howev-
er ultrabasite massifs show several ages, each corre-
sponding to its own generation of zircon crystals or a
new zone in a zoned crystal. The problem is that these
generations, zones, are formed in solid dunite materi-
al, where the introduction of ZrO, from the outside is
impossible.

New zircon generations are most likely to form in
solid dunite if zircon transforms into baddeleyite and
vice versa, which occurs according to reaction (1) [An-
filogov et al., 2017]. Given that the concentration of
ZrQ, in solid dunite is constant, the composition of the
equilibrium association, which is formed in the course
this reaction, will depend only on the concentrations of
MgO and SiO; in the system.

Baddeleyite rims in zircon grains were found in the
zircons of the Kondyor Massif [Ronkin et al., 2013].
The replacement of baddeleyite with zircon was estab-
lished by A. Davidson and O. van Breemen [1998] in
the Greville metagabbro province (Ontario). The zir-
con, which replaced baddeleyite, was found to be 75
million years younger than baddeleyite.

POSSIBLE MECHANISM UNDERLYING
THE FORMATION AND EVOLUTION
OF DUNITE MATERIAL

The distribution of zircon ages in ultrabasite mas-
sifs (see Fig. 1) allows us to distinguish three stages of
their evolution:

1) 3000-2400 Ma — formation and accumulation of
dunite in the area of basalt melt production;

2) 2000-1250 Ma — metamorphism of dunite in
deep intermediate foci;

3) 500-150 Ma - the introduction of dunite as part
of ultrabasites into the upper layers of the Earth’s
crust. For Ural ultrabasites, the last stage dated at 430—
450 Ma corresponds to the early stages in the formation
of the Ural orogenic system.

The first stage is of greatest interest. If we proceed
from the model according to which ultrabasite materi-
al constitutes restite accumulated during the production
of basalt melt from the mantle peridotite, then the inter-
val 3000-2400 Ma should correspond to the time when
powerful outflows of basalts took place. This period of
Earth’s geological history was marked by the forma-
tion of granite-greenstone belts, which indeed contain
large volumes of volcanites of the basic and ultrabasic
composition [Glikson, 1980]. The age interval during
which these belts were formed is shown in Fig. 7.

Using the restite model to describe the formation
and accumulation of dunite, it is necessary to consider
at what depth and under what P-T conditions dunite
restite is formed. Given that the geothermal gradient
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Fig. 7. Formation time of granite-greenstone belts
[Glikson, 1980].

1 — sedimentary rocks, 2 — basic-acidic volcanites, 3 — ultra-
basic-basic volcanites, 4 — formation of granites.

was significantly higher during the formation of gran-
ite-greenstone belts than the modern one [Savel’eva
et al., 2013], it can be assumed that the basalt melt
was produced from the mantle peridotite at a depth of
not more than 60 km and at a pressure of P <2 GPa.
A fragment of the diagram showing the melting of spi-
nel lherzolite KLB-1 can be seen in Figure 8 [Taka-
hashi, 1986]. The solidus temperature of lherzolite
at a depth of 60 km and at a pressure of 1.9 GPa is
1400°C. At a temperature of 1460°C, clinopyroxene
passes into the melt; olivine and orthopyroxene accu-
mulate in restite. Further changes in the composition
of the melt and restite occur according to the follow-
ing scheme. At temperatures above 1300°C, spinel
lherzolite becomes ductile. The shear stress in it de-
creases from 5 kbar at 1000°C and to 0.5 kbar at a tem-
perature of more than 1300°C [Carter, Ave’Lallement
1970; Anfilogov, Khachai, 2007]. The emergence of
melt in lherzolite reduces shear stress by an order of
magnitude. This creates conditions for the rise of par-
tially molten lherzolite in the form of diapir. When
the diapir is rising, the degree of its melting increa-
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Fig. 8. Fragment of the diagram showing the melting
of peridotite at a pressure of up to 2 GPa [Takahashi,
1986].

Sol — solidus line, Cpx — melting of clinopyroxene, Opx —
melting of orthopyroxene, Ol — transition to olivine melt;
point 1 — P-T conditions for the melting of peridotite at
a depth of 60 km, point 2 — P-T conditions at a depth of
40 km. The arrow indicates the change in the restite com-
position associated with the isothermal rise of diapir from a
depth of 60 km to a depth of 40 km.

ses and the melting temperature of pyroxene decrea-
ses due to a decrease in pressure. At a depth of 40 km
pyroxene melts at a temperature of 1450°C. Only oli-
vine remains in restite, with restite acquiring dunite
composition (see Fig. 8). Moreover, the melt fraction
in diapir reaches 40% [Takahashi, 1986]. During the
movement of diapir, the basalt melt is separated from
restite, with the latter, due to its high density, accu-
mulating in the form of a dunite layer at the base of
the lithosphere at a depth of 30-40 km. The question
arises about the source of ancient zircons in dunite.
The most likely source of zircon crystals is mantle
peridotite, whose partial melting results in the forma-
tion of dunite restite. The possible existence of zir-
con in mantle peridotite, which was generated du-
ring the Earth’s formation, is confirmed by the pre-
sence of zircon in meteorite material [Lizuka et al.,
2015], finds of zircon crystals in kimberlites [Mitsyuk
et al., 2005] and xenoliths of mantle peridotites [Sa-
lop, 1982]. In the course of partial melting of perido-
tite, zircon crystals remain in ultrabasite restite and
thus get into dunite.
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With the subsequent activation of the magmatic
process, dunite in the form of diapir can be pushed to
the surface. Clearly, there are two ways to bring dunite
to the surface. One of them is realised during the forma-
tion of small concentrically zoned massifs such as the
Kondyor and Inagli massifs. The rise and introduction
of dunite material in these massifs occurred simultane-
ously with the manifestations of alkaline magmatism
represented by alkaline gabbroids, syenites and carbon-
atites [Karetnikov, 2006; Malitch et al., 2012; Ibrag-
imova et al., 2015]. The formation of these rocks in-
volves the active participation of volatile components,
including water. The introduction of dunite could be
preceded by its partial serpentinisation, which led to
a sharp decrease in shear stress and contributed to the
formation of a small ductile diapir. A similar mecha-
nism for the formation of the Kondyor Massif was pro-
posed in [Burg at al., 2009].

A different mechanism was active upon the intro-
duction of large alpine-type massifs and massifs of the
Ural Platiniferous Belt. These massifs were formed
under the conditions of the Earth’s crust stretching
caused by the emergence of foci of the partial melt-
ing of mantle peridotite at a depth of about 100 km.
The melting was accompanied by a pressure increase,
which led to the formation of a stretch region and a
dome-shaped elevation on the surface above the melt-
ing zone [Anfilogov, Khachai, 2007]. If there was a
layer of dunite restite directly above the melting zone,
accumulated during the previous magmatic activa-
tion, then as a result of heating and increasing plas-
ticity, the dunite material will be extruded to the sur-
face in the form of a large diapir. When the diapir is
raising, a situation may arise when the excess pres-
sure acting on the diapir is balanced by the lithostatic
pressure. In this situation, a dunite diapir can change
the direction of movement from vertical to horizon-
tal. As a result, a horizontally occurring ultrabasite
body will be formed. Such a transition from the verti-
cal to the horizontal direction of movement has been
established for the Kimpersay Massif (South Ural)
[Savel’ev et al., 2008].

The rise of dunite diapir to the surface will precede
the rise of basalt melt forming in the melting zone.
Eventually, an age-related relationship between dunite
and gabbro develops, which is characteristic of ultra-
basite massifs: the age of gabbro associated with ultra-
basites is several million years younger than that of ul-
trabasite.

In conclusion, it is necessary to consider the fun-
damental differences between alpine-type ultrabasites
and ultrabasites from the Platiniferous Belt and cen-
tral-type massifs. Research conducted by G. Pinus,
E. Velinskii and et al. [Pinus et al., 1973] showed that
for them, as well as for other ultrabasites, the ‘restite’
mechanism underlying the accumulation of ultrabasic
material is the most justified one. The distribution of
U-Pb zircon age turned out to be essentially the same.

All types of ultrabasites contain ancient zircons yield-
ing an age of more than 2500 Ma. The comparison of
U-Pb ages, petrography, petrochemistry and geochem-
istry of rare elements born by alpine-type Ural ultra-
basites with the ultrabasites of the Platiniferous Belt
revealed no fundamental differences between them as
well [Chashchukhin et al., 2007; Savel’ev et al., 2008].
The only significant characteristics of alpine-type ul-
trabasites from the Urals that distinguish them from
the ultrabasites of the Platiniferous Belt are a high de-
gree of serpentinisation and chromite content [Cha-
shchukhin et al., 2007; Savel’ev et al., 2008].

These differences can be explained if we assume
that upon introduction, the material of alpine-type ul-
trabasites rises closer to the surface than the ultraba-
sites of the Platiniferous Belt. As a result, it finds itself
in the area of active pore fluid flow, which occurs in
thermal fields around magmatic bodies [Lykov, 1954;
Kadik, Stupakov, 1970; Anfilogov, Purtov, 1976; An-
filogov, 2010]. The interaction of intruded hot ultraba-
sites with the pore fluid will lead to their intense ser-
pentinisation, redistribution of chromium and its con-
centration in the form of ore bodies.

Important results were obtained when determining
the U-Pb age of zircons taken from the chromite-en-
riched dunite of the Voykar—Synya Massif in the Po-
lar Urals [Savel’eva et al., 2013]. Five age groups of
zircons have been established: 1) 2565 Ma, 2) 2304—
2363 Ma, 3) 1873-2038 Ma, 4) 480-552 Ma, 5) zir-
cons younger than 350 Ma. This indicates that the dun-
ite material of chromite-bearing alpine-type ultraba-
sites underwent the same evolutionary stages as the
massifs of the Platiniferous Belt and central-type plat-
form massifs, with the differences between them aris-
ing after their introduction into the host rocks rather
than in the mantle.

CONCLUSIONS

1. The studying of phase equilibria in the system
MgO-SiO,~ZrO, revealed that zircon can crystallise in
equilibrium with pyroxene and olivine. This suggests
that the U-Pb age of zircon in dunite determines the
time when dunite material was formed and its subse-
guent evolution.

2. The distribution of zircon ages in ultrabasite mas-
sifs helps to distinguish three stages of their evolution:
1) 3000-2400 Ma — formation and accumulation of
dunite material; 2) 2000-1250 Ma — metamorphism of
dunite material in intermediate foci; 3) 500-150 Ma —
the time of dunite introduction (established for differ-
ent massifs) into the upper levels of the Earth’s crust.

3. Drawing on the experimental data about the melt-
ing of garnet lherzolite, a mechanism is proposed for
the formation of dunite material during the partial melt-
ing of mantle peridotite, its accumulation in the melting
zone and subsequent displacement into the upper layers
of the crust in the form of diapirs.
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4. We examined the conditions leading to the for-
mation of alpine-type ultrabasites, which explain their
differences from the ultrabasites of the Ural Platinifer-
ous Belt.

The work was supported by the UB RAS program
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REFERENCES

Anfilogov V.N. (2010) Origin of andesite and rhyolite of
complementary magma series. Litosfera, (1), 37-46. (In
Russian)

Anfilogov V.N., Khachai Yu.V. (2000) Hydroextrusion is a
possible mechanism for the movement of diapirs, domes
and mantle plumes. Geokhimiya, (8), 873-878. (In Rus-
sian)

Anfilogov V.N., Khachai Yu.V. (2007) Superplumes: tec-
tonics, magmatism, metamorphism. “Geodinamika
formirovaniya podvizhnykh pojasov zemli”. Materialy
Mezhdunar. konferentsii [“Geodynamics of the forma-
tion of mobile belts of the earth”. Materials of the Intern.
conf.]. Ekaterinburg, IGG, UB of RAS, 6-9. (In Russian)

Anfilogov V.N., Krasnobaev A.A., Ryzhkov V.M., Vali-
zer P.M. (2017) Replacement of zircon with baddeley-
ite as a likely mechanism of the formation of zoned zir-
con crystals in ultrabasic rocks. Dokl. Earth Sci., 475(2),
946-948.

Anfilogov V.N., Purtov V.K. (1976) Mechanism of interac-
tion of pore solutions with magmatic bodies. Geokhimi-
ya, (9), 1400-1403. (In Russian)

Anfilogov V.N., Ryzhkov V.M., Blinov I.A., Krasnoba-
ev A.A., Kabanova L.Y., Valizer P.M. (2015) Stabili-
ty of zircon in dunite at 1400-1550°C. Dokl. Earth Sci.,
464(1), 963-966.

Anikina E.V., Krasnobaev A.A., Rusin A.I., Busharina S.V.,
Kapitonov I.N., Lokhov K.I. (2012) Isotope-geochemi-
cal characteristics of zircon from dunites, clinopyroxe-
nites and gabbro Platinum belt of the Urals. Dokl. Akad.
Nauk, 443(6), 711-715. (In Russian)

Bea F., Fershtater G.B., Montero P., Whitehous M., Levin
V.Ya., Scarrow J.H., Austrheim H., Pushkariev E.V.
(2001) Recicling of continental crust into mantle as re-
vealed by Kytlym dunite zircons, Ural. Terra Nova,
13(6), 407-412.

Bortnikov N.S., Sharkov E.V., Bogatikov O.A., Zinger T.F.,
Lepekhina E.N., Antonov A.V., Sergeev S.A. (2008)
Finds of young and ancient zircons in gabbroids of the
Markov deep, mid-atlantic ridge, 5°54'-5°02.2' N (results
of SHRIMP-II U-PB dating): implication for deep geo-
dynamics of modern oceans. Dokl. Earth Sci., 421(1),
859-866.

Burg J.P., Bodiner J.L., Gerya T., Bedini R.M., Boudier F.,
Daurtria J.M., Prikhodko V., Efimov A., Pupier E., Bala-
nec J.L. (2009) Translithospheric mantle diapirism. Geo-
logical evidence and numerical modeling of the Kondyor
ultramafic complex (Russian Far-East). J. Petrol., 50(2),
289-321.

Carter N.L., Ave’Lallement H.G. (1970) High temperature
flow of dunite and periditite. Geol. Soc. Amer. Bull., 81,
2181-2202.

Chashchukhin 1.S., Votyakov S.L, Shchapova Yu.V. (2007)
Kristallokhimiya khromshpineli i oksitermobarometriya

LITHOSPHERE (RUSSIA) volume 18 No.5A 2018

ul’tramafitov skladchatykh oblastei [Crystallochemistry
of chrome spinels and oximetromobarometry of ultrama-
fites of folded regions]. Ekaterinburg, 310 p. (In Russian)

Corfu F., Hanchar J.M., Hoskin P.W.O., Kinny P. (2003) At-
las of zircon texture. Rev. Mineral. Geochim., 53, 469-
500.

Davidson A., van Breemen O. (1998) Baddeleite-zircon re-
lationship in coronic metagabbro, greville province, On-
tario: implication for geochronology. Contrib. Mineral.
Petrol., 100, 291-299.

Efimov A.A. (1995) High-temperature aqueous metamor-
phism in the Platiniferous Belt of the Urals: Tectonic re-
gime and metamorphic reactions. Aktual’nye problemy
magmaticheskoi geologii, petrologii i rudoobrazovani-
ya [Actual problems of magmatic geology, petrology and
ore formation]. Ekaterinburg, Uralgeolkom, IGG UB
RAS, 150-156. (In Russian)

Efimov A.A. (2010) Results of a 100-year study of the Pla-
tinum Belt of the Urals. Litosfera, (5), 134-153. (In Rus-
sian)

Glikson A. (1980) Stratigraphy and evolution of primary and
secondary greenstone complexes; data on the shields of
the southern hemisphere. Rannyaya istoriya Zemli [Ear-
ly history of the Earth]. Moscow, Mir Publ., 264-285. (In
Russian)

Heuman L.M., LeCheminant A.N. (1993) Paragenesis and
U-Pb systemstic of baddeleyite (ZrO,). Chem. Geol.,
110, 95-126.

Hiroshi K., Kushiro I. (1993) Partial melting of dry perido-
tite at high pressure: Determination of composition of
melts segregated from peridotite using aggregates of dia-
monds. Earth Planet. Sci. Lett., 114, 477-489.

Ibragimova E.K., Rad’kov A.V., Molchanov A.V., Shato-
va N.V., Shatov V.V., Lepekhina E.N., Antonov A.V.,
Tolmacheva E.V., Solov’ev O.L., Terekhov A.V.,
Khorokhorina E.I. (2015) The results of U-Pb (SHRIMP
1) dating of zircons from dunites of Inagli massif (Aldan
Shield) and the problem of the genesis of concentrically
zoned complexes. Regional. Geol. Metallogeny, (62), 64-
78. (In Russian)

Ireland T.R., Williams 1.S. (2003) Rev. Mineral. Geochim.,
53, 215-241.

Ivanov O.K. (1997) Kontsentricheski-zonal’nye piroksenit-
dunitovye massivy Urala: mineralogiya, petrologiya,
genesis [Concentrically zoned pyroxenite-dunite massifs
of the Urals: mineralogy, petrology, genesis]. Ekaterin-
burg, URGU Publ., 488 p. (In Russian)

Kadik A.A., Stupakov E.P. (1970) Modeling of temperature
fields near magmatic bodies with considerable radial ex-
tent. Geokhimiya, (1), 43-53. (In Russian)

Karetnikov A.S. (2006) Age and genesis of platinum mine-
ralization of the Konder massif: paleomagnetic and radio-
isotope data. Litosfera, (3), 96-107. (In Russian)

Knaupf O.V. (2009) U-PB age of zircons from dunite-
clinopyroxenite nuclei of Kytlymsky (Middle Urals) and
Galmoenensky (South Koryakia) zonal massifs of the
Ural type. Vestn. SPbGU, (4), 64-71. (In Russian)

Krasnobaev A.A., Anikina E.V., Rusin A.I. (2011) Zircono-
logy of dunite of the Nizhny Tagil massif (Middle Urals).
Dokl. Earth Sci., 436(2), 290-294.

Kulikova V.V., Bychkova Ya.V., Kulikov V.S. (2010) Bad-
deleyite is the main mineral for isotopic dating of ma-
fic-ultramafic komatiite series of the southeastern Feno-
scandian shield. “Sovremennaya mineralogiya: ot teo-



56 Anfilogov et al.

rii k praktike”. Tezisy XI s”ezda Rossiiskogo mineralo-
gicheskogo obshchestva [“Modern mineralogy: from
theory to practice”. Abstracts of the XI Congress of the
Russian Mineralogical Society], 212-214. (In Russian)

Kuznetsov D.V., Mukatova A. (2013) The formation of bad-
deleyite during the disilication of zircon in the rodingi-
tized highly granular granitites of the Mindyak massif in
the Southern Urals. Ezhegodnik-2012. Tr. IGG UrO RAN
[Yearbook-2012. Proc. IGG UB RAS], 160, 224-228. (In
Russian)

Kuznetsov Yu.A. (1964) Glavnye tipy magmaticheskikh for-
matsii [The main types of magmatic formations]. Mos-
cow, Nedra Publ., 387 p. (In Russian)

Lizuka T., Yamaguchi T., Hibiya Y., Amelin Y. (2015) Me-
teorite zircon constrains on the bulk Lu-Hf istope com-
position and early differentiation of the Earth. Proc. Nat.
Acad. USA, 112(17), 5331-5336.

Lykov A.V. (1954) Yavleniya perenosa v kapillyarno-
poristykh telakh [Transport phenomena in capillary-po-
rous bodies]. Moscow, Gos. lzd. technical and theoreti-
cal literature Publ., 296 p. (In Russian)

Malitch K.N., Efimov A.A., Ronkin Yu.L. (2009) Archean
U-PDb isotope age of zircon from dunite of the Nizhny
Tagil massif (the Uralian Platinum belt). Dokl. Earth
Sci., 427(1), 851-855.

Malitch K.N., Efimov A.A., Badanina I.Yu. (2012) The age
of Kondyor massif dunites (Aldan province, Russia): first
U-Pb isotopic data. Dokl. Earth Sci., 446(1), 1054-1058.

Mitsyuk S.S, Zinchuk N.N., Koptil” V.N., Kutuzova E.Ya.,
Lashkevich 1.V. (2005) New indicators of zircons of
kimberlite origin. Geologiya almazov — nastoyashchee i
budushchee [Geology of diamonds — present and future].
Voronezh, St.Univ. Publ., 674-720. (In Russian)

Moskaleva S.V. (1959) On the age and structure of the Kra-
ka massifs in the Southern Urals. Dokl. Akad. Nauk SSSR,
127(1), 170-173. (In Russian)

Pinus G.V., Velinskii V.V., Lesnov F.P., Bannikov O.L.,
Agafonov L.V. (1973) Al pinotipnye giperbazity Anady-
ro-Koryakskoi skladchatoi sistemy [Alpinotype hyperba-
sites of the Anadyr-Koryak fold system]. Novosibirsk,
Nauka Publ., 320 p. (In Russian)

Pushkarev E.V., Fershtater G.B. (1995) Mineralogical and
petrochemical discreteness of rocks and the problem of
the origin of primary melts of dunite-clinopyroxenite-sy-
enite-gabbro complexes. Aktual nye problemy magma-
ticheskoi geologii, petrologii i rudoobrazovaniya [Ac-
tual problems of magmatic geology, petrology and ore
formation]. Ekaterinburg, Uralgeolkom, IGG, UB RAS,
100-110. (In Russian)

Robie R.A., Hemingway B.S., Fisher J.R. (1978) Thermo-
dynamic properities of minerals and related substances
at 298.15K and 1 bar Pessure and at higher temperatures.
Geol. Surv. Bull., 1452, 456.

Ronkin Yu.L., Efimov A.A., Lepikhina G.A., Maslov A.V.,

Rodionov N.V. (2013) U-Pb dating of the baddeleytte-
zircon system from Pt-bearing dunite of the Konder mas-
sif, Aldan shield: new data. Dokl. Earth Sci., 450(2),
607-612.

Ryzhkov V.M., Anfilogov V.N., Blinov 1.A., Krasnoba-
ev A.A., Valizer P.M. (2016) Phase equilibria in the
MgO-SiO,~ZrO, system. Dokl. Earth Sci., 469(2), 824-
827.

Salop L.1. (1982) Geologicheskoe razvitie Zemli v dokembrii
[Geological development of the Earth in the Precambri-
an]. Leningrad, Nedra Publ., 343 p. (In Russian)

Saltykov A.K., Nikitina L.P., Matukov D.I. (2008) U-Pb age
of zircon from xenoliths of mantle peridotites in Ceno-
zoic alkaline basalts of the Vitim plateau (Eastern Baikal
region). Zapiski RMO, (3), 1-22. (In Russian)

Savel’ev D.E., Snachev V.I., Savel’eva E.N., Bazhin E.A.
(2008) Geologiya, petrologiya i khromitonosnost’ gab-
bro-giperbasitovykh massivov Uzhnogo Urala [Geology,
petrology and chromite content of gabbro-hyperbasite
massifs in the Southern Urals]. Ufa, 319 p. (In Russian)

Savel’eva G.N., Batanova V.G., Berezhnaya N.A., Pres-
nyakov S.L., Sobolev A.V., Skublov S.G., Belousov L. A.
(2013) Polynchronous formation of mantle complexes
of ophiolites (Polar Urals). Geotektonika, (3), 43-57. (In
Russian)

Shulyatin O.G., Andreev S.I., Belyatskii B.V., Trukha-
lev A.l. (2012) Age and stage of formation of igneous
rocks of the Mid-Atlantic Ridge by geological and radio-
logical data. Region. Geol. Metallogeny, 50, 28-36. (In
Russian)

Simonov V.A., Kovyazin S.V., Prikhod’ko V.S. (2011)
Genesis of platiniferous massifs in the Southeastern Si-
berian platform. Petrology, 19(6), 549-567.

Simonov V.A., Puchkov V.N., Prikhod’ko V.S., Stupa-
kov S.I., Kotlyarov A.V. (2013) Conditions of crystalli-
zation of dunites of the Nizhny Tagil platinum-bearing
ultrabasic massif (the Urals). Dokl. Akad. Nauk, 449(6),
692-695. (In Russian)

Skolotnev S.G., Ipat’eva I.S., Beltenev V.E., Lepekhina E.N.
(2010) Younger and older zircons from rocks of the oce-
anic lithosphere in the central atlantic and their geotec-
tonic implications. Geotectonics, 44(6), 462-492.

Takahashi E. (1986) Melting of dry peridotite KLB-1 up to
14 GPa: Implication on the origin of peridotitic upper
mantle. J. Geophys. Res., 91, 9367-9382.

Toropov N.A., Barzakovski V.P., Lapin V.V., Kurzeva N.N.
(1969) Diagrammy sostoyaniya silikatnykh system.
Spravochnik. T. 1 [Diagrams of the state of silicate sys-
tems. Reference book. V. 1]. Leningrad, Nauka Publ.,
822 p. (In Russian)

Velinskii V.V. (1979) Al pinotipnye giperbasity perekhod-
nykh zon ocean—kontinent [Alpin-type hyperbasites of
ocean—continent transition zones]. Novosibirsk, Nauka
Publ., 264 p. (In Russian)

LITHOSPHERE (RUSSIA) volume 18 No.5A 2018



