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This special issue of the journal covers the prob-
lems of magmatic petrology, concerning the processes 
of mantle-crust interaction in the geological history of 
Earth. Various issues pertaining to the nature and con-
ditions of magma generation, the evolution and inter-
action of melts associated with mantle and crustal sour-
ces remain among the most important topics of modern 
geology and continue to attract the interest of leading 
specialists in petrology. It is the interaction between the 
earth’s mantle and crust at different stages in the geo-
logical evolution of the planet under various geotec-
tonic conditions that determined the nature and com-
position of the lithosphere itself, its structure and the 
patterns of distribution of various magmatic formations 
and related minerals, including strategic ones.

The present issue includes articles examining prob-
lems associated with magma formation under crustal 
conditions. It opens with an article by M.I. Kuzmin et 
al., which analyses the causes, nature and time of the 
emergence of the first granitoid melts, as well as the 
evolution of granite formation in the history of Earth – 
the phenomenon that determines its fundamental dif-
ference from the other planets of the Solar system. The 
article by V.N. Puchkov covers the formation of sili-
cic igneous rocks (granites and rhyolites) constituting 
derivatives of various types of plumes: large igneous 
provinces (LIPs) and silicic LIPs (SLIPs); as well as 
their relationship with the type of crust and the role of 
continental crust melting in the formation of plume-re-
lated granite-rhyolite magmatism. Drawing on detailed 
petrological and geochemical studies of the Murzinka 
interformational granite pluton in the Urals, G.B. Fer-
shtater and N.S. Borodina trace the changes in the com-
position of granite rocks derived from the anatectic 
melting of the sialic crust of different compositions and 
ages, formed during a single tectonic-magmatic stage 
in the Late Paleozoic. Using the example of upper man-
tle, lower and upper crustal xenoliths from the rocks 
of an Early Cretaceous olivine-basalt-basanite-nepheli-
nite association (Makhtesh Ramon, Izrael), Z. Yudale-
vich and E. Vapnik consider the interaction of magma-
tic melt with various xenoliths, as well as their reaction 
products. The article by L.N. Sharpenok et al. covers 
diamond-bearing fluid-explosive breccias. The authors 
give petrographic and mineralogical characteristics of 
the clastic, protomagmatic and newly formed fluido-

genic material; characterise the intrusion sequence of 
rock varieties and the differences in diamond content 
associated with it; as well as propose the assessment 
criteria for the diamond potential of newly identified 
fluid-bearing breccia formations. The issues associa-
ted with the genesis of dunites from gabbro-ultrabasite 
complexes of orogenic areas and central-type platform 
massifs, the aspects of formation and interpretation of 
the age of zircon contained in them are solved by the 
team of authors (V.N. Anfilogov, A.A. Krasnobaev, 
V.M. Ryzhkov) drawing on the experimental study 
of phase equilibrium in the system mgO-SiO2-ZrO2. 
I.L. Nedosekova and her colleagues present new data 
on the age of pyrochlore group minerals from the rare-
metal deposits of the Ilmeny-Vishnevogorsky complex 
(South Urals) indicating the multi-stage formation of 
rare-metal niobium mineralisation. The early stage in 
mineralisation is associated with the concluding stag-
es in the crystallisation of alkaline-carbonatite magma-
tic system (D3), whereas the late ore-forming stages are 
associated with the remobilisation and redeposition of 
rare-metal substance during the post-collisional evolu-
tion of carbonatite complexes (T3).

The idea of this special issue belongs to German 
Borisovich Fershtater – the initiator of holding the sci-
entific conference ‘Granites and Earth evolution: mantle 
and crust in granite formation’ in Ekaterinburg, in 2017. 
German Fershtater always considered the Urals to be 
a standard example of epioceanic orogens, an orogenic 
belt of mafic type, which is a natural testing ground for 
studying the mechanisms underlying mantle-crust inter-
action. The range of his scientific interests went far be-
yond granite petrology: they included all the most im-
portant types of Ural igneous rocks, which served as 
the basis for creating a special volume of the journal. It 
so happened, that having begun working on the issue, 
German Fershtater, who was full of new research ideas 
and plans, suddenly died. He was a remarkable person; 
bright and talented scientist; kind, sympathetic, consi-
derate and principled colleague; as well as a friend and 
a mentor. On the 30th of September 2018 German Bori-
sovich Fershtater – Doctor in Geology and mineralo-
gy, Professor, Honored Worker of Science, a leading 
petrologist of the Urals, a scientist known all over the 
world – would have turned 85 years old. 

This issue is devoted to his blessed memory.

T.a. Osipova
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Earth has a number of differences from the planets of the Solar System, as well as other stellar-planetary systems, which 
were acquired during its formation and geological history. The early chaotian aeon was marked by Earth’s accretion, the 
differentiation of its primary material into a mantle and a core, as well as the by formation of its satellite (Moon). Earth’s 
geological history began 4500 million years ago in the Hadean aeon. At that time, the endogenous processes on Earth were 
largely controlled by meteorite and asteroid bombardments, which caused large-scale melting and differentiation of its up-
per layers. In magmatic chambers, differentiation proceeded until the appearance of granitoid melts. The Hadean continen-
tal crust was almost completely destroyed by meteorite bombardments, with the last heavy bombardment occurring at the 
end of the Hadean aeon (4000–3900 Ma). Conclusions about the geological situation of this aeon can be drawn only from 
the preserved Hadean zircons. In particular, their geochemical features indicate that Earth had an atmosphere. The Hadean 
aeon was replaced by the Archaean one, starting from which the processes of self-organisation were predominant on Earth. 
At that time, a crust composed of komatiite-basalt and tonalite-trondhjemite-granodiorite (TTG) rock series was forming. 
Its formation was driven by sagduction processes – vertical growth of the crust over rising mantle plumes. Thus, the low-
er basaltic crust subsided into the mantle, eclogitised and melted, which led to the appearance of sodium TTG rocks se-
ries. At the end of the Archaean aeon (3.1–3.0 Ga), lid tectonics, which determined the structure and development of the 
Archaean crust, was replaced by small-plate tectonics that later evolved into modern plate tectonics combined with man-
tle plume tectonics. 

Keywords: Chaotian and Hadean aeons, Archaean period, lid tectonics, plume tectonics, sagduction, mantle convection

INTRODUCTION

Earth is different from other terrestrial planets of the 
Solar System. What is more, it has no analogues among 
the planets of 600 stellar-planetary systems that have 
been discovered in recent decades. It is not a coinciden-
ce that the authors of the article “Born from the cha-
os” [S. Batygin et al., 2016] called Earth a black sheep. 
An outstanding geologist K. Condy identified a number 
of characteristics inherent to Earth [Condie, 2011], 
which allowed it to become the cradle of humankind. 
The characteristic features of our planet, including its 
size and mass, a near-circular orbit, existence of a sat-
ellite (Moon), were acquired during the birth of the So-
lar System and then during the Chaotian aeon [Gold-
blatt et al., 2010]. Earth acquired its other important 
characteristics, such as the division of Earth’s interi-
or into a number of layers, during its subsequent histo-
ry. The above-mentioned layers include the continental 
crust containing a significant amount of granitoids, as 
well as the atmosphere and hydrosphere. The first gran-
ites on Earth appeared in the Hadean aeon, while gran-
itoids, well-preserved to our days, were already fairly 
widespread in the Archaean aeon. The Earth’s birth, its 
formation as a planet, as well as possible mechanisms 
for the development of the first granitoid rocks in the 

Hadean and Archaean aeons will be discussed in this 
work. 

Knowing when the tectonics of lithospheric plates 
got started is of great importance for understanding the 
geological history of our planet. The mechanisms of 
endogenous processes stipulated by this theory are well 
studied. They describe the formation of basic geologi-
cal structures, such as continents, oceans, orogens. Not 
coincidentally, in 2008 following a corresponding con-
ference the Geological Society of America published 
a special issue, which contained articles by a number 
of prominent geologists covering the onset of plate 
tectonics on Earth. In his article published in this is-
sue K. Condi writes: “It is unlikely that plate tecton-
ics began on Earth as a single global ‘event’ at a dis-
tinct time, but rather it is probable that it began local-
ly and progressively became more widespread from the 
early to the late Archaean”. However, even today, such 
well-known Japanese geologists as S. Maruyama and 
his colleague [Maruyama, Ebisuzaki, 2017], establish 
the exact start date of plate tectonics (4.37–4.20 Ga) 
when proposing a new model of the Earth’s formation 
(ABEL). Similar start dates of the plate tectonics on 
Earth are proposed in the works of other geologists. In 
the same issue published by the Geological Society of 
America, R. Stern wrote more cautiously and prudent-
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ly about the significance of the early tectonic style on 
Earth saying that we will not be able to understand the 
current system until we know when the current tectonic 
style began and what preceded it [Stern, 2008]. 

ORIGIN OF THE SOLAR SYSTEM AND EARLY 
STAGES OF ITS EVOLUTION

The solar system originated 4568 million years 
ago in a massive dust and gas cloud. The reason for 
the formation of this protosolar nebula, which must 
have included a large variety of chemical elements 
along with various short- and long-lived isotopes, is 
of the essence here. This cloud (nebula) could have 
originated from the explosion of a supernova in the 
vicinity of the future Solar System. Due to nucle-
ar reactions, the explosion of a massive star brought 
about the synthesis (nucleosynthesis) and, naturally, 
the appearance of various elements, in particular, ra-
dioactive isotopes. This explosion could have induced 
the condensation of interstellar matter resulting from 
gravitational compression. Short-lived isotopes and 
their decay products help to identify a number of fea-

tures associated the formation of the Solar System and 
Earth in particular. 

The calculations of astronomers and planetary sci-
entists show that a star (proto-Sun) appeared in the cen-
tre of the nebula under the influence of gravity in less 
than 100 thousand years. The proto-Sun was surround-
ed by a wide disk of gas and dust – a protoplanetary 
disk [Lin, 2008], which served as the building material 
for the planets of the Solar System. When moving, par-
ticles of dust and gas collided and slowed down, with 
many of them spiralling onto the proto-Star. Upon col-
lision, solid particles heated, whereas water and other 
volatiles having a low boiling point evaporated. This 
resulted in a natural boundary between the areas of 
the protoplanetary disk, with the predominance of sol-
id particles in one part and volatiles in the other. This 
boundary (a region between the orbits of Mars and Ju-
piter) is referred to as the snow line, dividing the Solar 
System into the inner region, where the terrestrial plan-
ets were formed, and the outer one, where the gas giant 
planets were located [Batygin et al., 2016]. This sep-
aration occurred 2 million years after the onset of the 
Solar System formation (Fig. 1). 

fig. 1. Initial stage of the Solar System’s evolution 4568 Ma ago [Batygin et al., 2016].
The beginning of the Chaotian aeon of the Solar System; birth of the proto-Sun; formation of the internal area consisting of stony 
fragments; snow lines – internal border of the external gas-ice region, where giant planets Saturn and Jupiter were formed 2 mil-
lion years after the birth of the Solar System. 
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Thus, in the first 2 million years of the Solar Sys-
tem’s history, numerous planetary embryos (planetes-
imals), as well as giant planets beyond the snow line 
(Jupiter and Saturn) were formed. In this respect, the 
Solar System is very different from other planetary sys-
tems, where similar giants are located much closer to 
the sun. According to K. Batygin and his colleagues 
[2016], such features of the Solar System are prod-
ucts of its youth, which included more drama and cha-
os. The complex interaction of giant peripheral plan-
ets constituted an important part of the primary cha-
os. For the first time, this was noted in the computer 
model of F. Masset and M. Snellgrove [Masset, Snell-
grove, 2001], who described the simultaneous evolu-
tion of Saturn’s and Jupiter’s orbits in the protoplane-
tary disk. These studies showed that due to inward mi-
gration, the giant planets acquired a certain mutual con-
figuration, due to which they were able to influence the 
protoplanetary disk. The established balance of forc-
es (gravity, angular momentum, the gravitational influ-
ence of the outer belt of comets, etc.) changed the mo-
tion of both planets. 

Developing these ideas, K. Batygin and his col-
leagues [2016] demonstrated that a change in the mo-
tion direction of the giant planets (tacking) mainly re-
sulted in the attack of Jupiter and Saturn on the ‘pop-
ulation’ of the primary inner planets of the Solar Sys-
tem, i.e. terrestrial planets. Even when migrating to-
wards the Sun, the giants affected the motion of small 
bodies, which shattering in collisions formed swarms 
of debris., The mass of debris that could fall on the Sun 
over hundreds of thousands of years is comparable to 
any super-Earth (planet exceeding the Earth in mass). 
As the former super-Earths were driven into the Sun, 
they had to leave behind a gap in a protoplanetary neb-
ula. It is assumed that, before changing the tack, Jupi-
ter migrated towards the Sun to the current position of 
Mars. In doing so, Jupiter pushed accumulations of ice, 
evidently along with solid material, having a mass of 
more than 10 Earth’s masses towards the inner region 
of the Solar System, thus enriching it with water and 
other volatile substances. The proto-planets forward-
ed to the inner parts of the Solar System changed the 
orbital angular momentum of both Jupiter and Saturn, 
which resulted in their outward migration. The build-
ing material brought by the giant planets ensured a fair-
ly large mass of Earth and Venus. 

Gradually, the migrating planets stabilised their or-
bits, which was facilitated by their interaction with oth-
er giant planets (Neptune and Uranus), as well as the 
outer Kuiper Belt. It is assumed that the stabilisation of 
their orbits resulted in sending another swarm of debris 
into the inner region of the Solar System, thus caus-
ing powerful asteroid bombardments of the inner plan-
ets. The asteroid bombardments left their mark in the 
form of craters on the surface of the Moon, Mercury 
and Mars, whereas on Earth they led to the almost com-
plete destruction of the Hadean continental crust – the 

first crust in the geological history of our planet. Ap-
proximately 3.9 billion years ago, the giant planets set-
tled down. Thus, the Solar System acquired its current 
structure [Batygin et al., 2016]. 

Astronomers distinguish a chaotic period in the So-
lar System’s development (beginning of Earth’s forma-
tion to 4.0–3.9 billion years). In the geological liter-
ature, this period is divided into two aeons: Chaotian 
(4568–4500 Ma) and Hadean (4500–4000 / 3900 Ma) 
[Goldblatt et al., 2010].

EARLY STAGES OF EARTH’S FORMATION 
AND EVOLUTION 

Chaotian Eon (4568–4500 Ma)

The accretion of Earth took place in this period. As 
little as 11 million years after the onset of its formation, 
Earth acquired 63% of its current mass, in 30 million 
years amounting to 93% [Wood, 2011]. During this pe-
riod, accreted Earth underwent differentiation into a 
liquid iron-nickel core and a silicate mantle, accompa-
nied by the formation of the Earth’s satellite (Moon) 
resulting from the collision of a large space body with 
proto-Earth. 

Data on the composition of the protosolar nebula, 
from which the Sun and the planets of the Solar Sys-
tem were formed, are of great importance for calculat-
ing the composition of the Earth’s layers. It has been 
established that the composition of the Sun is simi-
lar to that of the nebula from which this whole sys-
tem originated [Kuzmin, 2014]. Carbonaceous chon-
drites correspond to this composition. With the excep-
tion of hydrogen and helium, they have the same com-
position as the Sun, which can be observed from the 
diagram (Fig. 2) comparing the relative abundances 
of elements on the Sun’s surface and in carbonaceous 
chondrites [Wood, 2011]. The composition of carbona-
ceous chondrites differs from that of the Sun in the con-
tent of lithium that is destroyed by thermonuclear reac-
tions in the Sun. In addition, meteorites are character-
ised by reduced content of three volatile components – 
N, C, O. This is quite understandable, as in the initial 
period of the Solar System’s formation (first 2 million 
years) these gases were driven into its outer part, where 
they were used, among other things, to form gas gi-
ant planets. As can be seen from this diagram, Fe, O, 
Mg, Si and Ni account for 95% of the Solar System’s 
mass (that is not H and He) and, naturally, the terres-
trial planets, with 9 more elements – Cu, Al, S, Cr, Ni, 
Mn, P, Ti and Co – bringing the total to over 99% [Lau-
retta, 2011].

Considering the geochemical properties of the ele-
ments, as well as the composition of the Earth’s silicate 
mantle, data on the composition of the material (car-
bonaceous chondrites) from which Earth was formed 
allows us to estimate the composition of Earth’s core 
[Allègre et al., 1995; McDonough, Sun, 1995]. In this 
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connection, knowing the properties of individual ele-
ments in terms of their affinity with iron, silicate and 
volatile elements is of great importance [Allègre et al., 
1995; Kuzmin, 2014]. According to the analysis, sili-
cate Earth (i.e. mantle) contains the same amount of re-
fractory lithophile elements (Zr, Al, Sc, rare-earth ele-
ments, Ti, Ca, Mg) as carbonaceous chondrites, where-
as the content of siderophile elements in the mantle is 
low as compared to chondrites, as they accumulate in 
the core. Silicate Earth has the lowest content of highly-
siderophile elements (Pd, Pt, Re, Os, etc.), whose con-
centration is maximum in the core. However, judging 
by the mantle xenoliths found in kimberlites, a slight-
ly higher content of these elements in the mantle is oc-
casionally observed, which may have been caused by 
the meteorite shower that hit the Earth after most of the 
core had already been formed [Wood, Halliday, 2010]. 

The time of the Earth’s core formation can be esti-
mated using the data on the distribution of products of 
short-lived isotope systems (Fig. 3), whose parent and 
daughter isotopes could have different geochemical 
properties, in the silicate layer of Earth. As a result, they 
behaved differently in the course of the Earth’s differ-
entiation into layers. In this respect, the most interest-

ing results were produced by the 182Hf → 182W system. 
Its parent isotope 82Hf having a half-life of about 9 mil-
lion years almost disappeared during the first 50 mil-

fig. 2. Comparison of elemental abundances in car-
bonaceous chondrites (CI) and on the Sun’s surface 
according to [Wood, 2011].
The general content of the petrogenic and rare elements in 
the Sun and carbonaceous meteorites (CI) is the same with 
the exception of Li which is destroyed on the Sun in the 
course of nuclear reactions. The content of volatile compo-
nents (N, C, O) in meteorites is less than in the Sun, since 
in the first 1–2 Ma most of these volatile elements were in-
volved in the formation of gas giant planets in the outer part 
of the Solar System. 

fig. 3. Model of Earth’s differentiation in the course 
of accretion according to [Wood, 2011]. 
a. Formation of the mantle and the core under the aster-
oid and meteorite bombardments of proto-Earth. The ener-
gy produced by asteroids colliding with Earth led to the for-
mation of large magmatic basins reaching a depth of 400–
700 km. Drops of siderophile elements formed during the 
melting of the iron-stone material of asteroids (meteorites) 
and were submerged to the bottom of the magmatic basin, 
where they formed accumulations of molten metal, which 
plunged through the lower mantle, thus increasing the core.
b. Time of the core’s formation determined using 182Hf → 
182W system; Т1/2 = 8.9. The diagram shows changes in the 
182W/184W ratio depending on the system (iron core, car-
bonaceous chondrites, silicate mantle) according to [Wood, 
2011]. They indicate that the core was mostly formed in 
about 20 Ма, with almost the entire core being formed in 
50 Ма.
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lion years of the Earth’s history. Unlike the siderophile 
daughter isotope 182W, hafnium is a lithophile element. 
In the course of the planet’s differentiation into the iron 
core and the silicate mantle, 182W headed towards the 
core, whereas 182Hf remained in the mantle (see Fig. 3). 
If the core had formed immediately following accre-
tion, the daughter isotope would have remained with 
the parent isotope in the mantle and would have cor-
responded to the composition of chondrites. As com-
pared to chondrites, the mantle is depleted of tungsten 
(Hf / W = 19 and 1.1, respectively), which indicates 
that the core formed at a certain interval of geological 
time during which tungsten along with iron was partial-
ly redistributed to the nucleus. Judging by the tungsten 
isotopic composition of the Earth’s mantle, the min-
imum time (following the onset of Earth’s accretion) 
required for the core to form is estimated at 34 ± 7 ma 
[Kostitsyn, 2012]. 

Thus, the Earth’s differentiation began almost from 
the moment of its formation. Collisions of the emerg-
ing planet with large asteroids, as well as the heat of ra-
dioactive decay (primarily of short-lived isotopes) re-
sulted in the melting of its silicate layer to the extent 
that magma oceans were formed. At a high temperature 
and pressures of 20–23 hPa, magma was divided in-
to silicate and iron melts [Wood, 2011]. After the first 
5–8 Ma, the volume of Earth was already half of its 
present size. Collisions with large asteroids could re-
sult in the formation of magma basins reaching up to 
400 km in depth. Iron melts, as the heavier ones, accu-
mulated at the bottom and then fell through it, thus in-
creasing the core [Wood, 2011]. 

The Moon’s formation (Fig. 4) – which took place 
approximately 30 million years after the birth of the 
Solar System – is of great importance for Earth. Differ-
ent scenarios for its formation were proposed: fission 
of proto‐Earth; joint formation of Earth and Moon; cap-
ture of an independent space body by Earth. The avail-
able facts are most consistent with the impact origin of 
the Moon. The Moon was formed as a result a Mars-
sized body Theia (about 0.14% of Earth’s mass) col-
liding with Earth at a velocity of about 5 km/s [Con-
die, 2011]. By that time, the Earth’s core was largely 
formed and separated from the mantle; Earth had an at-
mosphere similar to that of Venus (this example shows 
what the Earth’s atmosphere would have been like if it 
had not been affected by such a large collision). 

In the course of discussing the first models of 
the impact Moon formation, some questions were 
raised [Cameron, 1986; Hartmann, 1986] which pre-
vented the proposed model to be conclusively accept-
ed. The above-mentioned questions were primarily re-
lated to the composition of the cosmic body with which 
proto-Earth had collided. The determination of the lu-
nar soil composition solved this issue. Lunar rocks 
have the same isotopic composition of oxygen as those 
of Earth. They are also characterised by a deficiency of 
siderophile elements. This fact suggests that the cos-

mic body called Theia was formed in the inner part 
of the Solar System along with other terrestrial plan-
ets. Hence, like proto-Earth, Theia had a formed core 
and mantle. A computer simulation carried out in 1989 
[Newsom, Taylor, 1989] revealed that, as a result of the 
impact, the silicate (mantle) part of this cosmic body, 
together with the Earth’s mantle, turned into the im-
pact-generated melt and dust cloud, whereas the iron 
core of this cosmic body sank into the core of proto-
Earth merging with it. Figure 4a shows some modelled 
images of Earth’s collision with Theia. According to 
H. Newsom and S. Taylor [1989], the formation of the 
Moon was completed in no more than first hundreds of 
years. 

Figure 4b shows a scheme of Theia colliding with 
proto-Earth and the resulting formation of the Moon 
from the melt and dust cloud generated by the impact. 
This cloud consisted of molten mantle silicates from 
the colliding bodies, silicate dust particles, and, pos-
sibly, the gases of proto-Earth’s atmosphere. Most 
likely, this cloud was stretching in the direction of the 
Earth’s collision with the cosmic body. The core of 
Theia penetrated into that of Earth, increasing it. On 
the periphery of the cloud, the Moon began to accrete 
from its molten part. A comparative geochemical anal-
ysis of the silicate parts of Earth and the Moon [Con-
die, 2011] reveals that lunar rocks are enriched in re-
fractory oxides (according to K. Condie’s classifica-
tion) (Ca, Sc, Ti, Th). In addition, volatile lithophile 
(Na, K, Rb, Sr) and especially siderophile (Co, Ni) el-
ements are shown to be depleted in the lunar mantle, 
as compared to that of Earth. Such geochemical char-
acteristics are quite explicable. The Moon crystallised 
from the inner part of the molten silicate disc of the im-
pact cloud; therefore, it was slightly enriched with re-
fractory elements, whereas Earth’s rocks were enriched 
with lithophile (volatile, according to [Condie, 2011]) 
elements having lower condensation temperatures. As 
for siderophile elements, they were concentrated in the 
cores of two planetary bodies during accretion and ini-
tial differentiation. Volatile components (proto-Earth’s 
atmosphere) appeared into the Earth’s atmosphere af-
ter it cooled down, which is confirmed by the presence 
of oxygen in the Earth’s atmosphere at the beginning of 
the Hadean aeon.

Considering the crystallisation of the Moon’s and 
Earth’s magma oceans (on Earth it reached about 
700 km in depth and maybe more), all these events 
ended by 4520–4505 Ma, given that 4,500 Ma ago 
the Moon and Earth were already solid, which is evi-
denced by the traces of meteorite bombardments on the 
Moon’s surface. 

Hadean aeon

The Hadean aeon was proposed in the 1980s when 
zircons dated at 4376 Ma were found in metamor-
phosed sedimentary rocks outcropping in the Jack 
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Hills of Western Australia [Myers, 1988]. This peri-
od marks the beginning of the Earth’s geological his-
tory. At first, there were great doubts whether it was 
possible to uncover the conditions for the formation 
of the first rocks on Earth, relying on such scarce ma-
terials as accessory minerals preserved from those 
rocks. However, due to the development of modern 
analytical research methods, tangible results were ob-
tained in as early as the 21st century, which allow us 
to understand the geological situation on Earth in the 
Hadean aeon. 

The results of detailed studies on Hadean zircons are 
given in [Nebel et al., 2014]. In addition, recent data on 
the geological situation in the Hadean aeon are present-
ed in [Kuzmin, 2014; Kuzmin, Yarmolyuk, 2016; and 

etc.]. The first results on the content of rare elements in 
Hadean zircons were obtained by R. Maas and his col-
leagues [Maas et al., 1992]. The results showed that the 
content of Hf in these zircons reached 0.86–1.30 wt %, 
with Zr / Hf = 30–57. In addition, fractional distribu-
tion of REE (high ratio of HREE / LREE), exhibited 
both positive Ce and negative Eu anomalies. The same 
researchers discovered inclusions of potassium feld-
spar, quartz, plagioclase, monocyte and apatite in zir-
cons, which allowed the authors to conclude the granite 
composition of the Hadean zircon source. 

Studies on the oxygen isotopic composition of zir-
cons were of great importance for uncovering the con-
ditions for their crystallisation in the Hadean aeon. It 
should be pointed out that oxygen isotopes can frac-

fig. 4. Formation of the Moon as a result of the cosmic body (Theia) colliding with Earth. 
a. Computer simulation of Theia colliding with Earth and the resulting formation of the Moon according to [Newsom, Taylor, 
1989]. 
According to the model, the birth of the moon took 24 h. The authors of the model believe that the Moon’s formation took no more 
than hundreds of years following the collision.
b. Model of the Moon’s formation [Condie, 2011].
A. A planetary embryo (Theia) colliding with almost formed Earth. 
B. Following the collision, a melt-dust disc was formed stretching in the direction of the location where the Moon was formed. 
C. The Moon formed on the periphery of the disc; the mantle crystallised around the Earth’s core.
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tionate during magmatic differentiation. The isotop-
ic composition of primary rocks can be significantly 
changed in the course of weathering when weathering 
products are enriched with a heavy oxygen isotope. Re-
spective changes in the oxygen isotopic composition 
were detected in the Hadean zircons, which led to the 
following conclusions: 1) weathering processes, simi-
lar to modern ones, were active during the Hadean ae-
on; 2) granitoid melts were formed under near-surface 
conditions [Nebel et al., 2014]. 

The discovery of zircons on the Moon played a 
great role in understanding the geological process-
es in the Hadean aeon as well. Hadean zircons [Nebel 
et al., 2014], as well as the ones found on the Moon 
[Taylor et al., 2009], are dated at 4.0–4.4 Ga; how-
ever, their formation temperatures differ: the Hadean 
zircons crystallised at ≈700°C [Harrison et al., 2008], 
whereas the lunar ones did at 975–1150 °С [Taylor et 
al., 2009]. Normalised graphs showing REE distribu-
tion in the lunar (Fig. 5a) and Hadean (Fig. 5b) zircons 
are similar and characterised by the predominance of 

HREE over LREE. At the same time, lunar zircons dif-
fer from the Hadean ones in the absence of a positive 
Ce anomaly; hence, they were formed in a reducing 
environment. An important conclusion on the crystals 
of lunar zircon was made when studying the zircon 
microstructure [Grange et al., 2013]. The study of the 
zircon microstructure revealed local areas of recrystal-
lisation, localised amorphous areas, plastic crystal de-
formations and faults, cracks, i.e. typical traces of im-
pact structures. 

Considering the proximity between the Moon and 
Earth on a cosmic scale, it is clear that these two bod-
ies were simultaneously subjected to meteorite and as-
teroid bombardments. While on the Moon, these bom-
bardments resulted in numerous meteorite craters; on 
Earth, these bombardments continuously destroyed 
the continental crust being created, plunging into the 
mantle where it melted. Nonetheless, refractory zir-
con crystals were preserved and as a result of mantle 
plumes poured onto the surface together with the new 
portions of the primary mantle magma. On the surface, 

fig. 5. Chondrite-normalised graphs showing the content of rare-earth elements in the lunar (а; according to [Taylor 
et al., 2009]) and Hadean (b; according to [Maas et al., 1992]) zircons.
Age of the lunar and Hadean zircon is estimated at 4.0–4.4 Ga. Lunar and Hadean zircons formed at 975–1150°С [Taylor et al., 
2009] and ≈ 700°С [Harrison et al., 2008], respectively.
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they underwent differentiation, while zonal zircons 
crystallised from small volumes of granitoid melts. 
This served as a sort of recycling for the Hadean conti-
nental crust, as evidenced by the zonal Hadean zircons 
[Nebel et al., 2014]. 

Despite the heavy bombardment of the terrestrial 
planets, which was caused, as mentioned above, by the 
stabilisation of the giant planets’ orbits (Saturn and Ju-
piter), a small part of the Hadean primary crust was pre-
served, discovered and described in detail in [O’Neil et 
al., 2012]. These most ancient rocks of Earth were re-
cently discovered in the Nuvvuagittuq Greenstone Belt 
on the northeast coast of the Hudson Bay (Canada). 
Its central part (Ujaraaluk unit) is composed of basic 
and ultrabasic volcanic and intrusive rocks. The age of 
rocks was estimated by the ratio of decay products of 
short-lived (146Sm → 142Nd; T1/2 = 68 Ma) and long-
lived (147Sm → 143Nd, T1/2 = 106 Ga) isotope systems, 
amounting to about 4,400 Ma. The obtained results 
indicate that these rocks belong to the oldest crust of 
Earth, which developed following the Moon’s forma-
tion. Age determination of the Hadean rocks is shown 
in Fig. 6 [O’Neil et al., 2012]. 

A small rock unit (Idiwhaa) outcropping 4.03 Ga 
Hadean granitoids was recently discovered among the 
rocks of the Nuvvuagittuq Greenstone Belt [Reimink 
et al., 2014]. These granitoids occur among typical Ar-
chaean TTG (tonalite-trondhjemite-granodiorite) rocks 
in the Acasta Gneiss Complex (Canada). The identi-
fied granitoids from the Idiwhaa unit form thin inter-
layers in amphibolites and gneisses with a thickness 
ranging from several centimetres to a decimetre. The 
constituent minerals of tonalites include plagiocla-
se, quartz, hornblende and biotite. Their composition 
comprises 57.9–66.9 wt % of SiO2 with a low content 
of Al2O3 (13.8–14.1 wt %), high content of total iron 
∑FeO (8.6–15.2 wt %) and a low magnesian coeffi-
cient Mg# (13–18 wt %). Unlike Archaean TTG rocks, 
the Hadean tonalites have a completely different distri-
bution of normalised REEs (Fig. 7). While Archaean 
TTG rocks are enriched with LREEs, which indicates 
their formation during the partial melting of the man-
tle substance in the presence of garnet, the Hadean to-
nalites originated at shallower depths during the partial 
melting of the hydrous basalt crust in the presence of 
plagioclase, which contributed to the development of a 
negative Eu anomaly. 

Hadean granitoid rocks of such genesis were obvi-
ously formed at various points in time. 4.2 Ga zircon 
xenocrystals were found in Archaean TTG rocks dat-
ed at 3.9 Ga [Iizuka et al., 2006]. An example of such 
xenocrystal, located in the centre of a magmatic zircon 
dated at approximately 3.9 Ga, is shown in Fig. 8a. In 
this case, magma that generated Archaean TTG rocks 
must have been smelted from the residual magmatic 
reservoir of the Hadean time. It could have been a par-
tially melted remnant of the Hadean crust which was 
immersed in the mantle as a result of a meteorite bom-

bardment. Figure 8b shows the distribution of normal-
ised REEs in Hadean zircons dated at approximately 
4.2 Ga. In terms of the REE distribution, these zircons 
are comparable to Hadean zircons found in Austria. It 
should be pointed out that zircon xenocrystals of the 
Hadean time were found in various cratons, which in-
dicates a wide distribution of the Hadean continental 
crust on Earth. 

Among all else, available data on a possible mech-
anism for the formation of Hadean zircon melt sug-
gest that granitoid melts could have been formed in the 

fig. 6. Age of the Ujaraaluk series obtained using 
two isotopic pairs 147Sm → 143Nd (T1/2 = 106 Ga) and 
146Sm → 142Nd (T1/2 = 68 Ma) according to [O’Neil et 
al., 2012]. 
Perhaps this is the only part of the Hadean crust left after 
the giant impact that formed the Moon. The site was pre-
served after the last heavy bombardment of Earth, which 
destroyed the Hadean crust.
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Hadean aeon in various ways, but in shallow chambers 
and usually in an oxidising environment when the hy-
drous basalt crust was melting. 

In concluding the analysis of the Hadean geolog-
ical history, we consider it necessary to draw atten-
tion to one important factor observed in [Jackson et al., 
2017]. The authors of this work noted high values of 
the 3He/4He ratio in some basalts, which was shown 
to be related to hot plumes, namely Hawaiian and Ice-
landic. In these basalts, the value of the 3He/4He ra-
tio was 30–50 times higher than its atmospheric val-
ues. It was suggested that this could be due to the pres-
ence of non-degassed reservoirs in the mantle, which 
have survived to the present. It is likely, that such res-
ervoirs had high density, so they were not mixed in the 
course of mantle convection. The authors of this arti-
cle refer to the Oligocene basalts (Baffin Island, West 
Greenland) associated with the proto-Iceland plume, 
which are plotted between the 4.55 Ga and 4.45 Ga ge-
ochrons in lead isotope diagrams, as shown in [Jack-
son et al., 2010]. However, basalts from a number of 
hot spots not having high 3He/4He ratios, as well as ba-
salts from mid-oceanic ridges, are plotted in the same 
area of this diagram (in terms of the lead isotope ratio), 
which does not allow basalts having a high 3He/4He ra-
tio to be clearly identified as the products of ancient 
non-degassed mantle reservoirs. At the same time, it is 
known that volatiles, in particular He and H, can form 
compounds with metals (He – metal of high density). 
It is likely, that some of them got into the core in the 
course of the Earth’s accretion and the formation of its 
core [Gilat, Vol, 2012]. Subsequently, these elements 
(or compounds) concentrated in the outer core, whose 
density is lower than that of the inner core; then they 
could get into the D” layer, which according to geo-

physicists, comprises ultrahigh velocity zones [Garn-
ero, McNamara, 2008], probably, represented by mag-
matic chambers feeding mantle plumes. Obviously, re-
search in this direction should be continued, since it 
will help solve a number of issues related to the early 
evolution of Earth. 

ARCHAEAN TTG ROCKS:  
PRESERVED PRIMORDIAL CONTINENTAL 

CRUST OF EARTH

The Archaean aeon was marked by the preserva-
tion of the continental crust represented by the tonal-
ite-trondhjemite-granodiorite (TTG) rock association. 
There are marked petrochemical and geochemical dif-

fig. 7. Normalised distribution of rare-earth elements 
in the tonalite gneisses of the Idiwhaa site (4.03 Ga) 
and in Archaean TTG rock series according to [Re-
imink et al., 2014].

fig. 8. Comparison of Hadean xenocrystals with Ar-
chaean zircon from the rocks of the Acasta Gneiss 
Complex (Canada) according to [Iizuka et al., 2012].
а. Position of xenocrystals in the zircon host and their age 
characteristics. 
b. Normalised distribution of chondrite-normalised con-
tents of rare-earth elements in zircon xenocrysts. The dis-
tribution of REE in gabbro is given for comparison. 
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ferences between early Archaean TTG rocks (grey 
gneisses) and Phanerozoic granitoids [Condie, 2011]. 

TTG rocks are notably different (petrochemically 
and geochemically) from the late Archaean, Protero-
zoic and Phanerozoic rocks. It can be seen in Figure 9a 
that TTGs are typical sodic rocks plotted at the Na-
apex of the ternary Na–K–Ca diagram. It is quite clear 
that the ancient mantle of Earth – which has not yet 
parted with most of the lithospheric elements used in 
the formation of the Earth’s continental crust – served 
as the parent material for TTG rocks [Kuzmin, Yar-
molyuk, 2017]. Post-Archaean calc-alkaline rocks, 
usually confined to subduction zones, exhibit a sig-

nificantly higher potassium content, since the lithos-
phere together with the continental crust served as the 
basis for their genesis. The rocks are even more con-
trasted in terms of the rare element content (Fig. 9b). 
Firstly, TTG rocks are strongly enriched with LREEs. 
This is obviously due to the considerable depth at 
which partial melting of the Archaean basaltic crust 
immersed in the mantle took place. The Archaean ba-
saltic crust must have been enriched with lithophile el-
ements, as compared to the Phanerozoic MORB (mid-
ocean ridge basalts), whose ancient basic rocks rep-
resented by proto-ophiolites were identified in 1977 
[Glukhovskii et al., 1977]. A distinct prevalence of 

fig. 9. Comparison of the rock formations of the Archaean tonalite-trondhjemite-granodiorite series (A) and the post-
Archaean granites (B) according to [Condie, 2011]). 
a. K–Na–Ca diagrams show differences determined mainly by the sodium composition of TTG series and by the calc-alkaline com-
position of the post-Archaean volcanites and granites, according to [Condie, 2011].
b. Distribution of normalised REE contents, as well as the La/Yb ratio on the La/Yb–Ybnorm plot in the TTG and post-Archaean 
rocks. The TTG rocks are enriched with light REE, as compared to heavy REE.
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LREE in TTG rocks can be observed in Figure 9c. 
Post-Archaean granitoids and calc-alkaline volcanites 
also exhibit high contents of LREEs, as compared to 
HREEs; however, they are not as predominant, which 
may indicate that Phanerozoic volcanites were formed 
at shallower depths. 

Summarising the data on the TTG composition, it is 
clear that these preserved Archaean continental rocks 
are of mantle genesis considering the published data 
on the isotopic composition of TTG rocks, obtained 
from the U–Th–Pb, Sm–Nd, Rb – Sr and Re–Os sys-
tems, many of which are given in the monograph [Con-
die, 2011]. It has been established that TTG rocks were 
formed during the melting of highly hydrolysed ba-
salts at sufficiently high pressures, at which the gar-
net remained stable in refractory residue [Reimink et 
al., 2014], which indicates eclogite paragenesis. At the 
same time, the increased values of incoherent elements 
in the source basalts indicate that the composition of 
TTG rocks is comparable with the island-arc rocks of 
the Phanerozoic time. However, no traces of subduc-
tions occurring in the course of TTG formation were 
detected. It can be assumed that basic and ultrabasic 
mantle magmas derived from Archaean plumes were 
responsible for the formation of a thick basaltoid crust. 
Having been formed from these magmas, Archaean 
basaltoids were enriched with lithophile elements, as 
compared to Phanerozoic MORBs. 

The upper mantle derived from rising plumes was 
saturated with fluids, whereas crustal basalts were sat-
urated with incoherent elements. Under the weight of 
a massive basaltoid crust, basaltoids sagged, being im-
mersed into the mantle. This process involving vertical 
motions [Hain, 2003] is called sagduction.

The most ancient (3.9–3.8 Ga) TTG rocks originat-
ed from protoliths or the Hadean crustal matter dur-
ing the formation of primary magmas for Archaean 
TTG rocks. Drawing on the study of Lu–Hf and U–
Pb isotopes in gneisses, the work of A. Bauer and his 
colleagues [Bauer et al., 2017] provides detailed evi-
dence of the Hadean mantle source (age > 4.0 Ga) be-
ing involved in the formation of Archaean gneissic 
TTG rocks (Canada). Figure 10 shows the distribu-
tion of isotopic characteristics exhibited by the tonal-
ites (TTG) of the Acasta Gneiss Complex (Canada) for 
the two above-mentioned isotopic series. In terms of 
the subchondritic 177Lu /177Hf ratio, they are connect-
ed by two ratio values 0.015 and 0.022; whereas in 
terms of age, five rock groups are distinguished: 3.96–
3.94 Ga (group A), 3.74–3.72 Ga (B), 3.66– 3.58 Ga 
(C), ≈3.4 Ga (D) and 2.9 Ga (E). As shown in [Bau-
er et al., 2017], these TTG rocks are obviously derived 
from two Hadean igneous protoliths originating at dif-
ferent times. The rocks of groups A, B and partly C (the 
lower part of this group in Fig. 10) are linked to the 
subchondritic 177Lu/177Hf isotope ratio of 0.015, where-
as groups D and E, as well as the upper part of group 
C, are linked to the subchondritic ratio of the same iso-
topes equal to 0.022. As rightly noted in [Bauer et al., 
2017], this is due to the different depths to which the 
remnants of the Hadean crust originating at different 
times sank into the mantle as a result of meteorite bom-
bardments. This Hadean crust was melted and mixed 
with the mantle material. Subsequently, this material 
served as a protolith for magmas that gave rise to Ar-
chaean TTG rocks. The protolith (source of younger 
rocks) could have formed at great depths; thus later it 
was involved in magma formation. 

fig. 10. Model Lu/Hf age of TTG sources from the Acasta Gneiss (Canada) according to [Bauer et al., 2017]. 
Judging by the presented data, the gneiss source of groups A and B is less radioactive than the magma source of younger gneisses.
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In [Bauer et al., 2017], the authors also stud-
ied Archaean rocks from Greenland and Central Af-
rica using a similar method: they established close 
age groups having slightly different subchondritic  
Lu/Hf isotope ratios. These observations indicate a 
wide distribution of the Hadean crust on Earth. 

In his work [Bédard, 2006], J. Bédard gives a de-
tailed consideration of a sagduction model drawing 
from a detailed petrological and geochemical study 
of a greenstone belt (Superior Province, Canada). 
The greenstone belt in question comprises volcanites 
of basalt-komatiite composition, which are associat-
ed with the rocks of the tonalite-trondhjemite series 
(Fig. 11). The model is as follows: bazaltoid volcanic 
series of high-thickness crust are intruded by magmas 
generated by a rising plume. As a result, the volcan-
ites are partially melted and restites subside, where-
as granitoid (tholeiitic) magmas rise from the lower 
crust to its upper levels. The formation of TTG se-
ries consists of multiple stages. In the proposed mod-
el, it includes at least 3-4 stages. To some extent, this 
model can be applied to the formation of oceanic pla-
teaus. It is evident that the drilling of modern ocean-
ic plateaus, which, like Archaean TTG series, occur 
above mantle plumes, will give a better understand-
ing of this process. The formation of granitoid rocks 
is in many ways similar to the formation of calc-alka-
line series of subduction-related volcanites and gran-
itoids. Unlike subduction, the sagduction process in-

volves vertical subsidence of basaltoid rocks into the 
depths of the mantle. 

In 2011–2016, an international program aimed at 
studying the Archaean magmatism of Earth was car-
ried out. The results of these studies were published as 
a collective work [Halla et al., 2017]. In the course of 
work, Archaean granitoid formations in North Atlan-
tic, Fennoscandian, Indian and Ukrainian shields were 
studied. 

The researches working on the program came to the 
following conclusions. 

The formation of tonalite-trondhjemite-granodiorite 
rock associations (called grey gneisses in Russia) from 
the studied cratons is dated at 3.9–3.6–3.4–3.1 Ga. 
Granitoid massifs – including batholiths – younger 
than 3.1 Ga were replaced by potassium calc-alkaline 
granitoids (sanukitoids, monzogranites enriched with 
rare elements and quartz monzonites). 

According to the authors of [Halla et al., 2017], a 
change in the Earth’s dynamics triggered plate tecto-
nics. 

It is assumed [Halla et al., 2017] that during the for-
mation of K granitoids dated at 3.1–2.5 Ga, some Pre-
cambrian cratons, which previously constituted a sin-
gle supercontinent, were divided into a series of small-
er ones separated by oceanic basins. 

Thus, lid tectonics, the tectonics of mantle over-
turns and deep mantle plumes of ultrabasic-basic com-
position lasted until 3.1 Ga. 

fig. 11. Model of sagduction describing the generation of 3.9–3.1 Ga TTG rocks [Bédard, 2006].
The Archaean crust of high thickness subsides into the mantle to a depth at which garnet remains in restite after melting. Under the 
influence of high mantle temperatures, the TTG rocks are melted from the eclogitised Archaean basaltoid, which intrude into the 
main Archaean crust, forming the preserved first continental crust. J.H. Bédard noted that there could be 3–4 such stages. 
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We believe that the time interval of 3.1–2.7 Ga in-
cluded a period of small-plate tectonics, whereas the 
interval of 2.7–2.0 Ga constituted a transitional peri-
od from the small-plate tectonics to modern-style tec-
tonics. At that time, all the Earth’s inner layers were 
formed [Kuzmin, Yarmolyuk, 2016, 2017]. The chang-
es of tectonic movements, as well as the types of tec-
tonic structures, that took place from the beginning of 
the Archaean aeon to the onset of plate tectonics, can 
be illustrated by a diagram (Fig. 12) containing the au-
thors’ additions. 

CONCLUSION

Studying the early stages of the Earth’s evolution 
constitutes the basis for understanding its further ge-
ological history. The Chaotian aeon was marked by 
cosmic events that determined the initial development 
of our planet. At that time (4568–4500 Ga), the Earth 
formed as a result of planetesimal accretion and cos-
mic factors determined all the processes occurring on 
Earth: differentiation into the core and the mantle, for-

mation of the Earth’s satellite – the Moon. At the same 
time, the evolution of the Solar System itself deter-
mined its division into rocky inner and gas-water out-
er parts, in which the terrestrial planets were located 
closer to the Sun, whereas its outer part was occupied 
by giant gas-ice planets. The early history of the giant 
planets, as well as the intensity with which the terrestri-
al planets were bombarded by meteorites, greatly con-
tributed to the delivery of building material to the inner 
part of the system. 

Heavy meteorite bombardments of the Earth con-
tinued in the Hadean aeon as well. At the time, the first 
crust of the Earth began to form; however it was prac-
tically destroyed at the end of the Hadean aeon when 
the giant planets settled in their orbits and the main me-
teorite material was accreted by the terrestrial planets, 
with a significant part of it being absorbed by the Sun. 
Despite the fact that the Hadean aeon is seen as the be-
ginning of the Earth’s geological history, it was domi-
nated by cosmic events. In particular, Earth, like other 
planets of the terrestrial group, was constantly subject-
ed to meteorite and asteroid bombardments. Figure 13 

fig. 12. Diagram showing tectonic-magmatic events involved in the formation of the geological structure of Pilbara 
Craton (Australia) according to [Pease et al., 2008] with additions.
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shows a model of the manifested endogenous processes 
characteristic of the Hadean time. A high temperature 
of the Hadean mantle, on the one hand, resulted from 
recently crystallised hot mantle ocean produced by 
the Moon-forming impact and, on the other, from the 
presence of a great number of short-lived isotope sys-
tems releasing a large amount of energy during the ra-
dioactive decay of parent isotopes. In this connection, 
whole-mantle convection most likely did not exist in 
the Hadean aeon. A flat stagnated surface of Earth was 
hit by cosmic asteroids or large meteorites destroying 
the planet’s surface represented by rocks formed dur-
ing the outpouring and differentiation of basic mantle 
magmas. The fragments of surface rocks subsided in-
to the mantle, melting and mixing with the mantle ma-
terial. This material subsequently formed the protoliths 
of the late-Hadean and Archaean magmas, which could 
contain refractory zircon crystals. New portions of the 
basic and komatiitic mantle magmas poured into the 
destroyed parts of the Hadean Earth’s surface, which 
were restored by the subsequent crystallisation of mag-
ma and damaged again during the next bombardment. 
Thus, the Earth’s endogenous activity in the Hadean 
aeon was completely affected by space processes. 

At the end of the Hadean aeon, the mantle temper-
ature was lowered due to the loss of a large amount of 
endogenous energy following the last heavy meteorite 
bombardment, as well as to the cessation of the radio-
active decay of short-lived isotopes, which marked the 
beginning of the Archaean period of the Earth’s geo-
logical history. 

It can be assumed that due to the beginning of the 
whole-mantle convection (see Fig. 13), a decrease in 
mantle temperature did not affect the thermal state of 
the Earth’s core. Consequently, Earth became a self-
organised unit, which led to the manifestation of deep 
tectonic processes, i.e. endogenous activity of the plan-
et itself, whereas cosmic impact on Earth decreased 
significantly. The Earth’s surface remained flat and 
stagnated, i.e. the operation of lid tectonics continued; 
however it was torn apart by rising deep plumes car-
rying magmas of ultrabasic-basic composition, which 
formed a thick crust of the basic (basaltoid) composi-
tion at the exit points. The surface layer of Earth could 
not withstand the load of the upper layer, which, un-
dergoing sagduction, subsided forming granitoid mag-
mas, subsequently producing rocks of the TTG series. 
Pouring onto the surface, magmas formed the Archae-
an granitoid continental crust that has been preserved 
to date. 

With its thickness gradually increasing, the conti-
nental crust started to break and sink into the mantle: 
marking the onset of small-plate tectonics, which due 
to the formation of the Earth’s inner layers [Condie, 
2011; Kuzmin, Yarmolyuk, 2017] further evolved in-
to the modern-style tectonics combining plate tectonics 
and plume tectonics. 

Surely, this general view of our planet’s evolution 
is largely speculative and needs to be further revised, 
which in turn requires detailed comprehensive geolog-
ical studies. 

fig. 13. Models of possible endogenous processes in the Hadean aeon and the Eoarchaean era.
In the Hadean aeon, a thin crust was formed by mantle magmas, whose eruptions were induced by asteroid bombardments. The 
bombardments destroyed the crust that subsided into the upper part of the mantle forming the Hadean protolith for subsequent mag-
ma generation. Whole-mantle convection began in the Archaean aeon, which also involved the Hadean protolith in melting. The 
melting of the lower crust under the influence of mantle magmas caused the appearance of melts forming TTG complexes. The res-
tite of the lower crust descended into the lower mantle (see the text for explanation).
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Murzinka massif constitutes an interformational sheet-like body reaching up 6 km in length steeply dipping to the east. Pro-
terozoic metamorphic rocks of predominantly granulite facies (p = 5–6 kbar, T = 750–800℃) occur at the base of the mas-
sif, with Silurian-Devonian volcanic-sedimentary rocks metamorphosed in the epidote-amphibolite facies occurring in its 
roof. The petrogenic elements were determined at the Laboratory for Physicochemical Research Methods of the Zava ritsky 
Institute of Geology and Geochemistry, UB RAS. The content of trace elements was determined at the laboratories of the 
University of Granada in Spain and at the Institute of Geology and Geochemistry using the ICP-MS method. In the eas-
tern direction, the rocks change their composition from predominantly basic to granitoid as they approach the massif. The 
gneisses of the granitoid composition experienced a high degree of melting; the anatectic melt formed the western part of 
the Murzinka massif. The granites form three complexes: 1) Yuzhakovo – veins of biotite orthoclase antiperthite gra nites 
varying in K2O content in the metamorphic rocks of the base of the massif; 2) Vatikha – biotite orthoclase antiperthite gra-
nites making up the western part of the murzinka massif; 3) Murzinka – two-mica predominantly microcline granites oc-
curring in the eastern part of the massif. Vatikha and Murzinka granites have the same isotopic age (about 255 Ma). A clear 
geochemical zonation is revealed in the massif: from west to east (from the base to the roof), the contents of Rb, Li, Nb, 
Ta increase in the granites of the Vatikha and Murzinka complexes. In the same direction, the ratios K/Rb, Zr/Hf, Nb/Ta 
decrease, as well as the contents of Ba and Sr. Naturally, the compositions of such rock-forming minerals as plagioclase 
and biotite also change. The isotopic characteristics of the granites of the Vatikha (Sri = 0.70868–0.70923 and εNd255 from 
–8.9 to –11.9) and Murzinka (Sri = 0.70419–0.70549, εNd255 from –2.6 to +2.3) complexes suggest that the substratum of 
the former was represented by Proterozoic granite-gneisses, whereas the rocks of the newly formed crust, possibly similar 
to the Silurian-Devonian volcanogenic-sedimentary rocks, which are at contact with the Murzinka granites, served as the 
substrate for the latter. 

Keywords: granites, geochemical zonation, isotopic characteristics of granites, P-T parameters of granite magmatism
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INTRODUCTION

The issue associated with the formation of granite 
massifs has always been at the forefront of attention of 
petrologists and geochemists. The use of modern anal-
ysis methods (including in-situ methods) combined 
with detailed geological observations allows us to ap-
proach the solution of such fundamental issues of gran-
ite formation as the duration and stages of the process, 
its physicochemical parameters, laws and conditions of 
granite formation and magmatic evolution, sources of 
granite magmas and fluids. 

This article is aimed at considering these issues us-
ing the well-studied Murzinka massif (Middle Urals) as 
an example. The massif in question was described ear-
lier in [Orogenic granitoid magmatism..., 1994]; how-
ever, new more accurate analytical data allow us to re-
turn to this unique subject matter.

The massif constitutes an interformational sheet-
like body reaching up to 10 km in thickness dipping 
steeply to the east. It is overlain by presumably Devo-
nian volcanic-sedimentary rocks and underlain by Pro-

terozoic para- and orthorocks of the Murzinka-Aduy 
metamorphic complex (MMC) [Keil’man, 1974; Ko-
rovko, Dvoeglazov, 1986], intruded by numerous gran-
ite veins, which we identified in the Yuzhakovо com-
plex (Fig. 1). The massif includes two isotopically co-
eval granite complexes. Its western part is composed 
of orthoclase, magnetite and biotite granites from the 
Vatikha complex, whereas the eastern part compris-
es microcline-orthoclase and microcline binary gran-
ites from the Murzinka complex [Orogenic granitoid 
magmatism..., 1994]. The veins of chamber pegmatites 
making up the famous Ural gemstone belt were formed 
in the bottom part of the massif [Fersman, 1940; Ta-
lantsev, 1988], with common pegmatites characterised 
by rare-metal mineralisation and various metasoma-
tites being formed over its top. 

METHODS

The petrogenic elements were determined at the 
Laboratory for Physicochemical Research methods of 
the Zavaritsky Institute of Geology and Geochemistry, 



LITHOSPHERE (RUSSIA)   volume 18   No. 5A   2018

21Murzinka massif in the Middle Urals as an example of an interformational granite pluton

fig. 1. Location of area under study.
a – the main geological structures of the Urals: ПК – paleocontinental sector, ЗУ – Trans-Urals, СЗ and ЮВ – island arc-continen-
tal megablocks [Fershtater, 2013]. b – a scheme of the placement of Murzinka rock samples mentioned in the text, the contours of 
the Murzinka massif and approximate areas of the granites of the West Vatikha (WV), East Vatikha (EV) subcomplexes and the 
Murzinka (M) complex. c – a schematic geological map of Murzinka (I), Aduy (II) and Kamensk (III) massifs, compiled on the ba-
sis of the geological map of the Urals, ed. by I.D. Sobolev with authors’ changes.
1, 2 – rocks of the Murzinka-Aduy metamorphic complex: 1 – biotite ortho- and paragneisses with interbedded marbles, 2 – high-
aluminum ortho- and paragneisses of alkaline-mafic composition; 3 – Silurian-Devonian volcanic-sedimentary rocks; 4 – serpen-
tinites; 5 – Early Devonian migmatised gabbros, trondhjemites and granodiorites; 6, 7 – Carboniferous tonalites, granodiorites 
and granites (6) and migmatites (7) in Kamensk massif; 8 – two-mica microcline-orthoclase granites, which presumably crystal-
lised from magma formed by the migmatisation of Carboniferous tonalites and granodiorites (Murzinka complex); 9 – biotite an-
tiperthite, essentially orthoclase granites with magnetite, presumably formed through the partial melting of ancient metamorphic 
strata (Vatikha complex – the dashed line roughly separates the granites of the West and East Vatikha subcomplexes); 10 – Ala-
bashka chamber pegmatite field.
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UB RAS (analysts N.P. Gorbunova, L.A. Tatarinova 
and G.S. Neupokoeva). The content of trace elements 
was determined at the laboratories of the University of 
Granada in Spain (analysts F. Bea, P. Montero) using 
the ICP-MS method and at the Institute of Geology and 
Geochemistry (analysts D.V. Kiseleva, N.V. Chered-
nichenko and L.K. Deryugina) using an emission spec-
tral analysis. The accuracy of the analyses comes to 
2 and 5 rel % for the concentrations of 50 ppm and 
5 ppm, respectively. 

Murzinka-aduy metamorphic complex

At the latitude of the Murzinka granite massif, the 
rocks of the complex are represented by para- and or-
thogneisses, whose bulk composition varies from ba-
sic to granitoid. The western and central parts of the 
complex comprise gneisses of mainly basic composi-
tion, interstratified with more silicic rocks (Table 1, 
an. 1–8). In terms of mineral composition, high-alumi-
na (see Table 1, an. 2, 3, 7, 8) and high-alkaline rocks 
(an. 1, 4–6) are distinguished. The former are represent-
ed by the alternation of biotite, biotite-garnet, biotite-
cordierite-sillimanite and biotite-corundum gneisses 
with tourmaline. Corundum gneisses (an. 2) which are 
similar in terms of mineralogy to corundum syenites 
from the Ilmeny mountains described in [Levin et al., 
1975; Popov, Popova, 1975]: well-formed corundum 
crystals (0.5–5 cm in size), whose arrangement does 
not correspond to the gneissic structure, are surrounded 
by antiperthite plagioclase and immersed in a biotite-
plagioclase-quartz-corundum matrix, in which corun-
dum grains are strictly oriented. High-alkaline gneiss-
es are represented by biotite and clinopyroxene-horn-
blende-biotite varieties with antiperthite plagioclase 
an30-40 characteristic of all metamorphic rocks from the 
Murzinka complex, as well as a rich complex of acces-
sory minerals: magnetite, sphene, apatite and allanite 
(see Table 1, an. 4, 5). In terms of mineral and chemi-
cal composition, these rocks are close to the so-called 
vaugnerites – potassium-rich basic and diorite rocks 
in the Western European variscites (Massif Central, 
France), which accompany the main phase of granite 
crust formation and reflect the contribution of the man-
tle to this process [Sabatier, 1980, 1991; Scarrow et al., 
2009]. Researchers attribute the formation of vaugner-
ites to the most intense, ‘catastrophic’ melting of the 
crust [Couzinie et al., 2014].

In the area of the Alabashka pegmatite field (see 
Fig. 1), where many holes were drilled during explora-
tion, the section of metamorphic rocks hosting pegm-
atite veins is represented by carbonate rocks (calci-
phyres) interstratified with biotite gneisses of predom-
inately diorite composition and intruded by the granite 
and adamellite veins of the Yuzhakovo complex. The 
metamorphic paragenesis of calciphyres is as follows: 
calcite, dolomite, phlogopite, diopside and graphite; 
with the mineral composition of gneisses comprising 

biotite, hornblende, sometimes diopside and orthopy-
roxene, orthoclase, antiperthite plagioclase an40-60, ap-
atite, magnetite. Orthogneisses of diorite and more sil-
icic composition predominate. Paragneisses are charac-
terised by a thin-banded texture and low-strontium con-
tent. Granites intrude already metamorphosed rocks. 
They transect gneissic structures and contain the xe-
noliths of gneisses and calciphyres metamorphosed in 
the context of a granulite facies. Rocks that are in con-
tact with the granite veins are skarnified. The follow-
ing minerals are formed in them: forsterite, diopside 
porphyroblasts, bytownite an70-90, scapolite, prehnite; 
phlogopite chloritises; apatite, sphene and sulphides 
(pyrite, chalcopyrite) occur in large quantities in them. 
The skarnification is of the bimetasomatic type, which 
is manifested in granites by the development of preh-
nite, scapolite and less commonly diopside. The thick-
ness of endoskarn zones reaches 0.5 m. Unlike gran-
ites, chamber pegmatites (Mokrusha and other veins) 
do not affect the host rocks significantly and have well-
defined boundaries with them, without there being any 
noticeable changes on both sides.

The mineral composition of MMC gneisses – a high 
titanium content (up to 5.5 wt % in biotite and up to 
2 wt % in amphibole), as well as antiperthite plagiocla-
se and poorly structured potassium feldspar – indicates 
high temperatures of mineral formation correspond-
ing to the granulite facies [Orogenic granitoid magma-
tism..., 1994].

The easternmost part of the MMC was preserved 
only in the form of the xenoliths of granite gneisses in 
Vatikha granites (see Table 1, an. 9–11). The rocks ex-
perienced partial melting, whose products formed the 
western part of the Murzinska massif. The fact that the 
composition of restite is close to that of adamellite sug-
gests that the composition of protolith was only slight-
ly different from granite and experienced a high degree 
of partial melting.

The structure of the MMC exhibits latitudinal lat-
eral zonation, which is characterised by an increase in 
the content of silica in metamorphic rocks from west to 
east (Fig. 2). This increase reflects the initial change in 
the composition of the rocks rather than granitisation, 
which is very weak. The use of some well-known dis-
criminatory diagrams (Fig. 3) confirms the conclusion 
that rocks that served as the protolith of metamorphic 
rocks belong to a high-alkaline basalt-andesite series. 
In this connection, we should recall that G.A. Keil’man 
[1974] suggested that rocks of the Ilmeny complex 
constitute the southern continuation of the MMC. The 
presented data on the rock composition, as well as the 
presence of such specific gneisses in the MMC as co-
rundum ones, which are not known anywhere in the 
Urals, except for the Ilmeny Mountains [Levin et al., 
1975], confirm this assumption.

The U-Pb age of zircon from a typical biotite diorite 
gneiss, determined using both the classical method and 
the LA-ICP-MS, is more than 1600 Ma [Krasnobaev 
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Тable 1. Content of petrogenic (wt %) and trace (ppm) elements in the metamorphic rocks of the Murzinka-Aduy complex
Element 1 2 3 4 5  6 7 8 9 10 11
SiO2 49.30 51.64 54 00 55.34 57.17 62.50 66.49 67.66 67.61 69.00 70.15
TiO2 2.31 1.12 0.92 1.47 0.90 0.98 0.63 0.85 0.47 0.36 0.26
Al2O3 17.91 26.83 16.47 18.19 18.53 16.09 14.35 13.25 16.20 15.55 14.66
Fe2O3 2.10 1.21 0.61 2.15 0.46 2.17 2.56 0.70 0.43 0.50 0.46
FeO 8.34 4.33 7.38 5.23 5.00 3.00 2.80 5.60 2.55 2.77 2.90
mnO 0.12 0.03 0.13 0.07 0.10 0.10 0.05 0.05 0.05 0.04 0.05
mgO 3.52 2.45 5 3.16 3.92 2.64 2.72 2.37 0.73 1.26 0.59
CaO 5.44 1.52 6.87 4.52 5.29 4.77 3.11 0.48 1.87 2.34 1.32
Na2O 2.80 5.78 3.44 4.55 4.40 4.36 3.38 2.39 4.89 5.00 3.67
K2O 3.95 3.67 3.2 2.75 2.39 2.00 2.41 5.30 3.26 2.18 4.65
P2O5 1.21 0.22 0.25 0.87 0.10 ND ND ND 0.17 0.14 0.13
Impurities 2.04 1.17 1.53 1.21 1.33 0.80 0.80 1.00 0.62 0.31 0.59
Σ 99.04 99.97 99.8 99.86 99.59 99.40 99.29 99.65 98.85 99.76 99.43
Li 18.88 73.86 ND 30.00 34.00 25.42 10.59 125.7 14.70 28.00 11.26 
Rb 160.8 88.82 73.00 149.0 76.00 66.74 75.76 73.80 31.28 23.00 85.54 
Cs 1.83 1.05 ND 2.00 3.00 2.05 1.49 2.32 0.81 1.00 0.62 
Be 1.75 6.66 1.00 3.00 3.00 2.21 1.34 1.78 0.68 2.00 1.67 
Sr 1370 43.82 460.0 0.00 398.0 345.1 406.1 70.81 745.95 368.0 224.2 
Ba 2527 88.74 ND 0.00 431.00 358.8 413.1 185.6 2004.4 468.0 646.7
Sc 13.88 22.22 35.00 16.00 25.00 14.59 14.37 45.24 2.30 9.00 3.53 
V 250.2 605.1 170.0 150.0 143.0 102.4 115.7 435.0 25.53 47.00 13.95 
Cr 7.58 258.7 49.00 3.00 103.0 94.03 37.19 191.9 0.93 4.00 2.97 
Co 17.46 39.74 24.00 15.00 21.00 16.83 13.82 24.80 2.97 5.00 2.16 
Ni 18.18 56.31 24.00 18.00 55.00 124.9 22.11 57.32 1.89 2.00 2.44 
Cu 28.87 35.19 ND 36.00 8.00 27.81 126.9 18.47 14.99 28.00 7.37 
Zn 140.72 29.76 ND 143.0 76.00 64.35 57.18 83.68 60.49 54.00 46.34 
Ga 23.39 46.22 ND 16.00 20.00 18.58 14.10 33.45 15.67 16.00 20.26 
Y 23.17 1.37 21.00 17.90 19.20 16.94 18.79 7.95 2.78 4.20 6.19 
Nb 45.20 7.47 8.00 62.90 18.20 14.22 4.21 2.99 1.55 8.50 5.98 
Ta 2.12 0.31 ND 5.10 2.00 1.00 0.23 0.11 0.11 0.80 0.23 
Zr 28.83 227.0 123.0 121.0 26.00 21.20 46.12 26.06 62.90 146.0 64.69 
Hf 0.96 4.13 ND 1.90 0.80 0.75 1.32 0.52 1.39 2.60 1.90 
mo 3.56 0.17 ND 0.00 0.00 13.18 0.60 0.10 0.07 0.00 0.08 
Sn 3.18 1.95 ND 3.30 2.90 2.48 0.54 2.37 0.66 1.80 1.42 
Tl 0.75 0.21 ND 0.80 0.40 0.40 0.42 2.61 9.21 9.60 1.18 
Pb 13.71 3.45 ND 11.60 11.10 12.41 9.17 9.00 21.62 19.50 28.38 
U 2.21 1.74 ND 1.80 0.90 2.03 1.73 0.83 0.78 2.00 1.52 
Th 11.35 0.42 ND 15.20 3.00 6.59 4.75 1.12 6.80 9.00 25.50 
La 108.5 0.68 21.00 59.40 16.50 18.98 19.54 5.23 9.84 27.70 52.36 
Ce 231.7 1.65 ND 140.90 34.30 39.09 41.16 13.36 22.22 48.80 88.00 
Pr 21.65 0.29 ND 17.20 4.10 4.56 5.23 1.90 2.50 4.90 11.70 
Nd 83.39 1.30 ND 67.70 16.30 17.05 22.06 8.75 9.34 16.40 40.32 
Sm 13.45 0.35 ND 11.86 3.65 3.52 4.91 2.09 1.61 2.45 6.19 
Eu 3.15 0.07 ND 2.91 1.10 1.05 0.96 0.38 0.40 0.64 0.77 
Gd 8.17 0.31 ND 8.78 3.46 3.28 4.35 1.79 0.95 2.08 3.57 
Tb 1.00 0.05 ND 1.04 0.59 0.53 0.62 0.24 0.11 0.22 0.41 
Dy 5.25 0.31 ND 4.21 3.38 3.19 3.77 1.30 0.60 0.92 1.98 
Ho 0.90 0.07 ND 0.70 0.73 0.66 0.75 0.25 0.12 0.16 0.33 
Er 2.29 0.21 ND 1.72 2.07 1.98 2.14 0.73 0.40 0.48 0.79 
Tm 0.28 0.04 ND 0.20 0.33 0.27 0.28 0.11 0.06 0.06 0.09 
Yb 1.60 0.28 3.00 1.13 1.94 1.83 1.72 0.71 0.45 0.32 0.48 
Lu 0.20 0.04 ND 0.13 0.28 0.27 0.25 0.10 0.07 0.04 0.06 
W 0.55 7.81 ND ND ND 1.86 0.74 0.30 0.06 ND 0.09 
Ge 1.15 3.24 ND ND ND 1.02 0.90 2.35 0.50 ND 0.89 
Ag 1.30 0.26 ND ND ND 0.44 0.20 0.12 0.14 ND 0.20 
As 1.06 0.46 ND ND ND 2.5 0.50 0.91 0.03 ND 0.41 

Note. 1 – gneiss 73 Hbl-Bt, 2 – gneiss 217 Bt with corundum, 3 – gneiss 175/42 Bt-cpx, 4 – gneiss 71 Bt, 5 – gneiss 127 Bt, 6 – gneiss 134 
cpx-Hbl-Bt, 7 – gneiss 128/22 Bt, 8 – gneiss 220 Bt-Grt, 9 – gneiss 85a Bt near the contact with the Murzinka massif, 10 – 24/110 a – in-
clusion in the West Vatikha granite, 11 – 61 inclusion in the West Vatikha granite. 2, 8, 9 – presumably paragneisses, the remaining ana-
lyses represent orthogneisses. The number of the borehole given in the numerator, with its depth being stated in the denominator. Trace 
ele ments were determined in sample 3 at the laboratory of the Institute of Geology and Geochemistry using the emission spectral method; 
ND – not detectable.
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et al., 2005]. The morphological features of zircons in-
dicate their primary crystallisation in the context of a 
granulite facies and subsequent diaphthorite transfor-
mations, which are about 380 million years old.

Chamber pegmatites of the gemstone belt at the 
base of the granite massif 

Among the above-described Mesoproterozoic 
gneisses at the base of large granite massifs – Murzins-
ka and Aduy – there is a Ural gemstone belt, world-fa-
mous for its chamber pegmatites characterised by rich 
mineralisation [Fersman, 1940]. The main features of 
pegmatites we will consider using the example of the 
Mokrusha vein, which is the most famous in the Ala-
bashka pegmatite field (see Fig. 1) and typical of the 
pegmatites of the entire belt.

The vein occurs among diorite gneisses and car-
bonate rocks transformed into calciphyres. The host 
rocks have a submeridional strike and dip east at an 
angle of 15–20°. The vein occurs along the strike of 
the host rocks and transects them down the dip. The 
thickness of the vein ranges from 1.5–2.0 to 9–12 m. 
As noted above, no noticeable exocontact changes 
in host gneisses and carbonate rocks are observed. 
The veins of chamber pegmatites exhibit this feature, 
which distinguishes them from all other pegmatites 
associated with the granites of the Murzinka massif 
and is apparently explained by the fact that most of 

the fluid in such pegmatites is stored in vugs (cavi-
ties) inside the vein and does not interact with host 
rocks.

A typical cross section of a vein is given using the 
data of borehole 99 and is as follows. While the biotite 
granite of the Yuzhakovo complex (Table 2, an. 1) oc-
curs in the hanging wall, the footwall comprises biotite 
diorite gneiss, which is close in composition to gneiss 
128/22 (see Table 1, an. 7). The vein has cross-cutting 
contacts with both rock varieties. The cross section of 
the vein section is as follows: 23.7–24.0 m – coarse-
graphic pegmatite, 24.0–25.1 m – micro-graphic pegm-
atite, 25.1–25.8 m – fine-graphic pegmatite, 25.8–
27.0 m – block pegmatite, 27.0–29.7 m – spherulitic 
pegmatite, 29.7–33.2 m – fine-grained pegmatite. The 
compositions are given in Table 2. Fine-graphic zones 
(1–2 cm thick) are observed in the upper and lower en-
docontacts. In these zones, quartz ichthyoglipts are ori-
ented perpendicular to the contact, which is possibly a 
consequence of quenching.

fig. 2. Dependence of SiO2 content in gneisses on 
their distance from the granite massif.

fig. 3. Position of gneisses in classification diagrams 
(with authors’ simplifications) [Le Maitre, 1989 
(Fig. B.14); Winchester, Floyd, 1977 (Fig. 6)].
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The widespread development of graphic inter-
growths of quartz with plagioclase and potassium feld-
spar provided the possibility to study the conditions for 
the formation of pegmatites of the mokrusha vein in 
detail. These structures always arise as a result of eu-
tectic crystallisation under conditions close to the sys-
tem РН2О = Рtotal. The content of quartz in such inter-
growths is strictly correlated with the composition of 
feldspar and is determined by the pressure during crys-
tallisation [Fershtater, 1987]. The results of studying 
the cross section of the vein (borehole 99) in terms of 
the composition of quartz-feldspar intergrowths are 
given in Table 3.

The obtained data indicate meso-abyssal condi-
tions for the formation of the mokrusha vein. An in-
crease in the quartz content in quartz-feldspar inter-
growths in the granite of the hanging wall, which is in 
direct contact with the vein, and in the zone of fine-
grained pegmatite at the base of the vein (and, accord-
ingly, lower pressure values) is apparently due to a 
decrease in РН2О. All other pressure values correspond 
to РН2О = Рtotal.

Table 2. Content of petrogenic (wt %) and trace (ppm) elements in granite from the hanging wall of the Mokrusha pegmatite 
vein (1) and from graphic pegmatites of this vein (2–5). Borehole 99

Element 1 2 3 4 5 6 Element 1 2 3 4 5 6
SiO2 72.11 74.84 75.2 77.02 76.19 74.92 Zr 54.58 11.95 11.03 13.44 40.00 46.29 
TiO2 0.18 0.05 0.02 0.01 0.01 0.03 Hf 1.13 0.65 1.02 0.92 5.08 2.75 
Al2O3 14.64 12.99 12.71 12.63 13.18 12.74 mo 0.57 0.04 0.22 0.16 0.39 0.15 
Fe2O3 0.38 0.33 0.19 0.11 0.96 0.35 Sn 0.54 0.69 8.92 9.24 15.46 2.20 
FeO 1.49 1.87 1.74 1.95 1.92 1.72 Tl 0.41 0.65 1.99 1.70 1.36 1.68 
mnO 0.06 0.02 0.03 0.05 0.55 0.04 Pb 15.77 34.79 29.87 26.78 7.34 24.81 
mgO 0.28 0.1 0.1 0.1 0.1 0.1 U 59.73 1.56 2.33 1.99 18.12 11.23 
CaO 1.21 1.17 0.91 0.58 0.44 0.61 Th 4.99 11.60 2.66 0.96 8.08 22.63 
Na2O 3.35 4.11 3.89 5 4.77 4.02 La 33.18 3.93 2.31 1.84 6.50 4.47 
K2O 5.78 4 5.05 2.18 1.14 4.88 Ce 54.13 9.06 5.02 3.94 18.13 11.94 
P2O5 0.08 0.01 0.01 0.01 0.01 0.01 Pr 5.53 1.21 0.54 0.39 2.39 1.67 
Impurities 0.39 0.05 0.1 0.21 0.69 0.3 Nd 18.25 4.81 1.80 1.27 9.01 6.84 
Σ 99.95 99.57 99.95 99.85 99.96 99.72 Sm 2.34 1.15 0.65 0.40 5.70 2.17 
Li 57.31 50.35 405.50 496.86 352.86 12.91 Eu 1.20 0.06 0.01 0.00 0.02 0.06 
Rb 60.98 81.23 253.63 348.64 290.42 174.60 Gd 1.31 0.85 0.65 0.45 11.88 1.98 
Cs 6.54 5.44 74.95 69.29 52.29 7.85 Tb 0.14 0.11 0.13 0.09 3.47 0.32 
Be 2.28 1.57 4.16 4.87 15.70 4.86 Dy 0.72 0.51 0.85 0.55 24.59 1.93 
Sr 353.73 10.96 1.11 0.90 2.83 7.56 Ho 0.12 0.08 0.15 0.10 4.24 0.43 
Ba 970.37 19.97 8.05 6.82 14.73 8.87 Er 0.30 0.19 0.43 0.28 10.32 1.43 
Sc 3.13 1.53 5.63 7.58 17.15 3.74 Tm 0.04 0.02 0.06 0.04 1.34 0.23 
V 20.19 1.32 0.33 0.48 0.45 0.44 Yb 0.22 0.15 0.41 0.26 7.48 1.68 
Cr 1.01 0.66 1.71 2.28 0.63 1.45 Lu 0.03 0.02 0.05 0.03 0.76 0.27 
Co 3.03 0.25 0.07 0.11 0.10 0.15 W 8.70 0.66 2.42 2.24 12.20 0.85 
Ni 1.64 0.72 0.31 0.48 0.39 1.45 Bi 0.03 0.04 4.88 3.47 6.35 0.47 
Cu 9.95 2.67 2.58 6.47 3.04 3.24 Cd 0.04 0.03 0.08 0.08 0.32 0.06 
Zn 49.43 11.15 47.56 63.29 63.00 12.01 Ge 0.71 1.25 2.38 3.08 3.59 1.71 
Ga 21.05 16.23 21.31 27.79 30.20 16.07 Ag 0.54 0.24 0.85 0.71 1.18 0.42 
Y 3.68 1.57 3.79 3.65 157.88 7.32 Sb 0.36 0.41 0.72 0.71 2.20 0.20 
Nb 18.23 7.41 29.51 34.01 40.42 13.04 As 1.27 1.40 5.34 6.05 8.22 0.47 
Ta 0.30 0.42 2.74 2.39 4.93 1.70 

Note. 1 – a depth of 23.4 m (granite in contact with the vein); 2–5 – graphic texture: 2 – 23.7 m, 3 – 24.3 m, 4 – 25.1 m, 5 – 43.0 m – fine 
graphic texture in the upper endocontact of the vein.

It is important to note that chamber pegmatites of 
the Mokrusha type exhibit a particular geochemical fea-
ture, which reliably distinguishes them from all other 
pegmatites associated with various granites of the Mur-

Table 3. Quartz content in graphic intergrowths with K-field-
spar and plagioclase in the croee section of the mokrusha 
vein, borehole 99 (according to the results of counting in thin 
sections)

Zone Depth, m Quartz content, 
vol %

pH2O, 
kb

Fsp + Q pl + Q
Host adamellite 23.3–23.7 39 44 2
Coarse-graphic 23.7–24.0 33 40 3
micro-graphic 24.0–25.1 34 38 3–4
micro-graphic 25.1–25.8 33 38 3–4
Block 25.8–27.0 – – –
Spherulitic 27.0–29.7 33 37 3–4
Fine-grained 
pegmatite

29.7–33.2 38 41 2
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zinska massif. Mokrusha pegmatites (see Table 2) are 
characterised by an extremely low (less than 10 ppm) 
content of Sr and Ba with low K/Rb (<100) and Zr/Hf 
(<20) ratios, whereas in all other pegmatites the above-
mentioned parameters are similar to those of granites. 
These features indicate that mokrusha pegmatite bod-
ies did not participate in the formation of granite mas-
sifs. At the same time, such pegmatites in many cas-
es complete the evolutionary trends of granites of the 
Murzinska massif, which allows us to consider them as 
the latest manifestations of granite magmatism, which 
is consistent with the K-Ar age of pegmatite mica com-
ing to 220–250 Ma [Borshchov, Fershtater, 2017]. The 
presented data suggest that most of chamber pegma-
tites of the gemstone belt formed after the completion 
of granite magmatism, which formed the Murzinka 
massif. It can be assumed that the granite component 
of chamber pegmatites is not manifested. An example 
would be the pegmatite fields in Norway and Sweden 
consisting of many thousands of pegmatite veins that 
show no connection with granites [Muller et al., 2017].

Yuzhakovo complex of veined granitoids

The granitoids of this complex are localised west 
of the Murzinska massif, within the metamorphic com-
plex. They do not form large bodies; however, the nu-
merous veins of these rocks often predominate in vol-
ume over the host metamorphic rocks.

Early veins (first generation) are represented by bi-
otite gneiss-like plagiogranites, usually in the form of 
ptygmatic folds (Table 4, an. 1–3, 5). The rocks com-
prise antiperthite plagioclase an30-40, quartz and red-
brown high-titanium biotite. Rare potassium feldspar 
is represented by orthoclase, with the accessory miner-
als including apatite and sphene. The plagiogranite for-
mation is completed by thin plagiopegmatite veins and 
plagiogranite areas, followed by gneiss-like or mas-
sive granites and adamellites characterised by a high-
er potassium content, which varies widely, reaching 
4.78 wt % (see Table 4, an. 4, 6). It should be noted 
that the gneissic structure of such veins always coin-
cides with their strike, i.e. it is, clearly, syngenetic and, 
naturally, has a different direction as compared to ear-
lier plagiogranites.

Second-generation veins represented by granites 
and adamellites are most widespread (see Table 4, 
an. 7–11). These rocks often exhibit gneissic struc-
tures, whose direction does not coincide with that of 
the gneissic structures in the first-generation veins. 
Similar associations are repeated in all outcrops and 
indicate that the granites of the Yuzhakovo complex 
formed under orogenic conditions: each completed ep-
isode of granite formation, whose completion is indi-
cated by the presence of pegmatites, corresponded to 
its own stress direction. The episodes of tectonic and 
magmatic activity coincided. It should be noted that all 
the veins of the Yuzhakovo complex constitute intru-

sive bodies, which are not associated with any notice-
able migmatisation (partial melting). The development 
of insignificant quartz-feldspar areas in gneisses, possi-
bly associated with partial melting, precedes the intro-
duction of the earliest veins of the Yuzhakovo granites.

Murzinka Massif 

Western part – Vatikha complex. The identification 
of granites making up the western part of the Murzin-
ka massif as a separate complex was determined by 
the distinctive petrographic character of rocks includ-
ing antiperthite plagioclase an20-25 and poorly struc-
tured feldspath (orthoclase) [Orogenic granitoid mag-
matism..., 1994]. These mineralogical features bring 
Vatikha granites closer to the Yuzhakovo ones; how-
ever, unlike the latter, the Vatikha granites form a large 
body, constituting at least half of the total volume of 
the Murzinka Massif, rather than separate veins. The 
rocks are characterised by a prismatic-granular struc-
ture and contain porphyritic segregations of orthocla-
se and magnetite. The presence of the latter is due to 
the increased magnetic field in the western part of the 
massif, which clearly marks the distribution of Vatikha 
rocks. The plagioclase present in them is noticeably en-
riched with the albite component as compared to pla-
gioclase in the Yuzhakovo granites of the same silica 
content (60–70 and 75–80 mol %, respectively). Ac-
cessory minerals are diverse – orthite, apatite, zircon, 
xenotime and monazite.

In the western part of the complex, the predominat-
ing adamellites and granites contain the xenoliths of 
more melanocratic rocks of granodiorite and adamel-
lite composition, which we interpret as protolith res-
tites preserved under a high degree of the partial melt-
ing of rocks having a composition close to that of ad-
amellite (see Table 1, an. 9–11). The granites and ad-
amellites that formed have a specific composition  
(Table 5, an. 1–4) and are identified as the West Va-
tikha subcomplex. It is these granites that exhibit the 
strongest similarities with the Yuzhakovo granites. 
Granites occurring to the east of the East Vatikha sub-
complex are much more uniform in composition (see 
Table 5, an. 5–7) than the West Vatikha granites; they 
do not contain antiperthite plagioclase and are slight-
ly enriched with rubidium, as compared to the latter, in 
accordance with the general geochemical zonation of 
the massif (see below).

Eastern part of the Murzinka massif – Murzinka 
complex. These granites intrude the Vatikha granites 
in the west, as well as volcanic-sedimentary and sedi-
mentary rocks metamorphosed in the context of green-
schist and epidote-amphibolite facies in the east. Near 
the top, granites become leucocratic; the number of 
aplite and pegmatite veins in them increases, reaching 
50–60% of the volume. The contact itself is typically of 
the injection type: numerous granite apophyses, aplite 
and pegmatite veins penetrate the host rocks, which un-
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Table 4. Content of petrogenic (wt %) and trace (ppm) elements in the granites of the Yuzhakovo complex
No. 1 2 3 4 5 6 7 8 9 10 11

Sample 112a 128 114 112b 129 115_2 130 131 123 128/52 84b
SiO2 73.99 72.5 69.81 72.28 72.1 70.21 71.68 70.76 68.9 70.02 71.22
TiO2 0.08 0.10. 0.19 0.06 0.14 0.26 0.13 0.25 0.39 0.670 0.17
Al2O3 15.45 15.9 15.65 14.09 15.8 15.09 15.47 15.29 15.9 13.39 15.38
Fe2O3 0.45 ND 1.12 0.53  ND 0.3 0.1 0.39 0.24 2.05 0.26
FeO 0.8 1.37 2.55 3.98 1.69 2.01 1.48 1.61 2.24 2.1 2.61
mnO 0.05 ND 0.05 0.05 0.01 0.05 0.05 0.05 0.05 0.020 0.05
mgO 0.26 0.31 0.61 0.24 0.43 0.59 0.27 0.43 0.56 1.39 0.35
CaO 2.67 2.95 4.19 1.87 3 1.46 2.11 1.31 1.33 1.68 1.66
Na2O 4.56 4.82 3.69 4.03 4.61 3.79 4.25 3.94 3.4 3.17 3.12
K2O 0.67 0.81 0.69 2.2 0.86 4.78 3.15 4.61 5.68 4.99 4.6
P2O5 0.05 0.05 0.12 0.05 0.05 0.09 0.11 0.08 0.11 0.131 0.05
Impurities 0.16 0.32 0.65 0.43 0.44 0.33 0.11 0.12 0.24 0.3 0.44
Σ 99.19 99.12 99.37 99.81 98.14 96.7 100.28 100.16 99.04 99.89 99.91
Li 43.45 9 13 31.63 15 38.57 11 15 32.34 9.87 10.07
Rb 2.62 7 14 26.27 25 56.75 40 95 57.76 83.41 48.55
Cs 0.42 0.5 0 0.25 0.8 0.91 1 1 1.71 0.55 0.47
Be 9.59 1.9 1 5.24 1.5 3.53 3 1 2.88 1.35 0.88
Sr 177.9 286 533 283.7 441 298.5 365 521 231.7 413.1 803.2
Ba 104.4 135 78 349.8 238 1143 960 0 1612 1303 1877
Sc 15.89 1.3 10 6.5 21.1 8.97 4 8 5.42 5.03 1.14
V 18.48 12 20 18.38 18 35.31 9 17 46.33 47.90 9
Cr 22.3 0 0 27.44 0 14.72 0 2 15.38 4.95 3.83
Co 3.44 1.3 2 4.09 2.2 4.47 1 3 4.99 4.90 1.4
Ni 32.74 0 0 24.39 0 10.64 0 4 5.25 2.89 3.19
Cu 12.6 0 1 50.38 0 11.5 3 11 11.07 9.70 10.13
Zn 33.85 11 27 42.14 19 95.55 0 33 106.1 66.58 49.59
Ga 39.89 17 16 28.51 15 27.5 12 9 33.46 20.16 15.06
Y 1.61 1 8 0.72 3.7 1.44 5.2 3.2 1.52 3.61 2.17
Nb 4.65 1.3 4.3 1.38 2.3 6.07 4.3 3.3 9.62 7.89 0.87
Ta 0.18 0.1 1.9 0.07 0.2 0.17 0.7 0.3 0.32 0.28 0.07
Zr 47.21 54 14 24.03 121 230.5 143 213 359.5 55.28 83.77
Hf 1.41 1.7 0.3 0.6 3.2 3.51 3 3.9 5.87 1.35 2.15
mo 2.94 ND 0 1.69 ND 0.65 0 0 0.42 1.41 0.05
Sn 1.61 ND 0.2 1.98 ND 3.31 1.6 1.4 2.2 1.18 0.53
Tl 0.15 ND 0.2 0.2 ND 0.5 0.4 0.5 0.58 0.40 0.66
Pb 15.47 13 6.6 19.14 14 30.61 24.1 33.8 28.63 16.35 22.09
U 0.39 0.5 0.2 0.44 1.9 1.91 0.6 1.7 2.46 1.02 1.23
Th 1.98 3.5 0.5 1.95 11 5.91 6 14.6 10.1 24.74 7.53
La 0.58 3.5 5.4 1.25 15 5.54 12.5 41.7 15.2 101.6 7.61
Ce 1.69 12 16.7 2.48 39 11.94 45.2 70.9 29.79 184.7 16.36
Pr 0.22 0.78 1.5 0.37 3.1 1.36 3.2 7.5 3.05 14.71 1.93
Nd 0.95 2.5 6.1 1.4 11 4.9 11.9 24.7 9.95 46.62 7.4
Sm 0.32 0.6 1.35 0.34 1.8 0.84 2.65 3.36 1.33 5.23 1.38
Eu 0.19 0.53 0.68 0.23 0.85 0.2 1.17 1.11 0.25 1.32 0.48
Gd 0.34 0.4 1.37 0.23 1.3 0.55 2.26 2.44 0.57 2.29 0.86
Tb 0.05 0.05 0.22 0.03 0.15 0.07 0.27 0.22 0.06 0.22 0.1
Dy 0.29 0.26 1.31 0.17 0.72 0.32 1.19 0.79 0.29 0.94 0.52
Ho 0.05 0.03 0.29 0.03 0.15 0.06 0.2 0.12 0.05 0.14 0.09
Er 0.15 0.07 0.86 0.08 0.37 0.14 0.54 0.35 0.14 0.35 0.26
Tm 0.02 0.01 0.14 0.01 0.06 0.02 0.07 0.04 0.02 0.04 0.04
Yb 0.14 0.03 0.89 0.08 0.35 0.12 0.44 0.21 0.15 0.24 0.22
Lu 0.02 0.14 0.01 0.06 0.02 0.06 0.03 0.02 0.03 0.04

Note. 1-6 – the first generation of veins, 7-11 – the second generation of veins, ND – not detectable.
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Table 5. Content of petrogenic (wt %) and trace (ppm) elements in the granites of the Vatikha (1–7) and Murzinka (8–12) 
complexes

No. 1 2 3 4 5 6 7 8 9 10 11 12
Sample 91 92 66 57 106 15 10 17 23 26 42 51 

SiO2 72.56 71.12 72.48 71.03 73.16 72.88 71.19 74.66 73.87 74.15 72.48 72.65
TiO2 0.15 0.13 0.14 0.17 0.17 0.12 0.24 0.47 0.09 0.10 0.14 0.11
Al2O3 14.80 14.25 14.88 14.59 14.30 12.99 14.69 13.83 13.65 14.23 15.27 14.74
Fe2O3 0.10 0.31 0.49 0.55 0.31 0.45 0.42 0.10 0.34 0.23 0.10 0.45
FeO 1.67 2.51 1.22 2.12 2.04 1.74 2.60 1.61 2.06 2.14 1.58 1.35
mnO 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
mgO 0.37 0.31 1.40 0.36 0.93 0.98 0.35 0.11 0.29 0.14 0.29 0.24
CaO 1.18 1.35 1.40 1.07 0.93 0.98 1.19 0.96 0.64 0.80 1.48 1.18
Na2O 3.64 3.85 3.88 3.45 3.62 3.79 3.39 3.70 3.51 3.64 4.82 4.50
K2O 5.34 4.68 4.33 5.05 5.15 4.23 4.31 4.50 4.50 4.54 3.19 3.34
P2O5 0.08 0.09 0.05 0.08 0.05 0.05 0.07 0.05 0.05 0.05 0.05 0.05
Σ 99.96 98.65 98.24 99.03 98.63 99.33 98.80 99.14 99.05 98.66 99.45 98.66
Li 10.12 11.35 7.00 10.70 9.00 13.00 16.00 17.00 24.00 36.00 100.00 135.00
Rb 61.89 66.71 71.00 86.19 137.0 124.0 131.0 176.0 257.0 266.0 105.0 129.0
Cs 0.37 0.51 0.00 0.63 1.00 1.00 1.00 1.00 1.00 2.00 5.00 8.00
Be 1.71 1.95 2.00 1.22 1.00 2.00 1.00 2.00 2.00 3.00 3.00 6.00
Sr 216.3 212.8 313.0 212.2 142.0 89.0 259.0 107.0 96.0 106.0 200.0 336.0 
Ba 1048 895.5 779.0 982.8 482.0 282.0 0.0 318.0 355.0 343.0 721.0 0.0 
Sc 1.51 2.89 6.00 3.11 6.00 7.00 8.00 8.00 10.00 8.00 6.00 5.00
V 8.60 14.86 10.00 19.22 4.00 6.00 15.00 4.00 2.00 5.00 14.00 13.00
Cr 1.76 5.95 0.00 37.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Co 1.02 1.90 1.00 2.61 1.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00
Ni 1.20 5.43 0.00 57.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cu 3.73 11.73 9.00 13.82 1.00 1.00 5.00 1.00 1.00 1.00 7.00 1.00
Zn 33.59 38.17 0.00 47.01 0.00 13.00 28.00 31.00 38.00 26.00 24.00 24.00
Ga 16.68 18.18 14.00 19.59 15.00 18.00 12.00 19.00 21.00 20.00 17.00 10.00
Y 1.69 2.01 2.60 2.39 9.40 6.80 6.90 6.50 12.10 6.90 1.90 2.10
Nb 2.61 4.00 2.80 5.69 11.50 11.10 15.40 14.60 23.30 19.40 14.40 10.20
Ta 0.14 0.27 0.20 0.25 2.20 1.30 1.60 1.20 23.40 2.20 1.50 2.20
Zr 83.13 40.95 149.00 84.88 145.0 93.00 204.0 93.00 103.0 106.0 125.0 106.0
Hf 2.74 1.44 3.10 2.38 3.50 2.60 4.40 2.70 2.90 2.80 3.10 2.50
mo 0.06 0.39 0.30 8.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sn 0.78 1.34 0.30 1.73 0.70 1.50 0.70 2.10 5.10 3.00 3.40 4.40
Tl 0.87 0.58 1.90 0.70 1.00 6.80 0.80 1.20 1.30 2.80 4.00 1.10
Pb 30.99 26.54 18.00 31.44 25.50 25.20 28.10 33.40 33.90 27.60 19.90 19.90
U 0.77 0.79 0.70 1.47 2.60 2.20 3.10 2.70 5.50 2.90 1.50 1.30
Th 17.26 26.21 31.40 16.97 37.40 22.00 22.90 22.10 29.20 25.30 3.70 2.20
La 14.48 27.25 14.30 30.68 76.50 38.20 63.50 41.30 44.50 45.10 7.60 5.50
Ce 36.68 42.10 39.80 63.18 140.20 73.20 117.70 77.30 83.60 84.50 14.00 10.70
Pr 3.66 4.72 3.00 7.21 14.70 7.90 11.80 8.30 8.90 9.00 1.60 1.20
Nd 12.54 16.22 10.60 24.15 48.50 25.90 37.40 27.10 29.00 29.40 5.40 4.20
Sm 2.11 2.61 1.98 3.68 8.35 5.02 5.22 5.47 5.93 5.14 0.96 0.80
Eu 0.49 0.52 0.68 0.58 0.67 0.47 0.97 0.57 0.57 0.53 0.29 0.33
Gd 1.09 1.57 1.57 2.01 6.51 3.91 4.06 4.23 4.85 3.98 0.77 0.63
Tb 0.13 0.15 0.17 0.19 0.75 0.48 0.43 0.48 0.65 0.46 0.09 0.09
Dy 0.67 0.73 0.68 0.84 2.63 1.89 1.67 1.79 2.69 1.81 0.37 0.43
Ho 0.11 0.12 0.11 0.13 0.39 0.28 0.29 0.26 0.47 0.28 0.06 0.06
Er 0.30 0.28 0.24 0.33 0.91 0.61 0.81 0.60 1.11 0.67 0.16 0.16
Tm 0.04 0.03 0.03 0.04 0.08 0.07 0.11 0.06 0.16 0.08 0.02 0.03
Yb 0.22 0.20 0.17 0.22 0.44 0.41 0.72 0.37 0.87 0.52 0.14 0.14
Lu 0.03 0.03 0.01 0.03 0.05 0.05 0.11 0.05 0.12 0.07 0.02 0.02

Note. The Vatikha complex: west (1–4) and east (5–7) subcomplexes, the Murzinka complex (8-12): numbers of samples increase from 
west to east.
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dergo strong hydrothermal transformations – micasisa-
tion, silicification, albitisation, and K-feldsparisation.

The compositions of granites are given in Table 5 
(an. 8–12). These are predominantly two-mica vari-
eties. Biotite predominates in the western part, with 
the role of muscovite growing in the eastern part. Sp-
essartine-almandine garnet, which is more common 
for aplites and pegmatites, often occurs in paragene-
sis with muscovite. Plagioclase is characterised by an 
even higher content of the albite component than in Va-
tikha granites – an12-18. Antiperthites are absent. Potas-
sium feldspar is represented by both orthoclase and mi-
crocline. The role of the latter is growing from west to 
east. Myrmekite is widespread.

ISOTOPIC STUDIES

Isotopic studies reveal that the granitoids of the Va-
tikha and Murzinka complexes exhibit approximate 
uniformity in terms of ages. The 207Pb-206Pb age of zir-
con and the Rb-Sr age of the rock are generally the 
same – 254 ± 5 Ma [Montero et al., 2000; Gerdes et al., 
2002], whereas the values of 87Sr/86Sr and εNd255 (Tab-
le 6) indicate a different substrate.

Yuzhakovo plagiogranites are characterised by a 
low initial 87Sr/86Sr ratio and a positive or near-zero 
εNd value, while the eastern granites of the Yuzhak-
ovo complex located near the Murzinka massif (sam-
ple 115) and Vatikha granites have high 87Sr/86Sr ra-
tios and negative εNd255 values (Sri = 0.70868–0.70923 
and εNd255 from –8.9 to –11.9), indicating their origin 
from an ancient sialic substrate. Murzinka granites are 
markedly different in their geochemical parameters. 
They are characterised by the low contents of radio-
genic Sr (Sri = 0.70419–0.70549) and the near-zero val-
ues of εNd255 (from –2.6 to +2.3), which fall to –8.9 on-
ly in the westernmost part of the complex (see Table 6, 
sample 22). There is practically no doubt that the rocks 
of the newly formed crust – possibly similar to the Sil-
urian-Devonian volcanic-sedimentary strata that are in 
contact with Murzinka granites – constituted the sub-
strate of these granites.

Geochemical zonation 

The identified granite complexes are markedly dif-
ferent in their geochemical parameters. In terms of most 
petrogenic elements, the granitoids of different com-
plexes exhibit uniformity, except for the early granites 
of the Yuzhakovo complex characterised by high cal-
cium and low potassium contents (Fig. 4). The most 
striking differences are detected in the concentrations 
of rubidium, according to which granites form a clear 
evolutionary series (in increasing order of element con-
centrations): 1) first-generation veins of the Yuzhako-
vo complex; 2) second generation veins of the Yuzha-
kovo complex, West Vatikha subcomplex; 3) East Va-
tikha subcomplex; 4) Murzinka complex. A similar 
trend is observed for niobium and tantalum. The K/Rb, 
Zr/Hf and Nb/Ta ratios, as well as barium and stron-
tium contents, decrease in the same direction (Fig. 5). 
Importantly, the same trend is clearly observed for lith-
ium, whose contents increase sharply in the granites of 
the Murzinka complex (Fig. 6).

The spatial distribution of the described trends is 
demonstrated by the geochemical profile of the Mur-
zinka massif (Fig. 7). It is easy to see that within the 
massif, i.e. in the rocks of the Vatikha and Murzinka 
complexes, Rb and Li contents gradually increase from 
west to east and the K/Rb ratio decreases. In terms of 
potassium content and the K/Rb ratio, the rocks of the 
Yuzhakovo complex do not exhibit this trend. Howev-
er, in terms of the K/Rb ratio, the rocks of second-gen-
eration veins follow the general trend.

The geochemical zonanation of the rocks is natu-
rally reflected in the composition of such rock-form-
ing minerals as plagioclase and biotite. As previous-
ly noted, the content of the anorthite component in 
plagioclase naturally decreases from the Yuzhako-
vo complex to the Murzinka complex, with the tita-
nium content decreasing and the contents of rubidium 
and lithium increasing in biotite in the same direction 
(Fig. 8). Recent data indicate that the described ge-
ochemical zonation emerged at the magmatic stage, 
given that the above-mentioned minerals characterise 

Table 6. Sr and Nd isotopic parameters of the rock as a whole for the granites of Yuzhakovo (1–3), Vatikha (4–6) and 
Murzinka (7–10) complexes according to [Gerdes et al., 2002]

No. Sample Rb Sr 87Rb/86Sr 87Sr/86Sr 87Sr/86Sri Sm Nd 147Sm/144Nd 143Nd/144Nd ƐNd255 D, km
1 129 26.5 519 0.1476 0.7047 0.70416 1.8 10.63 0.1026 0.512692 4.1 ND
2 128 77.8 393 0.572 0.70629 0.70418 ND ND ND ND ND ND
3 115 124 409 0.8803 0.71241 0.70922 2.8 17.69 0.0956 0.512467 –0.05 ND
4 61 60.6 181 0.9711 0.71275 0.70923 3.02 19.45 0.0938 0.51196 –9.9 1.5
5 9 139 130 2.687 0.71886 0.70912 3.34 21.39 0.0945 0.511942 –10.3 4.7
6 17 164 96 4.948 0.72663 0.70868 3.38 16.11 0.1269 0.511911 –11.9 4.8
7 22 214 73 8.523 0.7354 0.70447 3.07 15.89 0.1169 0.512048 –8.9 6.0
8 42 168 250 1.949 0.71166 0.70459 0.92 4.89 0.1142 0.512659 2.3 8.0
9 50 210 106 5.725 0.72496 0.70419 2.87 15.92 0.1088 0.512359 –2.6 9.1
10 51 123 288 1.234 0.70997 0.70549 0.54 2.65 0.1277 0.512634 2.3 9.1

Note. D – distance from the western contact of the massif. See rocks compositions in Tables 4 and 5. ND – not detectable.
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precisely this stage of rock formation. As for the in-
tense hydrothermal activity at the top of the massif, 
it is caused by a fluid released from the crystallising 
granite melt and is enriched with such elements as ru-
bidium, lithium, niobium and tantalum, which gran-
ites are also rich in.

The clearly expressed geochemical zonation of 
the Murzinka Massif is accompanied by the increas-
ing number of pegmatoid granites in the eastward di-
rection (towards the top of the massif). They are not-
ed throughout the entire cross section of the massif and 
uniformly share common geochemical features with 
host granites, thus being part of in the general zona-
tion of the massif. This feature indicates that pegmatoid 
granites are the products of magmatic evolution that 
occurred there and confirms the conclusion made ear-
lier about the magmatic nature of zonation drawing on 
a regular change in the composition of the main rock-
forming minerals – plagioclase and biotite. It can be 

assumed that during the crystallisation of granite mag-
ma saturated with water, even at the magmatic stage, 
fluid enriched with elements (rubidium, lithium, nio-
bium, tantalum, hafnium and beryllium) is separat-
ed and gradually concentrated in the upper part of the 
massif. Naturally, granites are enriched with the spec-
ified elements as well. It can be assumed that the pro-
posed mechanism underlying the fluid-magma differ-
entiation ensures the geochemical zonation of the mas-
sif, as well as creates a metasomatic halo and rich min-
eralisation (niobium, tantalum, molybdenum, berylli-
um, emeralds) in the zone overlying intrusions, which 
is most vividly manifested in association with the Aduy 
massif – the southern continuation of Murzinka.

A clear one-sided geochemical zonation, common 
for the entire massif, is consistent with its interforma-
tional position and stratiform shape, indicating the ex-
istence of a single magma chamber where the differen-
tiation of the crystallising melt took place. This is also 

fig. 4. (Fe2O3 + FeO), CaO, K2O, Rb versus SiO2 for granites.
Complexes: 1 – Murzinka; 2 – West Vatikha; 3 – East Vatikha; 4, 5 – Yuzhakovo: 4 – first generation of veins, 5 – second gene-
ration of veins.
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fig. 5. Diagrams showing the distribution of trace elements in granites, pegmatites and gneisses.
1–5 – the same as in Fig. 4; 6 – gneisses, 7 – chamber pegmatites of the gemstone belt. The thick grey lines with arrows show West-
East trends for the granites of the Murzinka massif.
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fig. 6. Nb, Rb and Th/Nb versus Li for granites, 
pegmatites and gneisses.
Symbols are the same as for Fig. 5. The ovals mark the are-
as of the West Vatikha (I) and East Vatikha (II) subcom-
plexes and the Murzinka complex (III) where granites are 
concentrated.

fig. 7. Distribution of K, Rb, Li in the latitudinal sec-
tion of granites.
1 – Yuzhakovo, 2 – West Vatikha, 3 – East Vatikha, 4 – 
Murzinka complexes. In the top diagram, blue bars indicate 
the values of 87Sr/86Sri.

evidenced by the same isotopic age (Rb-Sr whole-rock 
and U-Pb zircon ages) of all granitoids being estimat-
ed at approximately 255 Ma. However, clear isotopic 
differences between the Vatikha granites of the west-
ern part of the massif and the granites of the Murzinka 
complex, which make up its eastern half (see Fig. 7), 
indicate different magmatic sources for both granites. 
This is also evidenced by the behaviour of potassium, 
which follows the usual homodromous trends within 
different complexes, first revealing an increase in the 
contents in the east for the Yuzhakovo, Vatikha and 
Murzinka complexes, and then a decrease in the con-
centration in the latter two (see Fig. 7). Unlike such ele-
ments as Rb, Li, Be, Nb and Ta, whose geochemistry is 
largely determined by fluid transport, the behaviour of 
potassium follows the laws of crystallisation differen-
tiation. Thus, the modern appearance of the massif re-
sults from the evolution of the magmatic melt and the 
fluid that is in equilibrium with it.

RESULTS AND DISCUSSION 

Mesoproterozoic para- and orthogneisses of vari-
ous compositions, metamorphosed in the context of a 
granulite facies of regional metamorphism, occur in the 
bottom of the Murzinka massif. The coexisting horn-
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blendes and plagioclases of gneisses (for the composi-
tion of minerals see the monograph [Orogenic granitoid 
magmatism..., 1994]) are in equilibrium at a pressure of 
5–6 kbar [Fershtater, 1990; Molina et al., 2015] and a 
temperature of 750–800℃. In the eastern direction, the 
rocks change their composition from predominantly ba-
sic to granitoid as they approach the massif. The gneiss-
es of the granitoid composition experienced a high de-
gree of melting; the anatectic melt formed the west-
ern part of the Murzinka massif; the gneisses remained 
mainly in the form of restites in Vatikha gra nites.

The rocks of the Yuzhakovo complex form a system 
comprising two generations of veins and small intru-
sive bodies occurring among gneisses. The granitoids 
of the first generation are gneissic, whereas the second-
generation granitoids are mostly massive; however, 
gneissic varieties are also noted. All granitoids form in-
truded bodies, with the contacts with host gneisses be-
ing either well-defined or bearing traces of weak gran-
itisation. Different veins have their own orientation of 
gneissic structures, which indicates the syntectonic na-
ture of the complex.

The rocks of the complex are characterised by a 
variety of compositions. The rocks of first-generation 
veins are enriched with calcium and, for the most part, 
are depleted of potassium and trace elements associ-
ated with it; whereas in the second-generation grani-
toids, the content of potassium and especially rubid-
ium increases. In terms of the content of niobium, lith-
ium, rubidium and the K/Rb ratio, they exhibit the 
same trends as the granites of the Vatikha and mur-
zinka complexes that make up the Murzinska massif 
and are at the beginning of the evolutionary series (see 
Figures 4–6).

The absence of noticeable migmatisation and the in-
trusive contacts of the Yuzhakovo granite veins indi-
cate that the zone of magma generation is located be-
low the modern erosional truncation. Considerable 
variations in the composition of the granitoids of the 
Yuzhakovo complex, much more significant than in the 
rocks of the Vatikha and Murzinka complexes, are ev-
idently caused by fluctuations in the degree of partial 
melting and the composition of the gneiss protolith.

The granites of the Vatikha and Murzinka complex-
es make up the western and eastern parts of the Mur-
zinska massif, respectively. In the endocontact zone 
reaching up to 1–1.5 km in width, Vatikha granites 
contain the inclusions of granodiorite and adamellite 
composition, which constitute variously transformed 
restites of a granite-gneiss substrate. These granites, 
identified as the West Vatikha subcomplex, are close 
in terms of their chemical composition and mineralo-
gy to Yuzhakovo granites. To the east, they gradually 
become enriched with rubidium, lithium and niobium 
(East Vatikha subcomplex) and, by all indications, ex-
hibit similarities with the granites of the Murzinska 
complex. The granites of the Vatikha complex possess 
distinctive ‘crustal’ isotopic characteristics, while the 
Murzinska granites are very different in their low con-
tent of radiogenic strontium and near-zero εNd255 val-
ues. Considering that granites are of the same isotop-
ic age, these data clearly indicate different substrates 
for Vatikha and Murzinka granites. The presence in 
the former of numerous granite gneiss inclusions ex-
plains the isotopic parameters of granites by the fact 
that Proterozoic granite-gneisses constituted their sub-
strate, whereas the isotopic parameters of Murzinka 
granites and their spatial proximity to Paleozoic sed-
imentary-volcanic strata indicate that the rocks of the 
newly formed crust of the orogen – common for most 
Ural granites – served as the granite protolith [Fersh-
tater, 2013].

All granites constitute crystallised cotectic melt and 
exhibit corresponding trends in the coordinates К2О–
СаО–Na2O (Fig. 9a), which is an important petrochem-
ical confirmation of their magmatic origin [Shteinberg, 
1985; Fershtater, 1987]. The cotectic range of gran-
ites of the Yuzhakovo complex is characterised by the 
highest CaO content, with that of the Murzinka com-
plex showing the smallest content. Based on the po-

fig. 8. Сontent of an minal in plagioclase and TiO2, 
Rb, Li in the biotite of Yuzhakovo, Vatikha and Mur-
zinka granites.
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sition of the imaging points of granites from different 
complexes in the Ab – An – Or diagram (Fig. 9b), con-
sidering the known data on the temperature dependenc-
es of feldspar compositions [Ribbe, 1975, and referenc-
es in this work], we can approximately estimate their 
crystallisation temperature, which drops from 750℃ 
for granites of the Yuzhakovo complex to 650℃ for 
granites of the Murzinka complex. The presence of an-
tiperthite plagioclases in Yuzhakovo and Vatikha gran-
ites serves as the mineralogical verification of the giv-
en numbers. The use of such an indicator of the order of 
crystallisation as the fluorine content in apatite inclu-
sions in rock-forming minerals [Fershtater, 1987] pro-
vides additional confirmation of granite composition 

conforming with granite eutectics. The data present-
ed below indicate a constant fluorine content (2.35–
2.95%) in apatite inclusions from all the main minerals 
of typical granite (samples 44) of the Murzinka com-
plex, which is a consequence of their simultaneous (eu-
tectic) crystallisation from the melt. The fluorine con-
tent exceeds 3% only in the late intergranular apatite 
and the apatite inclusions in the late muscovite replac-
ing biotite. The fluorine content (wt %) in apatite in-
cluded in: plagioclase – 2.35, biotite – 2.48, orthocla-
se – 2.66, quartz – 2.95, muscovite 1 – 2.57, musco-
vite 2 – 3.43, intergranular – 3.77.

The Р–Т–Н2О parameters characterising the evolu-
tion of granite magmatism are shown in Figure 10. The 
evolutionary trend indicates a regular change in the Р-Т 
parameters in the granitoid complexes of the latitudinal 
cross section of the massif, i.e. from its bottom to the 
top, from the granitoids of the Yuzhakovo complex to 

fig. 9. K2O–CaO–Na2O (a) and ab–an–Or (b) 
diagrams for granitoids and metamorphic rocks.
1–3 – granitoid complexes: 1 – Murzinka, 2 – Vatikha, 3 – 
Yuzhakovo; 4 – gneisses.
Letters m, v, u denote trends of the corresponding complexes. 
In diagram b, these trends correspond to the isotherms of 
ternary feldspars [Ribbe, 1975, and references in this work]. 
Note a clear decrease in An content of normative plagioclase 
from the Yuzhakovo to Murzinka complexes, which 
was mentioned previously and is evidenced by the direct 
measurements of plagioclase composition (see Fig. 8). 
The normative amount of ab, an, Or is compliant with 
the mesonorms (normative compositions with biotite and 
amphibole instead of anhydrous iron-magnesium silicates).

fig. 10. T versus p for granitoids. For the principle of 
plotting and data sources see [Fershtater, 1987, Fig. 33].
The position of the water-saturated (L) and dry (L1) liqu-
iduses of the system Ab–Q–Or–H2O and also liquidus 
lines (blue dases) for water contents of 2, 5 and 8 wt % is 
speci fied according to [Johannes, Holtz, 1996; Holtz et al., 
2001]. The dashed lines having indices 40, 35, 30, 25 de-
note the quartz content in the ternary minimum of the sys-
tem Ab–Q–Or; the dashed line represents the same in the 
system Ab–Q–Or–An at an/(an + ab + Or) = 0.05. Their 
position is also specified according to the above-mentioned 
authors. The average contents of quartz in granites of the 
Yuzhakovo (u), Vatikha (w) and Murzinka (m) complexes 
are calculated using mesonorms according to the data from 
Tables 4 and 5; whereas the average contents of quartz in 
the graphic pegmatite from Mokrusha vein (р) were deter-
mined on the basis of calculations carried out in thin sec-
tions; the temperatures are taken from Fig. 9b. Ms – sta-
bility curve of muscovite in granite [Huang, Willie, 1973]. 
Other explanations are given in the text.
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Murzinka granites. The pressure during the separation 
of the eutectic granite melt, in this case, varies from 
6–7 to 3 kbar, with the water content in the melt in-
creasing from 4–5 to 8 wt %. Murzinka granites are on 
the aqueous liquidus of granite near the stability curve 
of muscovite in a granite melt, which is consistent with 
the two-mica composition of granites.

The melt filled the fault zone at the border of the pre-
Paleozoic basement in the west and the newly formed 
crust composed of Silurian and Devonian volcanic-
sedimentary rocks in the east, mainly via the dyke fill-
ing mechanism [Petford et al., 1993], as evidenced by 
the subvertical form of Vatikha and Murzinka granites 
differing in structure and composition [Orogenic grani-
toid magmatism..., 1994]. The specified features of the 
Murzinka massif are to some extent characteristic of 
the majority of Permian granite massifs of the paleo-
continental zone (northwestern megablock) and distin-
guish them from the granites of the Kochkar anticlino-
rium, where the uniformly aged granites of the paleo-
continental zone (southeast megablock) are most clear-
ly represented [Fershtater, 2013]. Massifs of the latter 
are confined to dome structures and are formed as a re-
sult of diapirism combined with the mechanism of frac-
ture development [Clemens, Mawer, 1992]. 

In such massifs, separate granite bodies differing 
in structure and composition form mostly flat deposits 
[Fershtater, Borodina, 1975].

There is also an issue concerning the nature of the 
pegmatites of the Ural gemstone belt, which developed 
within the MMC. The performed studies indicate clear 
geochemical differences between the chamber pegma-
tites of the gemstone belt and various pegmatites asso-
ciated with the granites of the Yuzhakovo, Vatikha and 
Murzinka complexes. Chamber pegmatites of the gem-
stone belt occurring in the Proterozoic gneisses consti-
tute a separate episode of magmatism, which according 
to preliminary data (K-Ar age) completed granite for-
mation in the region and was not directly related to the 
formation of the Murzinka massif.

The work was carried out within project No. 0393-
2016-0020 of the state task of the IGG UB RAS, state 
registration number AAAA-A18-118052590029-6.
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Plume-related magmatism is widespread and its existence is well-founded. Mostly, plume-related magmatism is represen-
ted by trap rocks, oceanic island basalts (OIB) and oceanic plateau basalts (OPB), although the composition of plume-re-
lated igneous products is very diverse. Among others, silicic igneous rocks – rhyolites and granites – play a prominent role. 
Two main types of plume magmatism are recognised. The former comprises Large Igneous Provinces (LIP) and is thought 
to be born at the core-mantle boundary within structures called superswells, which produce giant, short-lived mantle up-
wellings resulting in abundant magmatism on the earth’s surface. The latter is represented by time-progressive linear vol-
canic chains formed by single plumes – thin upward mantle flows being continuously active during longer periods of time. 
It is shown that the relative volume of silicic magmatism strongly depends on the type of the earth’s crust. Among continen-
tal trap basalts, silicic magmatism is usually present, being subordinate to the basalts in volume, and belongs to the bimodal 
type. However, in some cases, continental LIPs are formed predominantly by silicic rocks (silicic LIPS, or SLIPS). Ocea-
nic LIPs are mainly basaltic comprising an insignificant or no amount of silicic rocks. Time-progressive volcanic chains are 
rarely found on the continents and, as a rule, include a significant silicic component. Oceanic chains are comprised mostly 
of basalts (OIB), although at the top of volcanoes there are more acid and alkaline differentiates, which, howe ver, usually 
lack rhyolites and granites, except for the cases when the relics of the continental crust or anomalously thick mafic crust are 
present. The analysis suggests that the melting of continental crust plays an important role in the formation of plume-rela-
ted rhyolite-granite magmatism. As for the Urals, the presence of plume-related magmatism in its history has been pro ven 
relatively recently. Plume events characterised by the presence of (rhyolite)-granite components include mashak (1380–
1385 Ma), Igonino (707–732 Ma), Mankhambo (mainly Cambrian), Ordovician Kidryasovo, Stepninsky (Permian) and 
Urals-Siberian (Triassic).

Keywords: rhyolites, granites, plumes, underplating, LIP, time-progressive volcanic chains
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INTRODUCTION

Plume-related magmatism is well-studied. Most of 
its manifestations are represented by basic volcanites 
(trap rocks and swarms of dolerite dykes considered as 
feeders; basalts of oceanic islands and plateaus). How-
ever, the spectrum of magmatic manifestations associ-
ated with plumes is extremely wide: formation of kim-
berlites, carbonatites, picrites, alkaline basaltoids, as 
well as layered basic intrusions. A significant role is 
also played by acid igneous rocks – granites and rhyo-
lites, with the outcrops of either granites or acid effu-
sive rocks, which depends on the depth of the erosion-
al truncation [Ernst, 2014]. 

Plumes constitute a part of the global thermochem-
ical convection system: ascending subvertical currents 
of mantle convection which are deep-seated and there-
fore manifested on the Earth's surface as intraplate ac-
tivity zones that do not depend directly on linear in-
terplate structures – subduction and mOR (mid-ocean 
ridge) zones – although they can interact with them, as 
well as cause the formation of linear structures (active 
rifts) by themselves [Puchkov, 2016]. 

It is reasonable to distinguish between two types 
of plume manifestations. The first type includes large 

igneous provinces (LIP) having a volcanic-product 
volume of 1–10 million km3 or more and an area of 
1–10 million km2 [Ernst, 2014]. They are character-
ised by short activity pulses, usually from 0.5 to sever-
al million years, whereas in the case of repeated puls-
es, their total activity can last up to 20 Ma, rarely long-
er. The LIPs are commonly attributed to the activity 
of superplumes – giant upwellings of mantle materi-
al from the core-mantle boundary within two vast are-
as characterised by slow propagation of bipolar S-wa-
ves. These two areas are referred to as superswells: 
South Pacific (Tuzo) and African (Jason). Superswells 
also constitute the birthplace of smaller single plumes, 
which, unlike superplumes, trigger much more con-
stant volcanic activity (lasting up to 80 ma in some 
cases). Smaller single plumes are less prone to fluctu-
ations and occupy a relatively constant position; there-
fore, when interacting with moving lithospheric plates 
they cause the formation of volcanic chains (some-
times discontinuous or with swells) that exhibit line-
ar consistent time progression (time-progressive vol-
canic chains, TPVC). Such volcanoes were original-
ly called hot spots; this term is still used today; how-
ever, it is not a substitute for the term ‘plume’. While 
LIPs and hot spots are only ‘symptoms’ of the proc-



LITHOSPHERE (RUSSIA)   volume 18   No. 5A   2018

puchkov38

ess, superplumes and single plumes are equivalent to 
a ‘diagnosis’.

PLUME-RELATED GRANITE-RHYOLITE 
MAGMATISM (GLOBAL PERSPECTIVE) 

The role of plumes in the generation of granite and 
rhyolite magmatism is largely determined by how pow-
erful their pulses were and what type of crust they af-
fected. Continental LIPs (Columbia River, Afro-Arabi-
an, Karoo, Kalkarindji, Keweenaw, Ural-Siberian, etc.) 
are mostly characterised by trap magmatism; howev-
er, as a rule, rhyolites and acid pyroclastic rocks are 
present in a subordinate amount in their cross-sections. 
In general, the magmatism is of a contrasting nature. In 
addition, the dating of intrusive rocks from the LIP pe-
riphery in some cases reveals that granites (mainly A-
type) also belong to trap provinces [Vernikovski et al., 
2003]. The analysis of acid volcanic products usually 
indicates a significant role of contamination associated 
with the assimilation of rocks from the anhydrous low-
er layer of the continental crust (granulites, amphibo-
lites) induced by the powerful thermal effect of high-
temperature basic magma in the course of underplat-
ing. Nevertheless, alternative mechanisms for the for-
mation of acid magma are not excluded [Ernst, 2014 
and references in this monograph]. 

magmatic areas dominated by acid rocks (SiO2 > 
> 65 wt %) are distinguished as a separate type of 
LIPs, parallel to substantially basitic LIPs sensu stric-
to. These provinces are called silicic LIPS [Bryan, 
Ernst, 2008; Bryan, Ferrari, 2013; Ernst, 2014]. As 
the Russian version of the term, we propose kremne-
kislye KMp (KKMp). Terminologically, the above-
described mafic LIPs (MLIPs) and silicic LIPs 
(SLIPs) can be contrasted. The examples of SLIPs 
include Whitsunday (Western Australia – Oceania), 
Kennedy – Connors – Auburn (Northeast Austral-
ia), Gawler (Southeast Australia), Sierra Madre Oc-
cidental (Mexico), Chon Aike (South America – Ant-
arctica), Malani (India – Seychelles – Madagascar), 
as well as Guibey and Xiongier (China). Late Paleo-
zoic – early Mesozoic giant granite batholiths of the 
Central Asian Orogenic Belt (Angara-Vitim, or Bar-
guzin; Khangai; Khentey) probably belong to this type 
as well [Yarmolyuk et al., 2014]. According to [Ernst, 
2014], SLIPs exhibit the following features. 1. SLIPs 
are characterised by large area extents and volumes of 
extrusive magmatism, which are equal to or only sev-
eral times smaller than those of mLIPs. 2. In terms of 
composition, dacite-rhyolite volcanites and granites, 
transitional between calc-alkaline I-type and A-type, 
constitute > 80% of the volume; with S granites being 
present in rarer cases. 3. The lithology of volcanites 
is dominated by rhyolite ignimbrites. 4. The duration 
of magmatic activity is up to 40 Ma, with individual 
pulses lasting 3–10 ma. 5. SLIPs are formed only on 
the continental crust and are often located on paleo- 

and modern continental borders. They result from the 
anatexis of easily melted hydrous lower crust under 
the influence of high temperatures caused by non-
subduction and non-orogenic conditions (most likely, 
plume-related underplating). 

On the oceanic crust, superplumes form vast vol-
canic plateaus. As compared to the continental prov-
inces, they are not older than the Mesozoic as evi-
denced by the fact that the older subducted oceanic 
crust can only be identified from ophiolites found in 
folded belts. The largest plateaus in the Pacific Ocean 
include Ontong Java, Hikurangi, Manihiki, as well as 
Shatsky and Hess rises. As a rule, granite-rhyolite in-
clusions are not characteristic of in their cross-sections. 
Volcanic plateaus formed in the Atlantic-type oceans 
are different in nature: North Atlantic Igneous Prov-
ince, Sierra Leone, Rio Grande, Maud Rise, Kergue-
len Plateau, etc. These plateaus can include both epi-
oceanic and epicontinental (microcontinents, volcan-
ic passive continental margins) parts. The initial stage 
of their development is epicontinental rifting which, to 
one degree or another, is usually accompanied by the 
formation of acid rocks as in the case of mLIPs de-
scribed above (LIPs s.str.). However, as the process 
evolved, rift magmatism was replaced by mantle-re-
lated basitic magmatism; with rift complexes most of-
ten being found deeply buried. Nevertheless, acid ig-
neous rocks sometimes outcrop: granites from the Isle 
of Skye in Scotland; granites and rhyolites from the 
Kerguelen Plateau, etc. [North Atlantic Igneous Prov-
ince…, 2002; Ariskin, 2017].

The ability of single plumes forming time-progres-
sive volcanic chains to produce granite-rhyolite igne-
ous complexes also largely depends on the presence of 
continental crust, its relics or a simatic crust of anom-
alous thickness. Epioceanic volcanoes having a gran-
ite-rhyolite component are extremely rare; with the 
acid component being usually represented by trach-
ytes, as well as highly alkaline rocks similar to them 
[Mazarovich, 2000; Rohde et al., 2013; see also Geo-
Man.ru: geography library www.geoman.ru/books/
item/f00/s00/z0000077/st222.shtml]. Ascension Is-
land could be cited as an exception; however, the vol-
cano located on the island is very young and not con-
nected to any volcanic chains. Of all the islands of the 
Canary Archipelago, only Gran Canaria, the largest of 
the Canary Islands, is distinguished by the presence of 
rhyolites. Rhyolites are also found on Jan mayen Is-
land, with very few peralkaline rhyolites being noted 
on Easter Island. The Icelandic plume occupies a spe-
cial place among single plumes. In this case, the pres-
ence of acid volcanites, being estimated at 7%, is no-
ticeable [Ariskin, 2017]. Granites are present as well. 
The volcanic structure formed by the Icelandic plume 
together with the Mid-Atlantic Ridge (MAR) is dis-
tinguished by an unusually large size, with the crust 
reaching up to 40 km in thickness, which could be 
a favourable condition for the anatexis of the lower 
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crust, where both temperature and pressure are ele-
vated. Nevertheless, the possibility of crystallization-
differentiation in basaltic magma, as a rule, is not ex-
cluded. 

Regular magmatic chains on the continental crust 
are quite rare. Some of the volcanic chains do not dis-
play a clear time sequence, which may be related to 
the complex dynamic interaction of the plume with the 
thick lithosphere (its jamming, shearing, strong deflec-
tion by mantle wind, etc.). Nevertheless, there are se-
veral examples of epicontinental magmatic chains that 
contain granites and / or rhyolites exhibiting time pro-
gression. In particular, they include well-known rhyo-
lite calderas of the Yellowstone Plume [Smith et al., 
2009], with the age gradually increasing to the west 
(from <1.0 Ma to 16.4 Ma). Nigerian anorogenic ring 
complexes of alkaline granites, granosyenites and vol-
canites, dated to be between 141 Ma in the south and 
213 Ma in the north, constitute another example. The 
volcanic rocks preserved in the calderas demonstrate 
the evolution of melts from olivine basalts through ha-
waiites and mugearites to trachytes and rhyolite ig-
nimbrites [Bowden, Kinnaird, 1984; Kinnaird et al., 
2016]. One more example is related to the bimo-
dal Gawler SLIP (Southeast Australia), from which a 
chain of granite massifs is traced across the entire con-
tinent [Ernst, 2014]. The age of magmatism consist-
ently vari es from 1.595 ma in the south to 1.500 ma 
in the north. 

Summing up the review of international literature 
sources, it should be noted that granite-rhyolite occu-
pies a prominent place among the products of plume-
related intraplate magmatism; with plumes being an in-
dependent geodynamic factor of granite-rhyolite mag-
matism along with orogeny, subduction and the sprea-
ding of oceanic crust. Moreover, the volume of gra-
nite-rhyolite magmatism depends on the type of crust 
substratum – oceanic or continental. In the latter case, 
the volume is significantly higher. This alone suggests 
that the melting of the continental or transitional crust 
plays an important role in the origin of magmatism, as 
confirmed by numerous analytical data. However, the 
possibility of granites and rhyolites forming due to the 
remelting of rocks from the oceanic crust (basaltoids 
and amphibolites) is undeniable. According to expe-
rimental data [Khodorevskaya, 2017], this depends on 
the fluid composition and the features of the fluid re-
gime (in particular, during amphibolite dehydration) or 
on the interaction of metabasites with aqueous-saline 
(Na, K)Cl fluid, which is related to seawater. Moreo-
ver, there is a possibility that other alternative mecha-
nisms were involved. 

PLUME-RELATED GRANITE-RHYOLITE 
MAGMATISM OF THE URALS

Lately, increased attention has been paid to the 
magmatic complexes of the Urals (mainly the west-

ern slope), which, judging by many indications, are 
plume-related [Puchkov et al., 2013, Puchkov, 2018а, 
б; Kholodnov et al., 2017; etc.]. Only some of them 
have a distinctive granite-rhyolite component. A brief 
description of the complexes is given below.

Mashak complex (1380–1385 Ma) 

This complex, developed within the Bashkiri-
an Mega-Anticlinorium (BMA), mainly corresponds 
to the mashak suite of the middle Riphean basement 
(RF2), in the lower parts represented by basalts and 
subordinate rhyolites, as well as by terrigenous stra-
ta (from conglomerates to shales). The suite is devel-
oped in the axial and eastern regions of the Bashkiri-
an Anticlinorium, disappearing abruptly to the west in 
a washout (at a distance of 20 km). This fact, togeth-
er with the intraplate rift nature of the chemism exhibi-
ted by volcanites [Ernst et al., 2006], suggests outcrop-
ping of the western flank of the graben, having a dis-
tinct Ural strike. The volcanites of the Mashak suite, 
developed in its lower part, are represented by a typi-
cal contras ting rhyolite-basalt series. Rhyolites can be 
found in the mashak cross-section throughout most of 
the Bashkirian mega-Anticlinorium (Fig. 1). When dis-
cussing the genesis of acidic volcanites, it is necessary 
to consi der that among zircons (syngenetic to the erup-
tion process), the presence of more ancient xenogenic 
varieties (in particular, minerals aged 1597 ± 27 Ma) 
was established [Krasnobaev et al., 2013a; Puchkov et 
al., 2013], which may indicate that the melting of more 
ancient crust components than the Mashak ones was in-
volved in the formation of silicic magma. 

In more detail, the importance of assimilation in the 
formation of the Mashak suite, consisting of picrites, ba-
salts and rhyolites, has been considered recently [Kova-
lev et al., 2018а, б]. In some cases, U-Pb age determi-
nation for zircons from the basalts of the Mashak suite 
yielded significantly older ages for most or all of the zir-
cons than the true age of volcanites. Thus, two discordant 
ages were obtained for five zircon grains sampled from 
the basaltoids of the Kuzelga subsuite – 1985.0 ± 16.0 
(n = 2) and 1892.4 ± 9.7 (n = 3) Ma. In general, the dis-
persion of 206Pb / 238U ages determined for single crystals 
ranges from 1496 ma to 3152 ma. The authors proposed 
a mechanism describing the evo lution of the primary 
mantle plume melt in line with the AFC model (Assi-
milation ± Fractional Crystallization). According to this 
mechanism, picrite (olivine ± clinopyroxene) origi nates 
through fractional crystallization in the primary melt at a 
temperature of 1100°С and a pressure of 10–11 kbar; the 
fluid phase accumulates in the uppermost part, where-
as ancient host rocks are actively assimila ted by basalts, 
which leads to the formation of rhyolites. In this case, 
εNd (T) of all rocks in the complex exhi bit negative val-
ues (from ≈ –1.0 for picrites and basalts to –7.5 for rhy-
olites), whereas the extrapolated value of the primary 
melt is positive (mantle). 
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fig. 1. Map showing the location of the silicic igneous rocks of Mashak, Igonino, Mankhambo and Kidryasovo (?) 
plume events in the Baskirian mega-anticlinorium and Ufaley anticlinorium (Southern Urals).
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In addition to volcanites, intrusive silicic complexes 
occur in the BMA at the Mashak age level (see Fig. 1), 
which, among others, include Berdyaush rapakivi gra-
nites in association with syenites and gabbro xenoliths. 
To the north of the Berdyaush massif, the Bagrush 
complex of rhyolite dykes is developed on the strike 
of folded structures. Further to the northeast, there are 
Rya bin and Guba granites, which are closely associ-
ated with the gabbroid Kusa-Kopan complex, forming 
with it a contrasting association. A spatially isolated, 
more eastern location is occupied by the Akhmerovo 
granite massif. The results of absolute dating indicate 
that all these objects belong to the Mashak event [Kras-
nobaev et al., 2007a; Puchkov et al., 2013 and referenc-
es given in this work; etc.]. 

The geochemistry of the Berdyaush pluton (BP) 
has been most fully studied. Its belonging to A-gra-
nites and geochemical closeness to mashak rhyolites 
are well-founded [Larin, 2011]. Some researchers 
suggested granites having a mantle source. Ho wever, 
according to the latest data on the Hf isotope com-
position of zircons [Ronkin, 2017], rapakivi gra nites, 
quartz syenodiorites and nepheline syenites from 
the BP cannot originate from predominantly mantle 
melts, given that the range of extrapolated values εHf 
(1383)–(3.7–9.4) lies within the area well below the 
CHUR line. The observed regularity is in good agree-
ment with the data of the Sm-Nd isotopic systematics 
of BP rapakivi granites, determining εNd(t) (–5.0 ± 
± 0.4)–(–7.3 ± 0.3). Another argument in favour of 
the above is the difference in the spectra of REE dis-
tribution in gabbro zircons and other BP rocks. Simi-
lar data is presented in the article by V. Kholodnova 
et al. [2017]. The presence of gabbro xenoliths in BP, 
as well as their being derivatives of a substantially de-
pleted mantle, where εNd = +4.0 ... +4.9, can confirm 
the popular idea that the crust melting during the for-
mation of rapakivi granites is attributed to magmatic 
underplating caused by the subcontinental mantle ri-
sing up [Ernst, 2014]. 

Igonino complex (706–735 Ma) 

It is our understanding that the complex belongs 
to the lower reaches of the Arshinian (uppermost, or 
terminal, Riphean, RF4) approximately covering an 
interval of 750–600 ma and named after the Igoni-
no suite, developed within the Arshinian stratotype 
in the Tirlyan trough [Kozlov et al., 2011]. Accord-

ing to the U-Pb analysis of zircons, the Igonino suite, 
which is mainly represented by basaltoids and is de-
void of rocks more acidic than dacites, was formed 
during two main stages (pulses) of evolution dated at 
707.0 ± 2.3 and 732.1 ± 1.7 Ma [Krasnobaev et al., 
2012]. In terms of chemism, the Igonino volcanic com-
plex reveals simila rities with the basalts of the East Af-
rican Rift System and probably could be classified as 
an intraplate-riftogenic / plume-induced formation of 
active rifts [Maslov et al., 2018]. The Barangulovo and 
Mazara granite massifs, which, together with the asso-
ciating gabbros, belong to the contrasting gabbro-gra-
nite Barangulovo complex, are of close age. Gabbro 
zircons and granite zircons of the Barangulovo massif 
were earlier dated at (728 ± 8 Ma) and (723 ± 10 Ma), 
respectively, using the SHRIMP method [Krasnobaev 
et al., 2007б]. The early and final (slightly younger) 
stages of granite formation in the Mazara massif were 
dated at 746.6 ± 24.3 Ma and 709.1 ± 5.2 Ma, respec-
tively [Krasnobaev et al., 2017]. Therefore, the gab-
bro-granite Barangulovo complex could belong to the 
same stage of plume activity as Igo nino volcanites. 
A detailed study of zircons from the Mazara massif 
reveals its primary source (substratum). According to 
SHRIMP dating, the gra nite substratum of the massif 
is estimated to be between 1527 Ma and 1548 Ma, with 
its final evolutionary stage being concordantly dated at 
1388 ± 16 Ma, which is close to the Mesoproterozoic 
mashak stage of magmatism. This could indicate the 
involvement of rocks from the Meso proterozoic crust 
in the melting. At the same time, the granites of the 
Akhmerovo massif are closest to those of the Mazara 
massif and could serve as its substratum [Krasnobaev 
et al., 2017]. The melting could result from the above-
mentioned underplating associated with a new plume 
event. 

Kiryabino complex (670–680 Ma) 

The complex in question was named after the Kir-
yabino layered massif (peridotite-pyroxenite-gabbro) 
dated to 680.0 ± 3.4 Ma [Krasnobaev et al., 2013б]. 
The igneous rocks of close age have a relatively limit-
ed distribution in the Bashkirian and Kvarkush mega-
anticlinoria, as well as in the Onega Graben; thus their 
belonging to the LIP is at issue. The complex includes 
the Zhuravlik wehrlite-gabbro-granodiorite massif 
(671.0 ± 7.5 Ma), as well as the Troitsk granosyenite 
massif (671.0 ± 24.0 Ma) [Petrov et al., 2005]. 

1–5 – undivided deposits: 1 – Paleozoic (PZ), 2 – Vendian (V), 3 – Terminal Riphean (RF4), 4 – Upper Riphean (RF3), 5 – Mid-
dle-Upper Riphean (RF2 + RF3); 6–11 – suites: 6 – undivided Zigazino-Komarov and Avzyan (RF2 zk-av), 7 – Zigalga (Mid-
dle Riphean), 8 – Mashak (Middle Riphean), 9 – Bakal (Yusha), 10 – Lower Riphean Satka (Suran), 11 – Lower Riphean Ai 
(Bolsheinzer); 12 – Taratash complex; 13 – Uraltau and Ufaley metamorphic complexes; 14 – igneous rocks: gabbro (a) and gra-
nites (b); 15 – geological boundaries; 16 – main tectonic dislocations (thrusts and faults); 17 – highways; 18 – railroads; 19 – sam-
pling points for zircons in the rhyolites of the Mashak suite and in the dikes of the Mashak age.
Numbers in the scheme denote silicic intrusions: 1–4 – Mashak complex: 1 – Akhmerovo, 2 – Berdyaush pluton, 3 – Bagrusha 
rhyo lite dykes, 4 – Ryabinovo and Gubensk massifs; 5, 6 – Igonino complex: 5 – Barangulovo massif, 6 – Mazara massif; 7 – Yur-
ma massif (Cambrian); 8 – Kozlinogorsk gabbro-syenite-granite association (Ordovician).
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Mankhambo complex (564–485 Ma) 

The complex in question is named after the larg-
est A-granite massif in the north of the Urals. We be-
lieve it is transgressively overlapped by the quartzites 
and arkoses of the Ordovician Telpos suite and is of 
Cambrian age (Fig. 2). The complex is represented by  
A-granites, associating gabbros, as well as a contras-
ting basalt-rhyolite complex of volcanites. A-granites 
(anorogenic, alkaline, anhydrous) constitute a special 
genetic group, as evidenced by the multiple meanings 
attached to the letter. Firstly, the name reflects the geo-
dynamic situation associated with the predominant de-
velopment of granites, which gravitate towards the sta-
ble (cratonised) areas of the earth’s crust, most fre-
quently occurring in rift zones and within the interior 
of continental plates. Secondly, the granites are charac-
terised by the increased alkalinity indicating their be-
longing to the differentiates of alkaline basaltic mag-
mas. Thirdly, they exhibit low water saturation, which 
is typical of the melting products of lower crust granu-
lites. A-granites from the north of the Urals are associ-
ated with gabbros and are comagmatic with the volca-
nites of a contrasting association; with their formation 
being presumably related to underplating. 

The difficulty of defining the boundaries of this 
complex, as well as interpreting its geodynamic situa-
tion in the Urals lies in the fact that in some areas it is 
closely connected to and sometimes intertwined with 
subduction-orogenic I-granites and comagmatic vol-
canic series; in terms of absolute age, A-granites fol-
low I-granites, with the age of the former sometimes 
overlapping with that of the latter, thus creating an im-
pression of a peculiar geodynamic chaos. Both types 
of granites are particularly widespread in the Subpo-
lar Urals [Makhlaev, 1998; Kuznetsov et al., 2007]. 
I-granitoids are represented by a wide range of rocks 
from quartz diorites to leucogranites, in petrochemi-
cal diagrams corresponding to the areas of convergent 
geodynamic settings and active continental margins. 
These include the Maldy, partially Naroda, Vangyr, 
Lapchavozh and Ilyaiz massifs associated with the 
volcanites of successively differentiated basalt-andes-
ite-dacite series. These massifs form gabbro-diorite-
granodiorite-granite series of the specified geodynam-
ic settings. The absolute ages of zircons determined 
using the methods of thermionic lead emission and 
the U-Pb dating (including the SHRIMP) range from 
the Terminal Riphean to the Cambrian (from 695 ± 
± 19 to 515 ± 8 Ma, with the overwhelming predom-
inance of Vendian ages). A-granites represented by 
Lemva, Tynagota, Naroda (partially), Khartes, Kefta-
lyk, Tynagot, Kozhim, Mankhambo and other massifs 
exhibit a narrow spectrum of compositions, with leu-
cocratic varieties prevailing. In terms of petrochem-
istry, they are related to magmatic formations of di-
vergent geodynamic settings. Age datings (Pb-Pb, U-
Pb, SHRIMP) range from 564 Ma to 487 Ma (the end 

fig. 2. Map of the Late Proterozoic–Cambrian gra-
nite massifs in the Nether-Polar Urals [Puchkov, 
1975; Mаkhlaev, 1998; Kuznetsov et al., 2007].
1 – Paleozoic (Ordovician and younger) sedimentary for-
mations; 2 – Riphean (Meso- and Neoproterozoic) depo-
sits; 3 – Paleoproterozoic metamorphic complex; 4 – Ven-
dian (Ediacaran) polymictic deposits (molasse of Tima-
nides), 5 – I-granites (gabbro-diorite-granodiorite-granite 
series) predominantly of Vendian ages; 6 – predominant-
ly leucocratic A-granites (mainly Cambrian); 7 – rhyolites 
of the Neoproterozoic-Cambrian age, undivided; 8 – gab-
bro of the contrasting gabbro-granite series; 9 – crystalline 
rocks of the main Ural Fault.
The numbers in the scheme denote intrusive massifs: 1 – 
mankhambo; 2 – Ilyaiz; 3 – maly Patok; 4 – Tor govaya; 
5 – Keftalyk; 6 – Khartes; 7  – Neroyka-Patok; 8 – Vangyr; 
9 – Salner; 10 – Nyarta; 11 – Vodorazdel; 12 – Parnuk, 
Gorodkov and mankhobeyu; 13 – Naroda; 14 – maldy; 
15 – Khatalamba-Lapcha; 16 – Коzhim; 17 – Ty nagota; 
18 – Lemva.
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of the Vendian period and practically entire Cambri-
an period), which practically overlap with those of 
the Ordovician magmatites of the Kidryasovo plume 
event (see below). 

The overlapping of I- and A-granite ages dem-
onstrated using the example of the neighbouring Il-
yaiz (519.7 ± 6.3–491.0 ± 5.0 Ma) and Mankham-
bo (522.0 ± 6.0–507.2 ± 5.5 Ma) massifs is paradox-
ical [Udoratina et al., 2017] and may indicate either a 
partial coexistence of contrasting collision and plume 
geodynamic mechanisms, originating from different 
depths; or different substrates, whose melting leads to 
the formation of different granites (in this case, the Il-
yaiz massif is also plume-related). It is known that, in 
some cases, SLIPs are characterised by the presence of 
I-granites [Ernst, 2014]. An abnormally high volume 
of granitoids in plume products could result from high 
temperatures that remained in the lithosphere follow-
ing the Timan orogeny, which caused large-scale melt-
ing in the crust. 

The development of Cambrian A-granites along 
with I-type granites is characteristic not only of the 
Subpolar Urals. It was noted in the Polar and Subpo-
lar Urals, Northern Urals (Isherim block), Middle Urals 
(Ufaley block) and even in the north of the Bashkiri-
an anticlinorium (Yurma massif) [Petrov et al., 2005; 
Shardakova, 2016; Shardakova, 2017; Shuyskiy et al., 
2017; and etc.]. These complexes represented by an un-
even broken line to the west of the Main Ural Fault pre-
ceded the opening of the Paleoural Ocean in the Early 
Ordovician, accompanied by the emergence of the Kid-
ryasovo rift complex with the eruption of mainly ba-
sic rocks, which reflects the formation of a crust-free 
oceanic opening, where the continental crust could no 
longer be melted due to its absence. 

Mankhambo A-granites were formed in the pres-
ence of slight upward movements of the earth’s sur-
face: other than in olistoliths, Cambrian deposits are 
practically unknown in the Urals and Ural area – on-
ly at the very end of the Cambrian, terrigenous deposits 
began to accumulate locally, which turned into a large-
scale accumulation of graben facies in the early Ordo-
vician period. 

Kidryasovo complex (475–460 Ma)

The formation of graben facies – coarse clastic stra-
ta, whose thickness varies greatly from place to place 
and whose formation is accompanied mainly by sub-
alkaline basic volcanism – constitutes a direct harbin-
ger of the East European continent splitting against the 
backdrop of intensified plume-related processes, which 
ultimately led to the emergence of the Paleoural Ocean 
and its eastern bound – passive continental margin of 
the volcanic type [Puchkov, 2002; Puchkov, 2010]. 
Graben facies, untouched by erosion and not buried by 
sediments, are dotted along the entire western slope of 
the Urals, from the Sakmara zone to Baidarat. At the 

same time, rhyolites and granites are rather poorly de-
veloped. In the middle Urals near the mUF (main Ural 
Fault) zone, there is the Kozinsk suite which suppos-
edly belongs to Ordovician rift formations. It consti-
tutes a thick (up to 3000 m) stratum of quartzitic sand-
stones and conglomerates containing interbeds of mar-
bles, tufas, basalts, trachybasalts, as well as occasional 
rhyolites. The subalkaline volcanites of the Polar Urals 
include faunistically dated acid effusives (Molyudshor 
Suite) and rhyolite dykes [Puchkov, 1979; Soboleva et 
al., 2010]. Further north, in the Baidarat zone, the Cam-
brian(?)–Tremadocian sediments are represented by 
sandstones, aleurolites and shists; being overlain by the 
Lower-Middle Ordovician stratum of mottled struc-
ture, represented by limestones, schists and aleurolites 
with basalts, trachybasalts, as well as rhyolites [Puchk-
ov, 2002 and references in this article]. 

Of particular note is the Kozlinogorsk gabbro-syen-
ite-granite association developed in the Ufaley block 
of the Middle Urals [Tevelev et al., 2015], which was 
considered to be Permian and then dated by the cit-
ed authors at 476–470 ma (Floian). The granitoids are 
moderately alkaline; the whole series is intraplate in 
terms of its geochemical parameters. Issues concern-
ing the age of the association, as well as its belonging 
to one or another complex, are debatable. An alterna-
tive point of view regarding the age of the association 
is held by G. Shardakova et al. [2015]. The age deter-
mined from the biotites contained in the gabbro using 
the Ar-Ar method was estimated at 457.8 ± 5.8 Ma. In 
addition, according to the preliminary results, the vast 
majority of U-Pb datings of granite zircons yielded ag-
es between 449 Ma and 480 Ma. On the basis of new 
datings, the authors classified the Kozlinogorsk group 
of intrusions as Late Ordovician. It is assumed that for-
mations which are spatially combined, similar in com-
position, but somewhat heterogeneous in ages could be 
combined into this group, therefore even younger ag-
es can be obtained for alkaline rocks from different in-
trusions. A similar point of view is held by A. Kras-
nobaev, who worked with zircon fractions from the al-
kaline rocks of this association. We believe that it is 
justifiable to compare it with other known alkaline 
complexes of the Urals, where, in some cases, carbona-
tites are known to occur. Most of them are concentrated 
east of the MUF zone. Among them, the Ilmeny-Vish-
nevogorsky complex (IVC) is most fully studied. The 
initial age of its heterogeneous rocks is dated at 440–
420 Ma, with isotopic data indicating a significant role 
of mantle material in the substrate. Such interpretation 
suggests that the Kozlinogorsk gabbro-granite associ-
ation might belong to the Ushat complex which is the 
next one in terms of age. 

ushat complex (440–450 Ma)

This complex was named after a section on the west-
ern side of the Taratash Rise (Ushat River). A number of 
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outcropping subalkaline basaltoids of the BMA, which 
belong to the Ai and Mashak suites, were the sources 
of zircons falling in a narrow age range of 435–455 Ma 
[Krasnobaev et al., 2018]. On the western slope of the 
Middle Urals, this magmatic stage manifested itself in 
the syenite-porphyries of the Verkhnyaya-Serebryan-
ka complex (447 ± 8 Ma [Petrov et al., 2005]). Simi-
lar events previously identified in the Southern Urals 
include the emergence of the most part of the Ilmeny-
Vishnevogorsky alkaline carbonatite complex (410–
446 Ma), which then underwent transformations at the 
Late Devonian and Permian collision boundaries with 
the formation of several types of pegmatites. The is-
sue of the Kozlinogorsk gabbros, syenites and granites 
belonging to this complex remains unsolved. The ana-
logues of the Ushat complex include the Monteregian 
group of alkaline intrusions on the Canadian Atlantic 
coast [Puchkov, 2010]. 

Timaiz dyke-sill complex belonging  
to the western slope of the Urals  

(400–360 Ma, mainly 380–360 Ma) 

In an earlier work [Puchkov et al., 2016] we demon-
strated that Devonian dyke swarms and associated effu-
sive rocks – whose origin is closely related to the for-
mation of the Devonian Kola-Dneprovsky LIP – were 
present in this complex from the western slope of the 
Urals, as well as in Pay-Khoy and Novaya Zemlya. 
Granitoids and rhyolites are practically absent in this 
complex. There is only data [Simakov, 1972] on the 
presence of a microgabbro-syenogranite-alaskite as-
sociation in the upper the Pechora River intruding 
the middle Devonian rocks and dated at 276 ± 13 and 
296 ± 12 Ma (Lower Permian) using the K-Ar method; 
however, most likely, these ages are underestimated 
(otherwise there is nothing to tie them to). Their Devo-
nian age is not ruled out. In addition, we can name only 
a single dyolite dyke in the Devonian Aptechnogorsk 
complex (Nizhniye Sergi, Middle Urals). 

Stepninsky monzonite-granite complex  
(280–285 Ma) 

The geological unit in question was named after 
the Permian Stepninsky monzodiorite-granite complex 
represented by a chain of intrusions extending from the 
northwest to the southeast (Uysky, Vandyshevsky, Bir-
yukovsky, Stepninsky). The intrusions intersect three 
structural zones of the Southern Urals and the over-
lying fold structure. The complex in question was de-
scribed in detail in [Fershtater, 2013]. Preliminary da-
ta on the age of massifs (281 ± 2, 281 ± 2, 280 ± 2 
and 286 ± 2 Ma, respectively), which were obtained us-
ing SHRIMP-2 (VSEGEI), indicate their Early Permi-
an age. The plume nature of the complex has been sug-
gested for a long time, which is based on the overlying 

character of intrusions [Puchkov et al., 1986]. In terms 
of its geochemical features [Snachev et al., 2018], the 
range of rocks from the Stepninsky complex clearly fits 
into two main reference trends: monzonite (monzogab-
bros, monzodiorites, syenites) and calc-alkaline; which 
indicates that different mechanisms were involved in 
the formation of intermediate-basic and acid rocks. 
At the same time, gabbros are found within the OIB 
(ocean‐island basalt) fields, which makes them simi-
lar to rift/plume complexes of mantle origin. The for-
mation of acid rocks exhibiting the calc-alkaline trend 
can be explained by the melting of the crust rather than 
by subduction which ended there long ago. Initially, we 
assumed that granites exhibited a regular time progres-
sion; however, it was not confirmed, which is very rare 
for a fold area. 

Triassic Ural-Siberian (250–230 Ma)

A Triassic LIP, partially including the territory of 
the Ural-Novaya Zemlya fold zone, covers a vast ter-
ritory of Siberia; thus, this province should be called 
Ural-Siberian. Magmatic events which occurred at the 
Permian-Triassic boundary are considered to be the 
manifestations of a giant superplume. In the Urals and 
the Ural region, these include the outwellings of Tri-
assic trappean basalts, occurring from Turgay to Pay-
Khoy. In the Polar Urals and Siberia, the outwellings 
of trappean rocks began simultaneously at the Permi-
an-Triassic boundary (250 Ma ago). Acid effusives, 
which give a contrasting character to basalt eruptions, 
are characterised by a highly subordinate distribution 
and are found in the Middle Urals, east of Kamensk-
Uralsky (in the Borisovo and Pershino quarries, dat-
ed as the Early Triassic using the U-Pb method) [Puch-
kov, 2010 and references in this work]. It is known, 
that Triassic traps occur in the grabens of the West Si-
berian basin overlying the following Ural structures: 
North Sosva, Danilovo and Polovinkino [Ivanov et al., 
2016]. Moreover, only the Danilovo graben is charac-
terised by the presence of a contrasting basalt-rhyolite 
formation, which could be due to a more sialic compo-
sition of the basement. 

In [Puchkov, 2010] we examined the data presen-
ted in the works on the Triassic datings derived from 
small acid intrusions, spatially isolated from Triassic 
volca nites (Malaya-Cheka and Kisinet complexes), as 
well as from the Murzin-Aduy collision granites [Po-
pov, 2003; Tevelev et al., 2009]. These datings are 
quite contradictory; thus, they do not give a clear in-
dication that the formation of these granitoids coin-
cided with the onset of trap magmatism. Nevertheless, 
our attempt to confirm the Triassic age of the alka-
line granitoids from the Malaya Cheka complex led to 
the conclusion about its Carboniferous age [Salikhov 
et al., 2013]. 
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CONCLUSION

A general review of the conditions under which 
plume processes can lead to the formation of silicic 
melts, as well as the consideration of rhyolite-gran-
ite magmatism as a component of plume magmatism 
using a number of volcanic and intrusive complexes 
of the Urals as an example, suggest that, along with 
the spreading, subduction and collision, plume tecton-
ics is a powerful independent factor regulating silicic 
magmatism on the continental and transitional crust. In 
some cases, it can be associated with active-type rift-
ing, which is the consequence of deeply originating 
plume-related processes – not their cause. However, in 
many cases, no signs of grabens or their relics are ob-
served. As for the reasons behind the formation of acid 
melts, it is impossible to deny the possibility of basal-
tic magma differentiation or its segregation; however, 
it seems that the main reason, remains to be the melting 
of the crust and, in particular, its more ancient silicic 
components under the influence of the initial plume-re-
lated basic magma. 

This study is supported by the Russian Science 
Foundation (project No. 16-17-10192).
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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–SiO2–ZrO2, 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 сloser to the surface where they actively interact with water. 

Keywords: dunite, zircon, age, phase equilibrium, baddeleyite, restite, origin
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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℃) 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 

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 



LITHOSPHERE (RUSSIA)   volume 18   No. 5A   2018

49Ancient age of zircons and problems of genesis dunites

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 

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]. 

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℃. 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–ZrO2–SiO2

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–SiO2–ZrO2, 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–SiO2–ZrO2 (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–nZrO2–qSiO2 – which is absent in this 
system – rather than zircon. The SiO2–ZrO2 side of the 
diagram is adjacent to the area of two liquids, which 

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.

fig. 4. Diagram of phase equilibria in the system 
mgO–ZrO2–SiO2 [Toropov et al., 1969].
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is absent in the binary diagram of SiO2–ZrO2 [Torop-
ov et al., 1969]. This was the basis for the experimental 
verification of the diagram of the system MgO–SiO2–
ZrO2 and for the determination of the real area of zir-
con crystallisation in equilibrium with Mg2SiO4, Mg-
SiO3, and SiO2. 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: I – MgSiO3 + SiO2; II – mgSiO3 + ZrO2; III – 
ZrSiO4 + SiO2; IV – mgSiO3 + mg2SiO4; V – ZrO2 + 
+ mgO; VI – ZrSiO4 + ZrO2. 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:

ZrSiO4 + mg2SiO4 = ZrO2 + 2mgSiO3.       (1)
Reaction (1) exhibits two important features: 1) the 

change in free energy in the reaction at a temperature 
of 1400–1500℃, 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 ZrO2.

fig. 5. Diagram of phase equilibria in the system mgO–ZrO2–SiO2 (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 
(ZrO2). 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 CaCO3). 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–SiO2–ZrO2, 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℃ 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℃. 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 du nite material.

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

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 ZrO2 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 
ZrO2 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 SiO2 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 consi der 
at what depth and under what Р-Т conditions dunite 
restite is formed. Given that the geothermal gradient 

fig. 6. Rim of baddeleyite lamellae (white) in zircon 
grain (grey). T = 1550°C.
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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 sho wing 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℃. At a temperature of 1460℃, clinopyroxene 
passes into the melt; olivine and orthopyroxene accu-
mulate in restite. Further changes in the composition 
of the melt and restite occur accor ding to the follow-
ing scheme. At temperatures above 1300℃, spinel 
lherzolite becomes ductile. The shear stress in it de-
creases from 5 kbar at 1000℃ and to 0.5 kbar at a tem-
perature of more than 1300℃ [Сarter, 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-

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℃. Only oli-
vine remains in restite, with restite acquiring dunite 
composition (see Fig. 8). Moreover, the melt fraction 
in diapir reaches 40% [Takahashi, 1986]. Du ring 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.

fig. 8. Fragment of the diagram showing the mel ting 
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 – Р-Т 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.

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.
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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–SiO2–ZrO2 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-
quent 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 
No. 15-18-5-12.
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The article considers xenocrysts and megacrysts hosted in the rocks of Early Cretaceous olivine-basalt-basanite-nepheli-
nite association that outcropped in the erosion crater of Makhtesh Ramon (Natural Reserve of Mishmar ha-Nagev, Isra-
el). This magmatic rock association contains a wide spectrum of xenoliths trapped at different crustal levels. These are up-
per mantle, lower and upper crustal xenoliths. Mantle xenoliths are represented by peridotites, olivine clinopyroxenites, 
clinopyroxenites, olivine websterites, websterites and their amphibole-bearing analogues. Lower crustal xenoliths are ma-
fic granulites, such as metagabbros and plagioclasites, whereas upper crustal xenoliths are the fragments of Neoproterozoic 
tuffs. Xenocrysts and megacrysts are the fragments of xenoliths that chipped from them on their way to the surface. Alte-
rations in xenoliths, xenocrysts and megacrysts caused by the host melt constitute a common petrographic feature. Xeno-
crysts and megacrysts are mainly represented by minerals that are compatible with the magmatic rock association. These 
are olivine, clinopyroxene, amphibole, nepheline, plagioclase, anorthoclase, apatite, magnetite and spinel. The xenocrysts 
of quartz and orthopyroxene are incompatible with the SiO2-undersaturated host rock of this magmatic association. main 
reasons determining the interaction between magma and xenoliths include rapid decompression, metamorphism and meta-
somatism. Xenocrysts are subjected to metamorphism that corresponds to high-temperature facies of contact metamor-
phism, up to the partial melting of xenocrysts. Metasomatism is directed at equalising the compositions of xenocrysts and 
eponymous minerals that crystallised from the host melt. There are several important criteria adopted to identify xenocrysts 
and distinguish them from phenocrysts. These are partial melting, solid-phase decomposition, decrystallisation of prima-
ry (before-trapping) textures, recrystallisation and self-faceting of initially xenomorphic grains into the crystals with per-
fect habits. The chemical composition of xenocrysts has mineral and geochemical indications of xenogenic origin, as well 
as the signs of a newly-formed substance.

Keywords: melting, solid-phase decomposition, decrystallisation, self-faceting, xenocrysts, megacrysts, xenoliths, mag-
matic rocks, Makhtesh Ramon, Israel
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INTRODUCTION

During their rise to the earth’s surface and under 
decompression, xenoliths disintegrate, decompose into 
monomineral fragments (xenocrysts and megacrysts) 
and enter into a geochemical interaction with the carri-
er melt, get partially or completely absorbed by it, thus 
becoming a part of a single magmatic system. In terms 
of shape and size, xenocrysts and megacrysts, as a rule, 
externally resemble phenocrysts and their identifica-
tion constitutes an urgent petrological task.

The present article examines the petrographic and 
geochemical features of xenocrysts and megacrysts 
widely developed in the igneous rocks of Makhtesh Ra-
mon, as well as demonstrates the similarities between 
changes occurring in them and transformations in xe-
noliths. Special attention is paid to the morphologi-

cal tendency of initially xenomorphic xenocrysts and 
megacrysts to take crystallographically regular forms, 
which complicates their identification as minerals alien 
to the host rocks.

GENERAL GEOLOGICAL DATA  
ON THE AREA

Tectonically, the area belongs to the territory of the 
Levant – the continental margin of the Eastern Medi-
terranean, in the east limited by the transform fault of 
the Dead Sea, within which the rocks of the Proterozo-
ic crystalline basement are overlain by a thick cover of 
Meso-Cenozoic deposits.

makhtesh Ramon constitutes a sublatitudinal 
mountain depression (45 km long and 10 km wide), 
whose formation is explained by the erosion of a large 
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anticline having gently sloping northern and steeply 
falling southern wings during the formation of the Syr-
ian Arc echoing the collision of the African and Arabi-
an plates with the Alpine-Himalayan orogenic belt in 
the Late Cretaceous. The stratigraphic cross section of 
the area up to a depth of more than 1 km is represent-
ed by Middle and Upper Triassic deposits (Gevanim, 
Saharonim and mohilla FmS: limestones, marls, 
sandstones, gypsums), Lower and Middle Jurassic de-
posits (Mishor, Ardon, Inmar и Mahmal FmS: later-
ites, limestones, dolomites, marls, sandstones, clays), 
as well as Lower and Upper Cretaceous deposits (Ar-
odcgl + Lower Hatira Fm + Upper Hatira Fm, Haz-
era, Sayarim и Mishash FmS): conglomerates, sand-
stones, marls, clays, silicas) (Fig. 1). Two long inter-
vals between sedimentation were established: 1. the 
Upper Triassic – beginning of the Jurassic; 2. the Up-
per Jurassic – the Lower Cretaceous (up through and 
including the Barremian Stage). Clearly, the Late Tri-
assic and Early Cretaceous magmatic activities in the 
area resulted in the tectonic activity, which coincided 
in time with these breaks.

GEOLOGICAL, PETROGRAPHIC  
AND GEOCHEMICAL FEATURES EXHIBITED 

BY IGNEOUS ROCKS IN THE AREA

Basic data on the age, composition, as well as 
the geodynamic regime for the formation of magma-
tites in the area were considered in [Garfunkel, Katz, 
1967; Bonen et al., 1980; Lang, Steinitz, 1989; Baer et 
al., 1995; Eyal et al., 1996; Samoilov, Vapnik, 2005; 
Vapnik et al., 2007; Yudalevich et al., 2014]. As a re-
sult, one Triassic and two Early Cretaceous associa-
tions manifested in the form of lava flows and small 
intrusions (sills, laccoliths and dykes) were identified. 
The Triassic Saharonim Association is represented by 
alkaline olivine basalts (K-Ar age of 213.6 Ma, Up-
per Triassic, Norian Stage) and is chronologically as-
sociated with the pre-Jurassic stage of laterite forma-
tion Mishor Fm. Early Cretaceous magmatites are di-
vided into two rock groups: 1) an early bimodal group 
composed mainly of alkaline basalts, gabbro and syen-
ites (K-Ar age of 129–140 Ma, Early Cretaceous, Val-
anginian – Barremian stages); 2) a later group made up 
of olivine, basalt, basanite and nephelinite (Ar-Ar age 
of 112.9–119.0 Ma, Early Cretaceous, Aptian stage). 

fig. 1. Location and a schematic geological map of makhtesh Ramon.
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Cretaceous associations identified using radiological 
data reveal geological evidence of their different ages: 
the earlier one is overlain by Arod conglomerates lying 
at the base of Lower Hatira Fm, i.e. it is pre-conglom-
erate – PreArodcgl. However, the rocks of the later as-
sociation overlie and intrude these conglomerates, as 
well as Lower Hatira Fm sandstones occurring above, 
i.e. they are post-conglomerate – PostArodcgl. In turn, 
the sandstones of Upper Hatira Fm rest erosively on 
magmatites, thus fixing their geological age between 
Lower and Upper Hatira Fms.

All magmatic manifestations in the area belong to 
one OIB-like alkaline geochemical type.

Xenoliths and xenocrysts have not been found in the 
Triassic and Early Cretaceous associations yet; how-
ever, they are widely developed in the PostArodcgl 
group, which is the most complex in terms of internal 
structure and composition. It comprises lava flows, tuf-
faceous and tuffaceous-sedimentary deposits, pyroclas-
tic diatremes, subvolcanic stocks, dykes and sills. The 
association is represented by olivine basalts and micro-
gabbros, basanites, nephelinites, as well as their melili-
te and analcime variations, often containing volcanic 
glass. All the rocks are of black, dark green or green-
grey colour, porphyritic texture and are practically in-
distinguishable in composition under field conditions. 
The inclusions of olivine and clinopyroxene are of 
cross-cutting nature; in addition, plagioclase phenoc-
rysts are found in basalts, and melilite phenocrysts are 
observed in nephelinites. Their number ranges from 
5–8 to 34%, with their size varying from 0.6 mm to 
2.0 cm. The bulk of basalts and basanites are composed 
of olivine, clinopyroxene and plagioclase, calcite, mi-
cromicaceous or pelitomorphic minerals such as chlo-
rophaeite and saponite, nepheline and analcime (in ba-
sanites), as well as melilite (in the foidite group), ex-
cluding plagioclase.

There are deep-seated (mantle and lower crustal) 
and upper crustal xenoliths (tuffs of the Proterozoic 
base, sedimentary cover rocks). Deep-seated xenoliths 
are characterised in [Bonen et al., 1980; Stein, Katz, 
1989; Vapnik, 2005], while a more complete list of 
them, including lower crustal ones, is given in [Fersh-
tater et al., 2016; Fershtater, Yudalevich, 2017]. These 
studies examined primarily the interaction between xe-
noliths and host melts at a deep-seated mantle-lower 
crustal level.

The present study is aimed at studying phenome-
na occurring in xeno- and megacrysts during uplift and 
decompression, which takes them to the magma sur-
face, as well as associated mineralogical, petrochemi-
cal and morphological transformations.

The deep-seated xenoliths of the PostArodcgl as-
sociation are represented by mantle dunites, harzbur-
gites, lherzolites, wehrlites, olivine clinopyroxenites 
and clinopyroxenites, olivine websterites, webster-
ites and their amphibolite varieties, lower-crustal me-
tagabbros (granulites), apatite-magnetite and clinopy-

roxene-apatite-magnetite rocks. In addition to the 
deep-seated xenoliths, there are xenoliths of Late Pro-
terozoic tuffs.

Along with xenoliths, xeno- and megacrysts are 
widespread in rocks. A common petrographic fea-
ture of xenoliths, xeno- and megacrysts are alterations 
caused by the host melts and minerals in the late stage 
of their crystallisation, represented by oligoclase-an-
desine, potassium feldspar, clinopyroxene, titanomag-
netite, apatite, biotite, rhonite, calcites, zeolites and sa-
ponite-chlorophaeites.

Xeno- and megacrysts are genetically similar for-
mations and differ only in size. They constitute frag-
ments of xenoliths, which appear in the course of trans-
porting xenoliths to the magma stabilisation sites. Xen-
ocrysts are close to phenocrysts in size and usually do 
not exceed 1.2 mm, whereas megacrysts are much larg-
er and reach 15.0 cm across.

ANALYTICAL STUDIES

The compositions of minerals given in the tables 
were determined using a CAMECA SX-100 micro-
analyser at the Institute of Geology and Geochemistry 
UB RAS (Ekaterinburg, operator V.V. Hiller), Institute 
of Geology SB RAS (Novosibirsk, V.V. Sharygin), as 
well as using a JEOL microanalyser (ISP-MS and ER-
MA) at the Hebrew University of Jerusalem (analyst 
O. Dvir).

CHARACTERISTICS OF XENOCHRYSTS 

Xeno- and megacrysts differ from phenocrysts in 
the following characteristics: 1 – xenomorphic (por-
phyroclastic) outlines and the development of near-
contact corrosion; 2 – rock jointing, optical defects and 
decrystallisation; 3 – the diffuse effect of host magma; 
4 – melting and formation of decomposition structures; 
5 – non-conformity with the paragenesis of host rocks 
(‘prohibited’ minerals). The bulk of xeno- and meg-
acrysts are represented by compatible minerals, with 
only the xenocrysts of quartz and orthopyroxene being 
incompatible with the host rocks undersaturated with 
SiO2.

Quartz. The size of the xenocrysts varies from 
0.2 mm to 1.2 mm, with their shape being round or 
oval. It is usually surrounded by a clinopyroxene rim 
made up of the smallest adjacent and optically differ-
ently oriented microlites having a tendency to form 
a regular pyroxene form, common to the entire rim. 
The intergranular gaps in the rim are filled with dark 
brown glass of orthoclase composition. At the bor-
der with the pyroxene rim, quartz is often melted in-
to yellow or greenish-brown glass (Fig. 2a) enriched 
with MgO (35.56–36.37 wt %). The difference in the 
composition of the glasses is given in Table 1. Some-
times quartz undergoes decrystallisation with a pol-
ymorphic transition to tridymite and cristobalite. On 
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fig. 2. Quartz xenocrysts and products of their alteration.
a – BH-16 (olivine basalt) and b – CMR-178 (nephelinite). Quartz xenocryst transitioned into fine-grained tridymite-cristobalite 
aggregate with the melting zone being composed of greenish-brown glass and light green saponite. The outer zone is composed of 
microlitic clinopyroxene. PPL.

Table 1. Chemical composition of xenocrysts and products of their alteration, wt %

SiO2 TiO2 Al2O3 Cr2O3 FeO mnO mgO CaO Na2O K2O Total mg* an
Products of 

quartz altera-
tion 

1(3) 61.86 – 1.96 – – – 35.98 0.2 – – 100 –
2(3) 54.2 – – – 6.59 – 16.35 22.59 0.77 – 100 0.85
3(1) 65.34 – 14.26 – 4.83 – 0.73 – 2.01 12.81 99.98 –
4(1) 43.87 4.28 9.72 – 7.55 – 11.97 21.62 0.98 – 99.99 0.78

Orthopyroxene 
and products  
of its alteration

1(2) 54.41 – 4.2 – 5.93 – 34.57 – – – 99.11 0.93
2(1) 47.91 – 5.39 – 8.49 – 32.07 5.41 – – 92.27 0.73
3(1) 38.95 – 2.41 – 24.16 – 33.38 0.66 – 0.44 100 0.76
4(2) 51.92 – 2.76 – 9.51 – 13.76 19.62 1.94 – 99.51 0.76
5(1) 51.96 0.14 1.98 – 21.62 0.52 21.45 1.1 0.04 – 98.81 0.7
6(4) 36.55 – – – 30.72 – 30.77 0.26 – – 98.3 0.7
7(1) 34.98 – – – 40.1 – 23.41 0.2 – – 98.69 0.57
8(4) 52.98 0.5 0.59 0.07 10.63 – 14.72 18.29 0.93 – 98.71 0.76
9(1) 50.93 0.29 2.94 – 13.33 – 11.54 19.7 0.68 – 99.41 0.66

10(43) 54.59 – 3.43 0.26 6.77 – 33.73 0.89 – – 99.67 0.92
11(7) 51.43 0.15 1.83 0.04 24.91 0.59 19.27 1.12 0.07 0.01 99.45 0.64

Olivine 1(3) 40.93 0.03 – – 10.8 0.18 47.35 0.13 – – 99.42 0.91
2(2) 39.07 0.05 0.06 – 20.47 0.54 39.59 0.32 – – 100.1 0.82
3(1) 40.12 – – – 14.8 – 44.33 0.18 – – 99.43 0.87
4(1) 39.2 – – – 19.76 – 41.04 – – – 100 0.83
5(2) 38.15 – – – 24.84 – 36.57 0.45 – – 100.01 0.77
6(1) 38.11 – – – 24.32 – 37.62 – – – 100.05 0.78
7(10) 37.33 0.02 0.04 – 26.19 0.44 35.11 0.42 – – 99.55 0.75
8(19) 39.18 – – – 19.06 0.37 40.99 0.34 – – 99.94 0.83

Clinopyroxene 1(1) 50.36 1.19 4.45 0.74 3.74 – 14.56 24.22 0.51 – 99.77 0.9
2(2) 44.77 3.56 8.11 0.51 6.84 – 12.3 23.08 0.83 – 100 0.8
3(2) 50.7 0.68 5.52 0.93 4.14 – 16.37 20.95 1.09 – 100.38 0.9
4(1) 47.51 2.07 6.37 – 7.17 0.14 13.36 22.96 0.42 – 100 0.81
5(49) 44.27 3.86 8.13 – 8.13 0.12 11.08 23.16 0.47 0.11 99.33 0.76
6(15) 44.44 3.88 9.64 – 6.22 0.21 12.33 21.61 0.79 – 99.12 0.82
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Table 1. Ending

SiO2 TiO2 Al2O3 Cr2O3 FeO mnO mgO CaO Na2O K2O Total mg* an
Amphibole and 

products of its 
alteration

1(1) 39.35 7.93 11.98 – 12.27 – 12.86 13.98 2.06 0.57 101 0.71 –
2(9) 25.41 11.88 16.46 – 20.24 – 12.73 11.71 1.57 – 100 0.59 –
3(3) 38.49 – – – 24.08 – 36.85 0.61 – – 100.03 0.78 –
4(3) 44.82 4.09 8.23 – 6.01 – 12.84 23.26 0.75 – 100 0.83 –
5(3) 52.81 – 29.86 – – – – – 12.29 5.04 – – 57
6(9) 40.15 5.81 13.31 – 9.88 0.19 12.29 11.91 2.49 1.05 97.08 0.74 –
7(5) 25.79 10.62 16.92 – 18.93 – 13.75 11.78 1.72 – 99.51 0.62 –
8(6) 41.42 1.57 13.19 0.39 9.05 0.08 16.16 10.84 2.91 0.86 96.47 0.8 –
9(11) 40.12 4.83 13.54 – 10.11 0.11 12.18 11.97 2.18 2.04 97.08 0.75 –
10(5) 24.96 11.96 18.18 – 13.22 0.7 15.86 10.04 1.6 – 96.52 0.73 –
11(4) 25.11 11.05 13.64 – 26.21 0.24 10.61 11.07 1.47 – – 0.48 –

Plagioclase 1(4) 53.67 0.32 27.98 – 0.81 0.04 0.21 10.45 4.97 0.58 99.03 – 54
2(2) 51.85 – 30.25 – – – – 12.93 4.38 0.59 100 – 61
3(2) 54.35 0.25 27.14 – 0.84 0.05 0.67 9.95 7.01 0.73 100.99 – 44
4(1) 50.79 – 30.34 – – – – 14.77 3.61 0.49 100 – 68
5(2) 54.87 – 28.19 – 0.56 – 0.01 11.16 5.3 0.22 100.31 – 54
6(7) 51.55 – 30.38 – – – – 12.95 4.51 0.61 100 – 67

SiO2 TiO2 Al2O3 Cr2O3 FeO mnO mgO CaO Na2O P2O5 F Cl Total
magnetite and 

spinel 
1(3) – 14.94 4.8 – 77.84 – 2.43 – – – – – 100.01
2(1) – 20.83 5.76 – 70.9 – 2.51 – – – – – 100
3(63) 0.04 21.46 6.43 0.51 63.89 0.85 4.77 0.12 – – – – 98.07
4(1) 0.03 10.27 13.54 7.81 57.85 0.37 6.95 0.06 – – – – 96.88
5(1) – 0.83 38.01 25.14 19.26 0.13 15.47 – – – – – 98.84
6(1) 0.02 17.22 7.58 3.66 63.26 0.6 4.86 0.08 – – – – 97.28
7(1) – – 63.34 – 13.27 – 23.39 – – – – – 100
8(1) – 15.38 10.42 – 67.06 0.8 6.08 0.02 0.24 – – – 100

Apatite 1(3) – – – – 0.59 – – 53.49 0.36 41.18 3.77 0.61 100
2(6) – – – – – 0.13 – 52.33 – 40.93 6.17 0.44 100

Note. The number of analyses involved in the calculation of average contents is given in parentheses after the sequence number.
Alteration products of quartz xenocrysts: HP-6G: 1 – moderate yellow green glass at the periphery of quartz, 2 – fine-grained clinopyro-
xene at the outer border of glass, 3 – dusky red glass filling the interstices between the fine grains of clinopyroxene, 4 – clinopyroxene from 
host basanite matrix.
Chemical composition of orthopyroxene xenocrysts and products of their alteration: BP-14G: 1 – xenocryst of lherzolite type, core; 2 – 
rim adjacent to the zone of decomposition, products of orthopyroxene decomposition: 3 – olivine, 4 – clinopyroxene. TH-16: 5 – xeno-
cryst of gabbro type; products of xenocryst decomposition: 6–7 – olivine, 8–9 – clinopyroxene. Orthopyroxene from xenoliths: 10 – lher-
zolite type, 11 – gabbro type.
Chemical composition of olivine: NH-596: 1 – megacryst, core, 2 – rim. BP-1G: 3 – megacryst, core, 4 – intermediate zone, 5 – rim, 
6 – zone of megacryst decrystallisation. 7–8 – olivine from host magmatic rocks: 7 – prismatic microphenocrysts in rock matrix, 8 –  melt 
inclusions hosted in the olivine and clinopyroxene of peridotites.
Chemical composition of clinopyroxene xenocrysts: BH-11: 1– xenocrysts, core. BH-1G: 2– rim. HP-10G: 3 –  megacryst, core, 4 – rim. 
5 – prismatic microphenocrysts in rock matrix, 6 – melt inclusions hosted in the olivine and clinopyroxene of peridotites.
Chemical composition of amphibole and products of its alteration: BH-1G: 1 – kaersutite megacryst, 2–5 – products of kaersutite decom-
position: 2 – rhonite, 3 – olivine, 4 – clinopyroxene, 5 – plagioclase. HP-205: 6 – kaersutite hosted in wehrlite. BH-19G: 7 – rhonite from 
clinopyroxenite. BH-20: 8 – pargasite xenocryst hosted in lherzolite. 9 – 11 – kaersutite and rhonite from host magmatites: 9 –kaersutite 
phenocrysts from basanites and nephelinites. HT: 10 – rhonite hosted in melt inclusions in olivine and clinopyroxene from lherzolites. 11 – 
rhonite from remnant glasses in nephelinites.
Chemical composition of plagioclase: HP-6: 1 – megacryst, core, 2 – megacryst, rim. SQR-012a: 3 – xenocryst, core, 4 – xenocryst, rim. 
5 – plagioclase hosted in gabbro xenoliths. 6 – microlitic plagioclase in basanites.
Chemical composition of magnetite and spinel: A-6: 1 – magnetite megacryst, core, 2 – magnetite megacryst, rim; 3 – titanomagnetite phe-
nocrysts hosted in magmatic rocks. BH-20: 4 – chrome spinel xenocryst. NH-536: 5 and 6 – chrome spinel xenocryst: 5 – core, 6 – rim. 
HA-21: 7 and 8 – hercynite megacryst: 7 – core, 8 – rim.
Chemical composition of apatite: HA-6: 1 – megacryst of fluorapatite. 2 – ultra-fluorine apatite hosted in basaltoids.
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the outside, this aggregate is surrounded by a green-
ish-brown glass having isolated areas of saponite 
(Fig. 2b) and often zeolite. Judging by the composi-
tion of glass surrounding relict quartz, this was facil-
itated by the diffusion of magnesium and volatiles in-
to the melting zone. Unlike the matrix pyroxene of 
the host rocks, fine-grained clinopyroxene formed on 
quartz is richer in SiO2 and has a higher magnesium 
number (Mg* = 0.83–0.88); does not contain TiO2 
and Al2O3 (see Table 1). Quartz with a clinopyro xene 
rim is also found without glass formation, veined with 
calcite and buffered by it from the accreting micro-
clinopyroxene aggregate.

Orthopyroxene. In the studied rocks, orthopyrox-
ene is very unstable and is easily identifiable by the 
development of reaction kelyphite rims around it, rep-
resented by symplectic intergrowths of olivine and 
clinopyroxene (Fig. 3a) – products of the solid-phase 
decomposition of orthopyroxene peridotites, web-
sterite and granulites. The width of rims comes up to 
0.6 mm, with the structure being predominantly micro-
equigranular, linearly elongated and with the long ax-
es of decomposed minerals often arranged transverse-
ly to the boundary of the preserved orthopyroxene. In 
places, the olivine-clinopyroxene aggregate retains on-
ly small relicts of orthopyroxene (Fig. 3b), sometimes 
completely replacing it; in such cases, the aggregate 
acquires hypidiomorphic outlines (Fig. 3c). Some xen-
ocrysts directly accrete newly formed augite or titani-
um augite from the host rocks (Fig. 3d). Complex bi-
pyroxene inclusions (Fig. 3e), consisting of xenogenic 
ortho- and clinopyroxene (fragments of lherzolites or 
websterites) constitute noteworthy examples. In them, 
the orthopyroxene component has a symplectic oliv-
ine-clinopyroxene rim, with no changes occurring in 
the clinopyroxene part of the inclusions and both of 
these minerals accreting a newly-formed clinopyrox-
ene. It is characteristic that bipyroxene xenocrysts also 
tend to develop a crystallographic form, which is typ-
ical of this group of minerals. The interstices of sym-
plectic intergrowths are filled with feldspar, oligocla-
se, zeolite, saponite and calcite. Similar decomposition 
products of orthopyroxene are observed in the margin-
al zones of deep-seated xenoliths, including gabbros, 
where in places it is completely replaced by symplec-
tite (Fig. 3f).

The petrochemical data (see Table 1) reveal two 
specific types of orthopyroxene xenocrysts: 1 – lher-
zolite having a high magnesium number (Mg* = 0.93–
0.87), 2 – gabbro having a low magnesium number 
(Mg* = 0.70). According to this indicator, the compo-
sition of symplectic olivine and clinopyroxene is un-
stable and varies from 0.60 to 0.78 in peridotites, rang-
ing from 0.57 to 0.76 in orthopyroxene gabbro, i.e. to 
up to values close to similar matrix minerals and the 
microphenocrysts of the host rocks. In the zone of or-
thopyroxene directly bordering the decomposition rim, 
its magnesium number decreases significantly, where-

as the contents of Al2O3, CaO and sometimes K2О in-
crease (see Table 1).

Minerals compatible with host basic and ultrabasic 
alkaline rocks include olivine, clinopyroxene, amphi-
bole, plagioclase, magnetite, spinel, apatite, nepheline 
and anorthoclase. 

Olivine. The usual grain size comes to 0.3–0.8 mm, 
reaching 2–3 cm in megacrysts. The form varies from 
xenomorphic to idiomorphic. Corroded grains are of-
ten found with traces of pressure experienced before 
they were engulfed by ascending magma, fixed in the 
form of undulose extinction, which is unusual for the 
olivine (Fig. 4a). Some xenocrysts are decrystallised to 
one degree or another into a fine-grained mass having 
a microgranoblastic texture, with the size of individu-
al grains ranging from 0.01 to 0.1 mm. Decrystallisa-
tion is mainly localised in grain margins, in places be-
ing developed in the form of spots or stripes (Fig. 4b), 
with smaller grains sometimes being decrystallised 
completely.

The chemical analysis of olivines (see Table 1) re-
veals that its central and marginal zones differ signifi-
cantly in MgO and FeО contents, as well as in the mag-
nesium number, 0.91–0.87 (depleted peridotites) and 
0.82–0.83 (close to the magnesium number of olivine 
in the host rocks), respectively.

Clinopyroxene. The size of clinopyroxene is close 
to that of phenocrysts (0.6–0.8 mm); sometimes it 
forms megacrysts reaching up to 15 cm across. Its co-
lour varies from colourless and slightly yellowish and 
brownish to brown-green, brownish-green and dirty 
green. As compared to orthopyroxene and olivine, it 
is more resistant to the influence of host rocks and is 
not accompanied by any noticeable phenomena of de-
composition and decrystallisation. Nevertheless, a dis-
turbance of its initial structure still occurs and is man-
ifested by the formation of fractures and grains hav-
ing a deconsolidated porous structure, which creates 
the effect of a non-specific shagreen surface. In the 
clinopyroxenes of large xenoliths, such structures are 
observed only in the areas where they are in contact 
with the host rocks and disappear in the inner parts, 
which indicates their occurrence under the influence of 
the host melt (Fig. 5a). Two types of mega- and xeno-
crysts of clinopyroxene are distinguished: 1 – ordinary; 
2 – poly granular, i.e. intergrowths of several optical-
ly differently oriented grains combined into a pyrox-
ene habit (see Figures 5c–f). Complex grains most of-
ten have a porous structure and accrete pure clinopy-
roxene from the host rocks. Grains having a green-grey 
(chromium diopside) porous central zone, as well as 
augite and titanium-augite non-porous marginal zones 
(see Fig. 5b) are also widespread, indicating the duality 
of the genesis of such formations. The pores are filled 
with minerals of most host rocks: feldspar, nepheline, 
titanaugite, zeolite, saponite, less often biotite, apatite 
and amphibole. In places, two-mineral olivine-clinopy-
roxene intergrowths occur, which are linked by a com-
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mon form characteristic of clinopyroxene, suggesting 
their kinship with peridotite xenoliths.

The chemical composition of clinopyroxenes (see 
Table 1) shows an increase in the concentrations of 

TiO2, Al2O3 and FeO from the central to marginal 
zones of xenocrysts, with a decrease in SiO2 and mgO 
in the opposite direction, including Mg*, which rang-
es from 0.90 to 0.87 (clinopyroxene peridotite) to 0.80 

fig. 3. Orthopyroxene xenocrysts and products of their alteration.
а – BH-107 (basanite): relic of Opx (greyish orange one in the centre) surrounded by the products of its decomposition: keliphitic 
rim composed of Ol-cpx aggregate. The outer rim is composed of newly formed cpx which growth was related to basanite crys-
tallisation. PPL; b – HA-141 (basanite): almost complete pseudomorph of Ol-cpx symplectite after Opx (two brownish grey re-
licts in the centre). XPL; c – SQR-45 (olivine basalt): Opx is completely replaced by Ol-cpx symplectite and acquired subhedral 
pyro xene habit. PPL; d – CMR-622 (olivine basalt): bimodal xenocryst of pyroxene composed of Opx, brownish grey in the centre, 
overgrown by cpx during the crystallisation of host melt. XPL; e – CMR-826 (olivine basalt): complex multigrain Opx-cpx xeno-
cryst (result of self-faceting) having a subhedral habit, in which Opx is recognised by Ol-cpx symplectite with iddingsite after oli-
vine. cpx is recognised by a thin rim of cpx overgrowth related to the crystallisation of host basalt. PPL and XPL, respectively; f – 
TH-53 (olivine basalt): xenolith of norite showing complete pseudomorphs of Ol-cpx symplectite after orthopyroxene; symplec-
tite is surrounded by thin anorthoclase (light grey) rims of metasomatic origin. XPL.
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(marginal zones of xenocrysts and phenocrysts of the 
host rocks). The internal parts of the xenocrysts are en-
riched with Cr2O3 (up to 0.95 wt %).

Amphibole is represented by kaersutite, whose size 
varies from that commensurate with phenocrysts to that 
of megacrysts (4.8 × 2.8 cm across). Its form is idi-
omorphic and hypidiomorphic. It is extremely unsta-
ble and is always characterised by a peculiar decom-
position structure – polycrystalline symplectite, which 
forms partial or complete pseudomorphs after it with a 
large proportion of rhonite (Fig. 6a – c). In cases of in-
complete pseudomorphs, kaersutite is usually located 
in their inner part. The same decomposition structures, 
both complete and incomplete, are developed in the xe-
noliths of peridotites and pyroxenites; however, they 
are xenomorphic and occupy intergranular spaces be-
tween olivine and pyroxene in them (Fig. 6d). In addi-
tion to rhonite, symplectite also includes titanium au-
gite, olivine, plagioclase, titanomagnetite, zeolites and 
saponite. Individual xenocrysts are surrounded by a ti-
tanium augite rim. Along with titanomagnetite partici-
pating in the decomposition of amphibole, the margin-
al zone of symplectic pseudomorphs is enriched with 
the metasomatic titanomagnetite of the host basanites 
(Fig. 7). The structure of decomposition zones is eu-
tectoid graphic.

The chemical composition of kaersutite and its de-
composition products is shown in Table 1. Kaersu-
tite differs from the primary pargasite of xenoliths in a 
lower magnesium number (0.71 and 0.80, respectively) 
and a higher content of TiO2 (6.15 and 1.57 wt %, re-
spectively), which is close to that of phenocrysts host-
ing magmatites. The magnesium number of rhonite 
(0.59–0.62) is lower than that of the rhonite from melt 
inclusions (0.73) and phenocrysts (0.75), with the mag-
nesium number of rhonite from residual glasses and of 
late magmatic rhonite is even lower (0.48). All types 

fig. 4. Olivine xenocrysts.
а – HT-586 (basanite): remnant zebra-like texture of olivine xenocryst, that was acquired before the trapping of the grain by the 
host melt. XPL; b – NH-602 (nephelinite): Partly decrystallised megacryst of olivine; decrystallisation occurred according to pres-
surised textures. XPL.

of rhonite are characterised by a high content of TiO2 
(10.62–11.96 wt %). The olivine and clinopyroxene 
of symplectites are unequal in terms of the magnesi-
um number (0.78 and 0.83, respectively). The compo-
sition of plagioclase in them varies from an53 to an62 
(average an57).

Plagioclase. The grain size comes up to 3.6 × 
× 2.0 cm, with the form varying from xenomorphic to 
hypidiomorphic. The central zones are represented by 
an44-54, whereas plagioclase an65-69 corresponding to the 
plagioclase of the host rocks is always developed along 
the margins. It is characterised by the development of 
crape structures and reactive interaction with the car-
rier magma, whose thermal effect is manifested by 
melting, less often decrystallisation. The initial stage 
of melting is manifested by the formation of a weak-
ly birefringent porous zone (0.06–0.1 mm wide) hav-
ing point inclusions of light brown, green or yellowish 
glass in the marginal zones of plagioclase or along the 
cracks in it (Fig. 8a). In the areas of more intense de-
velopment of glass and simultaneously with it in plagi-
oclase fingerprint-like structures are formed (Fig. 8b). 

In the presence of calcite, the zones associated with 
the melting and development of such structures in-
crease up to 0.2 mm. Xenocrysts, in which solid-phase 
decomposition of plagioclase into an18-21 and an60-62 
takes place (Fig. 8c), are found more rarely. The most 
common type of changes is represented by the eutec-
toid symplectic intergrowths of plagioclase with titani-
um augite developing along its margins, along cracks 
and sometimes throughout the xenocryst area (Fig. 8d). 
In some places, the self-faceting of xenocrysts in-
to prismatic forms that are characteristic of plagiocla-
se is observed, which is also typical of the xenoliths 
of anorthosites (see Fig. 8b) recrystallised into meg-
acrysts. Similar changes occur in the plagioclase of me-
tagabbros.
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fig. 5. Xenocrysts of clinopyroxene.
a – HP-385 (basanite): 1 – non-porous part of wehrlite xenolith remote from the contact with basanite; 2 – porous spongy zone of 
clinopyroxene at the contact with basanite is replaced by anhedral multi-mineral symplectite; the symplectite is of moderate brown 
colour and shows oriented texture with voluminous rhonite, XPL; b – (nephelinite): spongy xenocryst of fractured light brown 
chromian diopside overgrown by rims of newly-formed augite and titanium augite. XPL; c and d – BH-11 (basanite): the xeno-
cryst of spongy clinopyroxene composed of three differently oriented grains with a thin rim of newly-formed augite; the augite rim 
shows sectorial extinction that is partly subordinated to the optical orientation of xenocryst segments. PPL and XPL, respectively; 
e and f – BH-815-17 (basanite): spongy multi-grained xenocryst of clinopyroxene from the xenolith of pyroxenite recrystallised in-
to a subhedral habit. PPL and XPL, respectively.

The chemical composition (see Table 1) emphasiz-
es the similarity of xenocrysts with the plagioclase of 
metagabbros, as well as their more basic peripheral rim 
with the plagioclase of the host basaltoids.

anorthoclase. It is developed primarily in the form 
of megacrysts up to 3.5 × 2.8 cm in size. Sometimes 
anorthoclase preserves secondary muscovite (Fig. 9b), 
which clearly forms even before the xenocryst is en-
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gulfed by the host rocks. In its marginal part, a melt-
ing zone (0.15 to 1.2 mm wide) is developed in plac-
es in the form of colourless and light brown or brown-
ish glass, which at the border with relict anorthocla-
se is replaced by a zone of fingerprint-like structures 
(Fig. 9b). Sometimes changes are limited by the for-
mation of such structures along the margins of a xen-
ocryst (see Figures 9a and c), sometimes affecting the 
whole xenocryst. Xenocrysts are often veined with ze-
olite, calcite and, less commonly, saponite, as well as 
rimmed by them (1.2 mm wide zones). Similar chang-
es with the formation of superimposed spherulitic and 
fingerprint-like structures occur to sodium-potassium 
feldspar also in the xenoliths of crystalloclastic tuffs of 
the Proterozoic crust (Fig. 9d).

The petrochemical characteristic of anorthoclase 
consists in the presence of quartz and hypersthene in 
the normative composition, which determines its for-
mation from parent magma saturated with SiO2, where-
as normative nepheline is characteristic of anorthocla-
se from the host rocks (as an indicator of crystallisa-
tion from SiO2-undersaturated melt). The composition 
of the glass resulting from the melting of anorthoclase 

fig. 6. Amphibole xenocrysts and products of their alteration.
a – CMR-734 (olivine basalt): a xenocryst of kaersutite with decomposition products composed of multi-mineral symplectite, 
which forms a keliphitic rim and fills the fractures; the xenocryst acquires a subhedral habit. PPL; b – HP-171 (olivine basalt): 
euhedral pseudomorphs of multi-mineral symplectite after amphibole; the symplectite is composed of voluminous rhonite (dark 
grey to greyish-black prismatic phase), titanium augite, olivine and plagioclase. PPL; c – BH-36 (basanite): complete pseudomorph 
of amphibole by multi-mineral symplectite, composed of rhonite (elongated brownish-grey to greyish-black prisms), plagioclase, 
clinopyroxene and olivine. XPL; d – CMR-749 (olivine basalt): anhedral kaersutite in the xenolith of clinopyroxenite is rimmed by 
a multi-mineral symplectite aggregate. PPL.

fig. 7. BH-1G (basanite); BSE. 
Complete pseudomorph of polycrystalline symplectite with 
voluminous rhonite after amphibole. Fine-grained inclu-
sions of titanomagnetite, which formation was related to 
basanite crystallisation, are clearly seen in the endocontact 
zone of symplectite.
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reveals the addition of TiO2, FeO, MgO, and volatiles, 
as well as the removal of Na2O (Table 2).

Magnetite and spinel. magnetite is found in the 
form of fragmented grains, with their size ranging from 
0.3 mm to 2.0 cm. Reactive interaction with the host 
rocks is manifested by the development of a myrme-
kitic rim (0.03–0.22 mm wide) consisting of small in-
clusions of clinopyroxene, oligoclase and zeolite in its 
marginal zone (Fig. 10a). Myrmekitic rims clearly con-
stitute deconsolidated near-contact zones, which the 
products of late crystallisation of basanites and nephe-
linites could permeate relatively easily.

Spinel is represented by two types: 1 – red-brown 
chromium spinel, 2 – grey-green and greenish-black 
hercynite spinel. The grains are clastic, with their 
size coming up to 1.0–1.3 mm. Usually, they have a 
titanomagnetite rim ranging from 0.04 to 0.2 mm in 
width (Fig. 10b, c). The formation of this rim is asso-

ciated with the crystallisation of the bulk of the host 
rocks, including its late fluid phase represented by ze-
olite and saponite. Similar near-contact changes in spi-
nel are also observed in peridotite xenoliths (Fig. 10d).

Geochemical data (see Table 1) show a significant 
increase in the content of TiO2 in the marginal zones of 
magnetite and spinel up to the values close to those of 
titanomagnetite of the host rocks.

apatite. It is found in the form of turbid grey 
fragmented grains up to 2.9 mm in size, in places 
with a well-developed plane-parallel texture, shear 
fractures and traces of decrystallisation, often cov-
ering their entire area (Figures 11a–c). It is veined 
with zeolite or saponite. The size of decrystallised 
apatite domains is from a micron to 0.13 mm. The 
same changes are observed in the xenoliths of apa-
tite-magnetite and apatite-clinopyroxene-magnetite 
rocks (Fig. 11d). Decrystallisation constitutes an im-

fig. 8. Plagioclase xenocrysts. 
a – SQR-30-1 (olivine basalt): a plagioclase xenocryst rimmed by a porous zone composed of newly-formed plagioclase; this is 
the initial stage of plagioclase alteration by the host melt. PPL; b – TH-43b (basanite): a fragment of anorthosite xenolith showing 
multi-grain xenocryst of plagioclase with the traces of partial melting in the border zone; the melting is revealed by the formation 
of pale yellowish-orange glass; the adjacent smaller xenocryst shows more extended rate of melting, with both pale yellowish-or-
ange and dusky yellow spots of glass being observed. PPL; c – CMR-1096 (olivine basalt): a plagioclase xenocryst having a ‘per-
esterite’ texture of decomposition into albite-oligoclase and labradorite; the light brown inclusions in plagioclase are composed of 
fluorapatite of the host basanite. PPL; d – HP-197 (basanite): xenocrysts of plagioclase completely recrystallised into titanium au-
gite-plagioclase symplectite displaying finger-print texture; the xenocrysts are rimmed by newly-formed plagioclase, whose con-
tent corresponds to host basanite. PPL.
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portant difference between xenocrysts and the violet-
blue microphenocrysts of fluorine-apatite host rocks. 
The apatite from xenocryst is also enriched with flu-
orine (see Table 1), most likely, under the influence 
of host magmatites.

fig. 9. Anorthoclase xenocrysts.
а – HG-2 (basanite). A xenocryst of anorthoclase rimmed by a melting zone. The glass phase is uncolored or of moderate brown 
colour. XPL; b – SQG-30-2 (olivine basalt). The rim of multi-grained anorthoclase xenocryst recrystallised into tiny domains with 
the formation of fingerprint-like texture and partial replacement of plagioclase by muscovite. XPL; c – HG-1907-3 (basanite). 
Completely recrystallised anorthoclase xenocryst with the fragment of fingerprint-like texture and moderate brown and pale olive 
glass. XPL; d – MG-2-2 (basanite). A xenolith of the upper crustal tuffs of the Zenifim Fm. Spherulitic texture develops around 
feldspars due to contact metamorphism induced by host basanite. PPL.

Nepheline is much less common than other types of 
xeno- and megacrysts. It is found in the form of meg-
acrysts reaching up to 4.0 × 2.0 cm in size, veined by 
zeolite, calcite and saponite, and often being surround-
ed by a continuous or interrupted rim of the same min-

Table 2. Chemical composition of anorthoclase xenocrysts and products of their alteration, wt % 
Element 1 2 3 4 5 Component 1 2 3 4 5
SiO2 65.94 66.35 60.23 60.42 63.51 qu 3.51 4.80 16.58 29.13 –
TiO2 0.15 0.01 0.33 0.41 0.38 or 23.22 20.45 24.76 21.69 25.23
Al2O3 20.79 20.40 18.93 18.97 21.17 ab 64.99 60.42 28.77 16.84 50.58
FeO 0.29 0.10 3.76 3.27 0.50 an 6.20 13.84 8.28 7.39 9.78
mnO – – 0.01 0.06 0.03 ne – – – – 4.39
mgO – – 0.91 – 0.15 c 1.65 0.05 5.77 9.01 –
CaO 1.24 1.06 1.67 1.49 2.38 hy 0.12 0.54 8.64 5.44 –
Na2O 7.67 7.42 3.40 1.99 7.88 di – – – – 1.46
K2O 3.92 5.40 4.19 3.67 4.27 wo – – – – 0.11
Total 100.00 100.74 93.43 91.18 100.27 il 0.30 0.06 0.63 0.78 0.72

Note. HG-3: 1 – megacryst. HG-2: 2 – megacryst, 3–4 – glass at the periphery of megacryst (product of its melting), 5 – anorthoclase from 
the matrix of host basanites.
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erals (Fig. 12). No reactive changes were noted at the 
boundary of nepheline with the host rocks. For the 
rocks of PostArodcgl association, nepheline phenoc-
rysts, which could be confused with xenocrysts, are 
generally not characteristic. In them, it is observed on-
ly as an interstitial mineral in the bulk of basanites and 
nephelinites.

RESULTS AND DISCUSSION 

The presence of mantle and lower crustal high-den-
sity xenoliths along with the products of their disinte-
gration (xeno- and megacrysts) in alkaline basalt and 
ultrabasic magmas of lower density and viscosity is 
due to their rapid rise to the earth’s surface at a speed of 
0.5–10 m/s [Ringwood, 1975; Kuo, Kirpatrick, 1985; 
Snelling, 2007]. A rapid rise causes decompression of 
xenoliths engulfed by magma, which were formed at a 
higher pressure, structural and polymorphic transfor-
mations of their constituent minerals, and ultimately 
leads to their melting. The lower limit determined by 

the thermodynamic conditions of these processes com-
pletely correlates with the results of studying melt and 
fluid inclusions in pyroxenes and olivines of the mantle 
xenoliths from Makhtesh Ramon, engulfed by the melt 
in the pressure range 5.9–8.1 kbar and temperatures of 
1140–1350°С [Vapnik, 2005].

When magma is rising to the surface, xenoliths en-
gulfed by it decompose into smaller fragments and in-
dividual minerals (xenocrysts) as a result of decom-
pression. The latter are identified by similarities with 
xenolith minerals, in particular by deformity, charac-
teristic sponginess (‘clogging up’), reaction products, 
etc. Along with xenocrysts, the host rocks contain meg-
acrysts that look like phenocrysts and often have a reg-
ular crystallographic form. There are different points of 
view on their genesis. Some researchers [Binns et al., 
1970; Wilkinson, 1975; Evans, Nash, 1979; Ehrenberg, 
1982; Irving, Frey, 1984; Dobosi et al., 2003; Kowa-
bata et al., 2011] believe that the megacrysts of augite, 
spinel, anorthoclase, kaersutite, as well as other miner-
als, are formed during the crystallisation of host alka-

fig. 10. Xenocryst of magnetite and spinel.

a – NH-254 (nephelinite). Myrmekite texture contouring the fragments of disintegrated magnetite megacryst. PPL; b – NH-369 
(nephelinite). The xenocryst of chromian spinel showing a gradual transition into titanium magnetite. The veinlet of host melt con-
tains zeolite at its end part and is completely surrounded by a rim enriched in titanium magnetite. PPL; c – TH-734 (basanite). 
A xenocryst of hercynite spinel with a thin rim of titanium magnetite, which formation occurred due to the crystallisation of host 
melt. PPL; d – HP-70 (olivine basalt). Chromian spinel in the xenoliths of lherzolite. The rim of titanium magnetite was formed 
only at the contact with host rocks. PPL.
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fig. 11. Apatite xenocrysts.
a and b – HA-2 (basanite). A xenocryst of decrystallised apatite with fractures filled by zeolite. The enlargement shows the decom-
position of apatite into numerous tiny domains. PPL; c – HA-6 (basanite) A fragment of partly decrystallised megacryst of apatite. 
PPL; d – HA-12 (basanite). A xenolith of apatite-clinopyroxene-magnetite rock. The moderate brown grain of decrystallised apa-
tite is on the right side. PPL.

fig. 12. Nepheline xenocrysts.
а – HG-2035 (nephelinite). A fractured xenocryst of nepheline, with the outer rim and veinlets being composed of zeolite. The ge-
nesis of zeolite is related to the crystallisation of host nephelinite. XPL; b – HG-2013 (basanite). Analogous to the previous sam-
ple, but the veinlets are composed of calcite. XPL.

line-basaltic magmas and constitute products of deep-
seated intermediate foci or fragments of previous meta-

somatites. However, others [Shulze, 1987; Righter, 
Carmichael, 1993; Вarns, Roeder, 2001; Rankenburg 
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et al., 2004] call them xeno-megacrysts – fragments 
of peridotites, gabbros, pyroxenites and syenites – due 
to the inconsistency with the conditions for the forma-
tion of host magmas. In [Nielson, Nakata, 1994; Shaw, 
Eyzaguirre, 2000], the key emphasis is placed on the 
heterogeneity of megacrysts: some of them are reject-
ed by the metasomatic mantle, others constitute cumu-
lates of the host magmas.

The effect of the host melt on the solid phases en-
gulfed by it is characterised by a wide range of trans-
formations of the latter: changes in petrographic and 
chemical features, solid-phase decomposition reac-
tions, decrystallisation and recrystallisation. Being sep-
arated from xenoliths, individual constituent minerals 
are surrounded by melt and, as a result, experience an 
even more significant temperature shock, which gen-
erally corresponds to pyrometamorphism, leading to 
melting.

Melting

Xenocrysts displaying clear signs of melting in-
clude quartz and feldspar. Quartz is primarily engulfed 
by magma from the Mesozoic formations in the ar-
ea, partially from Proterozoic tuffs and quartz-bear-
ing granulites, which indicates that interaction between 
quartz and the host melt takes place at a relatively small 
depth. The melting point of quartz (1723–1728°С) is 
350–400°С higher than the temperature at which melt 
inclusions in the minerals of xenoliths from Makhtesh 
Ramon are engulfed [Vapnik, 2005]. Nevertheless, 
its melting is an obvious fact and clearly occurred at 
a lower temperature. According to [Ostrovskii et al., 
1959; Kennedy et al., 1962], the melting of quartz with 
its preliminary transition to tridymite and cristobalite 
under the conditions of crustal pressure can occur in 
the temperature range of 1200–1300°С, i.e. under con-
ditions that are completely consistent with the engulf-
ment of the aforementioned melt inclusions.

The melting of plagioclase begins with the forma-
tion of a turbid grey deconsolidated rim along its mar-
gins with a small amount of glass and the development 
of lattice and fingerprint-like structures (with intersti-
tial glass between plagioclase domains). As shown by 
the experiments of [Tsuchiyama, 1985, 1986; Nelson, 
Montana, 1992], plagioclase easily undergoes such 
transformations at low pressure and high temperature 
(1190–1307°С), i.e. under thermodynamic conditions 
that are quite applicable to the interaction between xen-
ocrysts and alkaline basaltoids in makhtesh Ramon.

The megacrysts of anorthoclase are subject to more 
intense melting than quartz and plagioclase. At the 
boundary with the host melt, it melts to form glass or 
spherulite, followed by a zone of lattice and finger-
print-like structures. The emergence of a spherulitic 
structure, as suggested by [Arzill, Carroll, 2013], in-
dicates the extreme heating of the mineral under crus-
tal pressure, which is confirmed by the corresponding 

transformations in the potassium feldspar of xenoliths 
from Proterozoic tuffs.

Solid-phase decomposition

The processes of solid-phase decomposition, repre-
sented by symplectites, are characteristic of the xeno-
crysts of orthopyroxene, amphibole, sometimes pla-
gioclase; they are manifested in the form of kelyphite 
rims, linear zones and complete pseudomorphs.

Orthopyroxene decomposes into a microlite aggre-
gate of olivine and clinopyroxene. This phenomenon 
is extensively covered in the literature [Kutolin et al., 
1976; Agafonov et al., 1978; Messiga, Bettini, 1990; 
Arai, Abe, 1995; Kogarko et al., 2001; Villaseca et al., 
2010] and reproduced in experimental studies [Boivin, 
1980; Brearley, Scarfe, 1986; Shaw et al., 1998]. A fea-
ture distinguishing the described decomposition struc-
ture from the one observed by the indicated authors is 
the absence of glass in it, which in the intergranular 
spaces is replaced with feldspars, as well as zeolite and 
saponite rich in the hydroxyl component.

Symplectites after kaersutite are composed of 
rhonite, titanium-augite, olivine, plagioclase, ti-
tanomagnetite and late magmatic minerals. Rhonite is 
an indicator of the thermodynamic conditions for the 
solid-phase decomposition of amphibole and, accord-
ing to [Kyle, Price, 1975; Johnston, Stout, 1984; Vap-
nik, 2005; Lopez et al., 2006; Grapes, Keller, 2010; 
Sharygin et al., 2011], is stable in the temperature range 
1000–1260°С and pressures of 0.5–4.0 kbar. The ex-
perimental studies of orthopyroxene [Brearley, Scarfe, 
1986; Shaw, 1999; Kogarko et al., 2001; Miller et al., 
2012] and amphibole [Ban et al., 2004] show that their 
decomposition results in the formation of glass rich in 
SiO2. In the studied samples, such glass was not found. 
The presence of minerals such as zeolite, saponite, and 
calcite in the interstitial of decomposition products in-
dicates the importance of the fluid component of the 
magmatic melt in this process. The likelihood of such 
reactions involving the rapid crystallisation of the melt 
into a fine crystalline mass (without glass formation) is 
also experimentally justified [Chepurov et al., 2013].

Another form of solid-phase decomposition is oc-
casionally observed in plagioclase xenocrysts and is 
manifested by the formation of a peristerite structure 
in them, which differs from the ordinary peristerites of 
metamorphic rocks in the higher compositions of coex-
isting plagioclases – an18-21 and an60-62. The probabili-
ty of such a structure in main plagioclases was experi-
mentally reproduced in [Ribbe, 1960] and was suggest-
ed in [Miyashiro, 1976].

decrystallisation and recrystallisation 

Decrystallisation (thermal destruction) as a sign in-
dicating the difference between xenocrysts and phen-
ocrysts is most clearly manifested in olivine and ap-
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atite, less often in plagioclase. It develops by forming 
areas in xenocrysts, which have a micrograin struc-
ture and are confined to marginal or weakened (line-
ar) zones. The combination of the newly formed struc-
ture with pressurised structures (‘zebra-like’ in olivine, 
plane-parallel in apatite, bent in plagioclase) within a 
single grain suggests that decrystallisation is a reaction 
to the removal of residual stress in these minerals under 
new decompression conditions. In addition, it exhibits 
a tendency for the equalization of the composition of 
restructured xenocrysts and the eponymous minerals of 
the host rock matrix.

Recrystallisation (thermal reconstruction) consti-
tutes one of the most important processes character-
ising the structural rearrangement of xenocrysts un-
der the influence of the surrounding high-temperature 
melt. Almost all minerals of xenocrysts, both mono- 
and polygranular, underwent structural rearrangement. 
They share the ability to transform initially xenomor-
phic grains (before the disintegration of xenoliths) into 
crystallographically regular forms similar to the phen-
ocrysts of the host rocks. By analogy with the proces-
ses considered in biology and biophysics, this phenom-
enon of morphological rearrangement is called struc-
tural homeostasis [Goryainov, Ivanyuk, 2010]. Partic-
ularly interesting in this respect are multi-grain inter-
growths, which in fact are small xenoliths of clinopy-
roxenites, olivinites and plagioclasites characterised by 
a granoblast structure, illustrating a clear tendency to 
reacquire their genetically characteristic form, clear-
ly observed in clinopyroxenes and olivines. Transfor-
mation is also characteristic of initially xenomorphic 
(in xenoliths) kaersutite, of its varieties completely 
transformed into symplectites, as well as of complete 
symplectites after orthopyroxene. Other minerals are 
sometimes used, including minerals similar to them 
in chemistry, for example, olivine and orthopyroxene 
in clinopyroxene in order to build a perfect habit. In 
the course of self-faceting, a certain sequence can be 
established: the crystallographic rearrangement of the 
granoblast aggregate within the framework of a com-
mon perfect habit – the emergence of the initial signs of 
twinning and zoning – optical homogenisation, i.e. the 
transformation of variously oriented grains into a nor-
mal crystal. The ability of crystals to restore the forms 
of natural faceting under the conditions of free growth, 
along with their self-organisation, has long been known 
and has been described as the ‘method for the crystal-
lisation of balls’ by Artemyev [Shubnikov, 1935] and 
‘the spontaneous crystallisation by Lukirsky’ [Gegu-
zin, 1987] and is explained by the tendency of the min-
eral to provide the least surface energy.

GEOCHEMICAL TRANSFORMATIONS

When interacting with the carrier melt, all ontoge-
netic changes occurring in xenocrysts are directed at 
the geochemical equalisation of their compositions 

with minerals crystallising from this melt and are man-
ifested by the diffuse and infiltration substitution of 
xenocrysts with the chemical elements of the surround-
ing melt. Diffuse substitution is most noticeable in the 
marginal zones of xenocrysts and is manifested by the 
emergence of marginal zones in them, which complete-
ly correspond to the minerals of the host rocks in terms 
of composition. Thus, the xenocrysts of clinopyroxene, 
orthopyroxene and amphibole accrete augite and tita-
nium augite, with plagioclase acquiring a high-anorth-
ite rim, whereas spinel and magnetite get a titanomag-
netite rim. Bimodal crystals, in which the xenocryst is 
a seed component inducing the development of a later 
phase associated with crystallisation of the host melt, 
are obtained.

On the whole, the geochemical data reveal a ten-
dency for the xenocrysts of pyroxene and olivine to de-
crease magnesium contents, increase the concentra-
tions of iron contents, and, accordingly, decrease the 
magnesium number to those of the host minerals rocks 
in the direction from the centre to the marginal zone.

Statistical geochemical data on the distribution of 
SiO2 (wt %), magnesium number and anorthite number 
in xenoliths, xenocrysts and eponymous minerals of 
host magmatites are of interest. The histograms (Figu-
res 13 and 14) and the diagram (Fig. 15) reflect the dis-
tribution of SiO2 values (wt %) and the magnesium 
number in the olivines and clinopyroxenes of xeno-
liths, xenocrysts and host magmatites. In constructing 
them, data from previous studies were used, in which 
all inclusions in the rocks of the studied association 
were phenocrysts and, therefore, were identified as a 
group of phenocrysts without being divided into phen-
ocrysts and xenocrysts. As Figures 14 and 15 show, the 
magnesium number in the olivines and clinopyroxenes 
of xenocrysts and xenoliths reveal a tendency towards 
the equalisation with the eponymous minerals of the 
host rocks. Mg* = 0.85–0.87 should be considered the 
boundary value, the limiting value for the olivine and 
clinopyroxene of melt inclusions in the minerals of xe-
noliths of peridotites, matrix grains and microphenoc-
rysts of the host rocks. Higher values apply to xenoliths 
and xenocrysts. The distribution of SiO2 (see Fig. 13) 
in clinopyroxenes and olivines also follows this trend 
and, at the same time, illustrates that the increased pri-
mary contents of this element are well correlated with 
increased magnesium numbers (see Fig. 15) in xeno-
liths and xenocrysts, which distinguishes them from 
phenocrysts. In terms of silica content, the dividing line 
is at 40.0 wt % for olivines and 50.0 wt % for clinopy-
roxenes: higher contents are characteristic of xenoliths 
and xenocrysts, with lower contents being typical of 
host rocks, thus emphasising their belonging to the ge-
ochemical type of silica-saturated and undersaturated 
rocks, respectively. The presence of the undivided in-
clusions of olivine and clinopyroxene characterised by 
high SiO2 and magnesium numbers in the samples of 
the magmatic rock group that exceed the boundary sta-
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fig. 13. SiO2 content in olivine (a) and clinopyroxene (b) hosted in xenoliths (including xenocrysts) and magmatic 
rocks. 
Xenoliths: 1 – harzburgites, 2 – lherzolites, 3 – wehrlites, 4 – clinopyroxenites and websterites; magmatic rocks: 5 – all mineral 
inclusions without being subdivided into phenocrysts and xenocrysts, 6 – mineral inclusions in matrix and prismatic micropheno-
crysts from host magmatic rocks, 7 – mineral phases in melt inclusions hosted in the olivine and clinopyroxene of peridotite xe-
noliths.

fig. 14. Mg* distribution in olivine (a) and clinopyroxene (b) hosted in xenoliths (including xenocrysts) and magma-
tic rocks. 
Xenoliths: 1 – harzburgites, 2 – lherzolites, 3 – wehrlites, 4 – clinopyroxenites and websterites; magmatic rocks: 5 – all mineral 
inclusions without being subdivided into phenocrysts and xenocrysts, 6 – mineral inclusions in matrix and prismatic micropheno-
crysts from host magmatic rocks, 7 – mineral phases in melt inclusions hosted in the olivine and clinopyroxene of peridotite xe-
noliths.
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tistical values indicates the presence of xenocrysts in 
these samples. If we consider the distribution of the 
An-component in the plagioclases of xenocrysts, me-

tagabbros and host rocks (Fig. 16), we can see that the 
interface between them and the plagioclase of the host 
rocks runs at an57–58: lower values (from an42 to an57) 
are characteristic of xenocrysts and xenoliths, where-
as higher values (from an57 to an73) are typical of host 
basaltoids. At the same time, the group of undivided 
inclusions reveals values characteristic of plagioclase 
xenocrysts.

Infiltration metasomatism covers almost all xenoc-
rysts to one degree or another, given that decompres-
sion disarranges the structure of crystals, leads to their 
deconsolidation and the formation of fractures that fa-
cilitate the percolation of the host magma and its flu-
ids through them. This is especially noticeable in the 
xenocrysts of clinopyroxene, in which traces of perco-
lation are marked by the so-called spongy structures, 
manifested by a non-specific shagreen texture. The for-
mation of such structures constitutes a complex issue 
and has been considered in a number of works. Some 
researchers believe that partial melting of the mantle 
triggers the infiltration of gas-water fluids [Dal Neg-
ro et al., 1989; Francis, 1991; Carpenter et al., 2002], 
whereas others explain it by the interaction of xeno-
liths with magmatic fluids when rising to the surface 
under the conditions of rapid pressure reduction [Ku-
tolin et al., 1976; Agafonov et al., 1978; Tsuchiyama, 
1986; Wang et al., 2012], which completely consistent 
with our data.

The peculiar symplectites of plagioclase, represent-
ed by its eutectoid intergrowths with titanium augite, 
also belong to the products of infiltration substitution. 

fig. 16. Anorthite distribution in plagioclase hosted 
in metagabbro xenoliths (granulites), xenocrysts, and 
magmatic rocks. 
1 – metagabbro, 2 – xenocrysts, 3 – mineral inclusions in 
host olivine basalts and basanites (all mineral inclusions 
without being subdivided into phenocrysts and xenocrysts), 
4 – prismatic microphenocrysts, 5 – microliths.

fig. 15. Correlation between SiO2 and Mg* in olivine (a) and clinopyroxene (b) hosted in xenoliths (including xeno-
crysts) and magmatic rocks. 
Black rhombi denote combined sample of harzburgites, lherzolites, wehrlites, clinopyroxenites and websterites; red circles denote 
combined sample of all magmatic rocks.
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The plagioclase in them has a lattice and fingerprint-
like structure, the same as in the zones of initial melt-
ing of this mineral. However, due to the diffusion of 
FeO, MgO, and TiO2 from the surrounding melt titani-
um augite is formed in it. A similar situation involving 
the enrichment of symplectic pseudomorph after kaer-
sutite with titanomagnetite at the boundary with the 
host basalt is shown in Fig. 7. The same type of meta-
somatism should include the formation of myrmekite 
texture in the marginal zone of magnetite xenocrysts, 
which bears only an external resemblance to the real 
myrmekite texture of solid-phase decomposition and is 
caused by the penetration of minerals in the final stage 
of crystallisation of the host melt into its deconsolidat-
ed margins.

CONCLUSION

The study shows the important role of ordinary mi-
croscopic observations, which provide the opportunity 
to detect clear signs of differences between genetical-
ly heterogeneous formations – phenocrysts and xenoc-
rysts – coexisting in a single magmatic system. Some 
xenocrysts, in particular, quartz and orthopyroxene, 
which are incoherent with respect to the alkaline-ba-
saltoid and nephelinite melts hosting them, are identi-
fied easily, whereas the identification of other minerals 
(in particular olivine, clinopyroxene, amphibole, pla-
gioclase, anorthoclase, nepheline, magnetite and apa-
tite) nominally corresponding to the possible crystal-
line phases of the melts, is often difficult. Nevertheless, 
the use of a number of informative petrographic and 
geochemical features makes it quite possible. The main 
factors that trigger mechanisms underlying the interac-
tion between the melt and xenoliths are decompression, 
high-temperature metamorphism and metasomatism. 
Decompression leads to the disintegration of xenoliths 
into smaller fragments and individual minerals, the de-
struction, as well as deconsolidation, of these miner-
als, the formation of pores, caverns and channels, acti-
vating the percolation of fluids dissolved in the melts. 
metamorphism corresponds to the highest temperature 
facies of contact metamorphism; for a number of min-
erals, it results in partial melting, while metasomatism 
developing in this context is directed at equalising the 
compositions of xenocrysts and crystallisation prod-
ucts of the melt hosting them.

The most important criteria contributing to the 
identification of xenocrysts include partial melting, 
solid-phase decomposition, decrystallisation of initial 
structures (before-trapping), recrystallisation (self-
faceting) of initially xenomorphic grains into crystal-
lographically more perfect forms, as well as a change 
in composition due to the metasomatic effect of the 
host magma.
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The geo-petrological model of diamond-bearing fluid-explosive breccia formations constitutes a well-structured system of 
features that are typical of several similar formations in the Cis-Ural and West Ural areas of the Perm Territory. The model 
reflects a number of basic common factors associated with the morphology of these structures, their rock composition and 
the conditions for their formation. In this paper, the authors characterise regional and local geological positions featuring 
diamond-bearing formations, as well as the parameters common for the areas of their development. The necessity of min-
eralogical and geochemical studies of black sand, while prospecting for diamond-bearing targets is highlighted. This will 
help identify specific mineral associations and geochemical anomalies typical of these widespread formation areas. The de-
scription of a geological structure associated with the best-studied deposit (Efimovsky) is given in detail. The description 
of this deposit is used as an example to illustrate the shape of breccia bodies and their polyphase structure, as well as show 
their texture and rock structure specifics. Special attention is paid to the petrographic characteristics of all kinds of fluid-ex-
plosive breccias, which to a different extent contain clastic, protomagmatic and newly formed fluidogenic material. The pa-
per gives the characteristics and specifics of mineral grains of various origin, many of which are abundant in gas-liquid in-
clusions characterised by block extinction, while quartz possess planar elements. The authors examined the differences in 
the diamond potential of rocks belonging to different successive evolution phases of fluidogenic breccia formations. When 
studying newly discovered breccia structures that have a limited number of features, the model considered in the paper will 
help to predict the missing features and assessment criteria for diamond potential.

Keywords: geo-petrological model, Cis-Ural and West Ural areas of the Perm Territory, diamond-bearing fluid-explo-
sive breccia formations, Efimovsky deposit, petrographic and mineralogical characteristics of breccias, diamond potential

INTRODUCTION

Diamond-bearing breccias, as well as structures 
formed by them, developed in the Cis-Ural and West 
Ural parts of the Perm Territory, constitute the proto-
type of Ural fluid-explosive formations. To date, 19 
such features (2 deposits and 17 occurrences) have 
been identified here, with their total resource base be-
ing estimated at 5270 thousand carats. The model is 
based on the most studied deposits and occurrences 
in the Efimovsky, Rybyakov, Vishera and Yayva are-
as. In the course of work, we obtained documentation 
of natural outcrops, mine workings, the core samples 
of boreholes and quarries for these sites. In addition, 
to build a complete model, we used material on oth-
er features of this region (Malaya Porozhnaya, Yuzh-
naya Rassolnaya, Ilya-Vozh, Volynka, etc.), as well as 
on similar features of some other regions in Russia and 
abroad [Diamond-bearing…, 2011]. 

GEOLOGICAL STRUCTURE OF THE VISHERA 
DIAMOND-BEARING AREA 

Tectonically, the ore areas under study are located 
at the junction of large tectonic structures of the Urals, 
Timan and the eastern border of the East European 
Platform. Geologically and structurally, they are con-
fined to the diamond-bearing West-Ural megazone lo-
cated between the Ural foredeep and the Central Ural 
megazone. The West Ural structure is composed main-

ly of Paleozoic and, to a lesser extent, Precambrian 
heavily displaced sedimentary formations, thrust over 
to the west and, in turn, overlain by large allochthons 
displaced from the Central Ural megazone. It is char-
acterised by the presence of the Archean-Early Proter-
ozoic crystalline basement of the East European plat-
form, which is established using geophysical data and 
confirmed by deep-hole prospecting. According to geo-
physical parameters, the crust of the zone belongs to 
the intracratonic subtype formed in the Archean – Ear-
ly Proterozoic [Berlyand, 2007]. The basement is com-
posed of deeply metamorphosed and dislocated sedi-
mentary and igneous rocks of the Archean and Low-
er Proterozoic. It has a block structure characterised by 
intense fragmentation by deep-seated faults, including 
by strike-slip and thrust faults, and occurs at a depth of 
4–6 km [Grinson, 1971].

Like other diamond-bearing regions of the Perm 
Cis-Urals, the Vishera area is confined to the margin-
al zones of the platform having a rigid shallowly oc-
curring Precambrian basement complicated by active-
ly moving zones [Luk’yanova et al., 1997, 2005; Ber-
lyand, 2007; Petrov et al., 2012]. It is characterised by 
the gradient zones of the gravitational field – negative 
gravimetric anomalies, including specific zones in the 
form of ‘chains’ of negative discontinuous anomalies, 
as well as anomalies in the endogenous heat flux. In 
addition to gravimetric anomalies, it exhibits a qualita-
tive geomagnetic feature characteristic of the region – 
the presence of subvertical inhomogeneities in petro-
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magnetic and density sections along with local mag-
netic anomalies of low intensity (3–20 nT). They are 
detected using the method of spectral-spatial analysis 
of geomagnetic lateral fields, and, as shown by studies 
in the Vishera and Yayva areas [Petrova, Mavrichev, 
2004; Diamond-bearing..., 2011], are presumably as-
sociated with fluid-explosive diamond-bearing rocks. 
The movement of fluidogenic material containing xe-
nogenic clasts of various compositions along weak-
ened zones from depth to the surface is also reflect-
ed in the petromagnetic section in the form of magnet-
isation inhomogeneities. Detailed geophysical works 
(gravity survey, scale 1:10,000; electrical prospecting 
using vertical electrical sounding) showed that in the 
gravity field fluid-explosive breccia bodies are charac-
terised by negative anomalies often fixing linear zones. 
In geoelectric sections, ‘mudded’ (argillizite) breccia 
varieties yield ρк values of 200–600 ohm·m, where-
as ‘sandy’, essentially quartz varieties, show values of 
900–1500 ohm·m.

The characterisation of diamond-bearing areas 
should be supplemented by the results of the follow-
ing studies.

– Identification of mineralogical associations indic-
ative of the diamond potential [Zhukov et al., 1978]. 
They are characterised by the constant presence of li-
monite, hematite, kyanite, staurolite, tourmaline, rutile, 
corundum, pyrope, almandine pyrope, chrome spinels, 
spinel and native metals in various quantitative propor-
tions. The granulometric feature of these associations 
consists in their heterogeneity, whereas the morphoge-
netic feature is the constant presence of rounded grains 
(spherites) having a smooth shiny and finely-rough 
(corroded) surface (limonite, hematite and carbonates).

– Detection of geochemical anomalies in such ele-
ments as Co, Ni, Cr, Ce, Be, Ba, Ti, Pb, Zn, As, Y and 
Ag using primary and secondary dispersion halos.

According to the regional geological-and-structur-
al position, the following features are characteristic of 
diamond-bearing regions.

1. Significant thicknesses of the sedimentary cover 
overlying the basement (4.0–7.0 km) and of the Earth’s 
crust (from 35–40 to 45–50 km).

2. Gradient zones of the gravitational field (nega-
tive gravimetric anomalies, including specific zones in 
the form of ‘chains’ of negative discontinuous anoma-
lies), as well as anomalies in the endogenous heat flux. 

3. The fragmentation of the basement by the zones 
of deep-seated faults, which are favourable for the pen-
etration of endogenous fluids into the earth’s crust, 
as well as the presence of so-called structural ‘traps’ 
on the path of fluid movement to the surface, espe-
cially promising in terms of fluid unloading. They in-
clude the intersections of deep-seated faults; the junc-
tions of faults with the sides of large subsidence struc-
tures (aulacogens) or rises of Precambrian complexes; 
zones of thrust fault planes at the contacts with hetero-
chronous (Precambrian and Paleozoic) complexes; an-

ticlinal cores and large forms of relief lowering compli-
cated by crushed zones.

4. The manifestation of epeirogenic movements of 
various directions and amplitudes at certain stages in 
the development of the mobile system, contributing to 
the forward movement and introduction of deep fluids.

5. The widespread development of the following 
sedimentary deposits in the cover: sandy – a favourable 
environment for the localisation of penetrating fluids 
with the formation of sheet-like bodies, veins, stock-
work zones and other breccia structures; silty-clay, 
which constitute a screen that impedes the movement 
of fluids to the surface and contributes to their concen-
tration in a closed system.

6. The manifestations of basic-ultrabasic magma-
tism in the area, which is an indirect sign of possible 
diamond-bearing breccias, given that there is supposed 
to be some link with these rocks – an inherited parage-
netic connection in the absence of a genetic one.

7. The increased diamond potential of the territo-
ry along with the discovery in the area of predominant-
ly curved-faced rounded (Ural or Brazilian type) dia-
monds with specific geochemical and mineralogical 
anomalies.

The main and largest tectonic structure of the Vish-
era diamond-bearing area is the Polyudovo-Kolchim 
anticlinorium, which in the southwest and northeast is 
confined by deep-seated steeply dipping faults mani-
fested in geophysical fields and overlain by alloch-
thonous plates of large thrust and oblique-slip faults of 
various ages (Fig. 1). The anticlinal core is represent-
ed by Upper Riphean-Vendian carbonate and terrige-
nous deposits, with the sides being composed of Pale-
ozoic rocks and with Upper Ordovician quartz sand-
stones and conglomerates or Upper Silurian carbonate 
rocks occurring at its base. It should be noted that the 
whole set of faults creates the key-like structure of the 
region, formed by a network of subparallel oblique-slip 
fault structures. At the intersection points of the faults 
complicated by crushed zones, a network of fractures 
develops – weakened zones that serve as the pathways 
for the products of endogenous processes, including 
the transfer and redeposition of ore material, the intro-
duction of magma with the formation of plagioperidot-
ite-essexite and dolerite hypabyssal formations, as well 
as diamond-bearing fluid-explosive rocks.

The Polyudovo-Kolchim anticlinorium is divided 
into two large anticlines separated by a synclinal sad-
dle: Kolchim in the northwest and Tulym-Parma in 
the southeast. Anticlinal cores are formed by carbon-
ate and terrigenous rather contorted Lower Riphean–
Ordovician rocks of the platform cover, which descend 
to the northeast accompanied by the complications of 
dip-slip and oblique fault nature. Paleozoic (Silurian – 
Permian), also terrigenous-carbonate, weakly dis-
placed deposits of the upper structural layer of the cov-
er occur in the sides of anticlines. In the southwest and 
northeast, the anticlinorium is confined by deep-seated 



LITHOSPHERE (RUSSIA)   volume 18   No. 5A   2018

sharpenok et al.80

faults. They were manifested in physical fields; how-
ever, in most cases, they were overlain by Paleozoic 
deposits, including by thrusts. It is along these deep-
seated faults that the manifestations of diamond-bear-
ing fluid-explosive breccia formations are located (or 
projected onto them). Only a few of them gravitate to-
wards lower-order en echelon faults. 

Fluid-explosive formations of the Efimovsky de-
posit, which is the most studied one, are confined to the 
northeastern part of the Kolchim anticline. Here, Ven-
dian terrigenous deposits occur under gently dipping 
Silurian-Carboniferous terrigenous-carbonate depos-
its with the complications of strike-slip nature (Fig. 2). 
The boundary between them is tectonic – along the ar-
ea of the Kolchim thrust of the northwest strike with a 
moderate northeast dip (17°) of the fault plane, which 
was established by drilling activities. In addition, to the 
northeast of the Kolchim thrust the deposit gravitates 

to the section of the hidden Ishkov fault having a steep 
east dip (75–80°) of the fault plane and a vertical am-
plitude of movement (40–60 m).

GEOLOGIC ASPECTS OF STRUCTURES  
AND COMPOSITION FLUID-EXPLOSIVE 

BRECCIA (FEB) FORMATIONS

The position of fluidogenic breccias in the giv-
en scheme indicates that the fluid explosions occurred 
along the zones of these major tectonic displacements, 
including along the interformational thrusts. Using all 
possible ways to head to the surface and penetrate into 
the host rocks, as a result of explosions fluids formed 
dyke-, sill-, cone-, vein- and sometimes stockwork-
like breccia bodies. The most numerous dyke-like bod-
ies are confined to steeply dipping faults of predomi-
nantly the northeast strike (see Fig. 2) at a thickness of 

fig. 1. Geological and structural scheme of the Polyudovo-Kolchim anticlinorium [Diamond-bearing…, 2011].
1–5 – Paleozoic sediments: 1 – Visean-Serpukhovian, 2 – Middle Carboniferous–Lower Permian, 3 – Upper Devonian–Tournai-
sian, 4 – Lower to Middle Devonian, 5 – Silurian; 6–7 – Riphean–Lower Paleozoic sediments: 6 – Ordovician, 7 – Riphean-Vendi-
an; 8  – tectonic faults; 9 – regional deep faults hidden under overlying sediments; 10 – boundaries of structural tectonic levels; 11 – 
fragment of the Kolchim thrust; 12 – ore clusters: 1 – Storozhevsky, 2 – Klyuchevskoy, 3 – Dresvyanaya Steppe, 4 – Churochinsky, 
5 – Zhalinsky, 6 – Burkochimsky, 7 – Efimovsky, 8 – Svetlinsky, 9 – Volynka, 10 – Ilya-Vozh, 11 – Vodorazdelny, 12 – Poluden-
no-Kolchim, 13 – Kocheshor, 14 – North Kolchim, 15 – Verkhny-Tulym, 16 – Bystrinsk, 17  – Lower Kocheshor.
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100–500 m. However, the Efimovsky deposit is formed 
mainly by two subtabular and sill-like bodies, inject-
ing fault planes of the northwest strike, with a thick-
ness of up to 70 m and a length of up to 7 km. They are 
predominantly associated with the Kolchim thrust; di-
vided by the stratum of Lower Silurian dolomites; and 
transected by the dyke-like breccia bodies. The size of 
breccia bodies, which rarely have a cone-shaped form, 
varies from fractions of a meter to 400  m and more, 
and they usually form dyke-, sill- and vein-like apo-
physes into the basement rocks, creating a complex 
stockwork form.

The contacts of breccia bodies are usually indis-
tinct, given that central parts of the bodies having a low 
number of clasts are enriched by them to their periph-
ery and finally replaced by authigenic breccias. In ad-
dition, all the variety of fluidogenic breccia bodies are 
characterised by uneven contours of body walls and 
tree-like junctions, apophyses and veins, whose thick-
ness, gradually decreasing, often reaches 1–2 mm at a 
length of tens of centimetres (Fig. 3).

The size of breccia bodies also varies; however the 
vast majority of them average tens of meters across 

reaching up to 2 km in length; they can usually be ob-
served up to 200–300 m, rarely up to 500–600 m. The 
FEB bodies (all the diversity of which in the Urals and 
in some other regions is often called tuffisites) are very 
specific, having a spotted-mottled-yellowish-, green-
ish-or greyish-brown colouring. Macroscopically, they 
have the appearance of clay, sandy-clay, sandy, con-
glomerate-like rocks with unevenly dispersed frag-
ments and sometimes implicitly manifested stratifica-
tion and fluidisation. They contain a different number 
of fragments (from 20 to 60–70%), varying in size 
(from fractions of a millimetre to several metres), com-
position (usually polymictic) and form.

The nature of clasts undoubtedly constitutes an im-
portant indicator of diamond-bearing breccias. As in 
all breccias, angular clasts are constantly present and 
sometimes predominate. Due to explosive processes, 
as a rule, they are to some degree exposed to fragmen-
tation and disintegration. However, the specificity of 
fluidogenic breccia, in particular, the rocks of the Efi-
movsky deposit, is that, along with angular clasts, al-
most constantly there are rounded clasts in them, some-
times with a shell-like cleavage. These clasts got their 

fig. 2. Geological scheme of the Efimovsky deposit (by I.P. Teterin et al., unpublished report ‘Permgeologodoby-
cha’, 2009).
1 – Vendian system (V kc – Kocheshor Formation, lower and upper strata); 2 – Silurian system (S kl – Kolchim Fm); 3 – Devonian 
system (D1tk + vn – Takatin and Vanyashin Fm, D1-D2 vl – Volynka stratum, D3-C1 kr – siliceous stratum); 4 – Carboniferous sys-
tem (C – West-Uralian Fm); 5 – fluid-explosive breccias (dark grey – the Polyudovo-Kolchim complex, light grey – the Efimovsky 
complex); 6 – contours of the Efimovsky deposit; 7 – fragment of the Kolchim thrust.
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shape after being in a mobile solid-gas stream, where 
they underwent abrasive, tumbling processing, rath-
er than as a result of rolling, like in the case of sed-
imentary rocks. In addition, fluid-explosive breccia 
contains disintegrated ‘shadowy’ clasts, as well as the 
clasts of mineral grains with microexplosive fragmen-
tation, reflecting a sharp drop of pressure with decom-
pression, which constitutes their reliable identifica-
tion feature. There are also shock-induced transforma-
tions of the fragments in the breccias under considera-
tion manifested predominantly in the grains of the frag-
mented quartz of planar deformation features, some-
times shock-induced twinning, radial jointing, chang-
es in refraction values, etc. Lithoclasts (terrigenous and 
carbonate rocks) and their mineral components (most-
ly quartz, rarer feldspar and dolomite) dominate the 
composition of clasts. There are also constant clasts of 
metamorphic rocks of the basement, alien to the host 
rocks, and of the cover engulfed and carried by the 
fluid flow. The borders of clasts with the binder mass 
differ in character – they can be both clear and indis-
tinct, corrosion or reaction ones. The marginal zones 
of clasts are heavily fractured, filled with a cementing 
mass or gas-liquid inclusions, as they constitute the ar-
eas of their most syngenetic transformations. In some 
cases, the clasts in whole may be replaced by a fluidog-
enic mineral association or recrystallised.

The appearance of FEBs having a variety of frag-
ments is complemented by the constant presence (in 
different ratios) of mineral grains of different origin. 
Some of them are minerals – for example, quartz – 
formed during the regeneration or granulation of clas-
tic grains, while others are newly formed. The lat-
ter (quartz, carbonates, biotite, muscovite, hematite, 
goethite, etc.) crystallize mainly at the final stage in 
breccia formation and are not deformed if they have not 
been exposed to repeated explosions; they are often id-
iomorphic and do not contain gas-liquid inclusions. In 
addition, fluid flows are characterised by the discharge 

of the ore components of the fluid into the forming bre-
ccias (extraction during decompression), which leads 
to mineralisation, as well as diamond content [Endo-
genic..., 2018].

A characteristic feature of diamond-bearing brec-
cias is the presence in them of protomagmatic miner-
als and magmatic mineral inclusions (xenoliths?) – out-
liers from the fluid-generating medium. These miner-
als and inclusions are rare, in many cases replaced by a 
mineral association similar to breccia cement, in which 
case they are identified by the morphology of grains 
and inclusions or detected in the heavy rock fraction. 
In general, phlogopite, olivine (serpentine), pyroxenes, 
pseudoleucite, leucoxene, pyrope (sometimes having a 
kelyphite rim), picroilmenite, chrome spinel and other 
minerals are found in diamond-bearing breccias, which 
suggests a deep-seated, possibly mantle, origin of the 
fluid. In thin sections, these minerals are rare, they are 
mainly observed in areas with porphyritic textures, 
within which breccias, in accordance with the classifi-
cation, look like magmatogenic-fluidogenic ones.

Protomagmatic mineral grains are replaced to vary-
ing degrees by potassium feldspar, hydromica, quartz, 
carbonate, pyrite or an illite-smectite aggregate, often 
being predominant in the binder mass of the rock. In 
addition, in recent years, lenticular-striated inclusions 
of the magmatic lamproite component are found in 
them, which are close to orendites and madupites in 
composition [Luk’yanova, Sharpenok, 2004]. A micro-
probe study of the binder mass of these breccias car-
ried out in thin sections, as well as using X-ray phase 
analysis, helped to detect microlites of sanidine (10–
300 μm), whose amount sometimes reaches 5% of the 
mass and composition corresponds to the composition 
of lamproitic sanidine [Luk’yanova et al., 2005].

The diamond mineral association in Ural FEBs in-
cludes diamond, pyrope, chrome spinel, picroilmen-
ite, chromium-bearing diopside, moissanite, native Pt, 
Hg, Fu, Bi, oxide (Mn-Fe-Ti) and silicate spherules and 

fig. 3. Different forms of fluid-explosive breccias [Diamond-bearing…, 2011].
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slags, kimberlite zircon, florencite and senaite [Chai-
kovskii, 2004]. The diamonds of this association have 
specific features uniting them with diamonds from Bra-
zil, South-West Africa and Northeast Yakutia. Among 
them, curved-faced colourless (less often very light 
golden, pink or greenish-blue) dodecahedrons having a 
smooth relief, strong lustre and high transparency pre-
dominate; with about 80% of them being gemstones.

In general, the characterised diamond-bearing brec-
cias, as a rule, have a heterogeneous breccia-taxite ap-
pearance in the absence, in most cases, of clastic mate-
rial sorting. At the same time, along with mottled atax-
ite, mottled banded, banded (pseudo-layered) and fluid 
textures, which are close to eutaxitic texture, are noted 
in them. In some cases, they are due to sorting, kinet-
ic redistribution of the material, rather than sedimenta-
tion; in other cases, however, matter suspended in the 
fluid is differentiated according to its size and concen-
trated during the laminar flow of a solid-gas flow or 
disintegrated clasts are pulled in the direction of the 
fluid flow with the formation of elongated layers, grad-
ually merging with cement. Finally, both ataxitic and 
eutaxitic textures may be due to the coexistence of in-
clusions or streams of immiscible phases in the fluid. 
The decrystallisation of these phases during explosive 
phenomena leads to a mottled or oriented, flow-like ar-
rangement of fluid components. Thus, it is the emul-
sion nature of the fluid that determines the mottled, len-
ticular-banded or fluid textures of FEBs, including ign-
imbrite- or even lava-like ones.

Indistinct borders and transitions are often not-
ed between all structural varieties. So, in the case of 
a sequential increase in the binder mass of quartz-mi-
caceous, illite-smectite striae, tuff-like breccias grad-
ually acquire an ignimbrite shape. Resorption and re-
action relationships of the binder mass with mineral 
grains (signs of the multi-stage manifestations of the 
fluid phase), as well as granulation and recrystallisation 
of minerals, most often quartz, are also characteristic. 
The high porosity and gas saturation of rocks, as well 
as clusters and minerals contained in them, also consti-
tutes a very important and almost constant indicator of 
these breccias.

Like the rocks in general, the binder mass of flui-
dogenic breccias is also heterogeneous, consisting of 
fluidogenic cement, which contains this or that amount 
of a finely fragmented fraction. As a rule, it comprises 
a wide variety of structures. Tuff-like structure (some-
times called sandy, tuffisite, ashy) is the most common, 
with streaky-fluid, fluid, ignimbrite, lava-like struc-
tures, etc. being observed less frequently.

For fluidogenic breccias, it is natural that within 
bodies and even within the same thin section, various 
structural and compositional varieties (generations) of 
breccias are combined, between which – along with 
gradual, indistinct transitions – injection relationships 
are often established. This indicates their polyimpulse 
formation, whereas the relationships between the gen-

erations reflect close in time, but, most likely, succes-
sive pulses of the fluid-explosive process. Explosive 
manifestations can also be replaced by pneumatolitic, 
pneumatolite-metasomatic and hydrothermal-metaso-
matic, including dolomitisation.

Geological mapping and a large amount of mining 
work carried out in separate areas of diamond-bearing 
breccia formations revealed that their internal structure 
is heterogeneous. Thus, if we exclude from considera-
tion authigenic breccias (sandstones, carbonate rocks, 
etc.), then at least three main generations of rocks (with 
internal facies and sometimes phase varieties), differ-
ing in their material composition, texture and structur-
al features and, finally, diamond potential, exist as part 
of separate bodies (for example, the northern section of 
the Efimovsky deposit; Fig. 4).

In the early phase of the fluid-explosive process, 
polymodal (small-coarse clastic) tuff-like FEBs rich in 
clasts were formed. The different-sized fragments of 
Devonian sandstones and Silurian dolomites are im-
mersed in a binder mass consisting of fragments of 
small and finely clastic fraction cemented by a fibro-
granular quartz-micaceous cement. These breccias are 
associated with a low and very inhomogeneous dia-
mond content.

The binder mass of these breccias can have two 
generations. The first is characterised by the filling of 
spaces between quartz crystalloclasts by mica-clay ag-
gregate. The binder mass of the second generation in-
cludes both fragments of individual crystals and brec-
cias with the cement of the first generation (Fig. 5). It 
is also characterised by a mica-clay composition with 
a high content of fine-grained sericite and a significant 
amount of ore mineral (iron oxides and hydroxides).

It should be noted that quartz crystalloclasts joined 
by a binder mass of the first generation have mainly an-
gular facets. A distinctive feature of similar grains – 
already concentrated in the second-generation binder 
mass – is the predominance of rounded shapes in facet-
ing (Fig. 6).

The grain borders of quartz are strongly corroded; 
reaction relationships with the cement are often ob-
served (Fig. 7). Relatively large clasts of quartz are 
broken by a system of differently oriented fractures, 
often including gas-liquid chains. Both large and rel-
atively smaller quartz crystalloclasts in most cases are 
characterised by undulose or block extinction.

The second phase of the explosive process (see 
Fig. 7) resulted in the formation of breccias moderate-
ly and inhomogeneously rich in the clastic basement 
rocks of breccia and finer dimension, as well as miner-
al grains cemented by smectite-hydromica fluidogenic 
mineral association.

Rock clasts are characterised by different morphol-
ogy. Lithoclastic formations characterised by rounded 
and sometimes indistinct or transitional borders with 
respect to the binder mass are widespread. The forma-
tion of such borders in lithoclasts is caused by the pene-
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tration of cement minerals through the various types of 
fractures: both those formed during brecciation proc-
esses and along the primary fractures of bedding, with 
the replacement of brecciated sedimentary rocks. The 
predominant aggregates developing from rock clasts 
include quartz-sericite-clay (in the case of substitution 
of quartz sandstones, less often argillites) and clay-ore 
ones (in the case of the substitution of clasts, presum-
ably, of the main effusive rocks), in which iron oxides 
and hydroxides predominate (Fig. 8).

Breccias are characterised by a fairly significant dis-
tribution of crystalloclasts enclosed in a cementitious 

mass. Quartz grains are most often found among the 
crystal clasts. In most cases, they have rounded, large-
ly corroded borders. A lot of, especially large, grains of 
the mineral are broken by a differently oriented system 
of fractures, along which the development of gas-liquid 
inclusions is observed. Almost all quartz crystalloclasts 
are characterised by block extinction and a lot of them 
have planar features (Fig. 9).

Breccias of this generation are characterised by the 
maximum diamond content for the Efimovsky depos-
it; however, like for the early breccias, it is inhomoge-
neous. The shape of productive bodies is diverse. They 
include simple and complex lenses, pockets, steeply 
dipping columns consisting of pocket-like and lenticu-
lar inclusions, veins and irregularly shaped injections. 
As a result of studying some of the bodies in detail, 
up to 5–7 varieties of breccias having both phase and 
facies relationships have been identified. It is not pos-
sible to reliably assess the diamond potential of each of 
them; however, the maximum diamond contents gravi-
tate toward the lower parts of the sill.

The final stage in the formation of the sill-like bre-
ccia body of the Efimovsky deposit is fixed by the for-
mation of very dense argillizites with a small amount 
of xenogenic material. The diamond content of these 
rocks is extremely low.

Lithoclasts immersed in a quartz-mica-clay cemen-
titious mass make up no more than 30–35% of the total 
breccia. Among the rock clasts, argillites and siltstones 
predominate, with quartz sandstones being relatively 
rare. Elongated lithoclasts with rounded smooth, often 
indistinct borders are very widespread (Fig. 10). The 
smoothest transitions are observed between the bind-

fig. 4. Geological cross section of the northern area of the Efimovsky deposit [Diamond-bearing…, 2011].
1 – Quaternary deposits (clays, crushed stone and blocks of bedrock); 2 – Takatin and Vanyashin Devonian formations (sand-
stones); 3 – Silurian Kolchim suite (dolomites); 4–6 – Efimovsky complex: 4 – argillizite fluid-explosive breccias of the third 
phase, 5 – fluid-explosive breccias of the second phase, 6 – fluid-explosive breccias of the first phase; 7 – diamond finds.

fig. 5. Clasts of aposandstone breccia, cemented by 
first-generation binder mass and enclosed in second-
generation cement.
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fig. 6. Grains of quartz characterised by different morphology, enclosed in the cementing mass of the first (a) and se-
cond (b) generations.

fig. 7. Quartz grain having rounded corroded bor-
ders, broken by a system of differently oriented frac-
tures with gas-liquid inclusions.

fig. 8. Crystalloclast (olivine) replaced by an aggre-
gate of ore minerals.

fig. 9. Quartz grain characterised by distinctive block 
extinction.

fig. 10. A clast of rock in the binder mass.
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er mass and clasts of argillites, which, apparently, are 
largely replaced by cement minerals during fluidisation 
processes.

Crystalloclasts are rarely present in these breccias. 
Among them, different-sized clasts of quartz grains 
predominate, which in most cases have rounded cor-
roded borders. Quite often, the chains of quartz grains 
oriented along the flow structures are observed. Indi-
vidual quartz grains are often broken by variously ori-
ented fractures along which chains of gas-liquid inclu-
sions develop, and have a pronounced block extinction.

Cementing mass constitutes a fine-grained quartz-
sericite-clay aggregate exhibiting quite significant var-
iations in the mineral composition and well-marked 
traces of the flow. The binder mass minerals include 
both newly formed minerals (sericite, newly formed 
quartz and partly clay minerals) and finely crushed 
grain fragments formed during brecciation. Relatively 
rarely, the general fine-grained background of cement 
reveals individual rather large, in many cases strongly 
curved, newly formed grains of biotite and muscovite. 
Finely-dispersed aggregates of ore minerals character-
ised by a predominance of iron oxides and hydroxides 
have a significant and very uneven development in the 
binder mass. 

In the breccias of predominantly the first and second 
phases of brecciation, protomagmatic minerals some-
times occur along with newly formed minerals and 
clastic material in the binder mass in thin sections. Of 
these, the most common is zircon. In most cases, these 
are fragments of individual grains, less commonly, in-
dividual minerals having prismatic or long-prismat-
ic idiomorphic faceting. According to [Zhukov et al., 
1978; Diamond-bearing..., 2011], a fairly wide spec-
trum of protomagmatic minerals is distinguished in 
crushed and stream-sediment samples for fluid-explo-
sive formations of the Efimovsky deposit; however, in 
thin sections these minerals are extremely rare and are 
significantly susceptible to secondary changes, which 
greatly complicates their identification.

FEBs have some specific chemical characteristics. 
Given that these rocks constitute an additive result of 
the interaction and coexistence of components of var-
ious origins, the chemistry of diamond-bearing FEBs 
can be considered only in a comparative aspect. The 
studies on the chemical characteristics of these rocks 
in the Vishera area of the Urals [Landa, Luk’yanova, 
2003; Diamond-bearing..., 2011] revealed their dual 
nature. Being similar to the upper crustal formations 
in a number of parameters, which is primarily due to 
the presence of absorbed substance of the host rocks in 
them, they at the same time possess certain character-
istics that reflect their deep-seated origin and similari-
ty with rocks classified, for example, in Central Italy as 
madupite lamproites. They are similar in terms of their 
elevated contents of titanium, phosphorus, magnesium, 
potassium, trace and rare-earth elements, as well as the 
specific distribution of petrogenic elements, REEs and 

refractory lithophiles. The level of ratios of indicative 
elements (Rb/Sr, U/Th, etc.), as well as the nature of 
the variability in the contents of elements are shown on 
a number of charts [Diamond-bearing..., 2011].

In general, FEBs under consideration exhibit a po-
tassium specificity. Their potassium content corre-
lates with the content of titanium, phosphorus, chro-
mium, manganese, iron, sometimes barium, stron-
tium and vanadium. In addition, the rocks are usual-
ly abnormally enriched with silicon and ore minerals, 
which, according to F.A. Letnikov [1992], is the ef-
fect of exceptionally high extraction of silica and ore 
minerals from fluid. Thus, the petrogeochemical fea-
tures of the breccia rocks in question allow us to con-
sider the composition and depth of the primary flu-
id source, generating breccia, which is rather relative 
than definite and depends on the composition of the 
components of magmatic origin present in them, in-
cluding protomagmatic minerals (phlogopite, pseudo-
leucite, sanidine, olivine, pyroxenes, alkaline amphi-
boles, chrome spinels, etc.).

CONDITIONS FOR THE FORMATION  
OF FLUID EXPLOSIVE BRECCIAS

Briefly given diverse compositional characteris-
tics of the diamond-bearing FEBs of the West Urals, 
as well as the injective nature of the bodies formed by 
them (in a closed system), allowed their researchers 
to validate both their endogenous origin and the deep-
seated (mantle?) origin of the fluid flow. This flow was 
formed as a result of fluid explosions, similar in com-
position to their magmatic (rock and mineral) compo-
nents – lamproites [Luk’yanova, Sharpenok, 2004].

Clearly, the formation of a diamond-bearing fluid 
thermodynamic system [Zhukov, 2000] occurred under 
unstable PT-conditions. These conditions existed both 
during its genesis at the deep-seated (mantle?) lev-
el and during its subsequent evolution and formation 
at the crustal and surface levels. The instability of p-T 
conditions in the thermodynamic system generating 
these breccias at the mantle level caused, first of all, the 
discreteness of the crystallisation medium of barophilic 
minerals, in particular diamonds. In accordance with 
this, the processes of their predominant growth in the 
melt alternated with the predominance of dissolution. 
This led to the formation of crystals with a zoned dis-
tribution of table-cut and curved-faced shapes [Sha-
franovskii, 2001]. The curved habit of a diamond is a 
more stable form when dissolution processes dominate 
in the crystallisation medium. It is this fact that pre-
determined the sharp predominance of relatively large 
curved-faced diamonds (Ural or Brazilian type) with a 
small content of table-cut crystals in fluidogenic dia-
mond-bearing breccias. Thus, the discovery of curved-
faced diamonds in the area under study constitutes a 
direct qualitative criterion for the identification of dia-
mond-bearing fluidogenic breccias.
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Further development of the fluid thermodynamic 
system was associated with the pulsed movement of the 
fluid under periodically repeated stretching conditions 
at the subcrustal and crustal levels. Under these con-
ditions, a specific flow, which constituted a solid-liq-
uid-gas phase, moved towards the earth’s surface along 
deep-seated faults accompanied by a complex system 
of oblique-slip faults in active mobile zones. This for-
ward movement, with the processes of stretching and 
compression alternating, also had a pulsating charac-
ter, which led to the existence of a multitude, often the 
thinnest (hairy-like) apophyses into the host rocks with 
them being crushed (Fig. 11).

The liquid-gas phases of the fluid were transformed 
by the way of extraction and pneumatolysis during ex-
plosions predominantly into mineral masses, as well as 
into newly formed grains of minerals. Mineral mass-
es cement primary protomagmatic mineral formations, 

including pseudomorphs after them, various xenoliths 
and mineral grains trapped during explosions, result-
ing in the formation of FEBs. Recurring pulses of these 
phenomena lead to the formation of complex diamond-
bearing structures.

The above-listed features of a typical ore-bearing 
diamondiferous breccia structure allow us to validate 
a working geological and petrological model, whose 
main components are presented in Table 1.

CONCLUSIONS

The model for the formation of a fluid-explosive 
diamond-bearing structure includes the following main 
elements:

– the position of the diamond-bearing structure in 
the marginal zone of the ancient platform and its loca-
tion at the junction of two large structures (Timan and 
Urals) explains the significant development of heat and 
mass transfer of matter, as well as of the general high-
energy state of the system, resulting in melt-fluid for-
mations at the upper mantle or lower crustal levels;

– the fragmentation of the basement by deep-seat-
ed faults, including strike-slip and thrust faults, the 
development of numerous discontinuous faults in the 
rocks of the platform cover; they cause a significant 
flow of deep-seated solid-gas-liquid fluids to the sur-
face, where, due to the existence of structural traps, flu-
id mixes with low-temperature meteorite waters and 
interacts with overlying rocks, thus causing explosive 
processes that lead to the formation of fluid-explosive 
structures;

– compression and decompression phenomena, 
leading to the crushing of the clasts of host rocks, the 
solid components of the fluid flow, the mineral grains 
of various origin and the breccias of the previous phas-
es with the formation of fluidogenic breccia rocks char-
acterised by specific mineral formation (explosion-ex-
traction-pneumatolysis);

– the polyphase (polyimpulse) development of the 
breccia complex, the interaction of fluid with the base-
ment rocks, meteorite waters and the substance of 
highly mineralised brines led to the formation of three 
types of fluid-explosive breccias having different dia-
mond potential: early – medium-large crystal-lithoclas-
tic breccias having a small amount of cement (aposand-
stone breccias); mature – small-medium lithocrystallo-
clastic polyfacies breccias (‘sandy-clay’) with a signif-
icant amount of binder mass consisting of micaceous-
quartz-clay cement and clasts of rocks and minerals of 
a fine fraction; late – small, finely clastic, predominant-
ly crystalloclastic argillizite breccias; fluid-explosive 
breccias of the second type are the richest in diamonds, 
whereas the first type of breccias reveal little diamond 
potential and diamonds are practically absent in brec-
cias belonging to the third type.

fig. 11. Three-dimensional model of the northern 
part of the Efimovsky deposit [Korotchenkova, 2012] 
built drawing on the materials of [Petukhov, Tete rin, 
2007].
1 – sandstones of the Takatin suite; 2 – dolomites of the 
Kolchim suite; 3 – fluid-explosive breccias: a – the first 
phase, b – the second phase, c – the third phase; 4 – bore-
holes, 5 – excavation ditches, 6 – diamond finds.
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The article covers the U-Pb dating of minerals belonging to the pyrochlore group from the rare-metal ore deposits of Il-
meny-Vishnevogorsky carbonatite-miaskite complex (South Urals). Individual pyrochlore crystals were dated through a 
new technique of in-situ U-Pb dating using SHRIMP-II, which was developed at VSEGEI (St.Petersburg). The U-Pb da-
ting of high-uranium pyrochlore (more than 2.5 wt % UO2) was carried out employing laser ablation and ICP-MS. The 
U-Pb systems of studied pyrochlore samples indicate a multi-stage formation of rare-metal niobium mineralisation. The 
earliest age of ore formation (378 ± 4.9 ma) is yielded by the U-Pb systems of U-bearing pyrochlores from the carbona-
tites of the Potanino deposit. This period of ore formation is probably associated with the final stages in the crystallisation 
of the alkaline-carbonatite magmatic system. The next periods of ore formation (230 ± 1.5 Ma) are widely manifested in 
the Vishnevogorsky and later in the Potanino deposit (217.2 ± 1.9 Ma), which is probably associated with the remobilisa-
tion and redeposition of alkaline-carbonatite and rare-metal substances at the post-collision stage in the evolution of Ural 
carbonatite complexes.
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INTRODUCTION

The dating of ore mineralisation and genesis re-
mains a challenge despite the development of analyt-
ical methods of isotope geochronology. It is known 
that zircon is the best geochronometer; however, the 
origin of zircon – if it is present in ores – is not always 
definite; sometimes it is of xenogenic origin. Miner-
als of the pyrochlore group (Ca, Na, U, Th, REE, Sr, 
Ba, vacancy)2 (Nb, Ti, Ta)2O6 (F, OH, O), as miner-
als bearing rather high concentrations of uranium and 
thorium, are a geochronological alternative to zircon 
and can be used for dating ore-formation processes. 
Pyrochlores were not widely used as geochronometers 
due to their highly metamict crystal structure [Lump-
kin and Ewing, 1995], as well as various secondary 
changes and the instability of the uranium-thorium-
lead system [Pöml et al., 2007]. Nevertheless, thanks 
to modern methods for the in situ analysis of isotop-
ic systems, it has become possible to solve the prob-
lem of dating various generations of pyrochlore and 
to use pyrochlore as a geochronometer mineral. Thus, 
in situ isotope analysis of individual phases and do-
mains of mineral grains reveals sections of pyrochlore 
crystals suitable for performing dating [Wetzel et al., 
2010]. In international practice, works on dating py-

rochlore are rare; however, they exist. Dating can be 
performed through several analytical methods – using 
a secondary-ion mass spectrometer (SIMS) [Wetzel et 
al., 2010] or laser ablation combined with ICP [Mil-
lonig et al., 2012, 2013; Braccialli et al., 2013; Deng 
et al., 2013]. 

Given that, unlike zircon, pyrochlore has divalent 
cations (including calcium and lead) occupying crys-
tallographic position A, all minerals from to the pyro-
chlore group contain a relatively high proportion of or-
dinary (non-radiogenic) lead (Pbc), as compared to ra-
diogenic one (and, accordingly, low 206Pb/204Pb isotope 
ratios). The proportion of ordinary lead in pyrochlores 
sometimes constitutes tens of per cent, which is ex-
tremely high and not typical of the used intralaborato-
ry and international geochronological standards when 
employing in situ methods of analysis. Thus, it is eas-
ier to find standards having a minimum content of or-
dinary lead among the most common dating minerals – 
zircon, baddeleyite, monazite, apatite. In addition, with 
accurate and careful measurement of Pb isotopic com-
position, as well as the right correction for the com-
position of ordinary (non-radiogenic) Pb, the resulting 
reproducibility of the obtained geochronological da-
ta reaches ± 2% and provides a satisfactory agreement 
between SIMS age estimates and data obtained using  
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other isotope-geochronological methods (ID-TIMS, 
LA-ICP-MS). 

In order to assess the age and duration of rare-met-
al mineralisation, we performed U-Pb isotopic dating 
of niobium ore minerals from the Vishnevogorsk and 
Potanino niobium deposits associated with the Ilmeny-
Vishnevogorsky carbonatite-miaskite complex which 
is located within the Ural orogen.

The Ilmeny-Vishnevogorsky complex is a proto-
type of linear carbonatite complexes – an independent 
type of carbonatite formations associated with the line-
ar zones of alkaline metasomatism and syenite-nephe-
linesyenite magmatism. Their origin is still debatable 
[Levin et al., 1997; Mitchell, 2005; Rass et al., 2006; 
Nedosekova et al., 2009, 2010, 2012, 2016; Ivanov et 
al., 2010; Ivanov, 2011; Rusin et al., 2012; Nedose kova 
et al., 2013; Bagdasarov, 2014]. The least studied is-
sues include the age and origin of rare-metal (Zr-Nb-
REE) ore mineralisation, as well as its relation to var-
ious magmatic phases, post-magmatic evolution and 
metamorphic processes. 

GEOLOGICAL POSITION AND COMPOSITION 
OF THE ILMENY-VISHNEVOGORSKY 
MIASKITE-CARBONATITE COMPLEX

The Ilmeny-Vishnevogorsky miaskite-carbonati-
te complex is located at the junction of the South and 
Middle Urals, in the East Urals megazone, which, 
along with the Tagil-Magnitogorsk and Trans-Ural 
megazones, forms the Eastern (paleo-island arc) sec-
tor of the Urals, constituting a complex tectonic collage 
of oceanic, island-arc and collision complexes having 
micro-continental blocks [Puchkov, 2010]. The East 
Urals megazone is characterised by a wide distribu-
tion of granitoids and gneisses, as well as the presence 
of micro-continental blocks of Precambrian (?) crys-
talline crust (Taldyk, Murzinka-Aduy, Kayrakty, part-
ly Sysert-Ilmenogorsky, etc.). 

The Ilmeny-Vishnevogorsky complex occurs in the 
axial part of the Sysert-Ilmenogorsky anticlinorium, in 
the Lower Proterozoic rocks of the Selyankino, Ilme-
nogorsky and Vishnevogorsky strata (PR1), in the sub-
meridional (collision) structure, stretching from north 
to south for over 100 km, with the maximum width of 
4–6 km (Fig. 1). The complex includes two relatively 
large (20–25 × 6 km) intrusive miaskite massifs (Vish-
nevogorsky and Ilmenogorsky), numerous stratal and 
dyke-like bodies of miaskites, syenites and miaskite-
pegmatites, stratal and vein-shaped bodies of carbon-
atites, as well as thick zones of fenitisation in the host 
rocks of Vishnevogorsky and Ilmenogorsky suites. 
Miaskite massifs are connected by the Central Alka-
line Belt composed of fenites, feldspar metasomatites, 
small miaskite and syenite bodies, as well as melano-
cratic carbonate-silicate rocks and carbonatites. 

Carbonatites characterised by ore niobium miner-
alisation are widely developed in the northern part of 

fig. 1. Geological structure of the Ilmeny-Vish-
nevogorsky alkaline-carbonatite complex according 
to [Levin et al., 1997; Zoloev et al., 2004].
1 – granites (Pz3); 2, 3 – Ilmeny-Vishnevogorsky complex 
(О3): 2 – miaskites of the Vishnevogorsky and Ilmenogor-
sky massifs, 3 – metasomatites, carbonatites, silicate-car-
bonate rocks of the Central Alkaline Belt; 4 – ophiolite gab-
bro (О1); 5 – ophiolite ultrabasites (О1); 6 – Buldym me-
ta-ultrabasites (PR?); 7 – volcanogenic-sedimentary rocks 
of the Tagil-Magnitogorsk megasynclinorium (Pz1); 8 – 
garnet-mica schists and eclogites of the eastern margin of 
the Ufaley middle massif (Pz1); 9 – plagioclase shists and 
quartzites of the Sysert-Ilmenogorsky middle massif (R1-2); 
10 – plagiogneisses, granite migmatites, crystalline schists, 
amphibolites, quartzites of the Sysert-Ilmenogorsky and 
Ufaley middle massifs (PR1-2); 11 – tectonic faults and non-
conformities; 12 – main ore deposits and occurrences of 
Nb and REE associated with carbonatites (numbers in cir-
cles): 1 – Buldym (Nb and REE); 2, 3 – Vishnevogorsky 
(Nb) (2 – zone 125; 3 – zones 140 and 147); 4 – Spirikha 
(REE); 5 – Svetly (Nb); 6 – Kagansky (REE); 7 – Potanino 
(Nb); 8 – Uvildy (Nb); 9 – Baydashevo (Nb); 10 – Ishkul 
(Nb); 11 – Ilmensky, pit 97 (Nb and REE).
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the complex – in the apical part of the Vishnevogorsky 
miaskite massif and in the ‘saddle-like’ miaskite de-
posit (Vishnevogorsky niobium deposit). They also oc-
cur in the root part of the massif – Purgino ore occur-
rence (see Fig. 1). Carbonatites make up stratal, dyke-
like and vein-shaped bodies (up to 10 m in thickness 
and hundreds of meters long), forming an ore zone of 
4 km in length and 30 m in width (ore zone 147, Vish-
nevogorsky niobium deposit). The richest ore zone of 
this deposit (zone 140) is associated with the north-
ern miaskite satellite (‘saddle-like deposit’), which oc-
curs in the hinge of the Vishnevogorsky anticline, 50 m 
north of the Vishnevogorsky massif, and comprises a 
system of subparallel veins (carbonatites, albites and 
miaskitic pegmatoids). Carbonatites are also found in 
the fenite halo of the Vishnevogorsky intrusion (in the 
fenitised rocks of the Vishnevogorsky suite), forming 
stockworks and veins. 

Early carbonatites (sövite I), which occur in the 
form of schliers and stratal bodies mainly in the root of 
the Vishnevogorsky intrusion, have a calcite composi-
tion and contain nepheline, feldspars, biotite, as well as 
accessory zircon, black-brown pyrochlore (hatchetto-
lite), ilmenite, apatite, etc. Late carbonatites (sövite II) 
widely developed in the apical part of the Vishnevogor-
sky massif (often being confined to fold hinges) form 
coarse-grained leucocratic zones and veins in miaskites 
and early carbonatites, which are composed of calcite 
and large crystals (up to n cm) of fluorapatite, red and 
yellowish-brown pyrochlore, ilmenite, biotite, pyrrho-
tite and pyrite. In the exocontact fenite haloes of mi-
askite intrusions, late carbonatites are also represent-
ed by coarse-grained calcite veins and contain pyrox-
ene (aegirine-augite), red-brown pyrochlore, apatite, il-
menite and titanite. 

Numerous deposits and ore occurrences of pyro-
chlore-bearing carbonatites have been identified and 
explored in the Central Alkaline Belt (see Fig. 1). The 
largest of the deposits (Potanino niobium deposit) is 
located in the eastern contact of the Central Alkaline 
Belt, forming a linear, sometimes stockwork-like zone 
in miaskites and fenites (about 15 km long and up to 
40 m thick). In addition, the following ore occurrences 
have already been identified in this area: Ishkul, Bay-
dashevo, Uvildy and Svetloe Lake [Levin et al., 1997] 
(see Fig. 1). 

GEOCHRONOLOGY OF THE ILMENY-
VISHNEVOGORSKY COMPLEX

The first Rb-Sr and U-Pb isotope-geochronological 
data for rocks from the Ilmeny-Vishnevogorsky com-
plex were reported in the 1970s–1980s. Miaskites from 
the Ilmeny-Vishnevogorsky complex yielded Rb-Sr 
whole-rock isochron ages of 446 ± 12 Ma (O3) (Ilme-
nogorsky massif), 436 ± 31 Ma (S1) and 478 ± 55 ma 
(O1) (Vishnevogorsky massif), which were interpreted 
as the age of miaskitic magma intrusion and crystalli-

sation at the final stages of rifting in the lower – upper 
Ordovician (О1–О3) [Kononova et al., 1979; Kramm 
et al., 1983]. In addition, Rb-Sr mineral isochrons ob-
tained for miaskites show an age of 245 ± 8 Ma, which 
corresponds to the age of metamorphism. 

The U-Pb dating of zircons from the miaskites of 
the Ilmeny-Vishnevogorsky complex performed us-
ing isotopic dilution yielded Lower Silurian ages: 
434 ± 15 Ma [Kramm et al., 1993] and 422 ± 10 Ma 
[Chernyshev et al., 1987]. A range of ages from the 
Lower Silurian to the Upper Devonian was obtained 
using in situ methods for dating zircons (SHRIMP and 
laser ablation). The age of zircons from the miaskite-
pegmatites, miaskites and malignites of the Ilmenogor-
sky massif is estimated at 432 ± 3.7 ma (S1), 419 ± 
± 7 ma (S2), 417 ± 7 Ma (S2), 383 ± 14 Ma (D3), respec-
tively [Krasnobaev et al., 2010a, 2014], with zircons 
from the carbonatites of the Vishnevogorsky massif 
yielding 419 ± 20 Ma [Krasnobaev, et al., 2010b] and 
417 ± 3 ma (S2) [Nedosekova et al., 2010, 2012, 2016]. 

In addition, the U-Pb isotope systems of zircons 
from the Ilmeny-Vishnevogorsky complex reveal sub-
sequent metamorphic processes, accompanied by the 
loss of radiogenic Pb, dated at 261 ± 14 Ma [Cherny-
shev et al., 1987] and 279 ± 10 Ma (P) [Krasnobaev et 
al., 2010a]. A significant number of zircon grains from 
miaskites and miaskite-pegmatites U-Pb dated using in 
situ methods showed Permian ages: 269 ± 6 and 251 ± 
± 6 Ma, respectively [Krasnobaev et al., 2014]; as well 
as Rb-Sr mineral isochrons obtained earlier [Kononova 
et al., 1979; Kramm et al., 1983]. 

The Sm-Nd mineral isochron for the carbonatites of 
the Vishnevogorsky massif, constructed using 5 analy-
tical points (mineral fractions of calcite, biotite, apatite, 
pyrochlore and bulk sample), yielded a Lower Silurian 
age of 425 ± 44 ma (S1), thus showing the carbona-
tite magmatic stage in the functioning of the alkaline-
carbonatite magmatic system [Nedosekova, Belyatskii, 
2012]. In addition, a Sm-Nd mineral isochron obtained 
for the carbonatites from the saddle-like miaskite de-
posit shows an age of 388 ± 50 Ma (end of D2) [Ivanov 
et al., 2010], probably reflecting the final stage in the 
formation of the Ilmeny-Vishnevogorsky miaskite-car-
bonatite complex. 

Thus, the U-Pb, Rb-Sr and Sm-Nd geochronolog-
ical data of alkaline rocks and carbonatites from the 
Ilmeny-Vishnevogorsky complex indicate multistage 
magma formation at the stage of Palaeozoic activation 
(≈440–390 Ma), as well as large-scale processes of al-
kaline metasomatism and pegmatite formation at the 
stage of Hercynian orogeny (≈350–250 Ma) and subse-
quent post-collision extension (≈250–240 Ma). 

NB-ORE MINERALISATION 

more than ten deposits and ore occurrences of nio-
bium, zirconium and rare earths have been identified in 
the Ilmeny-Vishnevogorsky complex (see Fig. 1). The 
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Vishnevogorsky deposit – the first deposit in Russia 
where the industrial mining of Nb raw materials was 
carried out – is associated with pyrochlore-bearing car-
bonatites in the apical part of the Vishnevogorsky mi-
askite intrusion. The Potanino niobium deposit along 
with the Svetloe Lake, Baydashevo, Ishkul and Uvildy 
ore occurrences, which are also associated with car-
bonatites, have been explored in the Central Alkaline 
Belt [Levin et al., 1997; Zoloev et al., 2004]. 

The Nb-ore mineralisation of rare-metal deposits at 
the Ilmeny-Vishnevogorsky miaskite-carbonatite com-
plex is represented by the minerals of the pyrochlore 
supergroup: pyrochlore proper, Uranpyrochlore (hatch-
ettolite), betafite, as well as Ta-, REE- and Sr-bearing 
minerals of the pyrochlore group. Such minerals as il-
menorutile, columbite, fersmite, chevkinite-(Ce) are 
less common [Es’kova, Nazarenko, 1960; Es’kova et 
al., 1964; Efimov et al., 1985; Levin et al., 1997; Ne-
dosekova, Pribavkin, 2015; Nedosekova et al., 2017]. 
The main ore minerals of the carbonatite deposits at 
the Ilmeny-Vishnevogorsky complex are those belong-
ing to the pyrochlore group. Pyrochlore is present in 
various rocks – in miaskites and syenites, especially in 
their pegmatoid varieties, in miaskite-pegmatites, sy-
enite-pegmatites, carbonatites and alkaline metasoma-
tites (albitite, fenite, glimmerite, etc.). In the most sig-
nificant amounts, pyrochlore is found in both early and 
late carbonatites (sövites I and II, respectively) of the 
Vishnevogorsky miaskite massif and the Central Alka-
line Belt [Levin et al., 1997; Zoloev et al., 2004; Ne-
dosekova, 2007; Nedosekova et al., 2009, 2017]. 

In miaskites and syenites, pyrochlore is represent-
ed by octahedral crystals of dark brown, sometimes or-
ange colour (0.01–0.1 mm in size). In pegmatoid va-
rieties, the size of pyrochlore increases up to 0.5 cm, 
whereas in pegmatites it comes up to several centi-
metres. The distribution of pyrochlore is uneven. In 
pegmatites and albitites, it forms streaky clusters and 
small disseminated particles, with crystal sizes rang-
ing from 2–3 mm to several centimetres. In silicocar-

bonatites (melanocratic carbonate-silicate rocks) and 
in early carbonatites (sövite I), pyrochlore forms small 
grains of black and greenish-black colour (U-pyro-
chlore) (Fig. 2a). In late carbonatites (sövite II), py-
rochlore forms octahedral and cubo-octahedral crys-
tals (0.05–1.5 cm in size) of red-brown and yellow col-
our (Fig. 2b, c), containing relics of early (black) py-
rochlore with traces of dissolution and transformation. 
The internal structure of pyrochlore crystals of late car-
bonatites is shown in Fig. 3a–f: relics of black U-(Ta)-
bearing pyrochlore, surrounded by an intermediate 
zone of U-bearing hydrated pyrochlore, are sometimes 
preserved in the cores of crystals, whereas the periph-
eral part of the crystal is composed of light brown Sr-
bearing pyrochlore (see Fig. 3e). 

The Ilmeny-Vishnevogorsky complex has several 
minerals of the pyrochlore group, whose formation is 
associated with certain evolutionary stages in the func-
tioning of the alkaline-carbonatite magmatic system, as 
well as the metamorphic transformations of the com-
plex [Nedosekova et al., 2017]. According to the lat-
est nomenclature of the pyrochlore group (pyrochlore 
supergroup) drawing on the predominant cation or an-
ion in sites B = Nb, Ti, Ta; A = Ca, Na, REE, Y, Sr, 
Ba, Mn, Mg, U, Th; and Y = O, OH, F [Atencio et al., 
2010], pyrochlores of the Ilmeny-Vishnevogorsky and 
Buldym complexes can be classified as U-(Ta)-bear-
ing oxycalciopyrochlores (or uranium-pyrochlores, ac-
cording to [Hogarth, 1977]) and fluorcalciopyrochlores 
(including Ta-, REECe- and Sr-bearing varieties). U- 
and Sr-bearing varieties include kenopyrochlores hav-
ing an A-site vacancy of over 50% relative to the A-site 
cations. The pyrochlore compositions are presented in 
ternary diagrams characterising the occupancy of sites 
A, B and Y (Fig. 4). 

U-(Ta)-bearing oxycalciopyrochlores (15–24 wt % 
UO2, 1–14 wt % Ta2O5) are found in early high-tem-
perature carbonatites (sövite I) and silicocarbonatites 
of the Central Alkaline Belt (Potanino deposit, Uvildy 
ore occurrence) [Levin et al, 1997; Nedosekova et al., 

fig. 2. Morphological features of pyrochlores from the Ilmeny-Vishnevogorsky complex: uranpyrochlore from ear-
ly carbonatites, Uvildy Nb-occurrence (a); Sr-REE-bearing pyrochlores from late carbonatites, Vishnevogorsky  
Nb-deposit (b, c).
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2009]. This type of pyrochlore is probably formed ear-
lier than others (during the late magmatic stage of crys-
tallisation), as evidenced by the relics of U-bearing py-
rochlore in the later generations of Sr-bearing pyro-
chlore from late carbonatites (sövite II) [Levin et al., 
1997] (see Fig. 3c, e). 

Fluorcalciopyrochlores characterised by the maxi-
mal content of Nb2O5 (65–69 wt %), the most stoichi-
ometric composition and the lowest content of micro-
impurities are widely developed in feldspar veins and 
in the late calcite carbonatites from the saddle-like mi-
askite deposit of the Vishnevogorsky massif. These 
pyrochlores comprise the main ore zones of the Vish-
nevogorsky deposit (ore zones 140 and 147). They are 
also found in the Potanino deposit. 

Ta-bearing varieties of fluorcalciopyrochlore (1.5–
5.0 wt % Ta2О5; 0–4.2 wt % UO2) are found in nephe-
line pegmatites in the apical part of the Vishnevogor-
sky massif (ore zone 147), as well as in the carbona-
tites of the Potanino deposit. This pyrochlore is formed 
at the stage of pegmatite crystallisation.

Sr- and REE-bearing fluorcalciopyrochlores (3–
6 wt % of LREE2О3, 1.5–4.5 wt % of SrO) are wide-
spread in late carbonatites (sövite II) and in exocontact 
fenites of the Vishnevogorsky and Potanino deposits. 
These pyrochlore varieties form octahedral and cubo-
octahedral crystals (see Figures 2 and 3d, f) exhibit-
ing signs of metasomatic growth, as well as form rims 

around U-bearing relict (?) cores of pyrochlore (see 
Fig. 3c, e). It is likely that the formation of these py-
rochlore varieties occurs at the final evolutionary stag-
es (late carbonatite and syenite-pegmatite) of the com-
plex and may also be associated with the metamorphic 
transformations at the collision stage. 

METHODS OF ANALYSIS

The chemical composition of pyrochlores and ae-
schynites from the Ilmeny-Vishnevogorsky complex 
was studied at 60 nA and 20 kV using a CAMEBAX 
microprobe, with a probe beam size of 2 μm (analyst 
V.V. Sharygin, IGM SB RAS, Novosibirsk), as well as 
using a Cameca-100 microprobe (analyst D.V. Zamya-
tin, IGG UB RAS). 

The U-Pb dating of high-uranium pyrochlore was 
carried out using LA-ICP MS (DUV-19). Pyrochlores 
having a uranium oxide content of less than 2.5% were 
dated through a method for the in situ U-Pb dating of 
individual pyrochlore crystals using a SHRIMP-II sec-
ondary-ion mass spectrometer, which was developed 
at the A.P. Karpinsky Russian Geological Research 
Institute (VSEGEI, St.Petersburg). A detailed de-
scription of the procedure is given in [Lepekhina et 
al., 2016]. The measurements of U-Th-Pb isotope ra-
tios and element concentrations in pyrochlores, along 
with the standard calibration, were carried out using 

fig. 3. morphology and internal structure of pyrochlore crystals from the carbonatites of the Ilmeny-Vishnevogorsky 
complex (sample 331, sövite II, Vishnevogorsky deposit), BSE-image.
Analysis points correspond to those given in Тable 1.
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the SHRIMP-II ion microprobe at the Centre for Iso-
tope Research (VSEGEI, St.Petersburg). Given that 
pyrochlore is significantly different from zircon in 
terms of crystallochemical features, at the stage pre-
ceding the analytical measurements of U-Pb ratios in 
pyrochlores from our collection, we experimentally 
selected the optimal regime and sequence for record-

ing the ionic currents of elements taking mineral ma-
trix composition and possible isobaric overlaps into 
account, as well as developed a scheme for measur-
ing and calculating U-Pb ages. In situ dating of py-
rochlore was accompanied by a detailed determina-
tion of the chemical composition of crystals at the mi-
cro-level. 

fig. 4. Ternary composition diagrams showing the occupancy of sites В and А in the pyrochlore structure (p.f.u.).
1 – U-(Ta)-bearing oxycalciopyrochlores, 2 – Ta-bearing fluorcalciopyrochlores, 3 – fluorcalciopyrochlores, 4 – REE-Sr-bearing 
fluorcalciopyrochlores, 5 – Sr-REE-bearing fluorcalciopyrochlores, 6 – IMA classification for the pyrochlore group by [Hogarth, 
1977], 7 – IMA classification for the pyrochlore group by [Atencio, 2010].
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Pyrochlore-331 (sövite II, Vishnevogorsky mas-
sif), which is characterised by relative areal geoche-
mical homogeneity with an age of 230 ± 1.3 Ma and 
a U content of 1.500 ± 365 g/t, was used as an internal 
laboratory standard. Regular mass spectrometric ana-
lysis of pyrochlore-331 (over a period of 10 months) 
demonstrates acceptable for the standard dispersion of 
the obtained 206Pb/238U ratios when performing calibra-
tion according to the linear dependence of ln(Pb/U) on 
ln(UO/U). The measured 206Pb/238U ratios of pyrochlore 
were norma lised against a value of 0.0363, which cor-
responds to 230 ma (according to the model of [Sta-
cey, Kra mers, 1975]). With an average of 10–15 ana-
lyses per session, the error in measuring isotope ratios 
for a stan dard varies within 1–2% (2σ). The concentra-
tion of 238U in the analysed pyrochlore samples was es-
timated relative to the average uranium content in py-
rochlore-331 (≈1500 g/t). The correction of the mea-
sured Pb isotopic composition for non-radiogenic lead 
and the corresponding age was based on the Pbc mo-
del composition and on the use of the Stacey–Kra mers 
model [Stacey, Kramers, 1975], respectively. Errors 
associated with individual analyses (of ratios and ages) 
were calculated at the 1σ level, whereas the errors of 
calculated concordant ages are given in Figures 5–7 at 
the 2σ level. The processing of primary MS data along 
with the construction of concordia plots for the ob-
tained isotope ratios was performed using the SQUID 
and ISOPLOT/EX programs [Ludwig, 2003]. 

U-Pb DATING OF MINERALS BELONGING 
TO THE PYROCHLORE GROUP (ILMENY-

VISHNEVOGORSKY COMPLEX).  
RESULTS AND DISCUSSION

We studied the U-Th-Pb isotopic system of three 
chemically characterised pyrochlore samples from the 
Ilmeny-Vishnevogorsky complex belonging to differ-
ent stages of ore formation: a) from early carbonatites 
(U-(Ta)-oxycalciopyrochlore, sample K-37-95, sövite 
I, Potanino deposit); b) from late carbonatites (Ta-bear-
ing fluorcalciopyrochlore, sample K-43-62, sövite II, 
Potanino deposit); c) from late carbonatites (REE-Sr- 
bearing fluorcalciopyrochlore, sample 331, sövite II, 
Vishnevogorsky deposit). The representative analyses 
of the studied pyrochlore samples (characterising the 
core and rim of crystals) and their conversion to a crys-
tal-chemical formula. are given in Table 1. The opti-
cal and backscattered-electron (BSE) images of pyro-
chlore varieties are shown in Figures 2 and 3. 

As mentioned earlier, a sample of pyrochlore-331 
from the Vishnevogorsky deposit was selected as an 
isotope-geochemical and geochronological standard. 
According to [Atencio et al., 2010], this pyrochlore is 
classified as Sr-REE-bearing (1.5–4.5 wt % SrO and 
1.0–2.5 wt % LREE) fluorcalciopyrochlore. It occurs 
in late carbonatites (sövites II) – in biotite-calcite car-
bonatites with apatite, ilmenite, pyrrhotite, pyrite (api-

cal part of the Vishnevogorsky miaskite massif). Py-
rochlore forms large and small octahedral crystals and 
grains of brown, light brown (almost yellow) and red-
brown colour.

The U-Pb isotopic analysis of this pyrochlore us-
ing in situ methods (SHRIMP-II, LA-ICP-MS), as well 
as isotope dilution employing chromatographic separa-
tion of elements and ID-TImS revealed satisfactory re-
peatability of results. Thus, the dates of pyrochlore-331 
grains obtained using two in-situ methods differ by no 
more than 0.5–1.0 Ma, with the uranium content var-
ying within 30% (SHRIMP-II and LA-ICP-MS). The 
measured Pb isotopic composition of the internal stand-
ard for pyrochlore was corrected for the isotopic com-
position of the non-radiogenic component according to 
the lead composition in syngenetic calcite (Pb acceptor 
mineral characterised by a high Pb/U ratio), as well as 
the corresponding parameters of the model curve [Sta-
cey, Kramers, 1975] for the evolution of Earth’s Pb 
isotopic composition 230 ma ago: 207Pb/206Pb = 0.851, 
208Pb/206Pb = 2.082 and 206Pb/204Pb = 18.35. Within the 
obtained error margins, the age and concentration char-
acteristics of the pyrochlore grains in question are re-
produced satisfactorily, thus the age and U content of 
pyrochlore-331 (230 ± 1.3 Ma and 1500 ± 365 g/t, re-
spectively) were used for further U-Pb measurements 
of pyrochlore samples from the collection. 

Using the age and concentration characteristics of 
pyrochlore-331, we measured the U-Pb ratios of the 
pyrochlore collection acquired from the rare-metal de-
posits of Ural carbonatite complexes relative to the  
U/Pb ratios of pyrochlore-331 grains, which were meas-
ured in the same session in the capacity of the calibra-
tion standard. Despite significant variations in the con-
tent of uranium (from 300 g/t to 1.9%), thorium (from 
1400 g/t to 3%) and a high proportion of non-radiogen-
ic lead (from 9 to 65% of 206Pb), the U-Pb isotopic sys-
tems of the studied fluorcalciopyrochlores were practi-
cally closed and the age within the error margins was 
concordant. Relatively high contents of radiogenic lead 
(206Pbrad = 14–300 g/t) account for the low error asso-
ciated with individual measurements of isotopic ratios 
and results reproducibility, which expressed in terms of 
age leads to an error of concordant estimates at a lev-
el of 1–6 ma. The results of U-Th-Pb isotope analysis 
for pyrochlores are presented in Table 2 and shown in 
Figures 5–7. 

Uranpyrochlores formed in the early stages of car-
bonatite genesis in the sövites I of the Central Alka-
line Belt (sample K-37-95, U-(Ta)-bearing oxycal-
ciopyrochlore, Potanino deposit) are characterised 
by a slightly open U-Pb system and yield an age of 
378.3 ± 4.9 ma (see Fig. 5). The detected departure 
from the closed nature of the isotopic system of these 
pyrochlores reflects an increased degree of metamic-
tisation of the crystal structure of the mineral due to 
the high content of radioactive U and Th, as well as 
the impact of late processes associated with the post-
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Table 1. Chemical compositions (wt %) and formulae (p.f.u.) of the pyrochlore-group minerals from the Ilmeny-Vish-
nevogorsky carbonatite-miaskite complex, Urals

Ele-
ment

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Sample К37-95 Sample К43-62 Sample 331

Analysis points
2c 2r 8с 4r_alt 2 3 5 9 1-1c 1-2r 7-1c 7-2r 6-1c* 6-2c_alt* 6-3r* 8-1c

Nb2О5 38.72 39.58 45.60 50.42 63.83 61.66 62.03 63.44 65.58 60.23 66.59 65.64 60.33 52.08 59.26 66.98
Ta2O5 4.02 4.20 4.37 4.39 2.12 3.53 2.92 2.30 0.02 0.27 0 0.13 0.31 0.00 0.00 0.00
TiO2 12.50 12.06 9.48 7.95 4.32 4.89 4.60 4.47 4.23 5.06 3.33 4.52 4.45 4.42 3.51 3.24
SiO2 0.00 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.01 4.99 0.00 0.00 1.58 0.00 0.00 0.00
UO2 22.11 21.00 16.43 12.44 0.08 1.80 0.83 0.00 0.16 0.57 0.19 0.21 3.72 3.72 0.85 0.2
ThO2 0.78 0.80 0.59 1.11 2.05 1.59 1.97 2.26 0.56 0.78 0.63 0.61 0.3 0.53 0.59 0.46
Fe2O3 0.00 0.02 0.00 0.81 0.06 0.07 0.07 0.07 0.03 1.59 0.04 0 1.52 1.69 1.5 0.02
Y2O3 0.12 0.10 0.05 0.07 ND ND ND ND 0.1 0.04 0.13 0.11 0.1 0 0.03 0.15
La2O3 0.31 0.41 0.44 0.61 0.32 0.22 0.59 0.14 0.51 1.49 0.22 0.54 0.37 0.7 1.08 0.68
Ce2O3 0.72 1.02 1.11 1.82 0.88 0.82 1.33 0.56 1.43 4.52 0.96 1.42 1.52 2.42 2.98 1.96
Nd2O3 0.94 0.95 0.95 0.94 0.38 0.26 0.37 0.12 ND ND ND ND ND ND ND ND
mnO 0.00 0.00 0.00 0.02 ND ND ND ND 0 0.74 0.00 0.00 0.21 0.42 0.5 0.04
mgO 0.03 0.01 0.01 0.02 ND ND ND ND ND ND ND ND ND ND ND ND
CaO 11.06 10.65 11.08 6.65 15.48 15.47 15.03 16.07 14.98 6.69 15.04 14.37 11.68 6.04 12.24 13.2
BaO 0.00 0.00 0.00 0.14 ND ND ND ND 0 1.58 0.06 0 0.77 2.39 0.73 0
SrO 0.28 0.31 0.46 0.44 0.56 0.39 0.47 0.47 1.53 4.4 1.02 1.44 1.97 5.01 3.27 1.8
PbO 0.91 0.91 0.53 0.50 ND ND ND ND 0.18 0.46 0.19 0.33 0.48 0.31 0.05 0.46
Na2O 5.11 5.40 5.79 0.16 6.55 6.51 6.53 6.48 6.99 0.35 7.12 6.98 3.64 0.05 2.09 6.71
K2O 0.01 0.01 0.01 0.57 ND ND ND ND ND ND ND ND ND ND ND ND
F 1.44 1.51 1.38 1.65 5.25 4.74 4.86 5.21 4.58 0.50 4.29 4.43 2.76 0.24 2.13 4.21
Total 99.04 99.04 98.25 90.71 101.87 101.95 101.59 101.58 100.89 94.26 99.81 100.73 95.71 80.02 90.81 100.11
O = F2 0.61 0.64 0.58 0.69 2.21 2.00 2.05 2.19 1.93 0.21 1.81 1.87 1.16 0.10 0.90 1.77
Total 98.44 98.41 97.67 90.02 99.67 99.95 99.55 99.39 99.0 94.0 98.0 98.9 94.55 79.92 89.9 98.3

The formulae are designed for two cations in site B (p.f.u.)
В-position
Nb 1.250 1.270 1.425 1.491 1.764 1.712 1.734 1.753 1.804 1.460 1.845 1.793 1.632 1.673 1.753 1.850
Ta 0.078 0.081 0.082 0.078 0.035 0.059 0.049 0.038 0.000 0.004 0.000 0.002 0.005 0.000 0.000 0.000
Ti 0.672 0.644 0.493 0.391 0.199 0.226 0.214 0.205 0.194 0.204 0.153 0.205 0.200 0.236 0.173 0.149
Fe3+ 0.000 0.004 0.000 0.040 0.003 0.003 0.003 0.003 0.001 0.064 0.002 0.000 0.068 0.090 0.074 0.001
Sum B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
A-position
Ca 0.847 0.810 0.820 0.466 1.014 1.018 0.996 1.052 0.977 0.268 0.987 0.930 0.749 0.460 0.858 0.864
mn 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.384 0.000 0.000 0.011 0.025 0.028 0.002
mg 0.003 0.001 0.001 0.002 0.000 0.000 0.000 0.000 ND 0.034 ND ND ND ND ND ND
Ba 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.033 0.001 0.000 0.018 0.067 0.019 0.000
Sr 0.011 0.013 0.018 0.017 0.020 0.014 0.017 0.017 0.054 0.137 0.036 0.050 0.068 0.206 0.124 0.064
Pb 0.018 0.017 0.010 0.009 0.000 0.000 0.000 0.000 0.003 0.007 0.003 0.005 0.008 0.006 0.001 0.008
Na 0.708 0.743 0.776 0.020 0.776 0.775 0.783 0.768 0.825 0.036 0.846 0.817 0.422 0.007 0.265 0.795
K 0.001 0.001 0.001 0.048 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y 0.004 0.004 0.002 0.002 0.000 0.000 0.000 0.000 0.003 0.001 0.004 0.004 0.003 0.000 0.001 0.005
LREE 0.051 0.061 0.063 0.080 0.035 0.029 0.052 0.018 0.043 0.118 0.027 0.043 0.0415 0.081 0.0975 0.059
U 0.351 0.332 0.253 0.181 0.001 0.025 0.011 0.000 0.002 0.007 0.003 0.003 0.050 0.059 0.012 0.003
Th 0.013 0.013 0.009 0.017 0.029 0.022 0.028 0.031 0.008 0.010 0.009 0.008 0.004 0.009 0.009 0.006
Sum A 2.007 1.996 1.953 0.847 1.875 1.883 1.887 1.886 1.915 0.767 1.916 1.861 1.374 0.920 1.414 1.806
F 0.325 0.339 0.302 0.341 1.015 0.921 0.950 1.007 0.881 0.085 0.831 0.846 0.522 0.054 0.441 0.813

Note. The chemical compositions of minerals belonging to the pyrochlore group were determined using: 1–8 – a CAMEBAX microprobe 
at the IGM SB RAS (Novosibirsk, analyst V.V. Sharygin); 9–16 – a Cameca-100 microprobe at the IGG, UB RAS (Ekaterinburg, analyst 
D.V. Zamyatin). 
alt – altered; c – core of the crystal, r – rim of the crystal, ND – not detectable. *pyrochlore grain having early generation relics.
1, 2, 3 – U-(Ta)-bearing oxycalciopyrochlore; 4 – U-(Ta)-bearing hydropyrochlore (sample K-37-95, sövite I, Potanino deposit, Ilmeny-
Vishnevogorsky complex); 5–8 – Ta-bearing fluorcalciopyrochlore (sample K-43-62, sövite II, Potanino deposit, Ilmeny-Vishnevogorsky 
complex); 9–16 – (sample 331, sövite II, Vishnevogorsky deposit, Ilmeny-Vishnevogorsky complex): 9, 11, 12, 16 – Sr-(REE)-bea ring 
fluorcalciopyrochlore; 10 – Sr-(REE)-bearing kenopyrochlore; 13 – relics of U-bearing pyrochlore (grain core 6-1С, sample 331), 14 –  
U-bearing hydropyrochlore (middle zone of grain 6–2С, sample 331); 15 – Sr-(REE)-bearing fluorcalciopyrochlore (rim of grain 6-3r, sam-
ple 331) (see Fig. 3).
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collision ore-metasomatic stage in the evolution of the 
complex 220–250 Ma ago. 

As mentioned above, Sr-REE-bearing pyrochlore 
(sample 331, fluorcalciopyrochlore, sövite II, Vish-

nevogorsky deposit) yielded an age of 230 ± 1.5 ma 
(see Fig. 6). 

The youngest age (216 ± 5 Ma) was obtained for 
Ta-bearing fluorcalciopyrochlore from the late carbon-
atites of the Potanino deposit (sample K-43-62; see 
Tab le 2, Fig. 7).

Thus, the U-Pb system of the studied pyrochlore 
samples indicates the multistep formation of the Nb 
rare-metal mineralisation in the Ilmeny-Vishnevogor-
sky complex. 

The earliest stage of ore formation (378 ± 4.9 ma) – 
possibly associated with the primary crystallisation of 
the alkaline-carbonatite magmatic system – is deter-
mined from the U-Pb isotopic systems of the U-(Ta)-
pyrochlores from the Potanino deposit [Krasnobaev et 
al., 2010a, 2014; Nedosekova et al., 2010, 2014; Ivanov 
et al., 2010; Nedosekova, 2012]. The U-Pb systems of 
zircons from the Ilmeny-Vishnevogorsky complex re-
veal a similar age cluster – 383 ± 14 Ma [Krasnobaev et 
al., 2010a]. The closest age of 388 + 50 Ma was yield-
ed by the mineral Sm-Nd isochron obtained for the car-
bonatites of the richest ore zone of the Vishnevogor-
sky deposit (ore zone 140, saddle-like miaskite depo-
sit) [Ivanov et al., 2010], which probably reflects the 
final stages in the functioning of alkaline-carbonatite 
magmatic system, as well as one of the main stages in 
the ore formation of the Vishnevogorsky niobium de-
posit. The following stages of ore formation are widely 
manifested at the Vishnevogorsky (230 ± 1.5 ma) and 
later at the Potanino (217.2 ± 1.9 ma) deposits. miner-
al Rb-Sr isochrons obtained for miaskites show a close 
age of 245 ± 8 ma (T2), which corresponds to the stage 

Table 2. Composition and U-Th-Pb isotope system of the pyrochlore-group minerals from the Nb-deposits of Ilmeny-Vish-
nevogorsky carbonatite-miaskite complex (South Urals)

Sample 
No.

Host rock Chemical type of 
pyrochlore according to 

[Atencio, 2010]

Composition of pyrochlore 
(main components, wt %)

Characteristics of the 
U-Th-Pb system of 

pyrochlore

U-Pb age  
of pyrochlore, 

ma
Potanino Nb-deposit, Central Alkaline Belt, Ilmeny-Vishnevogorsky carbonatite-miaskite complex

К37-95* Sövite I U-(Ta)-bearing 
oxycalciopyrochlore

Na2O – 4.6
CaO – 9.1

Nb2O5 – 42.5
(PbО + ThО2 + UО2) – 20

[U]: 130000–
240000

Th/U: 0.3–0.9

378.3 ± 4.9
n = 28

К43-62 Sövite II Ta-bearing 
fluorcalciopyrochlore

Na2O – 8.4
CaO – 14.6

Nb2O5 – 60.7
(PbО + ThО2 + UО2) – 2

[U]: 300–2800
Th/U: 8.6–92.0
206Pbc: 25–68%

216 ± 5.0
n = 15

Vishnevogorsky Nb-deposit, Ilmeny-Vishnevogorsky carbonatite-miaskite complex
331 Sövite II Sr-bearing

fluorcalciopyrochlore
Na2O – 8.5
CaO – 13.1

Nb2O5 – 65.1
(PbО + ThО2 + UО2) – 1

[U]: 620–4700
Th/U: 0.7–5.2
206Pbc: 9–39%

230 ± 1.5
n = 40

Note. The U-Pb dating of pyrochlore (less than 2.5 wt % UO2) was performed through the method of ID-TIMS developed at VSEGEI 
(St. Petersburg) using a secondary-ion mass spectrometer SHRIMP-II. A detailed description of the technique is given in [Lepekhina et 
al., 2016]. 
*The U-Pb dating of U-bearing pyrochlore (more than 2.5 wt % UO2) was performed using the method of laser ablation and ICP-MS.
n – number of analyses, [U] – concentration of U (g/t) calculated relative to the concentration of U (1500 g/t) in the in-house standard (py-
rochlore-331); 206Pbc – relative proportion of non-radiogenic Pb. Detailed chemical composition is given in Table 1.

fig. 5. U-Pb-diagram constructed according to 
LA-ICP-MS data for sample 37-95 of uranpyro-
chlore (only concordant analyses are given) from the 
carbonatites of the Potanino deposit (Ilmeny-Vish-
nevogorsky complex, South Urals)
The inserted picture shows the external forms of dated 
grains (incident light). Here and in figures 6 and 7, the error 
ellipses are at the 2σ level.
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of metamorphic transformations in the Ilmeny-Vish-
nevogorsky complex [Kononova et al., 1979; Kramm 
et al., 1983]. Ages associated with the stage of late-col-
lision metamorphism [Puchkov, 2010] are also yield-
ed by the U-Pb isotopic systems of zircons from the 
miaskites – 269 ± 6, 279 ± 10 Ma [Krasnobaev et al., 
2010a, 2014] – and zircons from the carbonatites of 
the Ilmeny-Vishnevogorsky complex – 279 ± 10 Ma 
[Krasnobaev et al., 2010b], 280 ± 8 (Nedosekova et 
al., 2014). A considerable number of zircons from mi-
askite-pegmatites yield an age of 251 ± 6 Ma, which 
confirms that the formation of pegmatites and rare-met-
al ores in the pegmatites of the Ilmeny-Vishnevogorsky 

complex is associated with the late-collision and post-
collision stages in the development of the Ural Orogen. 

Thus, the formation of niobium ores occurred both 
at the final stage in the functioning of the alkaline-car-
bonatite magmatic system (≈380–390 Ma ago) and at 
the post-collision stage (≈230–250 Ma ago) in the for-
mation of Ural carbonatite complexes. The late stages 
of ore formation at the Ilmeny-Vishnevogorsky com-
plex are probably associated with the remobilisation 
and redeposition of alkaline-carbonatite and rare-met-
al substances. The formation of pyrochlore from the 
HFSE-enriched fluid is associated with large-scale 
processes of alkaline metasomatism and pegmatite 
formation; it concluded the transformation of rocks 
from carbonatite complexes at the late-collision and 
post-collision stages in the formation of the Ural Oro-
gen (≈280–220 Ma). 

CONCLUSION

Studies have revealed that the U-Pb isotopic sys-
tem of pyrochlore (even in the case of high-uranium 
varieties of the mineral) can be quite successfully used 
for dating rare-metal mineralisation, at least in situ 
version. Moreover, the mineralogical and paragenet-
ic analysis of pyrochlore, which accompanies and pre-
cedes U-Pb analytical work, provides the opportunity 
to adjust the versions of the applied analytical method 
(laser ablation, secondary-ion microprobe) and inter-
pret obtained geochronological data correctly. Clearly, 
the rare-metal niobium mineralisation of the Ilmeny-
Vishnevogorsky complex was formed over a relative-
ly long time interval (from 380 to 220 Ma), with its de-
velopment accompanying various formation and trans-
formation stages of magmatic complexes. In addition, 
the ore potential of mineralisation evolved over time 

fig. 6. U-Pb concordia diagram constructed according to SHRIMP-II data for pyrochlore (sample 331) from the late 
carbonatites of the Vishnevogorsky Nb-ore deposit (Ilmeny-Vishnevogorsky complex, South Urals).

fig. 7. U-Pb concordia diagram constructed accor-
ding to SHRIMP-II data for pyrochlore (sample 
К-43-62) from the carbonatites of the Potanino de-
posit, Ilmeny-Vishnevogorsky complex.
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as well. While high-uranium varieties of pyrochlore, 
the main ore mineral, were predominantly formed in 
the early stages, REE-Sr-bearing high-Nb varieties are 
mainly associated with the late stages of metasomatic 
recrystallisation. 

The work was carried out under the RFBR project 
No. 17-05-00154 and in line with the state task of the 
IGG UB RAS No. AAAA-A18-118052590028-9. 
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