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INTRODUCTION

Interest in layered magmatic complexes is stimu-
lated by their inner structure and related ore mineraliza-
tion. These complexes first evoked keen interest in the
mid-20th century, and this interest reached its peak
after the publication of papers by Wager and his col-
leagues devoted to the Skaergaard Massif [1, 2]. The
data obtained on the inner structure of the Bushveld
pluton in South Africa, Stillwater in the United States,
Great Dike in Zimbabwe, Sudbury, and other massifs
with clearly pronounced layering and huge resources of
related PGE and Ni ore mineralization notably contrib-
uted to progress in petrology and the theory of ore gen-
esis. However, many geological features of these intru-
sions remain obscure [3–5], and one of the principally
important aspects in studying large layered complexes
is related to their consideration as marks of ancient
plume rock associations [6, 7].

One of such complexes in Russia is the Chinneiskii
Massif (Fig. 1), whose inner structure and clearly pro-
nounced layering and cyclicity are comparable to that

of the Skaergaard intrusion, and the petrography of the
rocks resembles that of the Upper Unit of the Bushveld
Massif. Although the sizes of the intrusion are tens of
times smaller than those of the aforementioned zone,
this intrusion is accompanied by huge resources of V,
which are only three times smaller than those at Bush-
veld. It hosts Russia’s largest deposits of Fe–Ti–V ores
(the Magnitnoe and Etyrko deposits), which are also
among the world’s largest [8]. The Chinneiskii Massif
is accompanied by deposits of Cu sulfides and precious
metals [9–14], which are restricted to the contact zone
with the host rocks (the Rudnoe and Kontaktovoe
deposits) (Fig. 2). Because of this, the intrusion is now
considered to be part of the regional Yenisei–Aldan
metallogenic belt of marginal structures that surround
the Siberian Platform [15] and extend from the south-
ern margin of the Siberian Platform to Taimyr and
include uniquely large PGE–Cu–Ni deposits in the
Norilsk and Kodar–Udokan mining districts.

In contrast to most other layered ultrabasite–basite
intrusions of the Baikal–Okhotsk belt, which also
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Abstract

 

—The Chineiskii anorthosite–gabbronorite massif is the most typical layered intrusion in Russia,
which is accompanied by large V and Cu deposits. This massif is first considered to be a component of the Pro-
terozoic volcanic–plutonic system of the Kodar–Udokan district, whose largest massifs are Chineiskii and Luk-
turskii. This system also comprises numerous dikes (including the Main gabbronorite dike at the Udokan
deposit, whose thickness reaches 200 m), which are likely the magmatic feeders of ancient volcanism. An inter-
mediate position in the vertical section of the magmatic system is occupied by gabbroids, whose exposures
occur in the peripheral part of the Lurbunskii granite massif. The intrusive rocks were proved to be genetically
interrelated and show certain similar geochemical features: they bear elevated TiO
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 concentrations and have
similar trace element patterns and 
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 and 
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 ratios (1.5–2.3 and 1.87–2.06, respectively). The
Chineiskii Massif is thought to have been formed by the successive emplacement of genetically similar basic
magmas, which produced four rock groups with fine and coarse layering and cyclicity of variable rank (micro-
rhythms, rhythms, units, and series). The results of cluster analysis indicate that the rocks can be classified into
13 petrochemical types. The phase and chemical characteristics of the parental melts of these compositions
were simulated with the use of the COMAGMAT-3.5 computer model, which was also applied to evaluate the
composition of the most primitive initial magma of the whole Chineiskii Massif. Our results indicate that the
primitive magma was heterogeneous (olivine + plagioclase 

 

±

 

 titanomagnetite + melt) at a temperature of
approximately 

 

1130°C

 

. The initial melt had a ferrobasaltic composition and was close to saturation with mag-
netite at 
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NNO
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includes the Chinneiskii Massif, the latter contains Fe
richer basaltic rocks and widespread practically
monomineralic petrographic varieties (clinopyroxeni-
tes, titanomagnetitites, and anorthosites) and is accom-
panied by deposits of oxide and sulfide ores. The com-
plexity of the inner structure of the massif, the clearly
pronounced layering and cyclicity of its rocks, and cer-
tain features of the related ore mineralization stimu-
lated interest in this massif ever growing over several
years [16–19 and others].

The massif is not, however, the only large magmatic
body in the area in question. Its closest surrounding

structures contain widespread irregularly shaped and
tabular intrusions of basic rocks and numerous dikes,
whose thickness occasionally reaches 200 m. Other
large intrusions exposed north of the Chinneiskii Mas-
sif—the Lukturskii Massif—are associated with Cu–Ni
ore mineralization. The separateness of the bodies and
the scarcity of geochemical data on their rocks pre-
cluded the development of a comprehensive model for
the evolution of magmatism in this part of the Kodar–
Udokan trough.

Because of this, one of the tasks of our research was
to study the spatial and genetic relations between the
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Fig. 1.

 

 Schematic geological map of the Kodar–Udokan district.
(1) Quaternary deposits; (2) Neogene–Quaternary volcanic rocks; (3) Vendian–Cambrian sedimentary deposits; (4) Early Protero-
zoic carbonate–terrigenous rocks of the Udokan Group; (5) granitoids of the Ingamakitskii Complex (Lukturskii Massif); (6) gab-
broids of the Chineiskii Complex (massifs: I—Chineiskii, II—Mailavskii, III—Lukturskii, IV—Dorosskii); (

 

7

 

) granitoids of the
Kodar Complex; (8) granitoids of the Kuandinskii Complex; (9) Main Dike of the Udokan deposit; (10) cupriferous sandstone bed
at the Udokan deposit; (11) faults; (12) railway and station; (13) sampling sites and sample numbers. Insets: (a) Location map of
the Kodar–Udokan district in Russia, (b) anomalous magnetic field in the area of the Chineiskii Massif (scale in 

 

µ

 

Oe; modified after
Sokol, 1978) as contour lines in a geological map.
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ultrabasite–basite intrusive bodies and their possible
grouping within a single magmatic system, with the
Chinneiskii Massif being its part. An important aspect
of this study was the examination of the inner structure
of the Chinneiskii Massif and the identification of the
petrochemical features of its rocks as a clue to its gen-
esis. Finally, our third task was to determine the phase
characteristics of the parental magma of the massif and
the composition of its melt and to evaluate the parame-
ters of its crystallization.

These problems were solved based on the analysis
of preexisting geological–geophysical data and the
results of our geological and geochemical study of

magmatic bodies in the Kodar–Udokan district. An
important role was thereby played by detailed data on
the inner structure of the Chinneiskii Massif, which
were obtained in the course of its geological study.
They allowed us to trace the relations between the main
rock varieties and to characterize in much detail their
layering. Numerous chemical analyses of the rocks
were systematized with the application of cluster anal-
ysis, and the phase and chemical composition of the
parental magma and its crystallization conditions were
reproduced for each of the petrochemical types using
the COMAGMAT-3.5 program. This publication pre-
sents these results.
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Fig. 2.

 

 Schematic geological map of the Chineiskii Massif.
(1) Quaternary deposits; (2) Early Proterozoic deposits of the Udokan Group; (

 

3

 

) basaltic dikes of various ages; (4–12) rocks of the
Chineiskii Complex: (4) rocks of the gabbronorite series, (5) anorthosites, (6) rocks of the leucogabbro series, (7

 

)

 

 rocks of the tita-
nomagnetite–gabbro series, (8) monzodiorites, (9

 

)

 

 pyroxenites (xenoliths), (10) high-grade titanomagnetite ores; (11) layers of tita-
nomagnetite ore in the leucogabbro series; (12) strike and dip symbols of layering; (13) Ingamakitskii Fault; (14) boreholes and
their numbers; (15) sampling sites and sample numbers. Ore deposits: (I) Magnitnoe, (II) Etyrko, (

 

III

 

) Rudnoe, (IV) Kontaktovoe.
Blocks: 

 

W

 

—western, 

 

C

 

—central, 

 

SE

 

—southeastern, 

 

E

 

—eastern. The map was prepared with the use of materials of V.S. Chechet-
kin, V.K. Golev, V.K. Kryukov, N.V. Belova, E.G. Konikov, and others.
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FACTUAL MATERIALS

In studying the Chinneiskii Massif and its host rocks
and structures, the authors used their original and avail-
able literature, geological, geophysical, and geochemi-
cal data. Satellite and aerial photographs were inter-
preted together with S.A. Abushkevich, and geophysi-
cal materials were interpreted together with A.F. Go-
lovanov.

In the course of the fieldwork, traversing (60 km)
with the documentation of primary exposures of basal-
tic rocks and their sampling was conducted concur-
rently with the detailed large-scale (1 : 10000) mapping
of selected areas (30 km

 

2

 

). Figures 1 and 2 show the
sampling sites. Rocks from the layered series of the
Chineiskii and Lukturskii massifs were studied in pri-
mary exposures (1500 m) and in the core of reference
boreholes (holes 11, 83, 18, 70, 59, 58, 16, 27, and oth-
ers; 4800 m).

The office processing of the materials involved the
description of their petrographic thin sections (580 sec-
tions) and the analysis of their major rock-forming min-
erals on a JXA (GEOL) and a Cameca SX 50 micro-
probe at Moscow State University (analysts N.A. Kriv-
olutskaya and N.N. Kononkova, 15 minerals). The
analytical study also included XRF analyses of the
rocks for major elements (at the Chita Institute of Nat-
ural Resources, Siberian Division, Russian Academy of
Sciences, analysts N.S. Baluev, T.P. Mikhailova,
L.M. Bad’ina, and V.P. Subbotina; and at Vernadsky
Institute of Geochemistry and Analytical Chemistry,
Russian Academy of Sciences, analysts I.A. Roshchina
and T.V. Romashova; 117 analyses) and ICP-MS anal-
yses for trace elements and REE (at the Institute of the
Mineralogy, Geochemistry, and Crystal Chemistry of
Rare Elements, analyst D.Z. Zhuravlev; and at the Insti-
tute of the Geology of Ore Deposits, Petrography, Min-
eralogy, and Geochemistry (IGEM), Russian Academy
of Sciences, analyst S.A. Gorbacheva; 13 analyses).

GEOLOGICAL SETTING OF THE CHINEISKII 
MASSIF IN THE KODAR–UDOKAN ZONE

The Chineiskii Massif in northern Transbaikalia
(Fig. 1, inset (a) is hosted in the Kodar–Udokan zone of
the Siberian Platform. The zone has a complicated
structure and underwent a long-lasting evolutionary
history. A fragment of this zone is shown in Fig. 1. This
area is characterized by a combination of meridional
structures of the Chara–Olekma craton (Chara and
Kalar blocks) and sublatitudinal Proterozoic structures
of the Stanovoi mobile belt (Kadar–Udokan trough) [8,
20]. In the second half of the Paleoproterozoic, rifting
in the northwestern Aldan–Stonovoi Shield [21] pro-
duced the large Udokan depression. A long-lived link
of this crustal domain with the mantle follows from the
occurrence of basic rocks of various ages in the Kalar
and Udokan Ranges: these are Proterozoic gabbroids of
the Chineiskii and Dorosskii complexes, Mesozoic vol-

canic–sedimentary deposits in the Chukchudinskii gra-
ben, and modern (dated at 2.1 ka) basaltic rocks in the
Udokan lava plateau [22].

The magnetic and gravity fields of the Kodar–Udo-
kan zone almost completely lie within a first-order
structure: the Udokan regional gravity minimum,
which is explained by the effect of thermal diapirs [23],
which decreased the density of the crustal rocks and
induced the development of a significant system of anti-
clinorium structures of the dome type [24]. The origin
of these structures, which developed because of the
remobilization of Archean rocks, is thought to have
been related to multiphase magmatism in more perme-
able zones. These processes produced the Chineiskii
basite complex.

Second-order features in the Udokan gravity mini-
mum include two ring dome structures with similar
inner structures of their gravity fields (Kemenskaya and
Ingamakitskaya), which are characterized by a zonal
structure. The marginal portions of these structures
show elevated values of their gravity fields with local
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∆
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 maxima above known (Chineiskii and Luk-
turskii) and inferred and unexposed basalt intrusions
within fields of lower values. The geophysical data are
in good agreement with the interpretations results,
which suggest the occurrence of large ring structures,
whose morphology and sizes correspond to the Iman-
gakitskaya and Kemenskaya geophysical anomalies
[25]. The Chineiskii pluton is restricted to the interfer-
ence zone of these two ring structures.

In larger-scale (1 : 200000) maps of magnetic
anomalies (Fig. 1, inset (b) and residual anomalous
gravity field, the Chineiskii Massif is shown as the east-
ern termination of a field of high 
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g and 

 

∆

 

í

 

 values. The
central part of this field is much greater than the part of
the Chineiskii Massif exposed at the surface. The
anomalous values of these geophysical parameters are
caused by gabbroid exposures among granitoids of the
Ingamakitskii Complex of Late Paleozoic age or,
within the Upper Chara depression, by the Lukturskii
Massif, which is partly overlain by Neogene–Quater-
nary sedimentary rocks (Fig. 1). The Main Gab-
bronorite Dike of the Udokan deposit, which lies on the
northward continuation of the axes of the anomalies, is
also classed with the Chineiskki Complex [26].

The facts presented above lead to the conclusion
that, with regard for geophysical data, the actual field of
the rocks of the Chineiskii Complex is larger than that
outlined based on their separate exposures. For exam-
ple, we believe that the Chineiskii intrusion is merely a
fragment of a large magmatic system discovered in this
area, and the intrusion is made up of a number of rock
groups, whose relations and genesis remain largely dis-
putable, in spite of fact that these rocks were studied for
a long time: from 1938 until 2006.

The genesis of the Chineiskii Massif is reportedly
related to the termination of collision processes in the
Olekma granite–greenstone belt [27]. This conclusion
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is based on the zircon dates of the Kemenskii granitoid
massif (

 

1873.1 ± 2.5

 

 Ma), which is cut by the gabbroids
of the Chineiskii Complex, and the K–Ar amphibole
age of the Chineiskii Massif (1830 

 

+

 

 50 Ma [28]).

INNER STRUCTURE 
OF THE CHINEISKII MASSIF

 

Overview.

 

 The intrusion is an asymmetrical
lopolith-shaped body, whose floor dips at angles of 

 

10–
25°

 

 centerward in the western part of the body and lies
nearly horizontally near the surface (at depths of a few
dozen meters) in its eastern part. The northern contact
of the intrusion is tectonic (Fig. 2). The total thickness
of the massif (with regard for its upper part exposed at
the surface and the lower part penetrated by boreholes)
is 2.5 km. It is hosted by Lower Proterozoic rocks of the
Udokan Complex and is cut by the Paleozoic granites
of the Imangakit Complex in the southwest [29, 17].

The massif is characterized by a complicated inner
structure. In contrast to classic layered plutons, whose
layers can be traced for dozens and even hundreds of
kilometers [5, 30], the Chineiskii intrusion shows no
such well-pronounced layering throughout its whole
volume. The massif consists of notably different four
blocks: western, central, eastern, and southeastern. For
example, the western and southeastern blocks are char-
acterized by the presence of clearly layered rocks with
elevated titanomagnetite contents in the gabbroids,
while the central and eastern blocks are dominated by
massive rock varieties. The southeastern part of the
intrusion contains much xenoliths of the host carbonate
rocks, which make the inner structure of the massif
much more complicated, because the gabbroids are

strongly contaminated by rocks of the Udokan Forma-
tion.

The massif is composed of a number of rock groups
with intrusive relations between them [31, 32]:

(I) The first group comprises large xenogenic blocks
and xenoliths of pyroxenites (up to 80 m across),
altered anorthosites, and gabbro (Fig. 2). They are sur-
rounded by chill zones of the host gabbroids: these are
fine-grained gabbro and gabbronorite zones ranging
from a few centimeters to a few decimeters in thick-
ness. Clinopyroxenites were also found in the central
parts of the massif but are spread much more widely in
its peripheral portions, particularly in the eastern termi-
nation of the intrusion. They were found in the form of
angular fragments in the magmatic breccias (Fig. 3b)
and consist of clinopyroxene (augite and diopside-aug-
ite), which is accompanied (in coarser grained and peg-
matoid varieties) by olivine (

 

Fa

 

55–59

 

, up to 5–10%,
Table 1), biotite, and plagioclase. “Altered
anorthosites” [29] were found as podiform bodies and
rounder or equant xenoliths (up to 20 m long) and are
strongly altered, with their plagioclase replaced by pre-
hnite and mafic minerals, such as micas, amphiboles,
magnetite, and sphene.

(II) The second rock group includes gabbroids with
elevated contents of titanomagnetite, which are classified
into a titanomagnetite gabbro (approximately 1.0 km
thick) and a leucogabbro (up to 1.5 km) series. The
rocks of the titanomagnetite gabbro series occur as two
separated blocks (western and southeastern, Fig. 2).
The leucogabbro series (massive gabbro, leucogabbro,
and anorthosites with layers of massive titanomagnetite
ores) are exposed at the surface in the central block and
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 Micrographs of rocks (in thin sections) from the Chineiskii Massif (2/3 downscaled). (a) Contact of two microrhythms in
rocks of the titanomagnetite series (here and in Figs. 3b–d, black is titanomagnetite, gray is pyroxenes, and white is plagioclase);
(b) magmatic breccias with (

 

1

 

) titanomagnetite-gabbronorite cement and fragments 

 

(

 

2—pyroxenites, 

 

3

 

—anorthosites, 

 

4

 

—monzo-
diorites, 

 

5

 

—sandstones); (c) leucocratic segregation in gabbroid of the gabbronorite series; (d) magmatic breccias with (

 

1

 

) lampro-
phyre cement and fragments (

 

2

 

—metamorphosed sandstones, 

 

3

 

—skarns, 

 

4

 

—gabbroids).
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compose the upper part of the massif, whose apical part
includes exposures of gabbrodiorites and monzodior-
ites with numerous xenoliths of the host rocks.

(III) The third rock group comprises norites and
gabbronorites, which are recognized as the norite series
and whose rocks are exposed in the central block and
occur near the bottom of the western and southwestern
blocks. The thickness of the series increases from 300
to 800 m from west to east. The norites and gab-
bronorites often penetrate the overlying rocks of the
second group (titanomagnetite gabbro) in the form of
sills and tongues. Their chill zones are pronounced very
poorly (are no thicker than a few centimeters) or are
absent (perhaps, because the temperatures of the newly
emplaced melt and the still hot, but already crystalline,
magmatic rocks were similar). The southern part of the
massif displays remarkable angular unconformities
between layering in the norite series and the titanomag-
netite gabbro and leucogabbro series. This fact provides
additional evidence that the emplacement of the main
rock groups was separated by a certain time span.

(IV) The youngest rocks are magmatic breccias with
a lamprophyre and gabbronorite cement (Figs. 3b, 3d)
and lamprophyres, which compose sills (a few meters
thick) near the bottom of the intrusion, dikes, and chim-
neys (a few meters in diameter) in the massif.

The fractions of various rocks in the massif vary: the
massif is dominated (~90%) by the rocks of the second
and third groups (in the proportion of approximately 2 : 1),
whereas xenoliths and magmatic breccias account for only
5% of the total intrusion volume each. The strikes and
dips of the two major rock groups are usually similar:
they dip toward the center of the massif at angels vary-

ing from 3

 

°

 

 to 

 

10–15°

 

 in the central part and 

 

40–45°

 

 in
the western part, at contacts with granitoids of the Inga-
makitskii Complex. The dips of the rocks of the titano-
magnetite–gabbro series in the southern part of the
massif are opposite (southward at angles of 

 

25–30°

 

), a
fact previously explained [32] by the unevenness of the
massif bottom. The aforementioned inconsistencies
between the dips and strikes of rocks of the titanomag-
netite gabbro series and the surrounding norites in this
area and the seemingly intrusive relations between
them suggest that a large block of the second-group
gabbroids occur among the younger gabbronorites.

The major rock groups (second and third) exhibit
clearly pronounced and variable layering. Its first type
can be characterized as low-scale (from a few centime-
ters to a few decimeters) layering due to variations in
the contents of mafic minerals in the vertical sections of
certain rock layers, which are usually closely similar in
bulk composition (so-called gravitational stratification,
[2], (Fig. 3a) which is manifested in alternating compo-
sitionally contrasting and relatively thick, up to a few
meters, layers of anorthosites, massive gabbro, gab-
bronorites, and titanomagnetitites). This type of layer-
ing is particularly characteristic of the upper part of the
massif (leucogabbro series).

The rocks of the Chineiskii Massif were also deter-
mined to display rhythmicity at various scales due to
systematic rock variations in rhythmic units (from bot-
tom to top) from melanocratic to leucocratic varieties,
as is typical of many layered plutons worldwide (for
example, Bushveld and Skaergaard). The layered units
recognized in the massif include not only the aforemen-
tioned series (titanomagnetite gabbro, leucogabbro,

 

Table 1.

 

  Composition of olivine and pyroxenes in rocks from (1–13) the Chineiskii and (14–15) Lukturskii massifs

Com-
po-
nent

1 2 3
Com-
po-
nent

4 5 6 7 8 9 10 11 12 13 14 15

sample sample

0302a 0302b 0302c 0301 0306 0307a 0307b 0307c 0304a 0304b 0304c 0303a 0303b 0308a 0308a

SiO

 

2

 

 33.35 33.99 33.94 SiO

 

2

 

 53.11 52.00 53.92 53.74 53.76 51.75 52.00 52.11 52.86 51.70 51.49 51.72
TiO

 

2

 

 0.01 0.00 0.00 TiO

 

2

 

 0.00 0.57 0.24 0.32 0.29 0.22 0.17 0.35 0.29 0.45 0.30 0.26
Al

 

2

 

O

 

3 

 

0.00 0.00 0.02 Al

 

2

 

O

 

3

 

 0.08 2.12 1.36 1.21 1.11 1.03 0.58 1.08 1.29 1.95 0.50 0.45
Cr

 

2

 

O

 

5 

 

0.00 0.01 0.01 Cr

 

2

 

O

 

5

 

 0.03 0.02 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.01 0.07 0.04
FeO 46.46 48.37 45.56 FeO 11.21 9.37 18.75 19.01 19.01 12.00 28.10 12.14 23.16 12.04 29.85 29.92
MgO 19.42 19.42 20.26 MgO 12.05 14.95 23.62 24.74 25.33 13.15 18.85 13.33 21.96 14.69 17.01 17.32
CaO 0.09 0.03 0.07 CaO 23.39 20.86 2.99 1.46 1.18 20.64 0.89 20.18 1.67 18.78 1.71 1.10

Na

 

2

 

O 0.08 0.29 0.01 0.05 0.00 0.25 0.03 0.27 0.00 0.31 0.00 0.00
K

 

2

 

O 0.01 0.00 0.01 0.00 0.00 0.01 0.02 0.00 0.00 0.01 0.01 0.00
Total 99.33 101.82 99.86 Total 99.95 100.17 100.91 100.53 100.67 99.06 100.63 99.48 101.24 99.92 100.94 100.81

 

Fo

 

42.45 41.72 43.97

 

Wo

 

47.57 42.06 5.90 2.87 2.29 42.35 1.80 41.34 3.31 38.09 3.48 2.26

 

Fa

 

56.96 58.28 55.46

 

En

 

34.11 41.95 64.83 67.50 68.51 37.54 53.10 38.01 60.47 41.47 48.33 49.33

 

Tp

 

0.58 0.00 0.57

 

Fs

 

18.03 14.93 29.23 29.47 29.20 19.17 44.98 19.66 36.22 19.31 48.19 48.41

 

Ac

 

0.29 1.05 0.04 0.16 0.00 0.94 0.12 0.99 0.00 1.13 0.00 0.00

 

Note: (1–3) Olivine and (4–5) pyroxenes form rocks of the Chineiskii Complex. (4) Clinopyroxenites of group I; (5–8) titanomagnetite-
bearing gabbro and (9–11) gabbronorites of group 2; (12–13) norites of group 3; (14–15) norites from the Lukturskii Massif.
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and norite up to 1.5 km thick) but also smaller scale
units, such as rock units (a few hundred meters),
rhythms (a few dozen meters), and, finally, micro-
rhythms (from a few centimeters to a few decimeters).

Structure of the vertical section of the massif.
Figure 4 shows a generalized vertical section of the Chi-
neiskii Massif, which characterizes the western block of
the pluton. Its lower part was examined using materials
from Hole 83, and its upper part (up to the apical zone of
the intrusion) was studied in primary exposures. The sec-
tion shows all of the aforementioned major rock groups
composing the massif: norites, gabbronorites, and
anorthosites, with both accessory titanomagnetite and its
elevated concentrations (10–80 vol %), up to massive tita-
nomagnetite ores. From its bottom to top, the vertical sec-
tion of the massif consists of a number of zones that differ
in composition and inner structure.

For instance, the lower zone (200 m thick) consists
of gabbroids and anorthosites with titanomagnetite. Its
cumulus minerals are titanomagnetite (Ti-Mt) and pla-
gioclase (Pl). The rhythmic layering of this zone is pro-
nounced weakly. The zone is dominated by coarse-
grained gabbro, leucogabbro, and anorthosites, which
consist mostly of plagioclase (An50–55) and titanomag-
netite with minor admixtures of orthopyroxene. Titano-
magnetite typically occurs as euhedral grains among
large tabular unzoned plagioclase crystals (Figs. 3–5).

This zone is overlain by a zone dominated by norites
with subordinate amounts of gabbronorites and
leucogabbro (norite series approximately 400 m thick).
The composition of the cumulus minerals (orthopyrox-
ene ± plagioclase) varies within En59–61 Fs36–38 Wo3
(Table 1) and An50–60 (Figs. 5, 6). The rhythmic layering
of the rocks is pronounced clearly enough and is accen-
tuated by variations in the chemical composition of the
rocks, because compositionally uncontrasting rocks
systematically alternate in rhythmic units in the vertical
section: the pyroxenites grade into norites and then
gabbronorites. The thicknesses of the individual units
are thereby 1.5–2 m.

The central part of the vertical section consists of the
rocks of the titanomagnetite–gabbro series (700 m
thick), which are characterized by clearly pronounced
layering. The cumulus mineral is clinopyroxene En37–42
Fs15–20 Wo38–42 (or clinopyroxene + titanomagnetite) in
the lower parts of the rhythmic units and plagioclase of
the composition An52–57 in their upper parts. The rocks
are dominated by clinopyroxene (Fig. 5-5), although
many rock units contain, along with this mineral, also
orthopyroxene En53–68 Fs29–45 Wo2–3 and inverted pigeo-
nite. The rocks of the titanomagnetite gabbro series
often have trachytoid structures (Fig. 5-4) and some-
times contain xenoliths of the first-group pyroxenites
(Fig. 4).

Farther up the vertical section, these rocks give way
to the leucogabbro series (800 m), which consists of
predominant anorthosites (Fig. 5-1) and leucogabbro.
These rocks are enriched in titanomagnetite in the

lower part (these varieties are referred to as chinites,
Fig. 5-2 [34]) with beds of massive titanomagnetite
ores. The main cumulus minerals are An47–57 and, in
rocks rich in titanomagnetite, also titanomagnetite (Ti-
Mt ± Pl). The rocks contain subordinate concentrations
(no more than 10 vol %) of clinopyroxene En37–38 Fs19–20
Wo40–42. The apical part of the massif is made up of
monzodiorites and quartz diorites, which often have a
granophyric texture.

The composition of cumulus in discrete zones in the
vertical section varies unsystematically: An + Ti-Mt –
Opx ± Pl – Cpx ± Mt – An ± Ti-Mt.

The contrasting structure of this section is accentu-
ated by the distribution of major oxides, first of all,
MgO and TiO2 (Fig. 4). The rocks of the norite series are
characterized by an elevated content of MgO (9.3 wt % on
average, as compared to 5.7 wt % in the titanomagnetite
gabbro series), and the low contents of oxide minerals
cause relatively low concentrations of Fe and Ti (1.1 wt
% against 2.6 wt % in the titanomagnetite gabbro
series). While the titanomagnetite gabbro series dis-
plays pervasively high TiO2 concentrations, the rocks
of the same group in the leucogabbro series exhibit a
saw-shaped TiO2 distribution due to alternating
anorthosites and gabbroids enriched in titanomagnetite
(Table 2, Figs. 4, 7).

As was mentioned above, the recognized series con-
sist of variable numbers of rock units. For example, the
titanomagnetite gabbro series consists of five units,
while the norite one comprises only three. This is
clearly manifested in the ratio of “magnetite” iron to the
total iron concentration in the rocks FeOMt/FeOt, with
the latter determined separately by conventional chem-
ical techniques at the Central Laboratory of the Chita-
geologia, and in the variations of TiO2 and V2O5, which
are more typical of the titanomagnetite gabbro series
(Fig. 6). The same series is characterized by clearly
pronounced layering, which could be caused by the
gravitational accumulation of titanomagnetite near the
bottom of layers. Boundaries between microrthythms
are usually sharp and clear (Table 3, Fig. 7). In the
direction from the lower to upper contact, interstitial
anhedral plagioclase appears, with the size of its grains
gradually increasing in the same direction. These grains
compose lenses and then layers, in which plagioclase
acquires a euhedral habit [35, 32]. Rare sulfides are
usually restricted to leucocratic segregations in the
upper parts of the rhythms, although they were also
often found in the lower parts of the rhythms. The data
presented above (Figs. 6, 7) show that the titanomagne-
tite gabbro series is characterized by clearly pro-
nounced rhythmicity of variable scale: microrthythms,
rhythms, and units with a systematic gradation of tita-
nomagnetite gabbro into anorthosites enriched in tita-
nomagnetite (chinites).
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Table 2.  Composition of rocks from the vertical section of the massif

No. SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total Sample

1 53.79 2.40 13.94 14.75 0.23 1.63 6.56 3.83 1.70 0.70 0.47 100.00 321/1
2 53.77 2.12 15.93 11.76 0.24 1.45 5.67 4.85 2.95 0.54 0.71 100.00 321/2
3 56.82 1.82 15.94 11.35 0.20 1.63 6.15 3.40 1.66 0.60 0.43 100.00 321/4
4 42.44 2.93 11.37 21.68 0.22 6.63 10.74 2.38 0.62 0.10 1.16 100.27 522
5 43.61 2.49 13.07 20.10 0.18 5.79 10.20 2.79 0.92 0.09 0.06 99.30 521
6 44.98 2.48 13.62 19.87 0.18 5.80 11.00 2.96 0.67 0.11 0.18 101.82 520
7 43.09 2.69 12.42 20.05 0.21 6.91 12.11 2.88 0.42 0.07 0.00 100.85 519
8 42.94 2.68 13.21 19.23 0.2 6.68 11.52 2.87 0.39 0.11 0.38 100.21 518
9 45.58 2.29 13.87 17.84 0.19 6.44 11.96 2.79 0.47 0.07 0.34 101.85 517

10 44.83 2.31 12.85 17.70 0.19 6.52 12.21 2.64 0.52 0.06 0.14 99.97 516
11 39.77 3.34 9.88 23.49 0.22 7.77 11.93 2.28 0.35 0.08 0.29 99.38 515
12 51.42 0.61 13.91 9.99 0.21 11.42 8.93 2.40 0.35 0.06 0.44 99.73 514
13 47.97 1.59 23.69 9.77 0.06 1.27 10.34 4.07 0.73 0.08 1.35 100.93 513
14 43.40 2.15 18.87 17.30 0.11 3.03 9.67 4.35 0.68 0.09 0.20 99.85 512
15 46.16 1.64 14.54 15.88 0.16 6.16 12.26 3.71 0.39 0.07 0.38 101.34 511
16 52.61 0.31 24.14 4.93 0.05 1.10 9.90 4.14 1.25 0.28 1.62 100.34 510
17 46.15 2.17 14.86 16.16 0.02 5.65 12.2 2.96 0.44 0.07 0.16 100.83 509
18 47.98 1.66 12.06 15.85 0.21 7.47 12.08 3.39 0.60 0.12 0 101.40 508
19 46.11 1.89 14.26 15.35 0.16 6.07 11.31 3.03 0.62 0.10 0.20 99.10 507
20 48.67 1.49 14.05 14.15 0.2 7.12 11.41 3.00 0.49 0.07 0.17 100.81 506
21 45.77 2.02 21.58 13.69 0.07 1.28 9.00 4.13 1.00 0.09 1.32 100.65 505
22 46.82 1.79 14.94 15.97 0.18 6.13 10.79 3.93 0.61 0.08 0.18 101.43 504
23 38.09 3.77 8.07 26.59 0.29 9.28 11.74 2.46 0.28 0.05 –0.47 100.14 503
24 43.45 2.43 13.76 18.46 0.20 6.17 11.34 3.42 0.53 0.11 0 99.85 502
25 45.98 2.01 14.10 16.29 0.19 6.3 11.38 2.89 0.51 0.08 0.11 99.82 501
26 49.55 0.78 22.50 8.55 0.08 2.47 10.51 3.22 0.61 0.14 1.11 99.51 8300201
27 46.54 1.43 16.20 15.97 0.16 7.65 8.04 2.49 0.53 0.09 0.51 99.61 8300388
28 43.03 2.82 18.83 19.35 0.13 3.00 8.89 3.05 0.49 0.08 –0.13 99.54 8300600
29 33.36 4.69 16.49 32.19 0.12 1.70 7.47 3.68 0.39 0.03 0.52 100.64 8300800
30 32.32 4.62 17.91 32.95 0.12 1.87 6.44 3.16 0.46 0.02 0.30 100.16 8301400
31 23.34 7.19 14.34 45.65 0.16 2.07 5.45 2.98 0.33 0.02 –0.34 101.20 8301600
32 42.96 2.76 15.91 19.91 0.14 4.48 10.82 2.64 0.39 0.03 –0.09 99.95 8301786
33 45.28 2.17 11.96 19.81 0.19 6.68 12.10 2.25 0.49 0.03 0.29 101.24 8302000
34 44.93 1.96 13.86 17.69 0.17 5.98 11.26 2.58 1.09 0.02 1.85 101.38 8302200
35 43.31 2.80 16.56 22.04 0.15 4.80 8.23 2.74 0.53 0.03 0.23 101.41 8302400
36 52.03 0.64 17.21 10.36 0.16 5.76 9.88 2.83 0.65 0.04 0.68 100.23 8302600
37 51.68 0.64 17.05 11.49 0.14 6.14 8.96 2.69 0.73 0.06 1.11 100.69 8302830
38 45.94 1.36 16.38 15.90 0.14 4.38 10.10 4.75 0.69 0.08 1.55 101.25 8303000
39 45.85 1.83 13.92 17.28 0.16 6.91 10.14 2.48 0.49 0.03 2.80 101.87 8303202
40 43.12 2.92 13.27 20.22 0.18 6.46 10.33 2.24 0.52 0.03 1.15 100.44 8303366
41 44.65 1.84 12.36 17.16 0.17 7.96 11.75 2.37 0.49 0.03 0.37 99.15 8303655
42 46.16 1.69 15.08 16.47 0.17 6.12 12.02 2.79 0.61 0.02 0.31 101.44 8303805
43 45.00 1.77 13.11 18.88 0.20 7.41 11.34 2.43 0.32 0.02 –0.31 100.16 8304000
44 46.46 1.91 13.70 16.85 0.18 6.42 12.07 2.27 0.40 0.03 0.71 100.99 8304200
45 49.83 0.87 15.11 12.06 0.14 6.52 13.15 2.18 0.32 0.02 0.42 100.62 8304401

46 40.26 2.73 11.87 24.15 0.19 6.92 10.87 2.41 0.34 0.03 0.25 100.01 8304602
47 44.63 2.26 15.42 18.51 0.17 5.76 10.83 2.71 0.48 0.03 0.33 101.12 8304800
48 35.68 4.29 13.21 32.34 0.16 4.42 6.61 3.21 0.43 0.02 0.51 100.88 8305202
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Table 2.  (Contd.)

No. SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total Sample

49 43.44 2.77 13.18 22.28 0.20 6.30 10.95 2.33 0.42 0.04 –0.36 101.56 8305400
50 37.99 3.49 14.30 26.55 0.16 4.57 9.51 2.93 0.45 0.03 –0.39 99.57 8305600
51 45.25 3.01 13.82 19.99 0.19 5.69 7.90 2.53 0.45 0.03 0.43 99.29 8305617
52 44.23 3.03 12.90 20.69 0.20 6.30 10.31 2.32 0.48 0.03 –0.08 100.40 8305800
53 34.07 4.20 14.35 31.88 0.16 4.21 8.59 2.42 0.38 0.02 0 100.27 8306000
54 37.71 3.63 14.08 27.67 0.16 3.74 9.35 3.50 0.66 0.04 0.28 100.82 8306200
55 34.32 4.54 12.37 32.12 0.14 4.77 8.28 3.31 0.34 0.02 0.84 101.06 8306400
56 47.79 1.50 15.20 15.35 0.17 5.85 12.14 2.97 0.59 0.06 0 101.62 8306600
57 43.64 2.50 13.60 20.75 0.19 6.18 10.06 2.78 0.68 0.09 0.22 100.69 8306803
58 45.33 1.60 13.27 19.22 0.22 7.89 10.74 2.50 0.39 0.03 0.42 101.60 8307000
59 44.97 1.68 14.96 15.46 0.16 5.85 9.55 2.62 0.87 0.07 4.43 100.62 8307197
60 40.29 3.29 12.28 24.38 0.21 6.78 10.25 2.65 0.45 0.05 –0.46 100.17 8307380
61 40.44 2.70 14.86 23.77 0.15 4.08 9.57 2.48 0.48 0.04 –0.23 99.07 8307600
62 35.00 5.48 16.97 27.81 0.14 1.77 7.63 3.36 0.56 0.03 0.31 99.06 8307815
63 45.95 1.97 12.37 18.39 0.19 6.92 9.71 2.39 1.05 0.07 0.37 99.37 8308000
64 44.62 2.23 13.58 20.43 0.20 7.89 7.39 2.50 0.54 0.04 0.23 99.65 8308200
65 48.93 1.22 14.97 14.56 0.20 8.43 7.68 2.66 0.81 0.08 0 99.54 8308400
66 50.99 0.78 15.14 12.61 0.19 8.26 7.26 2.58 0.78 0.07 0.61 99.26 8308628
67 50.57 0.91 18.96 10.45 0.13 5.33 8.95 2.58 1.02 0.10 1.96 100.94 8308875
68 51.25 0.90 15.54 12.46 0.17 7.68 8.08 2.28 1.06 0.09 1.84 101.34 8309032
69 49.04 1.33 13.98 15.92 0.19 9.32 6.97 2.21 0.99 0.09 1.34 101.37 8309270
70 47.41 1.76 9.20 21.69 0.27 12.4 5.67 1.79 0.71 0.08 0.07 101.05 8309286
71 48.29 1.42 12.28 18.80 0.20 9.18 6.37 2.56 0.77 0.06 –0.1 99.83 8309406
72 49.21 0.93 12.45 16.04 0.20 10.59 6.84 2.87 0.92 0.09 0.68 100.82 8309610
73 49.13 0.91 15.47 13.16 0.16 7.64 8.15 2.44 0.95 0.08 0.95 99.04 8309812
74 49.72 1.20 11.61 16.73 0.23 10.41 6.88 3.64 0.92 0.09 0.29 101.70 8310000
75 42.45 2.10 9.93 26.72 0.23 10.93 5.48 2.39 0.57 0.06 –0.61 100.25 8310208
76 49.94 1.22 10.88 16.55 0.22 11.18 6.67 2.73 0.85 0.07 0.43 100.73 8310365
77 46.58 0.87 12.92 17.55 0.18 8.96 7.12 2.30 0.73 0.06 1.85 99.11 8310410
78 56.26 1.01 19.02 9.62 0.07 3.46 1.21 3.45 4.28 0.11 0.82 99.29 8310620
79 50.63 1.36 11.73 16.64 0.21 9.19 7.55 3.68 0.86 0.08 0 101.92 8310800
80 53.51 1.28 18.24 8.44 0.18 7.23 9.18 2.48 0.82 0.03 0.29 101.67 8311012
81 51.03 1.16 12.37 13.60 0.23 12.17 6.80 1.80 0.66 0.04 –0.17 99.69 8311226
82 46.88 2.13 14.31 18.76 0.16 4.75 9.50 2.42 0.91 0.09 0 99.91 8311435
83 41.29 3.17 12.18 26.56 0.24 6.38 5.95 2.35 1.41 0.12 0.36 100.02 8311600
84 50.18 0.67 9.07 10.09 0.16 10.91 17.88 1.76 0.37 0.07 0.65 101.79 8311800
85 40.67 3.94 16.83 25.36 0.16 3.34 7.83 2.91 0.99 0.09 –0.4 101.73 8312004
86 46.65 2.44 14.79 18.19 0.17 4.94 9.14 3.18 1.15 0.12 0.34 101.10 8312200
87 43.52 2.67 15.44 21.89 0.14 4.16 8.03 2.57 0.98 0.09 0 99.49 8312400
88 37.80 3.66 13.99 28.33 0.15 4.26 6.85 3.29 1.68 0.08 0.34 100.44 8312610
89 51.44 1.24 13.94 14.59 0.17 6.66 7.62 2.24 1.24 0.090 1.03 100.26 1112750
90 53.81 0.81 18.10 9.76 0.12 4.42 8.58 2.45 0.95 0.120 0.94 100.06 1112845

Note: (1) Analyses were made by XRF (analysts N.S. Baluev, L.M. Bad’ina, T.P. Mikhailova; Chita Institute of Natural Resources, Siberian Divi-
sion, Russian Academy of Sciences); (2) analysis numbers correspond to the following series: 321/1–321/3, and 501–522—leucogabbro;
8300201–8308875—titanomagnetite gabbro; 8309032—gabbronorite; 1112750–1112845—lamprophyres, Hole 11; (3) samples for the
analyses were taken at sites spaced 20 m apart in Hole 83 and above it (from exposures). Seven-digit numbers: the first two digits correspond
to the hole number, and the third through seventh digits correspond to the depths (in decimeters).
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Classification of Rocks According 
to Their Petrochemistry 

The data presented above on the Chineiskii Massif
testify that its inner structure is notably heterogeneous,
as is pronounced in the variations in the chemical and
mineralogical composition of the rocks, often on a
small scale (from a few meters to a few centimeters,
Figs. 4, 6, 7). All available chemical analyses (847 anal-
yses) did not allow us to clearly distinguish between
some rock varieties composing the intrusion. The clos-
est similarities were shown by the two major rock
groups dominating in the massif: the titanomagnetite
gabbro and leucogabbro series of the second group and
the norite series of the third group. Clearly distinct
rocks are only those of the second group (pyroxenites
because of their elevated MgO concentrations) and the
fourth group (magmatic breccias with a lamprophyre
cement) because of their elevated concentrations of
SiO2 and alkalis (Table 2).

At the same time, the analysis of geological and pet-
rochemical data led us to suggest that relatively perva-
sively occurring types (rock varieties) exist, and their
compositions were controlled by the evolution of the
parental magma and may now systematically alternate
in the vertical section of the massif. In order to reveal
them and their possible pervasively occurring relations
in the vertical section, we conducted the petrochemical
systematization of the magmatic rocks using a tech-
nique developed at the Department of Geochemistry of
Moscow State University approximately three decades
ago and then applied to describe the inner structures of

the Kivakka [36] and Ioko-Dovyren [37] layered intru-
sions. This approach makes it possible to optimize the
processing of large massifs of heterogeneous petro-
chemical data: to identify representative compositions
that can then be used to evaluate the composition of the
parental magma and the conditions under which it crys-
tallized.

The method of petrochemical systematization of
rocks relies on the utilization of a computer program
with the hierarchical clustering of objects according to
formal criteria by the Ward algorithm [38]. In applica-
tion to a set of chemical characteristics, this principle
involves the successive grouping of the compositions
with the minimum increment of the average “geochem-
ical state” of the compositions combined into groups at
each step [37]. This approach involves calculation in
Euclidian metrics with the use of the relative concentra-
tions normalized to the dispersion for each component
in the initial selection of the compositions. This proce-
dure makes it possible to bring the concentrations of
various components to a single scale and thus to make
their contributions to the calculation of the “compact-
ness” of the clusters comparable. Rocks of the Chi-
neiskii Massif were classified by this method using a
version of the PETROTYPE clustering computer pro-
gram, which was designed and developed at the Ver-
nadsky Institute of Geochemistry and Analytical
Chemistry, Russian Academy of Sciences, for the pur-
poses of the petrochemical systematics of volcanic and
subvolcanic rocks [39]. In order to identify persistently
occurring petrochemical rock types, we used the con-

  
Table 3.  Rock compositions (wt %) in microrhythms

Depth, cm Rhyth
m no. SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5

68 5 17.82 8.84 4.07 27.26 29.51 0.29 6.73 3.47 1.79 0.20 0.01
69 18.67 8.74 3.61 28.41 28.06 0.31 6.58 3.94 1.48 0.19 0.01
71 4 41.42 3.36 7.21 10.12 16.89 0.26 9.96 9.35 0.98 0.37 0.08
73 35.49 4.67 6.81 15.11 19.84 0.28 8.81 7.76 0.94 0.26 0.03
74 30.81 5.74 6.03 19.41 21.95 0.30 9.12 5.30 1.01 0.30 0.03
75 21.41 8.13 4.33 26.47 27.77 0.32 7.05 3.27 0.99 0.24 0.03
76 17.02 9.05 3.40 29.92 29.62 0.31 6.91 2.14 1.43 0.19 0.01
78 3 33.84 5.09 5.42 16.84 22.66 0.32 10.40 4.17 0.92 0.29 0.05
79 28.45 6.70 5.71 21.06 23.73 0.31 9.15 3.68 0.94 0.25 0.02
80 23.64 7.53 4.77 26.79 25.23 0.32 7.31 3.21 0.95 0.23 0.02
81 19.99 8.50 4.43 27.49 27.93 0.30 7.43 2.86 0.86 0.21 0.01
83 2 49.92 1.58 18.48 1.07 12.74 0.13 4.15 9.02 2.36 0.49 0.06
84 45.26 2.51 8.53 7.85 17.08 0.28 10.88 5.88 1.27 0.42 0.04
85 43.34 2.91 7.75 10.33 17.25 0.29 10.97 5.68 1.09 0.33 0.06
86 37.08 4.45 5.37 13.79 21.94 0.32 11.63 4.14 0.99 0.24 0.05
87 30.25 6.13 4.11 19.15 24.77 0.32 10.49 3.59 0.98 0.20 0.02
89 1 48.17 1.94 14.20 8.32 9.57 0.19 6.51 8.42 2.12 0.48 0.08

Note: Analyses were made by XRF (analysts N.S. Baluev, L.M. Bad’ina, T.P. Mikhailova; Chita Institute of Natural Resources, Siberian
Branch, Russian Academy of Sciences); samples were taken from the core of Hole 11, depth interval 622.68–622.89 m.
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centrations of eight major oxides: SiO2, TiO2, Al2O3,
FeOtot, MgO, CaO, Na2O, and K2O.

Rock complexes were clustered based on the chem-
ical analyses of selected samples from a reference ver-
tical section in the western block of the intrusion, with
the sampling sites spaced 20 m apart (along Hole 83 for
the lower part and in exposures at the surface for the
upper part; Tables 2, 3). We also used data on rocks
from the eastern part of the pluton, which were not
found in the western block. The overall dataset also

included analyses of rocks from Hole 11 from [32], in
which total FeO (XRF analyses for all of these and the
other samples), Fe2+, and Fe3+ were determined. As a
result, the overall number of rock compositions in the
dataset amounted to 216. The results of their systematic
hierarchical grouping are displayed in the form of a tree
diagram in Fig. 8.

It is important to mention that the clustering proce-
dure does not involve any formal criterion for the sub-
division of the composition dataset into types or groups

0.5 mm1 2

5 6

3 4

Pl

Pl

TiMt

TiMt

TiMt

Pl

PlTiMt
OpxCpx

Pl

Fig. 5. Photographs of major rock types from the Chineiskii Massif: (1) anorthosite; (2) chinite; (3) titanomagnetite leucogabbro;
(4) titanomagnetite gabbronorite with a trachytoid texture; (5) gabbronorite; (6) norite. All photographs are on the same scale.
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(no numerical level for grouping is specified), and this
procedure can be conducted based on the structure of
the tree diagram, regardless of the information, includ-
ing any structural–petrographic and geological data
[37]. In classifying the rocks of the Chieiskii Massif,
we proceeded from the structure of the tree diagram,
which successively groups the compositions (Fig. 8) and
controlled the consistency between the distinguished
types and described petrographic types. Thus we recog-
nized 13 persistent petrochemical types (Table 4), which
allowed us to reveal the finer structure of the distin-
guished four rock groups.

The tree diagram (Fig. 8) shows the most distinct
individualization of the first rock type, which com-
prises pyroxenite xenoliths (group I according to geo-

logical data). The diagram also displays clearly recog-
nizable rocks of plagioclase–titanomagnetite composi-
tion, which were referred to as chinites (type 4, average
FeO concentration close to 59 wt %) and occur in the
leucogabbro series. Rock types 11, 12, and 13 are
closely similar, and their differences are controlled by
variations in the relative amounts of titanomagnetite in
the leucogabbro. These rocks were found in both the
leucogabbro series and in the upper part of some
rhythms in the titanomagnetite gabbro series (group II).
Significant similarities were also displayed by types 5,
6, and 7, which represent gabbroids with relatively
insignificant variations in the contents of their major
rock-forming minerals: pyroxenes, titanomagnetite,
and plagioclase. All of them are classed with the titano-

FeMt/FeT
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0.5 1.0
wt %

0

800

1000

1200

1400

GN GN

GN GN

GN

GN GN

(‡) (b)

Hole 83
TiO2

2 80 4 6

V2O5

0.2 0.80 0.4 0.6

m

Fig. 6. Variations in the ratio of magnetite Fe to the total Fe in rocks, TiO2, and V2O5 in the vertical section of the titanomagnetite
gabbro series. (a) Geological column (Hole 83); (b) distribution of major oxides (wt %). See Fig. 4 for symbol explanation.
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magnetite gabbro series and characterize various parts
of the rhythmic units. Types 2 and 3, as well as 8 and 9,
typically contain minor amounts of orthopyroxene:
rocks of this composition are stratigraphically predom-
inant in the norite series (group III, types 8, 9) but were
also found in the lower part of the titanomagnetite gab-
bro series (group II, types 2, 3). The rocks of type 10
significantly differ from all others and are monzodior-
ites from the upper and marginal eastern parts of the
massif (group II).

All of the recognized types are thus consistent with
the petrographic varieties of rocks of the Chineiskii
pluton (groups I–III) and generally exhibit an unsys-
tematic distribution in the vertical section of the intru-
sion (Fig. 4). Only some of them occur at certain strati-
graphic levels (Fig. 4): type 4 chinites are localized at
the boundary between the titanomagnetite gabbro and
leucogabbro series, types 11 and 12 occur in its central
part, and types 8 and 9 are typical of norite series and
1 type (xenoliths of group I) is restricted to the upper
part of the titanomagnetite gabbro series.

The rock types distinguished by cluster analysis
likely correspond to a certain differentiation stage of
the parental magma of the pluton, which allowed us to
formulate the task of reproducing the phase and chem-
ical characteristics of this source and less primitive
(residual) magmas. These problems were solved by
numerical simulation of melt–crystal equilibria [40].

CALCULATION OF THE TEMPERATURE 
AND COMPOSITIONS 

OF THE CHINEISKII MAGMAS 

In order to evaluate the temperatures and composi-
tions of magmas from which the rocks of the Chineiskii
intrusion crystallized, we utilized the results of simula-
tion of the equilibrium crystallization of melts corre-
sponding to the compositions of rocks of various petro-
chemical types (Table 4). This technique is a variant of
the geochemical thermometry of intrusive basites [41],
which is underlain by the analysis of the temperature–
composition trends of modeled liquids and data on the
composition of the major rock-forming minerals. The
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Fig. 7. Variations in the contents of major oxides in the vertical section of microrhythms in the lower part of the titanomagnetite
gabbro series (rock group II). Numerals mark discrete rhythms.
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calculations were aimed at the evaluation of the chem-
ical compositions of the melts that were in equilibrium
with the mineral phases in various rock types.

Simulation conditions. The thermodynamic simula-
tions can be carried out based on independent data on
the pressure, concentrations of volatile components,
and redox conditions under which the magmatic melts
crystallized. The low alumina contents in the Chineiskii
orthopyroxene (0.8–1.3 wt % Al2O3) suggest that the
massif was emplaced at a shallow depth, at a pressure
no higher than ~1.5 kbar (see the McGregor diagram in
[18]). The absence of primary magmatic hydroxyl-
bearing minerals from the major rock types testifies that
the parental magmas were undersaturated in H2O,
which led us to suggest that the water concentrations in
the melts were (under the aforementioned pressures)
likely no higher than ~0.5 wt %. This warrants calcula-
tions at nominally dry conditions and a total pressure
P = 1 kbar. To evaluate the redox parameters of magma
evolution under these conditions, we provisionally sim-
ulated the equilibrium crystallization of the melts of
eleven representative rocks, whose Fe3+/Fe2+ ratios
were analyzed (Table 5). The results of these simula-

tions by the COMAGMAT-3.5 [39] computerized
model allowed us to constrain the probable temperature
range of the melts, which was evaluated at 1100–
1150°ë. The redox conditions of crystallization of all
rock types were proved to be close to the NNO ± 0.5
buffer equilibrium (Fig. 9). The calculated parameters
were then used for simulations with the recognized 13
petrochemical types. These simulations were carried
out successively by means of increasing the crystallin-
ity of the system at a step of 1 mol % and were termi-
nated at a high crystallinity of the modeled systems at
65–90% crystalline phases.

Simulation results. The modeled crystallization
sequences of the melts of the major rock types are
shown in Fig. 101. The rocks are characterized by the
presence of olivine, which was the first phase to crystal-
lize in five instances (types 1–3, 8, and 9) and was also
detected in five other cases on the cotectic lines,

1 We do not show here data on type 4 because of the extremely
high Fe concentration (Table 3), which resulted in the long-last-
ing crystallization of magnetite alone under conditions extending
beyond the calibration range of the COMAGMAT-3.5 system. 
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Fig. 8. Tree diagram showing the result of the successive
clustering of rocks of the massif into stable petrochemical
groups. 
The diagram shows a fragment of a general tree diagram for
the formal degree of geochemical differences of the rock
collection >10. Roman numerals denote major rock types,
and Arabic numerals show their petrochemical types.
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Table 4.  Petrochemical rock types distinguished in the Chineiskii Massif based on the results of cluster analysis

Type Group Series SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5

1 1 45.3 1.37 4.15 20.27 0.22 13.44 14.62 0.37 0.2 0.05
2 2 TMG 45.69 2.53 8.72 24.77 0.27 5.84 2.51 1.23 0.16 0.05
3 2 TMG 37.04 4.47 7.43 34.28 0.27 9.5 5.61 1.06 0.29 0.01
4 2 TMG 16.49 9.17 4.98 59.34 0.27 5.84 2.51 1.23 0.16 0.02
5 2 TMG 46.5 2.08 14.13 15.19 0.17 6.21 11.13 3.03 0.72 0.08
6 2 TMG 44.39 2.49 12.58 18.46 0.2 7.26 11.64 2.5 0.43 0.05
7 2 TMG 46.8 1.98 15.23 16.98 0.15 5.88 10.15 2.3 0.45 0.08
8 3 N 49.57 1.36 13.1 16.2 0.2 9.72 6.82 2.32 0.65 0.07
9 3 N 52.75 0.84 16.32 11.35 0.17 7.59 7.63 2.63 0.65 0.07

10 2 LG 52.31 1.75 14.83 13.88 0.2 5.52 6.1 2.66 2.4 0.35
11 2 LG 51.04 0.91 23.68 7.54 0.09 1.45 10.36 4.01 0.78 0.13
12 2 LG 45.89 2.34 18.77 17.34 0.14 2.33 9.47 3.17 0.46 0.08
13 2 TMG 36.37 4.59 16.25 27.9 0.14 2.88 7.76 3.25 0.51 0.05

Note: (1) Rock series: TMG—titanomagnetite gabbro, LG—leucogabbro; N—norite; (2) oxide concentrations are given in wt %.

Table 5.  Representative analyses of rocks of various petrochemical types (with measured concentrations of P2O5 and Fe2O3)

no. Type Sample SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 LOI Total

1 1 58012500 44.17 1.36 4.23 3.86 17.78 0.23 13.48 13.68 0.46 0.25 0.02 0.07 99.59
2 2 11622840 46.64 2.25 7.79 7.85 17.1 0.29 11.21 6.06 1.31 0.43 0.04 0.02 100.99
3 3 11622730 36.1 4.61 6.93 15.11 19.8 0.29 8.96 7.89 0.96 0.26 0.03 0.03 100.97
4 4 11063800 16.53 8.58 4.42 30.74 28.45 0.23 7.04 2.38 0.64 0.12 0.02 0.31 99.46
5 6 11020400 42.4 2.12 13.2 10.13 10.34 0.17 6.29 11.88 2.7 0.38 0.03 0.25 99.89
6 7 11013800 45.89 1.02 17.87 4.85 9.23 0.02 6.77 10.77 2.36 0.23 0.17 0.18 99.36
7 8 11089500 50.96 0.95 14.98 3.14 10.02 0.17 8.8 7.44 2.19 0.67 0.07 0.27 99.66
8 9 11092050 48.55 1.45 9.69 4.88 9.27 0.18 9.61 13.37 1.76 0.57 0.09 0.37 99.79
9 11 11029500 48.84 1.25 22.48 2.08 7.95 0.11 1.45 10.16 3.42 0.56 0.14 0.39 98.83

10 12 11053260 45.79 2.28 20.34 6.74 8.84 0.12 1.95 8.83 3.12 0.46 0.1 0.84 99.41
11 13 11045860 37.88 5.89 18.83 5.29 19.45 0.14 0.91 7.12 2.7 0.37 0.07 0.49 99.14

Note: (1) Sample numbers: the first two digits correspond to the hole number, and the third, through eighths digits correspond to the depths
(in cm); (2) types correspond to the petrochemical types of rocks (Table 4); (3) oxide concentrations are given in wt %; LOI means
lost on ignition.

together with plagioclase, pyroxene, and magnetite.
The crystallization sequences for types 2, 3, 8, 9, 12,
and 13 show that olivine occurs in reaction relations
with the melt and completely dissolves due to a peritec-
tic reaction and is replaced by pyroxenes and magnetite
at í =  1110–1150°ë. Plagioclase did not crystallize in
the monzodiorites (type 10). These observations indi-
cate that the initial melts were saturated or weakly over-
saturated with SiO2, whose concentrations in the inter-
cumulus system were also high. The oversaturation with
SiO2 controlled the crystallization evolution toward the
Ol/OPx reaction point. The peritectic reaction in the
cumulus–intercumulus–liquid system was responsible
for the absence of modal olivine and the wide occurrence
of norite among the rocks of the massif.

The modeled crystallization sequences of the rocks
can be subdivided into two types. One of them is the
“high-Al” type, which is typical of “leucogabbro” com-
positions and is characterized by the presence of a mag-
netite–plagioclase cotectic (petrochemical types 6, 7,
11–13). This type is characterized by the early crystal-
lization of plagioclase (at > 1250°ë) and magnetite
(close to 1200°ë). The highest crystallization tempera-
tures of magnetite (1365°C) were determined for chin-
ites (types 4) and adjacent rocks of type 3 (1252°ë),
which have the highest Fe concentrations (59.3 and
34.3 wt % on average). These features and the similar
crystallization temperatures of augite as the third cote-
ctic phase (1108–1112°ë) permitted us to combine the
compositions of types 4, 11, 12, and 13 into a group of
plagioclase–magnetite cumulates (which is consistent
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with petrographic observations), which may have been
produced during close differentiation stages of the Chi-
neiskii magmas. In this situation, the differences
between the temperature at which plagioclase and mag-
netite appeared on the liquidus can be explained as a
result of variations in the proportions of these minerals
in the cumulus.

The second type of the modeled sequences can be
referred to as magnesian and is characterized by the
early cotectic crystallization of olivine with magnetite
and olivine with plagioclase. This type includes petro-
chemical types 1–3, 8, and 9, with types 8 and 9 being
the most primitive and representing the norites with a
highly magnesian composition of the early liquidus oli-
vine (Fo83 and Fo84, respectively). The liquidus temper-
atures of these melts are 1230–1250°ë, and their third
crystallizing phase (at a temperature of approximately
1150°ë) is augite or low-Ca pyroxene.

In compositions 1–3, plagioclase is a late phase and
crystallizes at temperatures below 1110°ë. This makes
these compositions different from primitive types 8 and
9, in which plagioclase appears at 1160–1180°ë. A
type similar to these compositions is type 5, which is
characterized by the concurrent crystallization of oliv-
ine and plagioclase within the same temperature range.
During late crystallization stages, these minerals are
accompanied by magnetite and augite (1140–1125°ë).

The simulation results were utilized to evaluate the
temperatures and compositions of the melts for various
petrochemical rock types by the method described in
much detail in application to the Skaergaard, Kiglapate,
and Talnakh intrusions [41]. The method is underlain

by the successive “fitting” of the modeled melts for
each of the starting composition in search for liquids (in
composition–temperature space) that could be in equi-
librium with the mineral assemblage close to those of
the rocks. This implies the comparison of the real and
modeled compositions of the mineral phases and makes
it possible to evaluate the melt temperatures accurate to
10–20°ë for each of the petrochemical types. These
problems were solved using representative microprobe
analyses of plagioclase and pyroxenes from samples
characterizing certain petrochemical types (Table 6).
The temperature range thus constrained was usually no
wider than 20°ë: for example, it was 1110–1126°ë for
plagioclase composition within the range An50–60.
These calculation results were then analyzed using the
average temperature values for each type and the com-
positions of the residual melts corresponding to these
average temperatures (Table 7). In contrast to the previ-
ous table, this one is rearranged according to the calcu-
lated temperature decrease. This representation implies
that the evolution of the liquid part of the magma during
its solidification and differentiation was controlled by
crystallization. In addition, Table 6 exhibits calculated
amounts of cumulus phases in equilibrium with a given
melt.

The values thus obtained point to a relatively narrow
range of the crystallization temperatures of the Chi-
neiskii magmas: 1140–1080°ë (Fig. 11). The modeled
melts are prone to gradually become depleted in MgO
and CaO and enriched in SiO2 and alkalis, which testi-
fies to the occurrence of a fractionation trend from
basalt to dacite. It is also worth noting the high FeO and
TiO2 concentrations (close to 3 wt % on average),

Table 6.  Crystallization temperatures of melts determined based on the composition of minerals from the rocks

Petro-
chemical 

type

Measured compositions (mol %) 
of minerals

Crystallization 
temperature

Composition (mol %) of simulated crystals 
at specified temperatures

Cpx Opx

 An Opx CPx ∆T, °C 
of crystallization Tmean Fo  An En Fs  Wo En Fs Wo

1 – – 44–48, Wo 1147–1124 1135 – 70.6 44 17 38 64 26 9
2 – 29–42, Fs – 1119–1122 1120 – – – – – 58 38 4
3 – 29–32, Fs – 1097–1086 1092 – – 44 20 35 59 32 10
5 – – 38–42, En 1128–1124 1126 65 57 41 16 43 – – –
6 54–58 – – 1118–1122 1120 65 56 41 16 43 – – –
7 52–56 – – 1103–1092 1098 – 54 45 21 34 58 33 9
8 50–60 – – 1126–1110 1118 62 58 – – – 60 32 8
9 57–59 – – 1100–1114 1107 – 58 47 21 32 60 32 8

10 44–47 – – 1072–1087 1080 – 45 53 19 28 – – –
11 47–57 – – 1142–1030 1136 – 57 – – – – – –
12 54–57 – – 1126–1114 1120 – 56 – – – – – –
13 50–52 – – 1135–1100 1128 – 53 – – – – – –

Note: An—anorthite; Cpx—clinopyroxene, Opx—orthopyroxene, Fo—forsterite, En—enstatite, Fs—ferrosilite, Wo—wollastonite; T is
the range of the crystallize temperatures of the mineral.
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which emphasize the ferrobasaltic character of the
magmas that produced the rocks of the Chineiskii intru-
sion. The absence of clear-cut monotonous trends in the
variation diagrams was caused by difficulties with the
calculation of phase equilibria in the presence of high
amounts of magnetite at temperatures close to 1100°ë
[40] and the possibility of the emplacement of initial
melts of similar temperature but different phase compo-
sition. This is a likely reason for the individualized
position of composition 10 (1080°ë), which was pro-
duced by the equilibrium crystallization of monzodior-
ite (Fig. 11).

The data on the phase composition presented in
Table 7 and Fig. 11 suggest that the parental magmas
of the Chinneiskii pluton included a melt containing
4–5 wt % MgO and were characterized by similar
emplacement temperatures (close to 1130°ë). These
parameters are characteristic of the melts of petrochem-
ical types 5, 6, 8, and 12. For these four compositions
in Table 7, we calculated the average composition of
the initial melt corresponding to the liquid constituent
of the magma (or magmas) that filled the chamber of
the Chinneiskii pluton. Figure 11 shows the fraction-
ation trajectory of this melt calculated by the COMAG-
MAT model at the same physicochemical parameters at
which the temperature calculations were conducted.
The calculated lines of fractionation crystallization
generally coincide with the compositional trends of the

modeled liquids for various petrochemical types. This
can be regarded as evidence for genetic relations
between the rock types and the plausibility of our tem-
perature estimates and the calculated composition of
the parental Chineiskii melt (in spite of the provisional
character of our calculations). A more accurate evalua-
tion of the proportions melt and solid phases in the
“magmas” of the blocks is hampered by the lack of reli-
able data on the average composition of the major
structural units of the Chineiskii pluton.

TRACE ELEMENTS IN THE ROCKS 

The conclusion that the parental magmas of the Chi-
neiskii intrusion had a ferrobasaltic composition puts
forth the problem of the nature of the source from
which the recognized initial and derivative parental
melts were derived. This problem is considered from
the geochemical viewpoint with regard for the primitive
mantle-normalized trace-element patterns of the rocks
composing the massif. The patterns can be classified
into three types (Table 8, Fig. 12). The first of them is
typical of rock groups II and III (titanomagnetite gab-
bro, leucogabbro, and norite series), which dominate in
the intrusion. The second type is characteristic of the
rocks of marginal facies: quartz diorites, monzodior-
ites, and the lamprophyres of group IV. The third vari-

Table 7.  Melt compositions simulated for the major petrochemical rock types

Type T, °C Sol. phase, % Ol Pl Au Pg Ilm Mt SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O P2O5

11 1136 58 – 57 – – – 1 50.19 2.43 14 16.15 3.98 7.86 3.32 1.83 0.24

1 1135 35 9 – – 26 – – 50.85 2.43 12.71 15.68 5.28 10.15 1.62 0.92 0.23

5 1126 34 7 22 3 – – 2 47.73 2.66 12.13 17.09 4.72 10.62 3.45 1.27 0.15

6 1120 36 9 23 – – – 4 47.02 3.15 11.16 17.89 4.98 11.59 3.1 0.83 0.11

2 1120 44 1 – – 33 – 10 58.18 3.09 11.13 18.41 3.42 3.43 1.8 0.23 0.07

12 1120 58 – 48 – – – 10 49.81 3.35 11.93 17.79 4.04 9.06 2.84 0.82 0.16

8 1118 57 – 30 2 22 – 3 52.91 2.36 13.26 15.29 4.03 7.34 3.02 1.41 0.17

9 1107 73 – 15 52 – – 7 56.98 2.02 14.06 12.78 3.16 5.67 2.94 1.89 0.24

7 1098 85 6 50 13 9 – 7 55.75 2.85 12.83 14.12 3.18 6.53 2.98 1.31 0.26

3 1092 46 – – 15 2 5 25 59.66 3.34 12.52 12.45 2.23 5.01 3.35 1.06 0.38

10 1080 18 – 15 1 – 1 1 62.92 1.5 16.78 5.98 1.56 2.58 3.64 4.24 0.64

IM 1130 – – – – – – – 49.37 2.88 12.12 17.02 4.44 9.65 3.1 1.08 0.15

Note: (1) (1)–(3) and (5–12)—Simulated compositions of the petrochemical types; 
(2) IM is the initial melt of the Chineiskii Massif (calculated as an average of simulated melt types 5, 6, 8, and 12); 
(3) oxide concentrations (wt %) in solid phases; 
(4) Sol. phase is the total amount of crystals in melt, including: Ol—olivine, Pl—plagioclase, Au—augite; Pg—pigeonite, Ilm—
ilmenite, and Mt—magnetite.
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Fig. 11. Crystallization fractionation trends for the modeled melt of the Chineiskii Massif and the compositions of the modeled
melts of the major petrochemical types (numerals). 1—Corresponding to the major rock types (Tables 6, 7): gray square corresponds
to pyroxenites, type 1 (sample 0301, rock group I); diamond—gabbronorites, type 9 (sample 0303, rock group III, gabbronorite
series); triangle—titanomagnetite-bearing leucogabbro, type 11 (sample 0304, group II, leucogabbro series); black square—titano-
magnetite-bearing leucogabbro, type 12 (sample 0307, group II, titanomagnetite gabbro series); 2—circles correspond to other pet-
rochemical types (numbers correspond to those in Table 6).

ety of the patterns characterizes the pyroxenites of
group I.

Similarities between the trace-element patterns of
the two major groups suggests genetic relations
between these rocks of the massif (samples 0303, 0304,
0306, and 0307) and their affiliation with the differen-
tiation products of the parental magma. The structure of
these patterns is typologically close to those of the con-
tinental crust, which are characterized by high concen-
trations of incompatible elements (a steep slope of the
left-hand segment, whose (La/Sm)N ratio varies from
3.1 to 4.3) and the presence of negative Ta–Nb anoma-
lies, positive Pb anomalies, and strong positive Ti
anomalies. Only the patterns of rocks of the norite
series are devoid of the latter, which can be logically
explained by the low contents of Fe–Ti oxides. The
aforementioned features of the trace-element patterns
make these rocks principally different from MORB,
OIB, and other mantle derivatives [43, 44]. The gentle
slope of the right-hand parts of the patterns, which are
characterized by low (Gd/Yb)N = 1.5–1.7, accentuates
the geochemical specifics of the parental magmas of
groups II and III of the rocks and suggests that the

source from which the initial magmas were derived
contained no garnet.

The higher degree of the accumulation of incompat-
ible elements (samples 0321/1) in the marginal facies
and lamprophyres (rock group IV) can be explained by
the differentiation of the parental magmas with the ori-
gin of relatively enriched residual melts. This likely
explains the main difference of the second-type pat-
terns, which are characterized by the absence of posi-
tive Ti anomalies and the presence of weakly pro-
nounced Ti minima in the patterns. Such relations are
typical of magma evolution associated with magnetite
crystallization. The patterns of the pyroxenites (group I,
samples 0301, 2101/2, and 0302) are more different.
These rocks are depleted in LREE ((La/Sm)N varies
from 0.99 to 1.12) and have relatively low concentra-
tions of trace elements. Their REE patterns are nearly
horizontal and close to those of the primitive mantle.
The pyroxenites show practically no Ta–Nb minima but
have clearly pronounced Sr anomalies, perhaps,
because of low plagioclase contents in these rocks. The
typology of the patterns is largely controlled by the
nearly monomineralic composition of the rocks. These
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Table 8.  Representative major- and trace-element compositions of rocks from the Chineiskii Massif

Compo-
nent

O301 2101/2 O302 O303 O304 O305 O306 O307 O321/1 O308

Petrochemical rock types

1 1 1 9 12 10 7 12 10 –

SiO2 47.54 41.83 43.62 53.54 46.38 55.78 45.5 45.87 53.28 56.03
TiO2 1.24 2.72 1.96 0.71 2.47 1.14 3.17 2.50 2.38 1.04
Al2O3 4.85 4.42 1.76 15.37 17.11 17.15 16.06 21.08 13.81 18.21
Fe2O3 10.62 26.99 24.35 10.88 17.27 9.35 17.28 14.40 14.61 7.54
MnO 0.17 0.32 0.29 0.18 0.17 0.13 0.16 0.11 0.23 0.14
MgO 11.62 11.22 15.46 7.76 3.76 2.07 3.68 1.74 1.61 4.21
CaO 21.02 12.17 11.27 7.15 8.26 7.80 9.62 9.58 6.50 8.14
Na2O 0.08 0.26 0.16 2.63 3.40 3.75 3.16 3.54 3.79 2.86
K2O 0.01 0.16 0.02 0.63 0.60 1.49 0.42 0.33 1.68 1.25
P2O5 0.012 0.07 0.006 0.08 0.10 0.13 0.08 0.033 0.69 0.25
Cr2O3 0.011 0 0.028 0.014 0.014 0.004 0.01 0.01 0.002 0.014
LOI 2.52 0.24 0.63 0.36 0.11 0.23 0.18 0.27 0.7 0.17
Total 99.7 100.44 99.53 99.30 99.61 99.0 99.28 99.47 99.3 99.8
Li 9.8 6.5 5.6 6.3 9.5 5.4 4.2 9.2 21.6
Sc 47.2 99.4 83.4 19.1 25.0 22.9 16.1 17.2 28.4 21.1
Ti 7476 14754 10548 4175 12589 6228 17041 13734 11117 5711
V 725 989 2335 234 935 281 1675 1112 27.2 160
Cr 105 103 159 119 71.3 11.3 17.8 50.3 11.4 122
Mn 1339 2136 2145 1458 1109 888 1147 737 1525 838
Co 32.7 103 151 73.8 76.4 32.1 81.8 71.0 21.9 23.2
Ni 104 156 150 94.2 124 28.1 103 151 8.87 14.6
Cu 79.4 189 55.5 62.5 171 87.2 148 403 15.4 13.4
Zn 41.3 139 126 85.9 103 79.8 113 88.4 149 86.3
Ga 10.0 14.8 4.5 18.1 26.8 22.9 25.1 27.9 22.4 19.2
Rb 0.52 3.38 2.26 17.4 20.9 60.1 14.1 8.73 48.3 37.9
Sr 16.5 41.3 21.7 295 365 304 292 406 306 537
Y 13.6 22.6 8.97 10.6 10.6 23.1 11.1 5.01 33.6 22.4
Zr 55.1 32.3 18.3 52.9 51.5 143 44.9 24.0 115 93.3
Nb 1.85 1.94 2.89 2.66 3.03 6.60 2.76 1.58 9.03 9.35
Mo 0.31 0.69 0.41 0.38 0.44 1.26 0.57 0.32 1.75 0.73
Cs 0.04 0.20 0.12 0.66 0.64 1.33 0.51 0.29 1.52 1.44
Ba 14.2 43.0 16.5 255 298 524 220 200 611 538
La 3.7 7.35 2.29 10.1 13.6 24.7 9.02 6.01 31.8 28.7
Ce 10.7 17.1 7.2 20.7 22.6 50.2 18.6 10.8 76.6 60.6
Pr 1.63 2.42 1.15 2.40 2.65 5.83 2.19 1.21 8.94 7.36
Nd 8.08 11.6 5.55 9.62 10.2 22.0 8.79 4.74 36.0 29.1
Sm 2.15 3.09 1.49 1.91 2.00 4.31 1.83 0.94 7.31 5.44
Eu 0.43 0.91 0.26 0.66 0.87 1.25 0.72 0.65 2.54 1.67
Gd 2.36 3.39 1.60 1.79 1.85 3.82 1.78 0.82 6.69 4.47
Tb 0.39 0.55 0.25 0.29 0.29 0.60 0.28 0.12 0.98 0.65
Dy 2.41 3.48 1.57 1.78 1.68 3.57 1.71 0.81 5.74 3.65
Ho 0.47 0.72 0.33 0.38 0.35 0.74 0.36 0.16 1.16 0.73
Er 1.26 1.95 0.86 1.12 0.97 2.11 1.03 0.46 3.15 2.00
Tm 0.18 0.28 0.13 0.17 0.14 0.31 0.15 0.07 0.45 0.29
Yb 1.08 1.82 0.80 1.09 0.90 2.04 0.95 0.42 2.77 1.83
Lu 0.16 0.28 0.12 0.17 0.13 0.30 0.14 0.06 0.42 0.27
Hf 2.24 1.04 0.62 1.37 1.36 3.62 1.21 0.67 3.30 2.50
Ta 0.22 0.47 0.28 0.22 0.23 0.52 0.52 0.22 0.96 0.57
Pb 2.32 2.38 2.33 4.05 4.34 14.0 4.18 4.43 9.43 8.17
Bi 0.12 0.10 0.09 0.05 0.09 0.18 0.07 0.15 0.12 0.09
Th 0.54 1.85 0.36 2.57 2.25 7.89 2.24 1.12 6.50 3.80
U 0.17 0.27 0.11 0.75 0.73 2.12 0.51 0.31 2.17 0.94
Note:  (1) Analyses were carried out by XRF (major components, given in wt %) at the Vernadsky Institute of Geochemistry and Analytical

Chemistry, Russian Academy of Sciences, analysts I.A. Roshchina and T.V. Romashova and by ICP-MS (trace elements, given in
ppm) at Institute of the Mineralogy, Geochemistry, and Crystal Chemistry of Rare Elements, analyst D.Z. Zhuravlev; (2) sample
numbers: 0301, 2101/2, O302—pyroxenites, 0303—norite, 0304—leucogabbro, 0305, 0321/1—monzodiorites, 0306—titanomag-
netite leucogabbro,O307—titanomagnetite gabbro, O308—gabbrodiorite from the Lukturskii Massif.
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rocks are similar to those composing the bulk of the
intrusion in having positive Ti anomalies and analogous
HREE patterns (Fig. 12). The clinopyroxenites were
likely produced by the differentiation of the most prim-
itive magmas, because these rocks have the lowest con-
centrations of LILE (Cs, Rb, Ba, Sr, Rb, and K). They
bear high concentrations of some HFSE (U and Th).

The REE patterns of the rocks composing the intru-
sion also testify that these rocks can be subdivided into
four types (Fig. 13). Two of them are closely similar:
these are the patterns of the rocks composing the bulk
of the intrusion (the rocks of groups II and III). They are
characterized by relatively low Gd/Yb ratios, which
vary within narrow limits (from 1.86 to 2.06) for the
rocks of group II and do not exceed 1.6 for the rocks of
group III. Thus the REE patterns of the two major
groups have slightly different slopes over HREE. Both
groups are similar in having Eu minima.

The third type of the REE patterns has slopes and
configurations generally similar to the aforementioned
two but shows practically no Eu anomalies and is char-
acterized by higher concentrations of all REE. This
type of REE pattern is typical of the monzodiorites and
lamprophyres of group IV, which shows certain similar-
ities with the major rock varieties composing the intru-
sion.

Finally, the fourth type of the patterns is typical of
the pyroxenites and xenoliths of rock group I. Similarly
to the patterns of all trace elements, the REE patterns
also differ from those of all other rocks. These patterns

are depleted in LREE and include negative Eu anoma-
lies.

At the same time, typological similarities between
all of the patterns are obvious (if we ignore such ele-
ments as Sr and Eu, whose concentrations are largely
controlled by variations in the contents of certain min-
erals in the rocks, first of all, plagioclase).

DISCUSSION

Recent advances in understanding the geology and
petrology of classic layered plutons led to their regard-
ing as intermediate chambers that are produced by
mantle melts emplaced into the Earth’s crust. They are
usually thought to be the roots of volcano-plutonic sys-
tems with volcanic plateaus situated above magmatic
reservoirs and connected with them via dike belts [45,
46]. The vertical amplitude of such systems amounts to
a few kilometers, and only younger significant vertical
tectonic motions brought these rocks to the surface and
made them accessible for studying.

Many researchers reported geological data demon-
strating the existence of such large magmatic systems.
An example of a complex dispersed system is provided
by the Koilismaa basite intrusion in Finland [47], which
consists of a series of thin bodies interpreted as a part
of a differentiated lopolith that was once single and was
then disintegrated by faulting. Its deeper-seated constit-
uent is the Njarjakavaara intrusion 50 km east of it. The
bodies are connected by an unexposed “connecting
dike” [30]. A somewhat different mechanism was pro-
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Fig. 12. Distribution of concentrations of K, Ti, and trace elements in rocks from the Chineiskii Massif normalized to the compo-
sition of the primitive mantle [42]. The numbers of patterns correspond to those of analyses in Table 8.
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posed for the genesis of the Great Dike in Zimbabwe.
This mechanism implies the occurrence of a series of
subchambers, each with its own feeding system. The
emplacement of fresh melt portions resulted in their
connecting into a single system of the Great Dike [48].

The Kodar–Udokan district is another example of
such a Proterozoic magmatic system of complicated
structure in a crustal zone highly permeable to ultraba-
sic–basic melt. This zone developed at the boundary of
the Siberia Platform and young foldbelts around it.

The unity of some of the layered massifs of the Chi-
neiskii Complex (Chineiskii, Mailavinskii, and Luktur-
skii), gabbronorite dikes of the Chineiskii Complex,
and separated exposures of gabbroids near the Lurbun-
skii granitoid massif is confirmed by the character and
structure of the gravity and magnetic fields in the area.

Geochemical data on the rocks of some ultrabasite–
basite bodies in the Kodar–Udokan district provide fur-
ther evidence in support of genetic links between the
magmatic bodies (Table 9). Figure 15 shows primitive
mantle-normalized trace-element patterns of gabbroids
from the Lukturskii Massif, Udokan Dike, and titano-
magnetite gabbro from the Mailavskii Massif in com-
parison with the patterns of rocks from the Chineiskii
Massif. To make the plots more illustrative, we subdi-
vided them into two parts. Figure 15a demonstrates the
identity of the patterns typical of the products of the
most strongly fractionated melts: the monzodiorites of
the Chineiskii intrusion, gabbronorites of the Luktur-
skii Massif, and the Udokan Dike. They are character-

ized by a significant enrichment in LREE and show Ti
anomalies. Figure 15b displays the patterns of elements
typical of rocks with elevated contents of titanomagne-
tite: titanomagnetite gabbro and gabbrodiorites from
the Chineiskii Massif and titanomagnetite gabbro from
the Mailavskii Massif. The high contents of oxide min-
erals in these rocks predetermined their lower concen-
trations of all trace elements, particularly LILE, and
significant positive Ti anomalies. In spite of certain dif-
ferences in the typology of the patterns, which were
caused by the mineralogy of the rocks, all of these rocks
are closely similar: all of them have similar slopes of
both the right-hand and, particularly, the left-hand parts
of the patterns and display clearly pronounced Ta–Nb
anomalies in the absence of Th–U anomalies. These
features point to the crustal character of all of these
rocks.

A fairly important factor in the identification of
genetic links between the magmatic rocks is the similar
crystallization sequences of the magmas of the Chi-
neiskii and Mailavskii massifs and the Main Dike at the
Udokan deposit (Fig. 14, Table 10). The modeled crys-
tallization sequences of minerals in these rocks are
close to the aforementioned “magnesian” evolutionary
trend of the Chineiskii magmas. It is important to
emphasize that these sequences begin with the crystal-
lization of olivine, which disappears due to a peritectic
reaction with the melt at decreasing temperature. In this
context, the closest similarities are exhibited by the tita-
nomagnetite-bearing gabbro of the Mailavskii Massif
and the most primitive of the recognized petrochemical
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Fig. 13. Chondrite-normalized REE patterns of rocks from the Chineiskii Massif. (1) Pyroxenites, rock group I; (2) gabbronorites,
rock groups II and III; (3) titanomagnetite gabbro, rock group II; (4) lamprophyres, rock group IV.
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Table 9.  Composition of rocks from the Chineiskii Complex

Component
1 2 3 4

9 5008 5068 9401

SiO2 52.75 47.3 54.77 52.11

TiO2 0.84 1.97 0.77 0.65

Al2O3 16.32 9.27 14.27 15.41

FeO 11.35 17.16 11.7 11.99

MnO 0.17 0.18 0.16 0.17

MgO 7.59 8.28 4.99 7.42

CaO 7.63 13.65 9.41 8.99

Na2O 2.63 1.69 2.66 2.74

K2O 0.65 0.4 1.2 0.96

LOI 0.07 0.08 0.1 0.11

Total 100 99.98 100.03 100.55

Cs – 0.496 1.121 0.987

Rb – 22.8 40.3 35.0

Ba – 220.0 466.7 395.1

Th – 1.917 4.757 4.505

U – 0.596 1.244 0.963

Nb – 2.407 5.616 6.199

Ta – 0.198 0.544 0.463

La – 8.384 19.852 16.609

Ce – 18.3 41.2 34.7

Pr – 2.345 4.847 4.052

Sr – 228.8 261.0 287.8

Nd – 9.685 18.772 16.064

Sm – 2.162 3.789 3.202

Zr – 43.956 97.310 97.023

Hf – 1.151 2.598 2.315

Ti – 12392.1 4895.1 4010.9

Eu – 0.695 1.298 1.038

Gd – 2.156 3.458 3.141

Tb – 0.345 0.547 0.489

Dy – 2.135 3.347 2.937

Y – 13.2 20.2 19.7

Ho – 0.445 0.711 0.621

Er – 1.237 2.016 1.741

Tm – 0.181 0.299 0.266

Yb – 1.127 1.885 1.704

Lu – 0.167 0.284 0.259

Note: Samples: 9—petrochemical type in Table 3 (gabbronorite);
5008—titanomagnetite-bearing leucogabbro form the Mail-
avskii Massif; 5068 and 9401—Main Dike of the Udokan
deposit (gabbronorite).

rock types: the titanomagnetite magmas of the Chi-
neiskii pluton (type 9). In the former instance, relatively
magnesian olivine (Fo76) appears on the liquidus. The
composition of olivine in the latter case corresponds to
Fo85. Both compositions are characterized by the sub-
cotectic crystallization of augite, plagioclase, and mag-
netite within a narrow temperature range (15–20°ë).

The crystallization sequence of the rocks compos-
ing the Main Dike at the Udokan deposit (sample 9401)
is similar to this sequence: it also begins with the crys-
tallization of olivine (of the composition Fo81), but pla-
gioclase appears there earlier than augite, and magne-
tite crystallizes concurrently with low-Ca pyroxene.
More significant differences were detected for the
phase relations of another dike (sample 5068), whose
crystallization began with a plagioclase–clinopyroxene
cotectic, which was followed by the appearance of
magnetite. More detailed conclusions require addi-
tional studies based on more representative material.

The most complicated problem is presented by the
genesis of the Chineisskii Massif itself. This follows,
first of all, from geological data: the heterogeneity of
the inner structure of the intrusion, the unsystematic
localization of certain rock groups in its vertical sec-
tion, variations in the thicknesses of certain units (up to
their pinching out and complete disappearance), and
the occasional occurrence of magmatic contacts
between rocks. As was mentioned above, discrete
blocks of the massif differ in inner structure due to the
compositional specifics of the rocks and their layering
and rhythmicity. Undoubtedly, the morphology and
composition of the rocks of group I (first of all, the
pyroxenites) testify that they were entrained in the form
of xenoliths of variable size during the emplacement of
the bulk of the magma. Also, the younger age of the
fourth rock group (lamprophyres) does not provoke any
doubt, because the setting of these rocks is controlled
by an array of nearly horizontal faults at the boundary
of the bottom of the gabbroids and sandstones of the
Udokan Complex.

Another very complicated problem is the genesis of
the bulk of the massif. Given the aforementioned fea-
tures of the inner structure of the massif as a whole and
its vertical section, the relations and genesis of its rocks
of the second and third groups can be interpreted from
various viewpoints.

From one of them, the origin of contrasting struc-
tural–phase boundaries between the rocks can be
explained by a single major pulse (in the geological
sense, a single act of melt emplacement) of genetically
interrelated but slightly differentiated magmas of simi-
lar temperature that were variably enriched in intratel-
luric phenocrysts of various minerals. The residual
melts were then intruded into the already crystalline
rocks. An illustration of this mechanism may be the
independent emplacement of residual melts in large
plutons (so-called autointrusions), which are com-
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Fig. 14. Temperatures and crystallization sequences of primitive rocks from the Chineiskii Massif (type 9), the Mailavskii intrusion
(sample 5008), and dikes of the Udokan deposit (samples 5068, 9401). Mineral symbols are the same as in the note to Table 5.

Table 10.  Weighted average composition of rocks from the Chineiskii Massif, wt %

No. Number of 
analyses SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total

1 987 44.81 2.38 14.26 20.41 0.17 5.95 8.53 2.32 0.66 0.07 0.25 99.81

2 16 49.78 1.12 13.43 14.71 0.20 9.31 8.00 2.52 0.83 0.07 0.67 100.62

3 31 43.20 2.61 14.11 21.32 0.17 5.72 9.42 2.72 0.73 0.05 0.44 100.49

4 20 44.65 2.29 14.22 17.95 0.17 6.09 11.10 3.06 0.54 0.08 0.25 100.40

5 85 44.20 2.38 14.37 19.71 0.17 6.18 9.34 2.84 0.68 0.07 0.45 100.38

6 2 44.41 2.14 14.58 19.42 0.2 6.2 10.12 2.4 0.31 0.08 0.17 100.03

7 2 47.57 1.15 15.4 12.72 0.14 6.54 7.68 1.44 2.57 0.23 3.70 99.14

Note: (1) Arithmetic mean for the massif; (2–7) weighted average compositions: (2) gabbronorite series, (3) titanomagnetite gabbro series,
(4) leucogabbro series, (5) section through Hole 83, (6) cement of the magmatic breccias, (7) cement of the fluid–magmatic breccias.

monly unambiguously identified during fieldwork
based on the structural-phase differences from most of
the host rocks.

At the same time, it may be hypothesized that the
initial melt was during its emplacement in equilibrium
with abundant and unevenly distributed crystalline
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phases (olivine, plagioclase, and magnetite) when still
in the magmatic reservoir, before the emplacement of
the magma into the modern intrusion chamber.

We also hold for the latter opinion. Sharp contacts
between the rocks of groups II and III testify that the
magmas were emplaced successively (with time spans
separating discrete emplacements), had different com-
positions, and were rich in different intercumulus min-
erals. This is largely confirmed by rock relations oppo-
site to those described above: observations suggest not
the emplacement of residual melts but their reversed
(from acid to basic) compositional trend with time,
with the youngest melts (norites of the third group)
being the most primitive magmas compared to their
host rocks of the second group (titanomagnetite gabbro,
gabbronorites, and leucogabbro). The absence of a sys-
tematic evolution of the cumulus mineral assemblages
in the vertical section of the intrusion also confirms this
conclusion.

Hence, we believe that our simulation results sug-
gest that the rocks of all four rock groups of the massif
were derivatives of a single parental magma, which ini-
tially contained a “mush” of olivine, plagioclase, and
magnetite crystals at a temperature of approximately
1130°ë. The gravitational separation of these phases
before the emplacement of the magma into a chamber
and the relative migration of the magmatic suspensions
of various phase composition, the long-lasting and
simultaneous character of the emplacement of the mag-
mas, could give rise to an uneven distribution of the
solid phases in the volume, and this, in turn, is now
reflected in the heterogeneity of the mineralogical com-
position of the rocks composing the massif. Conse-

quently, discrete melt portions produced by the evolu-
tion of the initial magma gave rise to different “paren-
tal” magmas of rocks in the discrete blocks. The first
magma portion to be emplaced was leucocratic (it car-
ried plagioclase and titanomagnetite as the predomi-
nant solid phases) and was intruded into the western
and southwestern blocks. Later, already in the chamber,
the magma underwent differentiation, which produced
small- and large-scale banding. A possible mechanism
responsible for its development was proposed in [49]. It
was thereby hypothesized that the 80% crystalline melt
acquired characteristics of a Newtonian liquid in which
solidification shrinkage cracks could form; the latter
could be filled with residual anorthosite melt, a frac-
tionation product of the melts of the titanomagnetite
gabbro (TMG) series.

During the next evolutionary stage of the massif,
magma portions enriched in orthopyroxene and plagio-
clase were emplaced into various parts of the chamber.
Its crystallization produced the rocks of the norite
series, which are predominant in the central part of the
intrusion.

The relative role of the crystallization differentiation
of the Chineiskii magmas in the chamber remains
uncertain within the scope of the scheme proposed
above and requires further studying.

The composition of the rocks of the Chineiskii
Complex is compared to those of the rocks of the Upper
Zone of the Bushveld pluton. The latter are the closest
to the rocks of the Lukturskii Massif, whose data points
plot practically exactly onto the compositional trend of
this zone in the Bushveld Massif (Fig. 16). Table 9 pre-
sents the average composition of the Chineiskii intru-
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Fig. 15. Distribution of concentrations of Ti and trace elements normalized to the primitive mantle composition [42] for monzodior-
ites (0305, Table 8), gabbronorites from the Main Dike of the Udokan deposit (9401, 5068, Table 9), Lukturskii Massif (0308, Table 8),
gabbrodiorites (0304), and titanomagnetite gabbro (0306) from the Chineiskii Massif (Table 8) and titanomagnetite gabbro from
the Mailavskii Massif (Table 9).
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sion as a whole, the weighted average composition of
its discrete series, and the weighted average composi-
tion of the rocks documented in the reference vertical
section. The calculated composition of the modeled
melt (Table 7) is the closest to the weighted average
composition of the gabbronorite series.

CONCLUSIONS

(1) The results of geological–geophysical observa-
tions, geochemical features of the ultrabasic–basic
rocks of the Kodar–Udokan district, and petrological
reconstructions led us to the conclusion that the Chi-
neiskii intrusion, which is exposed at the modern ero-
sion surface in the form of a magmatic body of complex
structure, is merely a small portion of a large Paleopro-
terozoic magma-conducting system (namely, its deep-
est part, along with the Lukturskii and Maislavskii mas-
sifs). The subvolcanic rocks composing this system
also include a number of tabular bodies (the Main Dike
of Udokan and dikes intruding the host rocks of the
Chineiskii Massif).

(2) The Chineiskki Massif is thought to have been
produced by successive emplacement of magmas,
which formed four rock groups. These are the pyroxen-
ite of the second group (which now occur in the form of
xenoliths), titanomagnetite gabbronorites and leuc-
ogabbro of the second group, gabbronorites of the third

group, and lamprophyres of the fourth group (which
compose small dikes and tabular bodies in the bottom
part of the intrusion).

(3) The trace-element patterns of various rocks and
the results of simulations by the COMAGMAT-3.5
computer program led us to believe that all four rock
groups of the massif were generated by the successive
emplacements of several portions of the initial magma,
which was a complicatedly differentiated suspension of
olivine, plagioclase, and magnetite crystals in ferroab-
saltic melt at a temperature of approximately 1130°ë.

(4) The gravitational separation of these phases in
the melt before its emplacement into the chamber and
during the subsequent emplacement of various portions
of the initial magma into the modern chamber predeter-
mined the heterogeneity of the massif (its block struc-
ture). As a result, the bulk of the Chineiskii Massif is
composed of compositionally principally different
rocks of the second and third groups, with the predom-
inance of intratelluric plagioclase and magnetite crys-
tals in the former case (gabbronorite and leucogabbro
series in the western and southeastern blocks) and
orthopyroxene in the latter one (norite series, central
block). The rocks of the third group were generated
later.

(5) The crystallization sequences of minerals mod-
eled for the Chineiskii Massif can be classed into two
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Fig. 16. MgO–Al2O3 diagram for rocks from (1–4) the Chineiskii, (5) Lukturskii, (6) Mailavskii (6), and (7) Bushveld massifs:
(1) chinite, (2) titanomagnetite-bearing gabbro from the depth interval of 560–562 m, Hole 11, (3) gabbroids from microrhythms
110622, 110642, and 110620, (4) rocks of the norite series. 
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major types: (a) “high-Al”, which is typical of the
“leucogabbro” compositions and characterized by the
occurrence of a magnetite–plagioclase cotectic, and (b)
“high-Mg”, which is typical of the noriteseries and is
characterized by the early appearance of olivine on the
liquidus or the concurrent crystallization of this mineral
with magnetite or plagioclase.

(6) It is worth mentioning the early appearance of
Ol-Mt and Ol-Pl on the liquidus and the cotectic crystal-
lization of these minerals in the rocks of the Chineiskii
and Mailavinskii massifs and in the gabbroids of the
Udokan Dike, which highlights genetic links between
them. The crystallization sequences of the minerals
demonstrate that olivine was in reaction relations with
the melt, completely dissolved due to a peritectic reac-
tion at temperatures of í = 1110–1150°ë, and was
replaced (completely or partly) by pyroxenes and mag-
netite. These data testify that the initial melts were sat-
urated or slightly oversaturated with SiO2 and that the
intercumulus systems had elevated SiO2 concentra-
tions.
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