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INTRODUCTION

The obvious and well-studied correlations of petro-
chemical and geochemical characteristics of volcanic
rocks with their affiliation to particular associations and
geologic (geodynamic) settings (discussed, for exam-
ple, by Turner and Verhoogen [1], Kuznetsov [2], Mag-
matic Associations… [3] and, in more recent studies,
by Pearce [4–6], Kuz’min [7], Frolova [8], and others)
made it possible to use geochemical data for establish-
ing geodynamic settings of geologic objects. A number
of criteria, discriminant functions, and discriminant
diagrams were proposed for these purposes.

In the past decades, considerable progress has been
made in analytical techniques, which led to the accu-
mulation of a large body of geochemical data demon-
strating the possibility of a successful solution of these
geological problems. At the same time, it has become
clear that the complexity of geologic processes, the
occurrence of different volcanic rocks in a common
geodynamic setting, and their geochemical heterogene-
ity (compositional dispersion) even within a suppos-
edly single series significantly complicate geochemical
linkages with increasing and overlapping indicator

ratios and fields in discriminant diagrams, which often
prevents an unambiguous interpretation.

Data on the abundance of first of all rock-forming
elements are the main source of geochemical informa-
tion. However, the use of these data in a raw form as
tables and correlation diagrams is generally a poor tool
for discrimination purposes. This is caused by two rea-
sons. First, the geochemical system is multidimen-
sional (multicomponent) and it is necessary to take into
account at least seven major elements (Si, Al, Fe, Mg,
Ca, Na, and K) and also many trace elements (Rb, Ba,
Ti, Zr, Nb, and other elements, which are widely used
in the analysis of geodynamic associations). Second,
the quantitative parameters of rocks often show a con-
siderable scatter. This indicates a need for the statistical
processing of quantitative geochemical data.

Two approaches can be used for the combined struc-
tural, petrographic, and geochemical description of
rocks. One approach is that the sampled rocks are
grouped according to qualitative geological and petro-
graphic features, with the subsequent distribution of
geochemical data among the distinguished groups.
Then, the most important statistical parameters are cal-
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Abstract

 

—In this paper, the concept of a geochemical structure (Yaroshevskii, 2004) was applied to describe
chemical variations in the Early Carboniferous volcanic complexes and their distribution over the tectonic zones
of the Southern Urals and Transuralian region in order to clarify the geodynamic settings of their formation.
The cluster analysis of a geochemical dataset including 325 analyses of volcanic rocks from the Magnitogorsk,
Southern Ural, Transuralian, and Valer’yanovskii tectonic zones allowed us to reduce the geochemical diversity
of rocks to eight large geochemical groups. Based on average compositions, these geochemical groups (clus-
ters) can be classed with the following rocks: (1) low-K tholeiitic basalts, (2) high-Ti subalkaline basalts,
(3) high-Al subalkaline basalts, (4) subalkaline andesites, (5) subalkaline rhyolites, (6) Na subalkaline rhyo-
lites, (7) potassic subalkaline rhyolites, and (8) high-Al potassic trachyandesibasalts. The distribution of these
clusters in tectonic zones of the Southern Urals and Transuralian makes it possible to organize these complexes
into four groups. The 

 

first group

 

 includes a differentiated series from high-Ti subalkaline basalts to sodic sub-
alkaline rhyolites with the predominance of aluminous subalkaline basalts and subalkaline andesites. This
group is most widespread in the Magnitogorsk and Valer’yanovskii zones. The 

 

second group

 

 corresponds to a
differentiated series from low-K basalts to Na subalkaline rhyolites with a strong prevalence of high-Ti subal-
kaline basalts and less abundant aluminous subalkaline basalts. This group is widespread in the Eastern Ural
zone. The 

 

third group 

 

includes subalkaline andesites and rhyolites with subordinate ultrapotassic rhyolites and
trachyandesibasalts, which compose the Uya–Novoorenburg suture. The 

 

fourth group

 

 comprises high-Ti sub-
alkaline basalts occurring in the Transuralian zone. Such a distinct distribution of the geochemical types of vol-
canic rocks is well consistent with concepts on the formation of the Southern Ural volcanic belts at the East
European paleocontinent margin in a Californian-type setting. The Valer’yanovskii belt was formed at the active
margin of the Kazakhstan paleocontinent.
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culated for each group (average content, variance, etc.),
comparative investigations are carried out, the signifi-
cance of difference is calculated, etc. However, this
approach has three shortcomings. First, such a group-
ing is underlain by qualitative data only or, in the best
case, by roughly estimated quantitative mineral compo-
sitions. Second, the geochemical data appear to be sub-
ordinate to geological data, whereas the quantitative
characteristics of element distribution are a direct
reflection of the geologic process and its laws; there-
fore, they are more informative and in this sense more
fundamental than geological–petrographic informa-
tion. Third, the geological–petrographic classification
is almost always ambiguous and often made by intu-
ition on the basis of a superficial similarity.

The second approach is based on the following logic
of data processing [9].

At the first stage, geochemical data proper are pro-
cessed regardless of geological and petrographic char-
acteristics. They are considered as an array of points
representing the object in the multivariate space; each
point is characterized by a certain set of quantitative
parameters (contents of chemical elements). The first
step is aimed at naturally grouping the samples on the
basis of similarity in the considered geochemical
parameters; neither number nor composition of these
groups are given a priori, because geological and petro-
graphic data are deliberately omitted from the set of
input parameters.

This problem can be solved by convenient methods
of multidimensional cluster analysis. In this study, we
used an algorithm and a software for cluster analysis
developed at the Geochemical Department, Geological
Faculty, Moscow State University [9, 10]. The principle
of clustering is based on successive amalgamation of
data points, when each step is characterized by the min-
imum increase in the average geochemical distance in
the forming groups. The geochemical distance in
Euclidean metrics is the square root of the sum of
squares of differences of contents of all the elements
normalized to their variance in the whole dataset. The
normalization is necessary to adjust the contents of ele-
ments, which may differ by an order of magnitude, to a
common scale and make the contributions of different
elements comparable. The number of elements is arbi-
trary and is set depending on the character of the study
object; the computer program used in this study
includes up to ten elements (Si, Al, Fe, Ca, Na, K, Ti,
Mn, and P).

Thus, the first stage launches from a construction of
a hierarchical system of successive clustering of sam-
ples from the dataset in the coordinates of their chemi-
cal composition (SiO
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) on the basis of their chemical
similarity (minimum “geochemical distance”). As a
result, 

 

n

 

 points (samples) of the primary set are succes-
sively combined into gradually expanding groups (clus-

ters), and the whole set is convolved into a single clus-
ter after 

 

n

 

-1

 

 steps.

The use of this procedure for the solution of the
geochemical problem—clustering of the initial dataset
into a limited number of geochemically distinctive
groups—requires a criterion to choose a certain work-
ing level of clustering. Such a criterion is missing in the
algorithm, and independent information is required.
For this purpose, we used geological data in the form of
empirical distributions of significantly different clus-
ters in the magmatic complexes distinguished by tradi-
tional geological methods. A comparison of the two
groups of independent data is the goal of the second
stage of data processing. For this purpose, a matrix was
constructed with the distinguished geochemical groups
(clusters) along one axis and magmatic complexes
along the other. The number of such matrices depends
on the number of distinguished clusters, i.e. on the step
of sample clustering. The analysis of the obtained
matrices starts with the inspection of sample distribu-
tion over matrix elements. A key point in the analysis of
a series of matrixes is the choice of the clustering step
such that the obtained results (number of groups and
their average chemical composition) would have a rea-
sonable geological interpretation. Each distinguished
geochemical group is named on the basis of the average
composition and in accordance with the accepted petro-
graphic systematics; this name is used for all the sam-
ples falling into the given cluster.

In this study, the described approach of the convolu-
tion of geochemical information was applied to the
establishing of geodynamic settings for the Early Car-
boniferous volcanic belts of the Southern Urals and
Transuralian region. The goals of the study were the
elimination of the effect of random variations (vari-
ance) on the qualification of particular rocks, the distin-
guishing of statistically different geochemical types,
and description of their spatiotemporal distribution.
This approach of cluster analysis was previously suc-
cessfully applied to the solution of similar problems [9,
11–16].

This procedure for the processing of geochemical
data has two remarkable features. At the first stage, data
on the geological position of samples were excluded
from the working dataset, and all the samples were
combined into a single general set. However, the geo-
logical information was used during the distinguishing
of working geochemical groups (clusters), using the
interpretability of the selected system of geochemical
rock types (clusters) in terms of their geodynamic and
geologic setting as the main criterion. Thus, the first
stage involved the development of the geochemical sys-
tematization of rocks of the given object on the basis of
fundamental, geology-independent laws of the behav-
ior of elements in magmatic processes, while geologi-
cal data were used only at the second stage in order to
correlate them with geochemical trends.
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BRIEF CHARACTERISTICS OF THE MATERIAL

This study was based on the data on Early Carbon-
iferous volcanic rocks from the Southern Urals and
Transuralian region obtained in the past 10–15 years by
both the authors during regional mapping operations
[17–19] and other researchers [e.g., 20–22].

The Early Carboniferous volcanic complexes are
widespread in the Paleozoides of the meridional seg-
ment of the Ural–Mongolian foldbelt (Southern Urals,
Transuralian region, and Turgai Trough basement),
where they occur in several regional zones (from west
to east): Magnitogorsk, Eastern Urals, Transuralian,
and Valer’yanovskii (Fig. 1). In the present-day struc-
ture, these regional zones are typically bounded by
large complex strike-slip zones. The volcanogenic and
volcanosedimentary rocks of all zones associate with
organogenic limestones, which allows accurate dating
of volcanogenic sections.

In the 

 

Magnitogorsk zone

 

 [e.g., 20, 23], Early Car-
boniferous volcanogenic complexes are observed in its
eastern part. The Lower Carboniferous rocks overlie
thick Middle–Late Devonian island-arc complexes
(Magnitogorsk island arc). Volcanic rocks were
reported in practically all Early Carboniferous levels,
but volcanism occurred very unevenly in time and
space. The lower and upper boundaries of volcanogenic
formations that are well constrained by organic remains
“slide” over biostratigraphic levels within the Late
Tournaisian–Late Visean, and both purely sedimentary
and volcanogenic sequences may occur in the same
stratigraphic level. The volcanogenic sequences form
the Magnitogorsk Group consisting of Berezovskii and
Grekhovskii formations. The Magnitogorsk Group is
pervasively metamorphosed to the prehnite–pumpelly-
ite facies.

 

The Berezovskii Formation

 

 is dominated by moder-
ately alkaline volcanic rocks overlying conformably
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Fig. 1.

 

 Sketch map showing the location of Early Carboniferous volcanic complexes in the Paleozoides of the Southern Urals and
Transuralian. (
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–
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) Early Carboniferous volcanic complexes of various zones: (

 

1

 

) Magnitogorsk, (

 

2

 

) Uya–Novoorenburg, (

 

3

 

) East-
ern Urals, (

 

4

 

) Transuralian, and (

 

5

 

) Valer’yanovskii; (

 

6

 

) Early Carboniferous tuffaceous–terrigenous–carbonate complexes; Pre-
Carboniferous complexes (
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−

 

8

 

): (

 

7

 

)

 

 margins of the East European paleocontinent; (

 

8

 

) margins of the Kazakhstan paleocontinent;
(

 

9

 

–

 

11

 

) Post-Carboniferous complexes: (

 

9

 

) Middle Carboniferous–Permian sediments, (

 

10

 

) Late Paleozoic granitoids, and (

 

11

 

) Early
Triassic basalts; (

 

12

 

–

 

14)

 

 faults: (

 

12

 

) Tobol’sk, (

 

13

 

) zone boundary (sutures), and (

 

14

 

) others. Letters denote zones: (M) Magni-
togorsk, (UN) Uya–Novoorenburg, (EU) Eastern Urals, (K) Kopeisk, (TU) Transuralian, and (V) Valer’yanovskii.



 

GEOCHEMISTRY INTERNATIONAL

 

      

 

Vol. 45

 

      

 

No. 7

 

      

 

2007

 

GEOCHEMICAL STRUCTURE OF THE EARLY CARBONIFEROUS VOLCANIC COMPLEXES 655

 

diverse Late Devonian–Early Carboniferous rocks. The
most common rocks are trachybasalt, basalt, rhyodac-
ite, and rhyolite; rarer are trachyrhyodacite, trachyrhy-
olite, basaltic andesite, basaltic trachyandesite, tra-
chyandesite, and, occasionally, andesite. In addition to
these lavas, there are abundant pyroclastic, volcanosed-
imentary, terrigenous, and carbonate rocks. The thick-
ness of the formation varies from 300–500 to 4200 m.

 

The Grekhovskii Formation

 

 conformably overlies
the Berezovskii sequence. It is made up of predominant
trachybasalts, trachyandesites, trachyrhyodacites, rarer
basaltic trachyandesites, basalts, basaltic andesites,
andesites, rhyolites, and corresponding clastolavas,
tuffs, tuffites, tuffaceous–sedimentary rocks of variable
grain size intercalated with limestones. The predomi-
nant rocks are trachybasalts and basaltic trachyandes-
ites, which often have a fresh appearance and aphyric or
microporphyric textures. The thickness of the forma-
tion is from 1300 to 3300 m.

The 

 

Uya–Novoorenburg

 

 suture at the junction of
the Magnitogorsk and Eastern Ural zones hosts Car-
boniferous rocks, which are constituents of a packet of
steeply dipping tectonic slices made up of partly tecton-
ized complexes of different age. The 

 

Polotskii volca-
nosedimentary sequence

 

 distinguished there consists of
variably metamorphosed (typically under prehnite–
pumpellyite facies) trachybasalts, trachyrhyolites, tra-
chyrhyodacites, as well as their tuffs and tuffites. Less
common are basalts, basaltic trachyandesites, rhyolites,
rhyodacites, and apovolcanogenic greenschists interca-
lated with carbonaceous metasiltstones, marmorized
limestones, and marbles. The thickness is 1000–1400 m.

Within the 

 

Eastern Ural zone

 

 [18], Early Carbonif-
erous volcanic rocks are confined to the western and
eastern flanks. Volcanogenic sequences were found in a
series of bent synform packets of tectonic slices com-
posed of diverse Early Carboniferous and Late Devo-
nian complexes. The packets of slices are overthrust
onto the Early Paleozoic metamorphic complexes of
the core zone. In the western part, Early Carboniferous
rocks compose the Berezinovskii sequence, which rests
on Tournaisian–Early Visean rocks without an apparent
unconformity. In the east, the Early Carboniferous
rocks compose the Tayanda Formation, which lies on
the coaliferous Bredin Formation of the Tournaisian–
Early Visean. The volcanic rocks of both the sequences
are pervasively metamorphosed to low-grade prehnite–
pumpellyite facies.

 

The Berezinovskii sequence

 

 composes several near-
meridional tectonic slices, more than 40 km long and
2–16 km wide. They consist of volcanogenic, volca-
nosedimentary, and sedimentary rocks ranging in thick-
ness from a few meters to hundreds of meters at a total
thickness of the sequences of 1500 m. Basaltoids, their
tuffs, and volcanic breccias are confined to the lower
parts of the sections, where they associate with tuf-

faceous–terrigenous and siliceous rocks. The upper part
is built up of intermediate and silicic volcanic rocks,
which are overlain by lithic basaltic tuffs with rhyolite
and rhyodacite clasts. The most abundant rocks are
highly porphyritic massive and pillowed trachybasalts
and basalts. Porphyritic and fluidal spherulitic rhyolites
are common among the silicic volcanics.

 

The Tayanda sequence

 

 is an analogue of the Berez-
inovskii sequences in the eastern part of the Eastern
Ural zone. It occurs in several submeridional tectonic
slices, up to 30 km long and 4–9 km wide. It consists of
tuffaceous schists, tuffstones, and tuffconglomerates,
which are overlain by dolerites, rhyolites, andesites,
basaltic andesites, and andesidacites, as well as their
tuffs. The predominant volcanic rocks are dolerites,
spilites, and amygdaloidal basalts. The sequence is
800 m thick.

 

The Transuralian zone

 

 is separated from the East-
ern Ural zone by the Kopeisk suture of a strike-slip
nature. The Lower Carboniferous volcanogenic 

 

Akkar-
ginskii sequence

 

 extends as a meridional band over 80–
90 km, and its width ranges from 2 km in the north to 6
km in the south. It composes a narrow synform dis-
turbed by a great number of reverse faults and thrusts.
No reliable normal stratigraphic contacts were docu-
mented between the Akkarginskii sequence and the
underlying Upper Devonian–Lower Carboniferous ter-
rigenous–carbonate rocks.

The volcanogenic sequence is mainly composed of
pillow basalts, basaltic andesites, diverse hyaloclas-
tites, and volcanic breccias, intercalated with minor
mafic tuffs, tuffites, cherts, and limestones. The volca-
nic breccias sometimes contain numerous xenoliths of
organogenic limestones. The sequence is metamor-
phosed at places under greenschist-facies conditions.

 

The Valer’yanovskii zone

 

 is separated from the
Transuralian zone in the west by the large meridional
Late Paleozoic Tobol’sk strike slip. The complexes of
the Valer’yanovskii zone are mostly overlain by the
Mesozoic–Cenozoic cover of the Turgai Trough and
were studied mainly in drill cores and during mining
operations in the largest iron deposits, which occur in the
Carboniferous volcanogenic sequence [21, 24–26, etc.].

The sequence is made up of low-grade Visean and
Serpukhovian volcanic and volcanosedimentary com-
plexes, mainly of andesite, basaltic andesite, and basalt
composition. The total thickness of Lower Carbonifer-
ous volcanogenic rocks in the Valer’yanovskii zone is
up to 6–7 km. The proportions of sedimentary and vol-
canic rocks vary widely in all the complexes. The
amounts of lavas and pyroclastic rocks are equal in the
northern part of the belt, whereas the southern part is
dominated by pyroclastic rocks. The percentage of
silicic volcanic rocks increases slightly from north to
south, while the amounts of basalts, basaltic andesites,
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and andesites are almost invariant. A detailed differen-
tiation of the Early Carboniferous volcanosedimentary
rocks is hampered by the strong facies variability and
the absence of marker horizons [26].

The basal level usually consists of terrigenous–car-
bonate rocks, which are overlain by basaltic andesite
lavas and tuffs with thin intercalations of calcareous
tuffites and limestones (2000 m). They are followed by
basalts, basaltic andesites, andesites, and their tuffs,
tuffites, and tuffstones (2000–3000 m). The volcanic
rocks are dominated by porphyritic plagioclase and
pyroxene–plagioclase leucobasalts and basaltic andes-
ites. Intermediate and mafic tuffs are also abundant.

The Carboniferous volcanic complexes have been
studied for many years [18–22, 26–30, and others];
however, many problems of their origin and setting
remain controversial. The most widely accepted model
suggests that the Carboniferous volcanic rocks of the
north–south-trending segment of the Ural–Mongolia
belt were formed in an active continental margin set-
ting. The volcanoplutonic series of the Magnitogorsk
and Eastern Ural zones are interpreted as island arc
complexes of the East European margin, and the volca-
nic rocks of the Valer’yanovskii zone are considered as
complexes of the Andean-type margin of the Kazakh-
stan continent [31, 32].

However, subsequent detailed studies of the compo-
sition and structure of the volcanic rocks of the Magni-
togorsk and Eastern Ural zones revealed their signifi-
cant difference from typical island arc complexes. It
was concluded that they were formed during a collision
between the Magnitogorsk island arc and the Eastern
European continent, which was accompanied by signif-
icant local extension (rifting) [18, 20, 33]. The supra-
subduction setting of the volcanogenic complexes of
the Valer’yanovskii zone was recently questioned and
their rift origin was proposed [34]. Tevelev et al. [19]
suggested that the Southern Ural volcanic belts were
related to the evolution of the East European active
margin of the Californian type [19].

Another unanswered question is the existence of
Early Carboniferous basins with the oceanic crust,
which are alleged between the Eastern European and
Kazakhstan continents in many paleogeodynamic
reconstructions [31, 35, etc.]. However, complexes
formed within such basins were never found.

Thus, there are many problems concerning the inter-
pretation of geodynamic settings for the formation of
the Early Carboniferous volcanogenic complexes of the
Southern Urals and Transuralian. Attempts to use
geochemical indicators of geodynamic settings were
hampered by the extremely wide diversity of volcanic
rocks in all the zones, which resulted in a blurred pic-
ture. In addition, the application of different geochem-
ical criteria to the same rocks often leads to controver-

sial results [19]. The situation is further complicated by
the fact that the analytical data used in this study were
obtained from the 1970s to 2003 and in different labo-
ratories. It was therefore necessary to generalize
geochemical information, distinguish major character-
istics, and eliminate variance.

In our studies, we analyzed the geochemical fea-
tures of Early Carboniferous volcanic rocks in a com-
plete lateral series of tectonic zones from the eastern
boundary of the East European platform to the western
framing of the Kazakhstan Precambrian inliers. In the
following considerations, all Early Carboniferous vol-
canic rocks were arranged into seven general volcanic
complexes:

—Magnitogorsk zone: 

 

the Berezovskii

 

 complex and
its analogs (Late Tournaisian–Early Visean), 

 

the
Grekhovskii

 

 complex and its analogs (Middle Visean);

—Uya–Novoorenburg suture: 

 

the Polotskii

 

 complex
and its analogs (Middle Visean);

—Eastern Ural zone: 

 

the Berezinovskii

 

 complex and
its analogs, 

 

the Tayanda complex

 

 and its analogues
(both complexes are Middle Visean);

—Transuralian zone: 

 

The Akkarginskii

 

 complex and
its analogs (Late Visean–Serpukhovskian age);

—Valer’yanovskii zone: 

 

Valer’yanovskii complex

 

(including all volcanic rocks with an age from the Mid-
dle Visean to the initial Bashkirian).

This study is based on 325 analyses, 175 of which
were obtained by us.

RESULTS OF GEOCHEMICAL
DATA PROCESSING

The Early Carboniferous volcanic complexes of the
Southern Urals vary considerably in composition from
basalts of varying alkalinity, basaltic andesites and
andesites to rhyolites. They show systematic correla-
tions typical of volcanic rocks (Fig. 2); however, a sig-
nificant scatter made many correlations statistically
poor or insignificant. This scatter could reflect the
geochemical heterogeneity of volcanic rocks within
individual complexes, as well as the effect of low-grade
metamorphism, which leads to local redistribution of
the most mobile components (primarily, alkali metals
and calcium). The compositional variations of rocks
from various volcanic complexes result in a consider-
able overlap of their fields in almost all diagrams (Fig.
2), which strongly complicates the identification of
characteristics suitable for the geochemical discrimina-
tion of the complexes with the aim of clarifying their
geodynamic setting. Only some general features can be
given.

First, the distribution of intermediate and silicic vol-
canic rocks is typomorphic. They are widespread
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among the rocks of the Berezovskii, Polotskii, and
Berezinovskii complexes and Valer’yanovskii group
but are very scarce in the Grekhovskii, Tayanda, and
Akkarginskii complexes. Second, the rocks of the
Polotskii Complex have relatively high potassium con-
tents. Third, the volcanic rocks of the Berezovskii
Complex show elevated Al

 

2

 

O

 

3

 

 contents over the whole
range of SiO

 

2

 

 content. In addition, the rocks of all the
volcanic complexes of the Southern Urals have elevated
Na

 

2

 

O (typically 4–6 wt %) and K

 

2

 

O contents (1–4 wt %).
However, these features are obscured by the aforemen-
tioned significant scatter in all components; this signif-
icantly complicates the assignment of complexes to
geochemical types, which could be considered typo-
morphic of particular geodynamic settings [19].

The cluster analysis of the entire dataset yielded a
complex and obscure dendrogram structure for the sub-
sequent combination of samples into geochemically
similar groups. This was caused by the wide composi-
tional variations of particular samples and the almost
complete absence of significant correlations between
element contents within small clusters. The distribution
of clusters among volcanic complexes was analyzed for
different clustering levels (28, 13, and 8). The distribu-
tion of 28 and 13 geochemical types (clusters) appeared
to be complex, without any distinct systematic patterns.
Eventually, we favored the discrimination into eight
large geochemical groups, which showed some system-
atic variations over volcanic complexes (Table 1).

Based on the average chemical compositions of the
eight geochemical types (clusters), the Early Carbonif-
erous volcanic rocks of the Southern Urals (Table 2)
can be qualified in the following way:

cluster 1—low-potassium tholeiitic basalts;

cluster 2—high-titanium subalkaline basalts;

cluster 3—aluminous subalkaline basalts;

cluster 4—subalkaline andesites;

cluster 5—subalkaline rhyolites;

cluster 6—sodic subalkaline rhyolites;

cluster 7—potassic subalkaline rhyolites; and

cluster 8—high-aluminum potassic basaltic tra-
chyandesites.

The distribution of the geochemical types (clusters)
among the volcanic complexes showed systematic fea-
tures (Table 1).

 

Type 1. Low-potassium basalts

 

 occur only in the
Eastern Ural zone, being a typomorphic geochemical
type in the Berezinovskii volcanic complex only.

 

Type 2.

 

 Rocks assigned to the geochemical type of

 

high-Ti subalkaline basalts

 

 occur in almost all com-
plexes. An exception is the Grekhovskii complex,
which can be explained by the limited number of sam-

ples. At the same time, this geochemical type is of
major importance (more than 25% analyses) only for
the Eastern Ural and Transuralian zones.

 

Type 3.

 

 Rocks assigned to the geochemical type of

 

aluminous subalkaline basalts 

 

account for a significant
fraction of volcanic rocks in all the complexes. They
can be considered typomorphic for the entire Carbonif-
erous volcanism of the Southern Urals and Transura-
lian.

 

Type 4. Subalkaline andesites

 

 are typomorphic
(more than 25% analyses) of the Berezovskii, Polotskii,
and Valer’yanovskii complexes, less common in other
complexes, and lacking in the Akkarginskii complex.

 

Type 5. Subalkaline rhyolites

 

 are typomorphic of the
Berezovskii and Polotskii complexes, i.e., of western
tectonic zones, less common in other complexes, and
lacking in the Tayanda and Akkarginskii complexes.

 

Type 6.

 

 The geochemical type of 

 

sodic rhyolites
occurs in small amounts in the Berezovskii, Berezi-
novskii, and Valer’yanovskii volcanic complexes, i.e.,
in almost all major tectonic zones, with the exception of
the Transuralian zone and the Uya–Novoorenburg
suture. Sodic rhyolites are typomorphic rocks of the
Early Carboniferous volcanic complexes of the South-
ern Urals.

Types 7 and 8. High-potassium rocks are subdivided
into two geochemical types: potassic rhyolites and
potassic basaltic trachyandesites. Both of these types
were identified only in the Polotskii complex, being
typomorphic of the Uya–Novoorenburg suture.

All the Early Carboniferous volcanic complexes are
characterized by the wide occurrence of subalkaline
rocks: basalts in the Eastern Ural and Transuralian
zones and basaltic andesites in the Magnitogorsk, East-
ern Ural, and Valer’yanovskii zones. All the volcanic
rocks of the Uya–Novoorenburg zone, from andesites
to rhyolites, are subalkaline. In general, the Early Car-
boniferous volcanism of the Southern Urals obviously
showed a subalkaline affinity.

Based on the regular distribution of geochemical
types (clusters), we proposed the following geochemi-
cal systematics and zoning of the Early Carboniferous
volcanic complexes of the Southern Urals and Tran-
suralian.

1. The Berezovskii volcanic complex (lower part of
the Magnitogorsk Group) has “an extended” geochem-
ical structure, encompassing five geochemical clusters
from high-Ti subalkaline basalts to sodic subalkaline
rhyolites (clusters 2–6). The most abundant (20–30%)
are aluminous subalkaline basalts (cluster 3), subalka-
line andesites (cluster 4), and subalkaline rhyolites
(cluster 5). Thus, the Berezovskii Complex can be
described as a continuous differentiated series of high-
sodium subalkaline volcanic rocks.
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Table 1.  Distribution of the geochemical types of rocks (clusters) among the Early Carboniferous volcanic complexes of the
Southern Urals and Transuralian region and percentage of samples of complexes in each cluster

Tectonic zones Volcanic 
complexes

Geochemcial rock types (clusters)

Total number 
of samples 

in complexes
1 2 3 4 5 6 7 8

LKB TiSAB AlSAB SAA SAR NaSAR KSAR KTBA

Magnitogorskii Berezovskii
Grekhovskii

–
–

12.3 26.3 28.1 21.0 12.3 –
–

–
–

 57

– 76.9 15.4 7.7 –
–

 13

Uya–Novooren-
burg

Polotskii – 10.3 3.4 34.5 34.5  10.3 7.0 29

Eastern Ural Berezinovskii
Tayanda

25.8 27.4 24.2 6.5 6.5 9.6 –
–

–
–

 62

4.7 52.4 28.6 14.3 – –  21

Transuralian Akkarginskii – 93.7 6.3 – – – – –  63

Valer’yanovskii Valer’yanovskii – 5.0 41.2 40.0 3.8 10.0 – –  80

Note: Hereafter, LPB—low-potassium basalts, TiSA—Bhigh-Ti subalkaline basalts; AlSAB—aluminous subalkaline basalts; SAA—sub-
alkaline andesites; SAR—subalkaline rhyolites; NaSAR—sodic subalkaline rhyolites; KSAR—potassic subalkaline rhyolites; and
KTBA—potassic basaltic trachyandesites. The clusters shown in italics are typomorphic for particular complexes.

Table 2.  Average chemical composition of geochemical rock types (clusters) from the Early Carboniferous volcanic com-
plexes of the Southern Urals, wt %

Cluster 
No.

Number 
of samples SiO2 Al2O3 FeO* MgO CaO Na2O K2O TiO2 MnO P2O5 Total

1 17 49.81 14.05 14.15 6.48 10.47 2.65 0.14 1.80 0.25 0.20 100.00

2 101 50.73 14.85 11.56 6.57 9.27 3.69 0.72 2.09 0.18 0.34 100.00

3 84 52.25 17.27 9.94 5.51 7.47 4.52 0.96 1.60 0.18 0.30 100.00

4 67 58.07 17.69 7.98 3.93 4.28 4.90 1.66 1.08 0.15 0.26 100.00

5 30 72.51 13.46 3.39 0.83 1.07 4.26 3.84 0.45 0.06 0.13 100.00

6 21 72.22 14.01 3.44 0.86 1.38 5.71 1.66 0.49 0.10 0.13 100.00

7 3 70.32 14.30 3.97 0.55 0.41 2.84 7.08 0.34 0.04 0.15 100.00

8 2 54.13 20.24 9.42 3.07 2.67 1.75 7.26 1.20 0.05 0.21 100.00

Note: FeO* is total Fe expressed as FeO.
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2. The Grekhovskii volcanic complex (upper part of
the Magnitogorsk Group) inherited the geochemical
structure of the Berezovskii complex (clusters 3–5)
with a sharp predominance of aluminous subalkaline
basalts (cluster 3). The absence of the extreme mem-
bers of the geochemical spectrum (clusters 2 and 6) is
most likely explained by the limited number of avail-
able analyses.

3. The Polotskii volcanic complex has a more com-
plex structure strongly different from that of the above
complexes. It consists mainly of subalkaline andesites
and rhyolites (clusters 4 and 5), whereas subalkaline
basalts (clusters 2 and 3) occur in subordinate amounts.
At the same time, only the Polotskii complex contains
ultra-K (up to 7% K2O) rocks, both silicic and mafic
(clusters 7 and 8).

4. A very complex geochemical structure including
six clusters is typical of the Berezinovskii volcanic com-
plex. Unlike the above complexes, the rocks of this
complex are shifted toward basaltic compositions: clus-
ters 1, 2, and 3 are most abundant (approximately 25%
each), whereas subalkaline andesites and rhyolites
(clusters 4, 5, 6) occur in subordinate amounts. The
main distinctive feature of the Berezinovskii complex is
the wide occurrence of low-potassium basalts (cluster 1).

5. The geochemical structure of the Tayanda volca-
nic complex is, in general, similar to that of the Berezi-
novskii complex, except for the subordinate role of
low-potassium basalts and the complete absence of rhy-
olites. The latter is presumably related to sampling
gaps, because silicic volcanic rocks were described in
the Tayanda Formation.

6. The Akkarginskii volcanic complex has a surpris-
ingly simple structure, consisting of predominant
(>90%) high-Ti subalkaline basalts (cluster 2) and sub-
ordinate aluminous subalkaline basalts (cluster 3).

7. The geochemical structure of the Valer’yanovskii
volcanic complex is similar to that of the Berezovskii
complex, except for the low content of subalkaline rhy-
olites (cluster 5) and, correspondingly, the increasing
role of aluminous subalkaline basalts and subalkaline
andesites (clusters 3 and 4).

The geochemical structure of the Early Carbonifer-
ous volcanic complexes allows us to subdivide them
into four groups:

—the first group includes the Berezovskii,
Grekhovskii, and Valer’yanovskii complexes and corre-
sponds to a differentiated series from high-Ti subalka-
line basalts to sodic subalkaline rhyolites with the pre-
dominance of aluminous subalkaline basalts and subal-
kaline andesites;

—the second group includes the Berezinovskii and
Tayanda complexes and ranges in composition from
low-potassium basalts to potassic subalkaline rhyolites

with a strong predominance of high-Ti subalkaline
basalts and a minor occurrence of aluminous subalka-
line basalts; the rocks of this group are shifted toward
mafic compositions relative to the first group.

—the third group is represented by the chemically
(and, perhaps, genetically) heterogeneous Polotskii
volcanic complex, which is dominated by subalkaline
andesites and rhyolites and also contains ultrapotassic
rhyolites and basaltic trachyandesites;

—the fourth group is, by contrast, extremely
homogenous and consists of high-Ti subalkaline
basalts of the Akkarginskii volcanic complex.

The distribution of samples among the four groups
of clusters is shown in Table 3.

The analysis of the geochemical systematics of vol-
canic rocks and their distribution in the tectonic struc-
tures of the Southern Urals must take into account the
specific character of our grouping method based on the
geochemical similarity of rocks. As was mentioned
above, the applied method of cluster analysis is multi-
dimensional and based on a geochemical distance
between points (rock samples), which is calculated
from the contents of eight components (SiO2, Al2O3,
FeO*, MgO, CaO, Na2O, K2O, and TiO2). This
approach is sharply different from the common proce-
dure of hierarchical grouping that is used for the suc-
cessive amalgamation of rocks into groups: first, into
mafic, intermediate, and silicic rocks by SiO2 content;
then, normal, subalkaline, and alkaline varieties by
Na2O and ä2é contents; normal and aluminous rocks
by Al2O3 content; and, finally, low- and high-TiO2 rock
varieties. In our approach, the goal is not the classifica-
tion of rocks, but their grouping into geochemical types
(clusters), the compositional differences (in all eight
components) within which are smaller than between
the clusters. In such a case, we do not know beforehand
which element will appear to be the main discriminant
criterion. It is important in this approach that the study
object is characterized by a wide compositional scatter
and the absence of tight correlations between the con-
tents of various components. As a result, each of the
distinguished groups (geochemical types) included a
wide range of compositions, extending beyond the
standard classification boundaries. This situation is
illustrated by histograms of the distribution of compo-
nent contents in the clusters (Fig. 3). In such a case, the
distinguished clusters cannot be correlated with partic-
ular petrographic and petrochemical rock types. There-
fore, the groups were termed “geochemical types,” and
their average chemical compositions were compared
with the standard compositions of corresponding rocks
in the accepted systematization of volcanic rocks. The
rocks involved into such a geochemical type show vari-
ations both in subordinate components and in the major
classification component, silica. This is logical,
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because, unlike a classification based on arbitrarily
chosen criteria, the natural grouping of real composi-
tions is based on equal weights of all major chemical
components. Within this approach, minor and trace ele-
ments could be used, when necessary, in grouping as
criteria for geochemical differences, provided the rele-
vant data are available.

GEODYNAMIC INTERPRETATION

It can be seen (Table 3) that the distinguished groups
of geochemical structures reflect the distribution of vol-
canic complexes among tectonic zones. The first group
characterizes the Magnitogorsk and Valer’yanovskii
zones; the second group, the Eastern Ural zone; the
third group, the Uya–Novoorenburg zone; and the
fourth group, the Transuralian zone. This indicates that
the obtained geochemical structures can be used with
confidence to establish the geodynamic settings of for-
mation of the Early Carboniferous volcanic complexes.

The apparent similarity between the geochemical
structures of volcanic rocks from the Magnitogorsk and
Valer’yanovskii zones attests to their formation in sim-
ilar geodynamic environments. The distinct predomi-
nance of aluminous subalkaline (medium-Ti) basalts,
the abundance of subalkaline andesites, and the minor
occurrence of high-Ti basalts are typical of continental
margin assemblages. At the same time, the absence of
low-Ti basalts precludes the assignment of these volca-
nic associations to island-arc complexes. It should be

emphasized that the resemblance of the geochemical
structures of these volcanic rocks is related to similar
geodynamic settings rather than to their occurrence in a
common structure or their simultaneous formation. For
instance, the Valer’yanovskii and Magnitogorsk com-
plexes were formed at the margins of different conti-
nents, Kazakhstan and the East European, respectively;
moreover, the Early Carboniferous volcanism of the
Valer’yanosvkii complex postdated that of the Magni-
togorsk zone by 20 Ma.

The geochemical structure of volcanic rocks from
the Eastern Ural zone (second group) resembles, in the
set of clusters, the geochemical structure of the Magni-
togorsk zone but differs in the abundance of low-potas-
sium basalts (15%), which are absent in the Magni-
togorsk zone, and the predominance of subalkaline
basalts (40%). Such geochemical characteristics are
typical of riftogenic volcanic belts that were initiated
on a fairly thick continental or transitional crust. This
conclusion is consistent with available reconstructions,
which often interpret the Eastern Ural zone with its
thick crust as an Early Carboniferous microcontinent.

The boundary position of the Uya–Novoorenburg
zone is reflected in the geochemical structure of the
Polotskii volcanic complex, which contains diverse
rocks with an elevated K content. An important fact is
the almost complete absence of aluminous basalts,
which occur in significant amounts in other zones. Such
associations of volcanic rock were described in conti-

Table 3.  Distribution of the geochemical rock types (clusters) of Early Carboniferous volcanic complexes among the tectonic
zones of the Southern Urals and Transuralian

Tectonic zone

Geochemical rock type (cluster)

 Total number 
of rock samples 

in zone
1 2 3 4 5 6 7 8

LKB TiSAB AlSAB SAA SAR NaSAR KSAR KTBA

Magnitogorsk – 6.1 51.6 21.8 14.4 6.1 – – 70

Uya–Novoorenburg – 10.3 3.4 34.5 34.5 10.3 7.0 29

Eastern Ural 15.3 39.9 26.4 10.4 3.2 4.8 – – 83

Transuralian – 93.7 6.3 – – – – – 63

Valer'yanovskii – 5.0 41.2 40.0 3.8 10.0 – – 80
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Fig. 3. Histograms of component contents in the geochemical rock types (clusters) of the Early Carboniferous volcanic complexes
of the Southern Urals and Transuralian.

nental rifts connected with magmatic sources of differ-
ent depths.

Of special interest is the geochemical structure of
volcanic rocks from the Transuralian zone. The remark-
able homogeneity of the structure (the presence of only
high-Ti subalkaline basalts at an extremely low content
of aluminous basalts) suggests a within-plate rather

than continental-margin setting. At the same time, such
complexes could be formed in back-arc basins initiated
on a thick crust.

The presented data and conclusions are well consis-
tent with concepts suggesting the formation of the vol-
canic belts of the Southern Urals at the Californian-type
margin of the East European paleocontinent [19]. The
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Valer’yanovskii belt was formed at the active margin of
the Kazakhstan paleocontinent.

CONCLUSIONS

The observed distribution of the geochemical types
of volcanic rocks in the tectonic zones of the Southern
Urals is in adequate agreement with previous conclu-
sions and reveals some interesting and geologically

important features. First, the volcanic complexes of dif-
ferent tectonic zones are heterogeneous and contain
geochemically (and genetically?) different rocks and
series. Second, the appearance of specific geochemical
rock types in particular zones shifts their general
geochemical signature, but it is “diluted” by nonspe-
cific rock types, which, coupled with significant com-
positional variations, complicates the geodynamic
interpretation of the volcanic complexes.
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The discrete character of geochemical variations in
the volcanic complexes is much more poorly expressed
than, for example, in layered intrusions [9]. However,
the “soft” discrimination method—hierarchical cluster
analysis discriminating the compositions of points at
any degree of difference, except for complete iden-
tity—allowed us to distribute the rocks among geolog-
ically interpretable groups. The distinguished discrete
groups can be used in geological mapping, which tradi-
tionally includes the outlining of distribution areas of
different (by certain parameters, in our case, geochem-
ical) rocks and boundaries between them. As was
shown in this study, they may also be helpful in geody-
namic reconstructions.
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