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Problems of the Pannonian Basin geodynamics

A. F. Grachev and V. A. Nikolaev

Schmidt United Institute of Physics of the Earth, Russian Academy of Sciences, Moscow

Abstract. Joint analysis of geological-geophysical data and petrogeochemical characteris-
tics of neotectonic volcanism revealed a close relationship between the neotectonic pattern of
the Pannonian basin and deep structure. As shown in this work, main features of the recent
deep structure such as the thin crust, hotter lithosphere and lower P wave velocities can be
accounted for solely in terms of the model of a mantle floating-up diapir that stretches the
lithosphere. Such a tectonic regime is known as synorogenic rifting. The synorogenic rifting
model is largely based on the evidence of alkali-basaltic volcanism developing since the
beginning of the Pannonian Age (11-10.5 Ma), after the subduction had stopped and the
previously widespread calc-alkaline magmatism had localized within the Transcarpathian
region. The chemistry of basalts in the Pannonian basin is characterized by concentrations
of major, rare and rare-earth elements fully consistent with petrogeochemical features of
continental rift basalts. Ultrabasic xenoliths in Pannonian basin basalts belonging to the
spinel lherzolite facies also coincide in composition with mantle xenoliths usually present
in volcanics of rift zones. The data of this work indicate that evolutionary models of the
Pannonian basin based on a passive response of the lithosphere to external factors are
invalid. The preliminary results of geodynamic zoning presented in the paper suggest that
such processing of the geological-geophysical database is promising, because it enables
the identification of individual lithospheric blocks having specific features within a given
geostructural province (differing in the relationships between geological-geophysical param-
eters). This approach provides deeper insights into the nature of the seismic activity in the
Pannonian basin that has not been clearly understood as yet.

Western, Eastern and Southern Carpathians characterized
by specific lateral zonality. The following zones are recog-
nizable in the direction from the platform to the Carpathian
arc: the Carpathian foredeep and Outer and Inner Carpathi-
ans.

The Carpathian arc bounds the Pannonian basin (PB);
along with its peripheral basins (Vienna, West Danubian
(Trans-Danubian), Transcarpathian and Transylvanian), the

Introduction

The Carpathian-Balkan region (CBR) is the eastern ex-
tension of the Alpine mountain system, divided in the Vi-
enna basin into the mountain structures of Carpathians and
Dinarides.

Carpathians form an arc convex to the East European

platform, and the southern part of this arc along with the
mountainous Balkanides is the natural boundary of the Moe-
sian platform. Being the northeastern continuation of the
Fast Alps, the Carpathian arc is divided into three segments:
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latter is bounded by the Dinarides to the southwest (Fig-
ure 1).

The Balkan Mountains (Stara Planina), which join the
platform via the narrow Balkan foredeep striking E-W, are
south of the Mysian platform. A system of intermontane
basins separates the Balkan Mountains from the Krainshten-
Midmountains uplift area. The boundary of the latter with
the Rhodope Massif coincides with the Maritsa fault. Struc-
tural elements south of the Rhodope Massif are bounded to
the west by the Strimon tectonic line (pre-Eocene thrust),
where they join the Serbian-Macedonian Massif and north-
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- Inner Carpatians
- Calc-alkaline volcanic rocks

- Outer (flysch)-Carpatians
PM . Alkali basalts

Figure 1. The tectonic scheme of the Carpathian-Balkan region [Falus et al., 2000]: PM — Persani
Mountains; LHP — Little Hungarian plain; SB — Stirian Basin; BBH — Bakony-Balaton Highland Volcanic
field (Hungarian Midmountains); NG — Nograd-Gomor Volcanic field.

ern Hellenides. However, the problem of boundaries of
the Rhodope and Serbian-Macedonian massifs is debatable:
based on findings of Tertiary granites in the Rhodope Massif,
some researchers attribute it, as well as part of the Serbian-
Macedonian massif, to the Hellenides.

Of the aforementioned elements of the present-day struc-
ture, the CBR structure is most intricate (some parts of the
region differ in their development history).

The Outer Carpathians and Carpathian foredeep form a
continuous arc, and the Inner Carpathians consist of indi-
vidual blocks the relations between which are still open to
question (e.g. the Apuceni Mountains and the Southern
Carpathians). The Inner Carpathians override the Outer
Carpathians along a system of thrusts occasionally devel-
oping into nappes and varying in number throughout the
arc; the overthrusting time also varies (from the Early Cre-
taceous to the beginning of Cenozoic) [Birkenmaier, 1977;
Khain, 1984; Tectonics of Europe ..., 1978; and others].

The structure of the Outer Carpathians is represented
by a combination of folds and nappes of up to 1200 km in
length and 100 km in width, with thrust motions being di-
rected toward the West and East European platforms. Most
researchers of the Carpathians believe that the overthrust-
ing started in the Oligocene and ended at the Sarmatian

time [Khain, 1984; Machel, 1974; and others]. The amount
of crustal shortening due to the folding and overthrusting
varies from 20-30 to 100-120 km according to estimates of
various authors.

The entire Carpathians are separated from the adjacent
platform by a foredeep developed on the pre-Alpine hetero-
geneous basement. The foredeep has been shown to mi-
grate northeastward within the Eastern Carpathians. Deep
drilling and DSS results [Sovchik, 1984] indicate that the
platform margin plunges toward the northern slope of the
Ukrainian Carpathians. The foredeep is narrowest in the
junction zone between the Carpathians and the Bohemian
Massif (a few kilometers) and widest in the Western and
Southern Carpathians (up to 200 km). The thickness of de-
posits varies from 2 km in the Western Carpathians to 5 km
in the Ukrainian Carpathians and to 8-10 km in the South-
ern Carpathians.

The Pannonian basin was considered for a long time as
a median mass, but a bulk of new data including drilling
results showed that the pre-Neogene basement is character-
ized by strong heterogeneity and consists of rocks varying in
composition and age [Balla, 1984]. Destruction of the con-
tinental crust at the end of Triassic gave rise to an oceanic
basin a few hundred kilometers wide. Its closure in the Early
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Cretaceous resulted in the formation of a new metamorphic
granite layer and, as early as the middle of the Late Creta-
ceous, a considerable part of the present-day Pannonian de-
pression was a stable region within which epicontinental sea
basins were developed. Pre-Neogene complexes of the Pan-
nonian basin contribute to the structure of the Carpathian
arc and extend into Dinarides in the south.

The Dinarides continue the Southern Alps to the south-
east; the boundary between them is somewhat unclear and
is marked by the appearance of ophiolites. The Dinarides
are separated by a steep fault from the Eastern Alps and
plunge under Neogene deposits of the Pannonian basin in
the north. The Rhodope and Serbian-Macedonian massifs
separate the Dinarides from the Carpathian-Balkan arc.

The orogeny within the Balkanides started at the post-
Sarmatian time, as is evident from the Pliocene-Quaternary
molasse unconformably overlying pre-Meotian rocks (Sar-
matian and older ages) [Malovitskii, 1979; Vaptsarov et al.,
1990]. A system of narrow, linearly elongated ranges of Stara
Planina with uplift add of more than 1000 m is bounded by
the Nizhne-Kamchiiskii trough to the north and by the Bur-
gas depression to the south; the downwarp add in the latter
exceed 700 m [Southern Black Sea ..., 1985].

As distinct from both the Alps and Carpathians, a main
geological-structural feature of the Dinarides is the wide oc-
currence of ophiolites, which serves as a basis for the sub-
division of Dinarides into two major zones, inner and outer.
The present-day nappe-fold structure of Dinarides started
to form at the Middle/Late Eocene boundary and ended in
the Early Miocene. By that time, horizontal movements of
nappes had stopped in both the inner and outer zones, and
subsequent tectonic movements were mainly vertical.

The neotectonic stage in the Carpathian region began
at the Pannonian time (sensu stricto), i.e. 11-10.5 Ma
[Grachev, 2000; Grachev et al., 1987a], when peripheral
basins (Vienna, Transylvanian, and others) died away within
the Carpathian structural plate and horizontal movements
of nappes stopped in both outer and inner zones of the
Carpathian arc. By that time, the Carpathian structural
loop had already existed in its present-day outlines [Burt-
man, 1984]. Beginning from the Pannonian Age, vertical
crustal movements forming the contemporary topography
prevailed within the Carpathian loop. However, there ex-
ist data indicating that horizontal movements persisted as
long as the end of the early Pannonian in some areas of
the Pannonian basin including the Mecsek Mountains, where
Sarmatian deposits override Lower Pannonian rocks [Kleb,
1973]. Another example is the northeastern part of the
Pannonian basin (Eastern Carpathians), where compression
conditions have been preserved until present time accord-
ing to instrumental data [Brimich and Latynina, 1988]. Fi-
nally, an area of this type is located in the southeasternmost
Southern Carpathians at the Transylvanian basin/Moesian
platform junction including the Vrancea zone. Here, many
data yield evidence of convergence between the Transylva-
nian (Tisa-Dacian) block and the Eurasian plate [Hippolyte
et al., 1999] including the Pliocene-Quaternary calc-alkalic
volcanism [Chalot-Prat and Girbacea, 2000].

Vertical deformations in Carpathians are well constrained
by the present hypsometric position of the Polonin peneplain
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Table 1. Matrix of factor loads for main parameters of the
Carpathian-Balkan region

Factors

Parameter

1 2 3
Vi, mm/yr 0.83 0.17 —0.14
N, m 0.88 —0.09 —0.31
M, km 0.81 —0.16 0.50
¢, mW/m? —-0.78 0.43 —-0.22
Factor weight, % 61.5 15.7 7.8

dated at the early Sarmatian by the analysis of correlate
deposits [Tsys, 1970]. A similar conclusion was drawn by
other authors [Planation Surfaces ..., 1973]. This surface
forms the top level of Carpathians below which younger pla-
nation surfaces and a series of river terraces have developed
[Zuchiewicz, 1990]. Carpathian uplift amplitudes vary from
300-400 m in the inner zone of the Carpathian arc (Matra,
Bakony and other mountains) to 1500 m in its outer zone.
Many neotectonic and geodynamic features of the arc are
associated with the development of the Pannonian basin.

Factor and trend analyses of amplitude variations of re-
cent (V;) and neotectonic (N) movements, heat flow (¢) and
crustal thickness (M) were performed in order to elucidate
main geodynamic and neotectonic relationships in the CBR
[Bronguleev et al., 1984; Grachev, 2000; Magnitsky et al.,
1988].

The factor analysis (Table 1) revealed, on a regional scale,
a stable inverse correlation of heat flow with all other param-
eters (factor 1 has a weight of more than 60%) and the pres-
ence of CBR areas where the heat flow is inversely propor-
tional to the recent and neotectonic movements. Moreover,
factor 2 suggests the presence of areas where, in contrast to
the regional relationship (factor 1), the crustal thickness is
inversely correlated with neotectonic movement amplitudes.
The factor analysis generally implies that the thermal heat-
ing of the lithosphere is the main factor responsible for the
crustal thinning, as well as for the recent and neotectonic
activity in the most territory of the CBR.

Results of the trend analysis of the same variables as in
Table 1 provide a graphic illustration of the relationships
constrained by the factor analysis. Regional components
of recent and neotectonic movements (Figure 2) indicate the
presence of a vast CBR minimum encompassing the Pannon-
ian depression proper and peripheral subsidence areas (Vi-
enna, Transylvanian, Transcarpathian, and Trans-Danube
basins). The minimum also includes the Hungarian Mid-
mountains (Bakony Mountains). Another minimum, sub-
stantially smaller in size, includes the Mysian plate and ad-
jacent offshoots of Southern Carpathians.

Regional maximums of the same variables nearly coincide
in area and encompass the Western, Eastern and Southern
Carpathians, part of the Eastern Alps, Dinarides, and the
Apuseni Massif separating the Pannonian and Transylvanian
basins. Comparison of regional trends in the four variables
(Vr, N,q and M) clearly indicates that their areal variations
are correlated; namely, regional components of recent and
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Figure 2. Regional components of the (a) recent crustal movement velocity, (b) neotectonic movement
velocity, (c) heat flow and (d) Moho depth. Broken lines are contours of negative values [Magnitsky et

al., 1988].

neotectonic crustal movements and Moho depths vary in-
versely proportional to the regional component of the heat
flow.

Analysis of local components of the same variables showed
that they are much less correlated (Figure 3), as could be
expected from the results of the factor analysis (Table 1).

The best agreement is observed for the recent and neo-
tectonic movements. Best resolved are some structures in
the central and southwestern CBR. Among uplifts, these
are the Hungarian Midmountains, Apuseni Massif, Dinarides
and Eastern Carpathians, whereas subsidence areas of this
type are the Great Hungarian Lowland, Transcarpathian
and Transylvanian and Vienna basins. Other local compo-
nents are less correlated, although the correlation is good in
some CBR areas (Figure 3).

Thus, recent crustal movements within CBR are charac-
terized by high degree of inheritance from neotectonic move-
ments (much higher than in platform regions) [Magnitsky et
al., 1988]. The movements are characterized by inheritance
both on the scale of the entire region and in individual areas
on a scale of 10*-10° km?.

Grachev et al. [1987a] noted that the main factor re-
sponsible for variations in the neotectonic activity within
the CBR is the thermal heating of the lithosphere. Actually,
the temperature distribution at Moho (Figures 4 and 5) indi-
cates that the Moho temperature is highest in the Pannon-
ian basin, Czechian-Silesian arc, Eastern Carpathians and
Carpathian foredeep (Tm of more than 750°C), where about
70% of the observed heat flow are of mantle origin [Cermak
and Bodri, 1986]. The T\ temperature in the Transylvanian
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Figure 3. Local components of the (a) recent crustal movement velocity, (b) neotectonic movement
velocity, (c) heat flow and (d) Moho depth. Broken lines are contours of negative values [Magnitsky et

al., 1988].

basin is about 500°C, which is close to the values obtained
for the Moesian plate. The T\ temperature is about 500—
600°C under the Dinarides and Western Carpathians.

Thus, the calculated distribution of temperatures at the
crust base reveals three heating regions in the lithosphere
with a high mantle heat contribution: the Pannonian basin,
Czechian-Silesian arc and junction zone of the Western and
Eastern Carpathians. These are exactly the areas of the
active Pliocene-Quaternary volcanism. However, the anal-
ysis of the temperature distribution both at the Moho and
in deeper lithosphere layers reveals distinctions between the
areas noted above.

The 1000°C isotherm lies at depths of 30-32 km under the
Pannonian basin and 50-55 km under the Bohemian Massif
(Figure 4). These data are well consistent with independent

results of magnetotelluric sounding indicating the presence
of a high electrical conductivity zone at depths of 60 km un-
der the Pannonian basin and 90-100 km under the Czechian
Massif [Adam et al., 1977, 1989; Lithosphere ..., 1993; Mar-
ton, 1999; Onuoha, 1981].

The third area of higher Moho temperatures is located in
the Eastern Carpathians where a high electrical conductivity
is observed at depths of 15-20 km rather than in the mantle
[Adam et al., 1989; Lithosphere ..., 1993] and is an order
of magnitude lower than under the Pannonian basin. This
does not contradict the possible existence of crustal melting
sources associated with which the young calc-alkaline vol-
canism.

Thus, as distinct from other CBR regions, the neotectonic
geodynamics of the Pannonian basin is characterized by a
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Figure 4. Moho temperature (°C) in the Carpathian-
Balkan region and adjacent areas [Cermak and Bodri, 1986].
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well-pronounced thermal control responsible for the main
features of its recent and neotectonic geodynamics [Grachev,
2000].

Neotectonics of the Pannonian Basin

Pannonian basin was considered for a long time as a clas-
sical example (tectonotype) of a median mass within the
Alpine fold region. Such ideas had existed until the early
1970s when the creation of plate tectonics resulted in a re-
vision of many concepts in the Earth sciences including the
ideas concerning the Alpine foldbelt development.

Modern models of the Pannonian basin development
mostly invoke plate tectonics ideas in order to account for
the evolution of the Alpine belt [Smith, 1971 and many oth-
ers]. These works were the first attempts to use the plate
tectonics for interpreting the evolution of the entire Alpine
foldbelt. They initiated the development of more detailed
kinematic schemes for various parts of the Alpine belt in
order to account for the formation of the system of basins
in the Pannonian region on the basis of both the kinematics
of the Carpathian structural loop and the thermal model of
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McKenzie [Burchfiel and Royden, 1982; Royden and Sclater,
1981; Royden et al., 1983a, 1983b; Sclater et al., 1980].

Some authors regarded the Pannonian basin as an ensialic
downwarp that arose behind the subduction zone [Bleahu
et al., 1973; Boccaletti et al., 1976; Horvath and Stegena,
1977]). In particular, the analogy with the development of
the Great Basin in the western U.S. was used in the Scholz
model [Scholz et al., 1971], which retains its significance even
now.

All of the aforementioned works the plate tectonic ap-
proach, interpreting (from the standpoint of kinematics
rather than geodynamics) the formation of basins within
the Carpathian structural loop in terms of extension related
to shear deformations resulting in the formation of pull-apart
basins.

It is easy to see that, within this approach, the same kine-
matic group includes basins of various ages whose develop-
ment was concurrent with the collision of lithospheric plates
(peripheral downwarps such as the Vienna, Transcarpathian
and other basins) or postdated it (the system of inner basins
of the Late Miocene-Pleistocene, i.e. the Pannonian stage of
development). The formation of the Transylvanian basin
remains altogether unaccounted for.

The above models, in terms of which the Pannonian basin
developed as a postrift sedimentary basin throughout the
Late Miocene-Quaternary, are purely kinematic. They fail
to account for the strong heating of lithosphere and alkali-
basaltic volcanic activity, seismicity, synsedimentary mode
of listric faulting and several other geological and geophysical
facts [Badawy et al., 2001; Bus et al., 2000; Csontos, 1995;
Grachev, 2000; Grachev et al., 1987a, 1987b].

In the late 1980s, the entire complex of data was used
for seismic regionalization resulting in the construction of
an Mmax map predicting the seismic hazard in the Paks nu-
clear power plant (NPP) area [Grachev et al., 1987c, 1989b].
These studies did not confirm the existence of a young (Qua-
ternary) strike-slip fault (previously supposed by several
Hungarian specialists) in this area and initiated the orga-
nization of new investigations [Seismic Safety ..., 1997]. It
was shown that there is no evidence supporting the presence
of any Quaternary faults in the Paks NPP area [Seismic
Safety ..., 1997, p. 192].

A basically different approach to the interpretation of de-
velopment of the Pannonian basin and surrounding
Carpathian mountains was elaborated in [Grachev, 1987a,
2000; Grachev and Dobrzhinetskaya, 1987; Grachev et al.,
1987a, 1987b, 1989a, 1992]. Based on the entire complex
of geological and geophysical data (including the seismic-
ity analysis), this approach interprets the development of
basins within the Carpathian loop since the Pannonian time
in terms of the synorogenic rifting control.

Subsequent studies provided new evidence, both geologi-
cal and geophysical, in favor of the model proposed. Thus,
detailed observations of faults in the Gerecse Mountains
(northwestern Pannonian basin) showed that fractures and
normal faults trending NNE-SSW cut all rocks of the Sar-
matian and younger ages [Bada et al., 1996]. This has led
to the conclusion that the given region is under conditions
of extension oriented NW-SE. New field investigations in
north-eatern part of basin during the last 2 years (2001 and
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Figure 5. (a) Heat flow, (b) estimated temperature distribution in the lithosphere and (c) seismic cross
section along the EEGT-5 international geotraverse in the Carpathian-Balkan region [Cermak and Bodri,

19836).

Qo and @1, are observed and estimated values of the heat flow, respectively; Qm is the contri-

bution of mantle sources of the lithosphere heating; and @ is the contribution of radiogenic sources in
the crust. I, Saxony; II, Bohemian Massif; I1I, Outer Western Carpathians; IV, Inner Western Carpathi-
ans; V, Pannonian basin; VI, Apuseni Massif; VII, Transylvanian basin; VIII, Eastern Carpathians;

IX, Moesian plate.

2002) allow to get a lot of data suggested this conclusion.

Another important aspect relates to new data on the deep
structure of the Pannonian basin that updated the Moho
depths and yielded a lower estimate of the Moho P, velocities
[Weber, 2002].

Main Characteristics of the Pannonian
Basin Neotectonics

Neotectonic movement amplitudes in uplift areas were de-
termined by the method of trend analysis (nonpolynomial
modification) [Grachev and Mishin, 1975] applied to the hyp-

sometric position of the early Sarmatian planation surface
taking into account the amount of denudation varying from
50 to 150 m in Bakony, Bukk, Matra and other mountains
[Aron, 1980].

Neotectonic movement amplitudes in subsidence areas
were found from the thickness and facies analysis of Pan-
nonian and Quaternary deposits using the known procedure
of introducing corrections for variations in the porosity and
density with depth [Steckler and Watt, 1978]. Since we had
data from nearly all stratigraphic holes crossing the Pan-
nonian sedimentary cover, as well as seismic reflection and
common midpoint data, neotectonic movement amplitudes
were for the first time correctly estimated throughout the
Pannonian basin. A fragment of the neotectonic map of the
Pannonian basin is presented in Figure 6.
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Figure 6. A fragment of the neotectonic map of the Pannonian basin (see explanations in text).

Analysis of subsidence curves in various areas of the Pan-
nonian basin constructed by the aforementioned technique
(Figure 7) leads to conclusions vital for the neotectonics and
geodynamics. The subsidence of peripheral basins inside the
Carpathian loop continued from the beginning of Miocene
to the end of the Sarmatian, after which the basins virtually
stopped their development; on the contrary, inner basins of
the Pannonian region started their development just from
this time, i.e. from the beginning of the Pannonian Age
sensu lato (Figure 7). The behavior of the subsidence curves
indicates strong differentiation of neotectonic movements in
areas of prevailing subsidence. Even this circumstance alone
precludes the classification of the study region as a sedi-
mentary postrift basin because, according to the McKenzie
model. The sedimentary cover thickness in such basins varies
weakly.

As is evident from the neotectonic map (Figure 6), all
structures of the Pannonian basin are elongated in the NE-
SW direction in accordance with the so-called Balaton di-
rection. An exclusion is two troughs in the southeast of the
region known under the names Mako and Bekes. Their de-
velopment at the Pannonian stage occurred in places of deep
(about 1000 m) basins, relicts of a Sarmatian basin, and was
associated with the isostatic subsidence due to the accumu-
lation of sediments supplied by rivers (Figure 8, 9), as has
recently been established from facial analysis of seismostrati-

graphic and deep drilling data [Mattick et al., 1985]. The
formation mechanism of this type of basins was described in
[Grachev and Mikhailov, 1988].

Two uplift areas are recognizable in the Pannonian basin.
The first extends from the Hungarian Midmountains (the
Bakony Mountains in the Lake Balaton area) through the
Matra and Bukk mountains in northeastward direction to-
ward the Eastern Carpathians. The uplift amplitudes vary
from 300 m in the southwest to 800 m in the northeast;
the 19°E meridian approximately divides the area into two
parts: the western zone of neotectonic syndenudatinal uplift
and the northeastern zone of synerosional uplift.

In the first case, uplifts are compensated by denudation,
and in the second case they are not, which is reflected in both
the topography and neotectonic movement amplitudes. The
Bakony Mountains represent a typical polygenetic planation
surface whose monotonic topography is disturbed by chains
of cinder and lava cones with elevations of 300-400 m. Vol-
canic structures are built on the pre-Pannonian basement,
and lava flows are interbedded with Pannonian deposits,
which indicates a young age of the eruptions.

Neotectonic deformations are best expressed as displace-
ments of lake terraces on the northeastern coast of Lake
Balaton, whereas traces of neotectonic deformations in in-
ner part of the Bakony Mountains are recognizable only in
quarries in Pannonian deposits.
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Figure 7. Curves of tectonic subsidence in the eastern Pannonian basin, constructed on the borehole
data: triangle — thickness of sediments without correction for porosity; rhomb — the same, with cor-
rection for porosity; square — the same, with correction for isostatic factor. Subsudence curves for for
Transcarpathian (T), Vienna (V) and West Danube (W.D.) basin are shown for compariosn [Sclater et

al., 1980).

Pannonian deposits are typically cut by systems of large
open joints and microscopic normal faults with amplitudes
of up to 1 m (Figure 10). The concentration of the joints
reaches of 3-4 per 1 m of length, and their predominant
strike is the Balaton (NE) direction.

A system of steep normal faults dipping at an azimuth
and angle of SW246° and 62° with well-observable mullion

structures was discovered and described by the author in
1987 on the western periphery of the Bukk Mountains (near
the Homokteren village) in strongly cemented sands of the
Upper Oligocene. Another system is represented by sub-
vertical joints 5-10 to 20 cm wide filled with uncemented
sand. Such a character of the joints makes them similar to
neptunian dikes (Figure 11).
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Figure 8. Structural map of the Cenozoic base in the southeastern part of the Pannonian basin [Mattick
et al., 1985]: (1) fault attitudes (arrows show the dip direction of fault plane); (2) depth contours with
a 1000-m interval (the broken line shows a 500-m interval); (3, 4) local uplifts and subsidences of the
pre-Cenozoic basement); (5) subbasins: (A) Mako, (B) Derecke and (C) Bekes.

The second uplift area is located south-southeast of Lake
Balaton in the Mecsek Mountains forming a synerosional
brachyanticline in the basement with movement amplitudes
of up to 400-500 m. The northern and southern boundaries
of this area are thrown up along systems of ENE-striking
faults. The hinge of the fold gently dips in SW and NE
directions.

Investigations in numerous deep quarries in the vicinities
of the Mecsek Mountains have revealed a widely developed
system of step-like listric normal faults dipping at E90° <40—
60° and having an overall amplitude of vertical motions of up
to 5—6 m. Importantly, exposures of Sarmatian limestone are
observed at a distance of 100 m from Pannonian outcrops,
and these deposits are likely to contact each other on a fault.

We noted above that, unlike other regions of Hungary,
deformations of the crust in the Mecsek Mountains changed
from compression to extension in the early Pannonian, and
exactly from this time this uplift area was expressed in the
topography.

Neotectonic subsidence amplitudes in the Pannonian basin
are much greater than the uplift displacements. Two sub-
sidence areas are clearly recognizable: one coincides with
the Little Hungarian Lowland (northwest of the Hungarian
Midmountains) and another is located in the central part
of the Pannonian basin along the median line of the basin.
The subsidence areas consist of separate linearly extending
neotectonic brachyanticlinal folds often forming en echelon
configurations and complicated by faults.

Thicknesses of Pannonian deposits in depressions substan-
tially differ from those in uplifts (Figure 12). As was shown
for the first time by Vadas [1964] and subsequently con-
firmed by more detailed analyses [Grachev, 2000; Grachev
et al., 1987a; Mattick et al., 1985; Pogacsas, 1984a, 1984b,
1987a, 1987b; and many others], changes in the thicknesses
are accompanied by changes in the facies composition of
the deposits, which is evidence of a syndepositional mode of
the development of Pannonian neotectonic structural forms
(Figure 12). Zones of high thickness gradients of the Pan-
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Facial relationships derived from cores of three boreholes drilled in the Mako-

Hodmezevasharhei trough and on its flanks [Berczi and Phillips, 1985]: (1) basal conglomerate: (a) Pa-
leozoic basement; (2) deep-sea facies; (8) predelta facies: subfacies A and B; (4) delta front; (5) delta

plain.

nonian deposits often correlate with fractures whose origin
of critical importance for geodynamics.

Data of seismostratigraphy and drillcores convincingly
demonstrate that many faults involving the entire section
of the sedimentary cover in inner basins of the Pannon-
ian region can be classified as listric normal faults, which
was noted for the first time by Royden and Sclater [1981].
Moreover, there is evidence indicating that such faults not
only penetrate the pre-Pannonian folded basement through-
out its thickness but also reach the base of the solid crust

(Figure 13) [Hagnal et al., 1996; Posgay and Szentgyorygi,
1991]. The presence of such faults is evidence that troughs
developed under conditions of lithosphere extension. Such
faults are known to be typical of rift areas and passive con-
tinental margins. The amount of extension in basins of the
Pannonian region, as estimated from listric normal faults,
occasionally reaches 20%.

Two structural complexes are recognizable in the struc-
ture of the Carpathian foredeep; these are the lower com-
plex including deposits up to the Upper Cretaceous and the
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Figure 10. Faults in the Pannonian deposits (photograph
by A. Grachev). A system of small normal faults in de-
posits of the upper Pannonian (Mt. Kish-Hedis-te, Hungar-
ian Midmountains). Motions are largest on fault planes with
a dip azimuth of 310° and dip angles of 45-50°. It is note-
worthy that Pannonian deposits are intact in the quarry wall
orthogonal to the photo plane. A step normal fault in de-
posits of the upper Pannonian is seen to the right (a quarry
in the Himeshhaza village area east of the town of Pecs).

upper one developing since the Middle Miocene, i.e. ap-
proximately at the origination time of inner basins of the
Carpathian structural loop. The lower complex is distin-
guished by strong variability of facies in both vertical and
lateral series. Conglomerates occur in the inner part of the
foredeep and grade into thinner sediments toward the plat-
form. The upper complex developed in the outer part of the
foredeep, where more than 4500 m of Tortonian and Sarma-
tian sediments have been deposited. The rocks are weakly
deformed and dip at angles of no more than 10-15°; synde-
positional normal faults alone are developed here.

Thus, beginning from the Late Miocene, the development
of the Pannonian basin cannot be considered without regard
to the orogenesis in the surrounding system of Carpathians,
Alps and Dinarides.

Alkaline Basalt Volcanism and Its
Implications for the Geodynamic Origin of
the Pannonian Basin

Analysis of volcanism is essential for understanding the
geodynamics of the Pannonian basin and adjacent areas.
General patterns of its development in time and space have

been long established, but the implications of volcanism for
tectonic development were the subject of controversy since
the creation of plate tectonics.

The development of volcanism was traditionally, within

-y
-

Figure 11. Neptunic dikes in Oligocene sandstones,
southwestern part of Bukk Mountains (photograph by
A. Grachev).
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Figure 12. Seismic section illustrating the variation of the thickness and facies (A, B,..F) of the
Pannonian sediments in the direction from the subsidence region to synsedimentary uplift area [Pogacsas,

1984a]. Thickness in seconds.

the framework of the geosyncline concept, subdivided into
two stages: the early orogenic stage (Late Eocene-Middle
Miocene) [Milanovskii and Koronovskii, 1973] is represented
by rocks of the calc-alkaline series and the second stage (since
the Pannonian Age up to present) corresponds to the final
magmatism of Stille [1964] associated with eruptions of al-
kalic basalts. Importantly, the development of peripheral
basins inside the Carpathian loop during an interval of 16—
10.5 Ma coincided in time with the most intense phase of
the calc-alkaline magmatism.

For the purposes of this work, of interest is the analysis
of the Late Miocene-Quaternary volcanism, when the calc-
alkaline volcanism drastically changed to the alkali-basaltic
type at the very beginning of the Pannonian Age through-
out the vast CBR territory; this was an event of paramount
importance for the understanding of the neotectonic geo-
dynamics. Its significance was noted by Stille [1964], who
attributed it to the final type of volcanism accomplishing
the geosynclinal development.

What does the final volcanism mean? Stille [1964] intro-
duced this term in order to describe the magmatic activity
starting after folding processes had stopped in a geosynclinal
region. As was emphasized by G. Stille, the most important
features of the final volcanism are (1) association with fault-
ing tectonics (Blockgebirge), (2) general consolidation and
cratonization of the crust and (3) a change in deep condi-
tions of magma generation. Moreover, G. Stille introduced
the special term “Rhein-type orogenesis” defining the Rhein
graben as a tectonotype. General patterns of the final vol-
canism noted by G. Stille are still valid but geodynamic im-
plications of this type of volcanism have been unclear until
recently.

The final volcanism was most widespread in the Pannon-

ian basin, although it was an order of magnitude smaller
in volume than volcanics of the early orogenic stage. Al-
kali basalts outcrop in the areas of Mts. Somlo and Sag
(Little Hungarian basin), Hungarian Midmountains (Bakony
Mountains), vicinities of Shalgotoryan (Nograd) and Tokay
Mountains [Balogh, 1983; Jugovics, 1974; Szabo et al., 1992].
Basalts have also been discovered in many drillcores from the
sedimentary sequence of Pannonian deposits (Kiskunhalas,
Kesel, Ruzsha, Shandorfalva and others) [Molasse ..., 1981;
Jambor, 1989].

The Kec-2 hole penetrated 350 m of basalts and did not
leave them at a depth of 1350 m; basalts occur here directly
under Lower Pannonian (sensu stricto) deposits. The Kec-1
hole encountered basalts at a 250-m depth, also under Lower
Pannonian deposits; basalts are traceable here down to a
depth of 1250 m. A similar situation is observed in the
Kec-4 hole, where the thickness of basalts overlying Miocene
deposits is 350 m [Molasse ..., 1981].

These drilling data call for a revision of old ideas con-
cerning the occurrence of basalt volcanism in the Pannonian
basin that are based solely on the known descriptions of sur-
face lavas. However, even more important is the fact that
the drillcore data yield additional constraints on the strati-
graphic position of basalts previously considered not older
than the Pliocene.

According to biostratigraphic evidence and K-Ar and pa-
leomagnetic datings, the basalts of the Pannonian basin
range in age from the early Pannonian to Late Pleistocene.
Age determinations yielded 1.4-2.8 Ma for the Nograd
basalts, 2.7-5.0 Ma for basalts from the Balaton area and
Little Hungarian Lowland, and 8.1-10.4 Ma for basalts from
boreholes in the Kishkunhalash, Shandofalva, Ruzsha and
Kesel areas [Balogh, 1983].
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Figure 13. Seismic section for the eastern part of the Pannonian Basin [Posgay, 1989]. B — basement,
M — Moho boundary.

Thus, the calc-alkaline to alkali-basaltic transition of the
Late Eocene-Miocene volcanism in the Carpathian region
took place at the very beginning of the Pannonian Age at
the origination time of inner basins. It is important to note
that these basalts typically contain inclusions of ultrabasic
rocks.

Alkali-basaltic volcanism of the Pliocene (Dacian, Lev-
antinian and upper Pannonian) was also widespread in the
Gratz area of the Eastern Alps and in other areas near the
Vienna basin [Huller, 1974; Lippolt, 1982; Machel, 1974;
Poultidis, 1981]. New K-Ar datings of basalts from Burge-
land and Stiria areas yielded ages ranging from 10.5 to
3.8 Ma [Grachev, 2003 (in press)]. Evidence for basic vol-
canism in the Western Carpathians is found northwest and
southeast of the town of Lucenec, where a few tens of out-
crops of Pliocene-Quaternary basalts are known (lava flows,
dikes and cinder cones). This area is an immediate north-
ward continuation of the Nograd occurrence area of alkali

basaltoids and much resembles it as regards the composition
of the volcanics themselves and their ultrabasic xenoliths.
Young basalts are also known in the Pershan Mountains.

North of the Carpathian arc within the Czechia-Silesia
region, basic volcanism (alkalic and peralkaline lavas dom-
inated by basalts and basanites and containing ultrabasic
xenoliths) manifested itself in several places that form a
zone extending for more than 500 km and bounding the Bo-
hemian Massif to the northwest and northeast (Heb, Dupov
Mountains and Zhitava-Luban, associated with the Rudav-
Oharetz fault zone; and Lagnitsa-Yarov, Stshelin-Zembitse
and Opole, associated with the Odra River fault zone). In
the Czechian Massif, volcanism started to develop in the
Oligocene-Early Miocene, stopped for 8 Myr and entered a
new activity phase spanning the Late Miocene-Quaternary;
importantly, the onset of the latter coincided in time with
the transition from the calc-alkalic to alkali-basaltic types of
volcanism within the Carpathian region.
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Table 2. Average chemical composition and normative characteristics (%) of Pliocene-Quaternary rocks of the Pannonian

Basin [Grachev, 2000]

1 2 3 4 5 6 7 8 9 10 11 12
SiO, | 45.71  47.08  46.36  46.29  47.44 4563  A7.61 4789  47.76 5143  51.93  50.27
TiO, | 230 225  1.87 197 186 221 162 114 115 060 0.3 0.69
ALOs | 1545  14.93 1759 1597 1623 1596 16.26  17.11  17.08 1850 18.89  19.83
FeO* | 970 948 944  10.09 980 994 862  7.35  7.35  9.09 947 9.11
MgO | 9.18  7.06  6.12 751 787 780 1053 852 864 535  4.84 4.22
CaO 916 856  9.69 893 875 906 1016 932 944 1001  7.99  10.20
Na;O | 3.64 355 417 352 321 265 315 257 247  1.86  2.58 2.17
K>O 159 189 215 1.91 181 217 138 137 130 090  1.20 1.00
Q - - - - - - - - - 677 621 4.67
Or 939  11.17 1270 1128 10.69 12.82 814 805 815 532  7.09 5.91
Ab 18.03 2373  14.08 1946 23.84 1614 1627 2178 2072 1573 21.82  18.35
An 21.13  19.23 2294 2214 2454 2525  26.80 31.09 31.16  39.47 3642  41.42
Ne 6.91 341  11.48 559  1.79 340  5.62 - - - - -
Di 19.10 1851  20.07  17.60 14.94 1583 1881 12.05 1391 825  2.59 7.48
Hy - - - - - - — 655 288 1632 1620  13.46
ol 1132 945 547 1026 1144 1393 1770 988 1265 - - -
Hm 437 427 355 374 353 420 310 216 223 114 158 1.31
Mt 648 503 535 612 619 386 309 367 368 473 573 4.89
N 13 45 46 56 41 40 4 7 8 - - -

Note: 1 —basalts, including xenoliths of spinel lherzolites; 2 — West Danube basin; 3 — Salgotarjan area; 4—6 — Bakony Mountains; 7-9 —
Northeastern Carpathian: 7 — Kaliman-Hargita Mountains, 8 — Tokai Mountains, 9 — Sarospatak drillhole 10; 10-12 — Transcarpathian

region. N — number of analyses.

Alkalic basalts of a similar composition containing ultra-
basic xenoliths have long been known and are presently well
studied within Poland [Alibert et al., 1987; Blusztajn and
Hart, 1989]. In their isotope-geochemical systematics, they
are similar to basalts of the Pannonian basin [Grachev, 2003
(in press)].

Thus, the Late Miocene-Quaternary basic volcanism in
the vast territory of the Pannonian basin and adjacent ar-
eas had no relation to the pre-neotectonic structural pattern.
Its characteristic feature is the general petrographic compo-
sition and the presence of xenoliths in the spinel lherzolite
facies [Grachev, 2000; Grachev et al., 1987b].

The only exception in the entire Carpathian region is the
Eastern Carpathians and the Transcarpathian basin, where
young volcanics classified as the Gutinian and Buzhorian
formations (analogs of Pannonian 10-11-Ma deposits) are
represented by basalts, andesite basalts and andesites form-
ing a differentiated series [Geochemistry ..., 1976; Maleev,
1964]. These rocks constitute small nappes, cinder cones
and subvolcanic structures within the Buzhora and Lesser
Sinyak mountains and Vygorlat-Gutin Ridge. The origin of
this Eastern Carpathians series can be elucidated from the
discussion of the volcanics petrochemistry and neotectonic
geodynamics.

Petrochemical systematics of alkali basalts of the
Carpathian basin and surrounding areas has been estab-
lished using the petrochemical bank of world basalts (more
than 60 000 analyses) created by the author and the appro-
priate technique [Grachev, 1987a] enabling the determina-
tion of the geodynamic position for given sets of analyses.

Along with published data from the Carpathian region, our
data provided a sample of about 300 chemical analyses. Ta-
bles 2, 3 and 4 present average compositions of neotectonic
volcanics in the Carpathian region and adjacent areas.

Data of Table 2 suggest that all volcanics belong to two
main petrochemical types: (1) alkalic type including undif-
ferentiated alkalic olivine basalts and basanites (columns 1-6
in Table 2) with normative nepheline that were produced
by fissure eruptions and (2) calc-alkaline type embracing
high-alumina low-Ti basalt-andesite-dacites with typically
present normative quartz and corundum that resulted from
activity of central-type volcanoes (columns 7-12 in Table 2).

Many petrochemical features are common to volcanic
manifestations in the Czechian- Silesian region and adjacent
areas of Thuringia, Saxony and the Vienna basin (Tables 3 ).
Along with alkali basalts and basanites, alkalic lavas strongly
depleted in silica occur here (limburgites, melilites, nephelin-
ites, olivine and olivine-free foidites, tephrites and phonolites
(Lausitz)). These rocks are particularly typical of the Dupov
Mountains, Saxony and Thuringia.

Specific features of volcanics in this region are best ex-
pressed in CIPW compositions characterized by the appear-
ance of such minerals as leucite, larnite and kalsilite; note-
worthy are very low concentrations of albite (no more than
10%).

The AFM diagram (Figure 14) clearly shows that the field
of Czechia-Silesia volcanics compositions is shifted closer to
the FeO*-MgO line compared to the field of Pannonian basin
basalts, although the differentiation trend is basically the
same for both types of rocks: a decrease in the concentration
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Table 3. Average chemical composition and normative characteristics (%) of Pliocene-Quaternary rocks of the Bohemian
Massif, Turingen, Saxony and the Vienna Basin [Grachev, 2000]

1 2 3 4 5 6 7 8 9 10
SiO2 40.38 42.71 42.61 41.79 41.72 41.58 45.41 37.47 40.72 47.89
TiO2 3.40 2.80 3.06 2.81 3.15 3.24 1.95 4.66 4.16 1.14
Al, O3 12.57 13.46 13.11 12.20 13.01 13.24 14.39 10.73 12.35 17.11
FeO* 12.55 12.60 11.23 11.80 11.10 12.02 9.70 15.19 12.81 7.35
MgO 10.77 9.97 9.76 13.30 11.11 9.90 8.28 6.95 6.58 8.52
CaO 12.56 11.80 11.56 10.85 12.03 12.18 9.44 15.75 13.46 9.32
NapO 3.31 3.01 3.13 2.37 2.90 3.21 4.14 2.69 2.83 2.57
K20 1.09 1.30 1.28 1.01 1.07 1.32 2.18 1.07 1.27 1.37
Or — 7.68 7.56 5.97 6.32 7.80 12.88 — 7.50 8.05
Ab - 3.93 6.68 5.70 3.26 1.07 7.90 - 3.69 21.78
An 16.22 19.38 17.94 19.67 19.32 17.82 14.25 14.83 17.24 31.09
Ne 15.17 11.67 10.73 .77 11.52 14.14 14.69 13.06 10.97 —
Lc 5.05 - - - - - - 4.09 -
Cs - - — — — — — 2.28 —
Di 36.12 31.27 31.11 27.05 31.82 33.71 26.44 43.58 38.83 12.05
Ol 11.15 12.17 9.30 18.65 11.50 9.13 13.85 - - 9.88
Ilm 5.77 5.32 5.81 5.34 5.98 6.15 3.70 9.37 7.90 2.16
Mt 6.58 6.23 6.60 6.07 6.35 6.87 1.81 11.20 8.20 3.67
N 9 25 15 10 25 125 1 8 33 7

Note: 1-3 — Northwestern Bohemian Massif; 4 — basanites, containing xenoliths of spinel lherzolites; 5-7 — Saxony and Turingen;
8-9 — Dupovsky Mountains, Czech Forest; 10 — Vienna Basin, Stiria.

of refractory components and enrichment in alkalis and silica
(the Bowen trend), which is typical of volcanics in rift zones
[Grachev, 1987a).

The geodynamic position of volcanics in the Carpathian

A M

Figure 14. AFM diagram from basalts of the Carpathian
region and adjacent [Grachev et al., 1987a]. (a) Carpathian
region: (1) southern Bakony Mountains; (2) Little Hun-
garian basin; (3) Great Hungarian basin; (4) northeastern
Bakony Mountains; (5) Nograd (Shalgotoryan and Luch-
enets); (6) basalts containing spinel lherzolite xenoliths;
(7) northern Bulgaria; (8) differentiated series of the East-
ern Carpathians. (b) Czechian-Silesian arc: (1) Thuringia
and Saxony (limburgites, melilites and basalts); (2) Saxony;
(3) Czechian Massif; (4) basalts containing spinel lherzolite
xenoliths; () Silesia.

region was determined on the basis of the generalized ma-
trix of basalt compositions of all known geodynamic settings
using the method of principal components [Grachev, 1987a].
Figure 15, in which data points of average compositions of
the study regions are plotted in the plane with factor axes 1
and 2, clearly indicates that the basalt compositions of the
Pannonian basin and Czechia-Silesia region lie in the basalt
field of typical continental rifts, whereas Eastern Carpathi-
ans basalts fall into the composition field of island arcs, ac-
tive continental margins and orogenic areas developing under
the lithosphere compression conditions.

The differentiated series of the Eastern Carpathians and
Transcarpathian region formed at the time when the alkali-
basaltic volcanism was active in the rest of the Carpathian-
Balkan region, which makes the problem of geodynamic po-
sition of the series basically important. The presence of nor-
mative corundum in andsite-basalts and andesites markedly
distinguish these rocks from typical andesites forming at con-
vergent plate boundaries [Gill, 1981].

The AFM field of the differentiated series of Eastern
Carpathians and Transcarpathian region (Figure 16) lies
mostly below the boundary separating the tholeiitic and
calc-alkaline series [Irvine and Baragar, 1971], and trend
axis of the hypersthene series coincides with the axis of the
ellipse formed by data points of the volcanics considered (af-
ter Kuno [1968], the hypersthene series is an analogue of the
calc-alkaline series).

The position of basalt compositions of the Eastern
Carpathians differentiated series in the factor diagram (Fig-
ure 15) indicates that they fall all into the area of basalts
forming under lithosphere compression conditions, i.e. at
convergent plate boundaries.



GRACHEV AND NIKOLAEV: PROBLEMS OF THE PANNONIAN BASIN GEODYNAMICS

347

Table 4. Average chemical composition and normative characteristics (%) of Pliocene-Quaternary rocks of the Bar Village

Region (drillhole Bar6), Pannonian Basin, [Grachev, 2000]

1 2 3 4 5 6 7 8 9 10 11 12 13 Average
33.0 38.5 47.9 51.0 52.8 553 57.8 60.6 61.6 646 741 771 78.8

SiO2 50.76  50.32 50.47 49.80 48.22 49.76 49.46 49.38 49.40 49.16 49.40 50.14 50.54 49.75
TiO2 2.68 2.68 2.72 2.68 3.04 2838 268 256 240 2.68 256 240 2.28 2.63
Al,O3 | 13.28 13.79 13.04 13.59 13.46 13.66 13.23 13.95 13.21 13.01 13.07 13.57 14.02 13.45
FeO* 6.68 7.26 7.25 7.62 7.61 725 78 772 761 773 761 761 748 7.81
MnO 0.12 0.12 0.12 0.13 0.13 0.12 0.12 0.12 013 0.13 0.12 0.13 0.12 0.12
MgO 7.29 7.29 8.46 729 867 803 783 793 88 899 899 7.72 7.62 8.08
CaO 5.89 5.98 5.84 6.73 6.18 6.13 6.77 6.39 6.63 6.23 643 7.06 6.48 6.36
Na2O 1.84 2.27 2.10 244 293 290 287 295 259 297 200 283 268 2.57
K20 7.96 6.70 6.92 6.78 651 639 6.70 6.32 6.70 6.43 548 599 584 6.52
P20s 1.15 1.08 1.02 1.01 1.06 1.06 1.07 1.09 1.01 1.01 089 095 0.92 1.02
Or 47.04 9.59 40.89 40.07 3847 37.76 39.59 37.35 39.59 38.00 32.38 3540 34.51 38.51
Ab 8.24 14.59 12.57 9.48 6.55 10.85 6.26 891 4.22 6.04 16.27 10.23 14.66 10.28
An 4.47 7.65 5.72 6.11 435 538 343 6.16 4.63 3.18 10.50 6.63 8.98 5.94
Ne 3.97 2.50 2.82 6.05 9.89 742 976 870 9.59 1034 035 743 4.34 6.20
Di 13.42  11.65 1291 16.10 15.09 14.26 18.26 14.60 17.23 16.79 12.32 17.71 13.69 14.88
Ol 8.37 8.94 10.57 7.50 10.23 11.08 9.47 11.80 13.59 13.74 14.29 11.59 12.55 10.53
Hm 0.41 2.22 1.92 4.57  2.54 - - - - - - - - -
Mt 4.32 3.20 3.43 1.33 293 377 454 377 3.03 3.03 377 284 3.00 4.60
1l 5.09 5.09 5.17 5.09 5.77 547 5.09 486 456 509 486 4.56 2.43 5.00
Ap 2.72 2.56 2.42 2.39 251 251 253 258 239 239 211 225 277 2.43

Note: Cipher means the depth of sampling.

Thus, geochemical individuality of the Eastern Carpathi-
ans calc-alkaline series is undoubted. Does this mean that
subduction was still active at that time? From the stand-

/ FNa62A161K59F &5
1

Figure 15. Data points showing average chemical com-
positions for the Carpathian region and Czechian-Silesian
arc in plane axes of factors 1 and 2 (see explanations in
text) [Grachev et al., 1987a]: (1, 4) see Table 2; (2) see Ta-
ble 3; (8) see Table 4; (numbers in the figure indicate the
columns in the tables); (5-9) basalt fields of (5) continental
rifts, (6) oceanic islands, (7) oceanic hotspots, (8) midocean
ridges and (9) island arcs, active continental margins and
collisional orogens [Grachev et al., 1987b].

point of plate tectonics, the presence of the calc-alkalic se-
ries is invariably associated with subduction, which is a seri-
ous mistake usually involved in paleotectonic reconstructions
[Gill, 1981].

Compared to other parts of the Carpathian region, of par-
ticular neotectonic importance is the Pannonian basin whose
geodynamic origin, as noted above, is interpreted ambigu-
ously. Since volcanism is crucial for the solution of this
problem, we present new geochemical data obtained from

Figure 16. AFM diagram of differentiated series of Eastern
Carpathian volcanics (Late Miocene-Pleistocene) [Grachev
et al., 1987b]: (1) boundary between the tholeiitic and calc-
alkalic series [Irvine and Baragar, 1971]; (2, 3) differentia-
tion trends of the pigeonite and hypersthene series [Kuno,
1968]; (4) composition field of the Eastern Carpathian dif-
ferentiated series.
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Table 5. Average chemical composition and normative characteristics (%) of Pliocene basalts of the Bulgaria [Grachev,
2000]

1 2 3 4 5 6 7 8 9 10 11 12 13
216 238 213 226 222 279 254 269 292 234 247 248 241

SiO2 44.59 4297 43.20 43.79 43.42 43.04 4564 4599 41.88 41.84 4298 48.51 44.39
TiO2 3.10 2.52 1.86 1.97 2.42 2.34 2.19 241 2.76 2.51 2.40 1.43 2.94
AlOs | 1240 13.28 13.08 1294 12.27 1289 12.84 1393 11.78 12.80 12.87 14.28 1297
FeO™ 11.35 11.69 11.10 11.28 11.51 11.48 9.97 1097 11.33 11.10 10.80 8.17 11.83
MnO 0.19 0.18 0.17 0.21 0.18 0.17 0.17 0.17 0.15 0.21 0.18 0.11 0.20
MgO 9.67 11.84 1218 13.20 13.08 11.90 9.35 10.46 733 1249 12.63 5.90 11.49
CaO 9.51 10.36 11.54 9.56 9.92 11.12 11.12 9.76 12.62 11.30 9.05 10.81 9.46
Na20O 2.01 2.81 2.67 2.37 2.18 2.54 2.31 2.7 2.07 2.93 2.52 2.35 2.64
K20 0.84 1.60 1.21 0.96 1.08 1.45 1.16 1.15 1.20 0.89 1.52 3.46 1.05
P20Os 0.73 0.65 0.78 0.59 0.70 0.83 0.58 0.66 0.65 0.89 0.64 0.64 0.63

Q 0.04 - - - - - - - - - - - -
Or 496 946 715 567 638 857 686 680 7.09 526 898 2045  6.20
Ab 1701 9.04 840 1554 15.66 928 19.55 22.93 14.87 885 1237 1442 21.19
An 22.33  18.90 20.13 21.83 20.51 1949 21.24 2245 19.31 19.15 19.32 18.20  20.44
Ne — 799 769 245 151  6.61 - — 143 864 485 296  0.62
Di 1581 2235 2541 17.35 19.14 2396 2355 17.19 3040 24.56 17.07 26.60 17.66
ol - 1694 1740 2418 2130 16.84 529 1642 292 1711 2272 484 17.19
Hy 19.39 - - - - — 562 0.28 - - - - -
Mt 761 726 655 486 629 695 812 629 947 683 436  4.61 757
1 580 479 353 374 460 444 416 458 524 477 456 272 558
Ap 173 154 1.85 140 166 197 137 156 154 211 152 081  1.49

14 15 16 17 18 19 20 21 22 23 24 Average

283 229 259 B-1 B-1A B2 B-2A B-3 B4/l B-5 B-6

SiO, | 43.00 41.33  41.37 43.84 4390 4346  46.68 4240  42.22  40.70  42.36 43.49
TiO, | 234 218 192 246 220 190 176  2.26 206 250 176 2.24
AlLOs | 12.08 1248 843 12.61 13.28 12.85 16.36 1218 1147 1194  9.86 12.62
FeO* | 11.09  11.33  13.09 12.15 11.80 12.60 819 12.62  14.06 13.03  20.14 11.76
MnO | 017 018 030 019 018 017 020  0.19 024 020  0.21 0.19
MgO | 1351  14.39  13.92 992 1021 937 591 992 1279 1172  9.14 11.01
CaO | 11.28 1147 1401 1053 936  9.72 845 12.89  10.17 12.99  9.80 10.63
Na;O | 2.28 290 143 269 349 336 410  2.75 207 238 214 2.63
K20 051 087 194 138 093 107 1.84 098 0.82  1.04  0.98 1.24
P,Os | 053 070 nd. 055 059 054 046  0.65 050  0.66  0.45 0.59
Or 301  5.14 — 816 550 632 1087  5.79 485 615  5.79 7.33
Ab 1534 3.69 — 1431 1862 1673 2440 554 1140 021 1811 13.80
An 21.22 1847 10.85 1826  17.82  16.82 20.80 18.27  19.58  18.83  14.40 18.99
Le - — 899 - - - - - - - -
Ne 214 1129 656 458 591 634 558  9.61 331 10.80 - 4.56
Di 2442 2669 4414 2428 19.78  22.37  22.37  33.28 2222 3294 2520 23.70
o)} 16.36  19.65 190.65 14.61 16.84 1508 1508 12.83 2447 1518  12.40 15.42
Cs - —  0.60 - - - - - - - - -
Hm - - 13.04 - - - - - - - - -
Mt 9.08  7.47 — 642 616 681 390  6.06 565  7.08  14.37 7.29
| 444 414 286 467 418 361 334  4.29 391 475  3.34 4.26
Ap 126 1.66 -~ 130 140 128 109 154 118 156 107 1.41

Note: 1 — between Suhindol and Verbovka villages, 2 — Orta Tepe Mountain between Verbovka and Butovo villages, 3 — Suhindol,
4 — Verbovka village, Kosmatiza, 5 — Butovo village, Kavlaka Mountain, 6 — Chervena village, quarry, 7 — Butovo village, Daicheva
Mogila, 8 — Slomer village, 9 — Kunte Mogila, between Ovcha Mogila and Chervena villages, 10 — Kitkat village, 11, 12 — Chatkal
Tepe Mountain, 13 — Butovo village, 14 — Dragomirovo village, 15, 16 — Kitkat village, 17, 18, 19, 20 — Vonische Vody, 21 — Varana
village, 22 — Verbovka village, 23 — Orta Tepe Mountain between Verbovka and Butovo villages, 24 — Kara Tepe Mountain, the same
place.
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recently accomplished studies [Grachev, 2003 (in press)].

Taking into account the data of Tables 2 and 4, we can
distinguish two groups of volcanics. The first group includes
alkali basalts, hawaiites and basanites which are the most
widespread types of volcanics in the Pannonian basin; the
second group includes basalts from drillcores of a hole near
the Bar village (southern Pannonian basin) [Szederkenyi,
1980]; we sampled the Bar-6 holes (in a depth interval of
33.0-78.8 m) and made 13 comprehensive chemical analyses
(Table 4). The basalts samples range in age from 0.17 to
2.17 Ma [Balogh, 1983].

Actually, the Bar basalts basically differ from all other
alkali basalts of the Pannonian basin in a very high K2O
concentration (with a maximum of 7.96% at a 33.0-m depth)
and in marked predominance of K2O over NasO (on aver-
age, K2O/NayO = 2.54). The Bar basalts can be classified
as potassium trachybasalts according to Irvine and Baragar
[1971] and as leucite basanites according to Coz et al. [1982].

Many petrologists believe that a high K concentration can
be accounted for by either mantle metasomatism or a specific
mantle composition with a high K concentration at depths of
more than 70 km (which is more probable, by analogy with
the Western segment of the East African rift system). The
problem on the genesis of the Bar basalts remains unsettled
until the accomplishment of isotopic studies.

To sum up, we note that a sharp change in petrochem-
ical types of volcanic activity at the Sarmatian/Pannonian
boundary within the Pannonian basin and in the rest of the
CBR is basically important for elucidating the origin of deep-
seated processes. As shown above, a complex of character-
istic features indicates that alkaline and peralkaline CBR
rocks are indistinguishable from volcanics of typical conti-
nental rifts.

A similar association of Quaternary alkali basalts was
found in the Hartiga Mountains (right-hand tributaries of
the Olt River, Eastern Carpathians) [Maldarescu et al.,
1983], which continues northward the young volcanism zone
extending (along 25°E) through the southern part of the
Moesian plate [Redulescu, 1979], Midmountains, Stara Plan-
ina and Pre-Balkan region and crossing all structures of
the early orogenic stage (Table 5). Numerous outcrops of
young basalts are known within the Rhodope and Serbian-
Macedonian massifs [Machel, 1974].

The above conclusion necessarily suggests that since 11.0—
10.5 Ma the development of volcanism in the most territory
of CBR occurred under conditions of lithosphere extension.
The idea that volcanism of the Pannonian basin has no re-
lation to its development [Szabo et al., 1992] proves invalid.
This statement was supported by Embey-Isztin et al. [2001],
who rightly pointed out that ideas on the compression state
of the Pannonian basin lithosphere [Bada et al., 1999] are in-
valid. The calc-alkalic volcanism in the Eastern Carpathians
develops under conditions of lithosphere compression inher-
ited from the early orogenic stage.

Finally, we draw attention of the reader to the following,
basically new conclusion: the identification of the rift origin
of the “final” volcanism implies that areas of its manifesta-
tions are involved in the process of the lithosphere destruc-
tion at its various stages (prerift stage in the Czechian Massif
and rift stage in the Pannonian basin).
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Geodynamic Zoning of the Pannonian
Basin

The construction of geodynamic maps has been widely
developed recently. As a rule, they reflect kinematic recon-
structions of authors imaging the movements of individual
lithospheric blocks and incorporating data on earthquake
distributions and focal mechanisms. A subjective factor
plays a pronounced role in such reconstructions. This paper
proposes an approach to the construction of geodynamic re-
gionalization maps based on quantification of parameters of
the geological-geophysical medium.

As a method of studying recent geodynamics and neotec-
tonics, the geodynamic zoning was developed relatively re-
cently when processing of large datasets became possible by
using methods of mathematical analysis and computer tech-
nologies. The effectiveness of such data processing methods
as trend, factor and cluster analyses was demonstrated pre-
viously [Grachev and Mishin, 1975; Grachev, 2000; Grachev
et al., 1987a, 1987b]. It was shown that only a synthetic
approach including preliminary analysis of each parameter
of the geological-geophysical medium and elucidation of pos-
sible correlations between all parameters is capable of elim-
inating “noise” arising if either interdependent variables or
a parameter that cannot be a priori specified are introduced
into the analysis.

A geological-geophysical database including 22 parame-
ters was initially created for the Pannonian basin (see list
of parameters in Table 6). For this purpose, data obtained
during the work on assessing the seismic hazard of the Paks
NPP in 1986-1990, as well as data from literature sources,
were used [Grachev et al., 1987¢c, 1989b]. The entire dataset
was digitized on a 20" x 30" grid.

The results of correlation analysis (Table 7) show that
several parameters are highly correlated between themselves
and, moreover, such parameters as vertical recent crustal
movements (VRCM) are represented by five largely differ-
ent datasets (five maps published in different years). This
required special VRCM studies which showed that only the
map of 1995 is physically significant [Grachev et al., 2001a,
2001b]. Additional data on the deep structure of the Pan-
nonian basin obtained during these studies allowed us to in-
clude updated estimates of the Moho depth and the P, wave
velocity distribution at this boundary into the database.
Note that the new data on the Moho depth [Weber, 2002]
weakly correlate with the older data (r = 0.33) [Posgay and
Szentgyorgi, 1991].

However, it is most important that curvatures of neotec-
tonic vertical crustal movements (NVCM), rather than the
commonly used modulus of NVCM amplitude gradient, were
used as strain characteristics [Ekman, 1985; Grachev et al.,
1988, 1989a, 1990; Lisle, 1994; Nothard et al., 1996]. Bend-
ing curvatures of the lithosphere are preferable to amplitudes
and gradients of NVCM because they are invariant under the
motion of a lithospheric block as a rigid whole and therefore
can be related to active tectonic stresses.

Further efforts pursued more comprehensive incorpora-
tion of NVCM kinematics; for this reason, tensor character-
istics the NVCM-induced bending of the surface were ana-
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Table 6. Initial geological and geophysical data

BUGE — Buge anomalies, mGal

CRU - gravity influence of basement, mGal

DGS — gravity influence of sedimentary cover, mGal

ISO — isostatic anomalies, mGal

Man — gravity mantle anomalies, mGal

M.an2000 — ravity mantle anomalies with wave < 2000 km, mGal

DR - density of lineaments based on space images, km/400 km?

Faults — density of lineaments based on drainage pattern analysis, km/400 km?

GRACHEV AND NIKOLAEV: PROBLEMS OF THE PANNONIAN BASIN GEODYNAMICS

T1000 — temperature at depth of 1 km

Q — heat flow, mW/m?

Moho — depth of Moho boundary, km

Asten — depth of astenosphere roof, km

Quar — thickness of Quaternary sediments, km
HPA - thickness of Pannonian sediments, km
H — recent topograhy, m

NPA — amplitudes of neotectonic vertical movements, km

Kint — intensity of bending of neotectonic vertical movements,

K73, K79, K85, K86, K95 — recent vertical crustal movements for different time-span
Kint95 — intensity of bending of recent vertical crustal movements based on the 1995 map
ACD — number of earthquakes with M>3.8 per 1000 km?

LIT — model gravity field based on 4 layer model, mGal

GradHPA — gradients of thickness of Pannonian sediments

Vpn — anomalies of V|, velocities on the Moho boundary
P10 — calculated pressure at depth of 10 km, 0.1 mPa

lyzed [Grachev et al., 1995a, 1995b]. In a linear approxi-
mation, eigenvalues of the curvature-torsion tensor are the
principal curvatures Kmax(x,y) and Kmin(z,y) of the verti-
cal movement field, i.e. the principal curvatures that should
arise in an initially plane surface under the action of NVCM.

In terms of the model describing small elastic bending
strains of an isotropic lithosphere, the curvature-torsion ten-
sor is coaxial with the bending moment tensor, and the
average curvature K, defined as h(Kmax — Kmin/2) (h is
the lithosphere thickness) affects the shear strain intensity
and thereby the value of the maximum tangential stress
[Mukhamediev, 1992].

The most reliably determined curvature characteristic is
the curvature intensity Kint. As shown in [Grachev et al.,
1995b, 2001b], Kins = 27v/h, where ¥ = (Emax —Emin)/2 is the
horizontal shear strain intensity in the upper lithosphere as-
sociated with maximum tangential stresses and, apparently,
with seismic activity.

Comparative Analysis of Different Variants
of the Pannonian Basin Geodynamic
Regionalization Map

The first maps of the Pannonian basin geodynamic re-
gionalization were constructed in relation to the seismic haz-
ard assessment for the Paks NPP and the analysis of recent
crustal movements and seismicity [Grachev et al., 1989b].

Their construction involved methods of factor and cluster
analyses of geological-geophysical characteristics. As eas-
ily seen, their results depend on the chosen parameters;
namely, if a geodynamic regionalization map is constructed,
the chosen parameters (indicators) should provide general
constraints on the main geodynamic characteristics.

However, equally important the following consideration
ensuing from properties inherent in the factor analysis: first,
main factors must have a clear physical meaning and, second,
the weight of the first three factors should make the major
contribution to the total variability (as shows practice, more
than 70%).

The first regionalization variant is based on the use of the
following parameters: DGS, H,q, Moho2002, Cru and Vp.
The correlation and factor load matrices are presented in
Table 8. In this case, the first two factors make a more than
70% contribution to the total dispersion, which can be for-
mally considered as a very good result. As is evident from
factor loads of variables included in factor 1, the present
topography pattern is controlled by the Moho depth and
density inhomogeneities in the basement (Figure 17). Fac-
tor 2 includes, with various signs, the heat flow and P wave
velocity anomalies in the upper mantle specified relative to
an average velocity of 7.9 km/s, which is quite understand-
able, taking into account the strong heating of lithosphere
under the Pannonian basin (Figure 18). Although the config-
uration of such anomalies [ Weber, 2002] is evidently consis-
tent with the estimated thickness of the thermal lithosphere
[Bodri, 1996], noteworthy is the possible effect of the az-
imuthal seismic anisotropy in the mantle [Babuska et al.,
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Table 7. Correlation matrix of initial data

BUGE CRU DGS ISO Manom Manom2000 DR Razlomy T1000 Q Moho

BUGE 1 0.283 —0.206 0.131 —0.180 -0.218 —-0.090 —0.127 -0.044 -0.116 -0.124
CRU 0.283 1 —0.898 0.257 —0.186 —-0.137  0.232 0.241 —-0.098 —0.006  0.035
DGS —0.206 —0.898 1 —-0.418 —0.006 —-0.034 -0.189 —0.151 0.114 0.063 -0.011
ISO 0.131 0.257 —0.418 1 0.281 0.226  0.081 0.033 0.091 -0.072 —0.044
Manom —0.180 —0.186 —0.006 0.281 1 0.966 —0.066 —0.163 0.009  0.138 —0.109
Manom2000 —0.218 —0.137 —0.034 0.226 0.966 1 0.008 —-0.093 —-0.122 0.031  0.003
DR —0.090 0.232 —-0.189 0.081 —0.066 0.008 1 0.744  0.007  0.025 0.094
Razlomy —0.127 0.241 —-0.151 0.033 —-0.163 —0.093  0.744 1 0147 0.048 —-0.014
T1000 —0.044 —0.098 0.114 0.091 0.009 —-0.122  0.007 0.147 1 0618 —-0.526
Q —0.116 —0.006 0.063 —0.072 0.138 0.031  0.025 0.048  0.618 1 —0.469
Moho —0.124 0.035 —-0.011 —-0.044 —-0.109 0.003 0.094 —-0.014 -0.526 —0.469 1
Asten -0.233 0.251 —0.228 —-0.216 —0.274 -0.277 -0.031 —0.103 -0.203 0.038  0.322
QUAR 0.090 —0.762 0.688 —0.164 0.106 —0.023 -0.302 —0.283  0.157 0.062 —0.255
HPA 0.177 0.954 —0.936 0.275 —0.085 —0.042  0.210 0.189 —-0.108 —0.019  0.042
H 0.037 0.465 —0.417  0.086 —0.135 —-0.036  0.349 0.312 —-0.342 -0.161  0.417
NPA 0.264 0.954 —-0.917 0.289 —0.141 —0.104  0.206 0.194 -0.167 —-0.062  0.117
King 0.065 —0.073 0.001 0.072  —0.002 0.004 —-0.052 —-0.067 —-0.052 —-0.067 —0.061
RCM95 -0.077 0.461 —0.521 0.187 0.162 0.309  0.265 0.272 —-0.265 -0.222 0.184
Kint95 0.190 —-0.012 —-0.024 0.113 —0.059 -0.115 -0.076  —0.017 —0.096 —-0.103  0.048
ACD —0.088 0.258 —0.241 —-0.083 0.010 0.034 —-0.021 0.018 0.013 0.174  0.070
LIT 0.262 0.180 —0.219 0.593 —0.004 -0.043 -0.173  —0.093  0.053 —0.045 -0.178
Pio 0.183 0.909 —0.828 0.228 —0.200 —-0.132  0.292 0.293 —-0.206 —-0.056  0.177
Asten QUAR HPA H NPA Kint RCM95  Kint95 ACD LIT Pio

BUGE —0.233 0.090 0.177 0.037 0.264 0.065 —0.077 0.190 —0.088 0.262 0.183
CRU 0.251 —0.762 0.954 0.465 0.954 —0.073 0.461 —0.012 0.258 0.180 0.909
DGS —0.228 0.688 —0.936 —0.417 -0.917 0.001 —-0.521 —-0.024 —-0.241 -0.219 —0.828
ISO —-0.216 —0.164 0.275 0.086 0.289 0.072 0.187 0.113 —0.083 0.593 0.228
Manom —0.274 0.106 —0.085 —0.135 —0.141 —0.002 0.162 —0.059 0.010 —-0.004 —0.200
Manom2000 —0.277 —0.023 —0.042 -0.036 —0.104 0.004 0.309 —0.115 0.034 —-0.043 —0.132
DR —0.031 —0.302 0.210 0.349 0.206 —0.052 0.265 —0.076 —0.021 —-0.173 0.292
Razlomy —0.103 —0.283 0.189 0.312 0.194 —0.067 0.272 —-0.017 0.018 —0.093 0.293
T1000 —0.203 0.157 —-0.108 —0.342 —-0.167 —0.052 —0.265 —0.096 0.013 0.053  —0.206
Q 0.038 0.062 -0.019 -0.161 —-0.062 -0.067 —0.222 —0.103 0.174 —-0.045 —0.056
Moho 0.322  —0.255 0.042 0.417 0.117 —0.061 0.184 0.048 0.070 —0.178 0.177
Asten 1 -0.269 0.281 0.273 0.311 -0.113 -0.034 -—0.102 0.311 —0.264 0.359
QUAR —0.269 1 -0.768 —0.509 —0.731 0.136  —0.620 0.158 —0.210 —-0.003 —0.753
HPA 0.281 —0.768 1 0.478 0.962 —0.098 0.488 —0.049 0.241 0.127 0.898
H 0.273 —0.509 0.478 1 0.569 0.026 0.425 —0.026 0.145 —0.098 0.738
NPA 0.311 —-0.731 0.962 0.569 1 —0.059 0.469 0.011 0.243 0.134 0.936
King —0.113 0.136 —0.098 0.026 —0.059 1 0.066 0.027 0.009 0.104 —0.035
RCM95 —0.034 —0.620 0.488 0.425 0.469 0.066 1 —0.206 0.054 0.024 0.505
Kint95 —0.102 0.158 —0.049 —0.026 0.011 0.027  —0.206 1 —-0.120 0.189 —0.033
ACD 0.311  —0.210 0.241 0.145 0.243 0.009 0.054 —0.120 1 —-0.099 0.264
LIT —-0.264 —0.003 0.127  —0.098 0.134 0.104 0.024 0.189  —0.099 1 0.089
P1o 0.359 —0.753 0.898 0.738 0.936 —0.035 0.505 —0.033 0.264 0.089 1

Note: see Table 6 for abbrevations.
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Figure 18. Map of the second factor, variant 1.
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Hierarchical Cluster Analysis

Dendrogram using Average Linkage (Between Groups)

Rescaled Distance Cluster Combine Factors

CASE o 5 o 15________20________25 Parameter
Label Num 1(45,9%) 2(30,5%)
Class4 35 T

Class6 20 D —0.94 02
i bas 091 002
Class 7 34 Q 0'02 0.78
Class2 41 :'7 . —u.
Class5 61 Moho 0.04 0.88
Class8 14 _
Clase O 45 CRU 0.96 0.03
Class1 34

Figure 19. Cluster diagram based on the results of factor
analysis, variant 1.

1984; Grachev and Dobrzhinetsksaya, 1987]. The geody-
namic zoning scheme shown in Figure 20 was constructed
as a result of two-factor cluster analysis (Figure 19).

The second zoning variant involves the following parame-
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Table 8. Matrix of factor loads for main parameters of the
Carpathian-Balkan region, variance 1

ters: N, q, Kint Moho2002, Cru and Vp. As distinct from the
preceding case, we excluded the parameter DGS (because of
its correlation with CRU) and introduced the NVCM curva-
ture intensity Kint. This variant yielded three main factors
with a total weight of more than 80% (Table 9). The first
two factors are virtually identical to the factors obtained in
the preceding case (cf. Table 8), and factor 3, including
the Kint parameter alone, is new. Actually, comparison of
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Figure 20. Scheme of geodynamic zoning of the Pannonian Basin, variant 1. 1, 2, 3 and other ciphers

mean the number of classes (geodynamic regions). These classes are distinguished by the method of
cluster analysis, see Figure 19.
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17 18 19 20 21 22

Figure 22. Map of the second factor, variant 2.
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Figure 23. Map of the third factor, variant 2.

Figures 21 and 22 shows that the configuration pattern of
the first two factors nearly coincides, whereas factor 3 is
characterized by local zones of positive and negative curva-
tures observable against the background of Kin values close
to zero (Figure 23).

The three-factor cluster analysis (Figure 24) resulted in
the construction of the geodynamic regionalization scheme
(Figure 25) incorporating various types of the Pannonian
basin volcanism.

In comparing the resulting two schemes of the Pannonian

Hierarchical Cluster Analysis
Dendrogram using Ward Method

Rescaled Distance Cluster Combine

CASE 0 S = R N =
Class7 1
Class9 23 ]—’_‘
Class2 1
Class6 3 — |
Class5 59
Qoo 23 ———
ass
Class4 78 — | }7
Class3 58

Figure 24. Cluster diagram based on the results of factor
analysis, variant 2.

basin geodynamic regionalization (Figures 20 and 25), we
thought it appropriate to take into account the distribution
of earthquake epicenters. For this purpose, we used events
with M > 5 and weak earthquakes over the period from
1995 through 2000 [Toth et al., 2001]; in particular, one of
the geodynamic regionalization tasks consisted in elucidat-
ing the relation between seismic activity and deep processes.
Of two maps, the second variant, incorporating NVCM cur-
vature intensities, is preferable. In this case, most epicenters
that form clusters rather than linear zones form two classes
(Figure 25).

Table 9. Matrix of factor loads for main parameters of the
Carpathian-Balkan region, variance 2

Factors
Parameter
1(45.5%) 2(23.2%) 3(15.8%)

N 0.96 —0.10 —0.03
King —0.01 0.06 0.99
CRU 0.95 —0.13 —0.02
Moho2002 0.79 0.46 0.01
Q —0.18 —0,85 0.04
Py —0.35 0.61 0.18
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Figure 25. Scheme of geodynamic zoning of the Pannonian Basin, variant 1. 1, 2, 3 and other ciphers

mean the number of classes (geodynamic regions).

cluster analysis, see Figure 24.

Conclusion

The analysis of geological-geophysical data and petrogeo-
chemical characteristics of neotectonic volcanism revealed a
close relationship between the neotectonic structure of the
Pannonian basin and the Earth’s deep structure. The main
features of the latter (a thin crust, the strong heating of
the lithosphere and lower P wave velocities in the upper
mantle) can only be accounted for in terms of the model
of a floating-up mantle diapir producing the extension of
lithosphere (Figure 26) [Grachev et al., 1987a, 1987b, 1992].
Such a tectonic regime was named the synorogenic rifting
[Grachev, 2000]. The existence of normal faults traceable
from the surface to deep crust layers [Hajnal et al., 1996;
Posgay et al., 1986] is independent evidence in favor of this
model.

Of particular significance for the substantiation of the
synorogenic rifting model is the alkali-basaltic volcanism
which has been developed since the earliest Pannonian (11—

These classes are distinguished by the method of

10.5 Ma), after the subduction had stopped and the previ-
ously widespread calc-alkaline volcanism had been localized
within the Transcarpathian region. The chemistry of Pan-
nonian basin basalts is fully consistent with petrogeochem-
ical characteristics of continental rift basalts in concentra-
tions of major, rare and rare earth elements [Grachev, 2000;
Grachev et al., 1987b]. Moreover, ultrabasic xenoliths in the
Pannonian basin basalts [Embey-Isztin et al., 2001; Falus
et al., 2000; Magnitsky et al., 1988] belonging to the spinel
lherzolite facies are also identical in composition to man-
tle xenoliths usually found in rift volcanics [Grachev, 1987a,
1987D).

Results derived from recent studies of spinel lherzolite
xenoliths from Pannonian basin basalts [Falus et al., 2000]
showed that the ascent of the mantle diapir from depths of
90-120 km to 55-65 km took place recently. Although Falus
et al. did not date this event, one can easily demonstrate
that it coincided in time with the onset of the alkali-basaltic
magmatism.

Thus, the entire complex of data presented in this work
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Figure 26. Geodynamic development model of the Pannonian basin, Carpathians and Bohemian Massif
[Grachev, 2000]: (1) normal faults; (2) feeders and volcanoes; (3) sedimentary cover; (4) partial melt-
ing zone in the mantle; (5) low-velocity hot mantle (the larger the black dots, the hotter the mantle);
(6) high-velocity cold mantle: (a) after Babuska et al. [1984], (b) after Hovland and Husebye [1982];
BM — Bohemian Massif; WC — Western Carpathians; LHP — Little Hungarian Plain; B — Bakony Moun-
tains (Hungarian Midmountains); GHP — Great Hungarian Plain; AM — Apuceni Massif; TB — Transyl-

vanian basin; EC — Eastern Carpathians.

indicates that evolutionary models of the Pannonian basin
based on the passive response of lithosphere to external ef-
fects [Bada et al., 1999] are invalid.

The first results of geodynamic regionalization described
in this work show the effectiveness of such treatment of the
geological-geophysical database. This approach allows one
to identify individual lithospheric blocks distinguished by a
specific relationship between geological-geophysical parame-
ters. This is clearly demonstrated by mapping main factors
(Figures 17, 18, 21, 22, 23). In our opinion, this approach is
beneficial to understanding the still-unclear origin of seismic
activity of the Pannonian basin.
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