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The Neogene intra-Carpathian basins

By L. RoypEN AND J. G. SCLATER
Department of Earth and Planetary Sciences, Massachusetts Institute of Technology,
Cambridge, Massachusetts 01239, U.S.A.

The Carpathian intra-arc region is composed of two distinct types of sub-basins, the
peripheral basins lying adjacent to the arc, and the central basins that lie in the
central intra-arc region. Both sets of basins have approximately 2-6 km of Miocene
and younger sediment, 20-25 km pre-Miocene crust, and elevated heat flow. Exami-
nation of their subsidence histories suggests that the basins are thermal in origin and
formed by twofold stretching. In the central basins this twofold stretching must be
combined with an additional mechanism for introducing heat into the lithosphere that
does not significantly alter the structure or thickness of the stretched crust.
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The Carpathian orogenic belt is the eastward extension of the western and eastern Alps, and is
the result of lithospheric convergence and continental collision during Cretaceous to earliest
Miocene time. Collision occurred during southward directed subduction of an oceanic terrane
when a part of the Apulian continental fragment overrode the European plate (Horvath ef al.
1977; Mahel 1977). The eastward convex loop of the Carpathians is made up of a stack of
externally and radially directed thrust nappes that consist of older crystalline rocks, with and
without their Mesozoic cover, flysch and flysch-like rocks, and, in the most external units,
shallow water molassic sediments. In places, the flysch units contain exotic blocks of mafic
rocks in what appears to be a fore-arc accretionary complex, and parts of dismembered ophio-
lites (?) (pillow lavas, diabase and gabbro) occur in a few regions. The total shortening across
the arc is probably several hundred kilometres (Burchfiel 1980). In the Lower-Middle Miocene,
during and after the last stages of thrusting in the Outer Carpathians, a ‘back-arc’ basin began
to form within the Carpathian loop. Basin formation was accompanied by large-scale extension
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of the intra-arc region, interrupted by brief periods of compression (Balogh & Koéréssy 1974).

p
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At the same time, volcanic activity began in this region, producing andesites, rhyolites and

i dacites (Pant6 1968). Volcanic activity continued through the Quaternary when basalts were
P erupted in the final stages of volcanism. Subsidence of the intra-arc region has continued through
® : to the present, with a total sediment accumulation of 2-6 km.

R~ The basins surrounded by the Carpathian arc are not continuous. The Neogene—Quaternary
E O subsidence only affected certain areas, leaving some blocks emergent. These blocks divide the
—~ 8 back-arc region into several sub-basins (figure 1). These sub-basins are of two types: (1) those

lying in the peripheral regions of the intra-Carpathian lowlands (Vienna, west Danube, Trans-

carpathian and Transylvania) and (2) those lying in the central intra-Carpathian region (east

Danube, Little Hungarian and Great Hungarian (Pannonian)). Although both groups of

basins have thin crust, elevated heat flow and similar ages for the onset of subsidence, the

detailed subsidence history and present heat flow observed in the two sets of basins are quite

different. Because the onset of basin formation coincided with a period of large-scale extension
[ 155 ]
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374 L. ROYDEN AND J. G. SCLATER

within the basement, and because of the thinned crust and elevated temperatures observed in
this region, we believe that these basins are extensional and thermal in origin and are the direct
result of early Miocene extension.
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Ficure 1, Tectonic sketch and heat flow map of the Pannonian basin and the surrounding Carpathian arc. The
position of the heat flow stations is shown. Key: 1, European foreland; 2, Oligocene to Pliocene Molasse; 3,
Upper Cretaceous and Palaeogene flysch nappes; 4, late Mesozoic (mainly Upper Cretaceous) nappe system
of the eastern Alps, Inner Carpathians, Apuseni Mountains and Dinarides; 5, Mio-Pliocene calc-alkaline
volcanics (covered and outcropping respectively); 6, Neogene-Quaternary basins and heat flow stations;
7, heat flow isolines in milliwatts per square metre; 8, political boundaries. The heavy continuous lines
are the geological cross sections shown in figure 4 and a seismic refraction line.

4

THERMAL MODELS

Recently, McKenzie (19784, &) has suggested that simple extension may be the mechanism
for basin formation in the Aegean and other subsided sedimentary basins. Royden et al. (1980)
and Royden & Keen (1980) have suggested similar extensional explanations of these areas,
based on an analysis of Atlantic-type continental margins. Since these processes have been dis-
cussed in detail in these and other publications, we shall not repeat those discussions here.
Figure 2 shows several of these extensional mechanisms: dyke intrusion and uniform and non-
uniform stretching. In the Carpathian intra-arc region, surface and subsurface volcanism does
not appear sufficiently extensive to be a fundamental factor in basin formation. Therefore, the

[ 156 ]
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subsidence histories, heat flow, crustal thickness and other geological constraints are examined
with respect to stretching and thinning during basin formation. The theoretical subsidence
predicted by extensional models can be divided into two distinct parts. During and immediately
after stretching there is a rapid change in elevation. This occurs in isostatic response to net
density changes resulting from both crustal thinning and from heating and thermal expansion
of the lithosphere. This process is called the initial subsidence. The second stage of subsidence is
a relatively long-term process caused by cooling and thermal contraction of the lithosphere
after the extensional phase. This is called the thermal subsidence. Both the initial and thermal

|
L <@ subsidence are generally magnified by the effects of sediment loading, which must be removed by
— careful decompaction of sediments (Sclater & Christie 1980) and by use of point-wise or
p 9 y p
;5 S flexural loading models (Watts & Ryan 1976; Steckler & Watts 1978). Mathematical calcula-
tions for subsidence and heat flow resulting from these extensional mechanisms are given in
@) g g
e 5 Sclater et al. (1980) and Royden & Keen (1980).
= O
Eg @ . (c)
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FiGure 2. Various extensional models for the creation of the initial thermal anomaly that can account for the
subsidence and heat flow of intracontinental basins: (a) and (b) are uniform stretching and dyke intrusion;
(¢) and (d) are modifications of the stretching model for a non-uniform rheology. In model (¢), the ductile
lithosphere thins over a wider zone than the rigid crust, although the net extension is the same. In model (),

i net extension is greater in the lithosphere than in the crust.

P

O H

[~ E A COMPARISON OF OBSERVED AND THEORETICAL SUBSIDENGE PROFILES

= The peripheral basins are characterized by a subsidence history with two phases: the first
E 8 with rapid sedimentation and a precipitous drop in basement depth, the second with slower,

linear subsidence, which continues to the present (figure 3). Since sediment in these basins is

primarly shallow water or lacustrine, the rate of sediment accumulation is a good indicator of

vertical movement of the basement (Steininger e al. 1975 ; Rudinec 1978). We propose that this

first phase is an initial isostatic adjustment to stretching of the lithosphere and that the second

results from conductive decay of a thermal anomaly. Figure 3 shows subsidence histories for

three of the peripheral basins, plotted against a theoretical subsidence curve for twofold
[ 157 ]
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376 L. ROYDEN AND J. G. SCLATER

stretching for lithosphere originally at equilibrium temperatures and with an initial crustal thick-
ness of 40 km. We have assumed that stretching took place between 16.5 and 13 Ma. The present
depth to Moho under the Vienna basin and Transcarpathian Depression is 27-32 km and 26—
28 km respectively (Sollogub et al. 1973). By subtracting the 4-6 km sedimentary thickness,
20-26 km is obtained, which is the end-product of the suggested twofold stretching (table 1).

depth/km

I
20 10 0

age/Ma

Ficure 3. Water-loaded subsidence of basement as inferred from wells in the centre of the Vienna basin (V)
(Grill et al. 1968), the Transcarpathian Depression (T) (Rudinec 1978) and the west Danube Basin (D)
(Mahel 1974). These are plotted with theoretical subsidence for a twofold stretching of a 40 km thick con-
tinental crust, as discussed in the text. The stretching was assumed to take place between 16.5 and 13 Ma

ago.
TABLE 1
peripheral basins Pannonian basin

observations predictions observations predictions

B=2 B=4 B=4t}

initial subsidence/km 1.4 1.2 none 1.6 none

thermal subsidence/m 200 300 500-800 600 500
crustal thickness/km 25 20 20-25 10 20
heat flow/(mW/m?) 55 70 100 110 110

1 Fourfold subcrustal stretching, followed by twofold whole lithospheric extension.

Initial isostatic adjustment to twofold stretching results in 2 km of unloaded subsidence. If
1 km of subsidence occurred above sea level, this would result in the observed 4 km of initial
sediment fill, or 1.3 km of water-loaded subsidence. Thereafter, the thermal subsidence (water-
loaded) would be about 300 m in 13 Ma (figure 3; table 1). This simple history is in good
agreement with what is observed in the centre of the Vienna and Transcarpathian basins. By
reducing the amount of stretching it can be made to explain to west Danube Basin. In addition,
surface heat-flow measurements in these basins are close to those predicted by twofold stretch-
ing (70 mW /m? after 15 Ma of conductive cooling), except in the Transcarpathian basin where
[ 158 ]
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378 L. ROYDEN AND J. G. SCLATER

the heat flow is higher (Horvath et al. 1979). This is probably the result of widespread post-
extensional volcanism that occurred in the Transcarpathian region.

Although application of this simple stretching model gives good results in the peripheral
basins, there are some problems when this model is applied to the central basins. In contrast
to the peripheral basins, the central basins show a single phase of subsidence that began about
15 Ma ago (figure 4). The subsidence is quite linear and has continued through to the present.

@

depth/km

| ! ! !
L0 10 5 0 10 5

age/Ma age/Ma |
Ficure 5(a). The inferred basement subsidence for the mean of 12 holes in the Great Hungarian Plain (Sclater
et al. 1980), assuming a basement 2 km below base of base Neogene (i) and basement at base Neogene (ii)
compared with the thermal subsidence expected after twofold to fourfold uniform stretching. (4) The inferred
basement subsidence for the mean depths of various horizons in the Great Hungarian Plain from Horvéth
& Stegena (19777), compared with the thermal subsidence expected after uniform stretching; symbols as in (a).

o

Total sediment thickness varies from 2 to 5 km in most regions, and is similar to the sediment
thickness in the peripheral basins. We believe that the subsidence is thermally controlled and
that the initial subsidence is not observed in this region. Figure 5 shows average subsidence
curves from 12 selected wells across the Great Hungarian Plain and mean subsidence for various
horizons in the Great Hungarian Plain (from Horvath & Stegena 1977) plotted against
theoretical subsidence curves for twofold and fourfold stretching. Depending on how the sedi-
ments are decompacted, the observed subsidence can be explained as the thermal subsidence
resulting from about fourfold stretching. Heat-flow measurements are also in good agreement
with those predicted for fourfold stretching (table 1). If we assumed that the Pannonian area
were initially high, and subsided to sea level during the isostatic adjustment phase, then fourfold
stretching could give the observed basement subsidence due to thermal decay. However, the
present crustal thickness is 20-25 km (Sollogub ez al. 1973). Fourfold stretching implies an origi-
nal crustal thickness of 80-100 km, and an initial unloaded subsidence of greater than 5 km. It
seems unlikely that the Pannonian region stood at an elevation of 5 km before Miocene ex-
tension since at least part of the Pannonian region was a site of deposition until the late Oligo-
cene (Korossy 1964). Furthermore, early and mid-Miocene extension in the Pannonian has
been estimated at no more than 100-150 km (Burchfiel 1980). Fourfold stretching requires 300—
350 km of extension. This is also unreasonable and implies that simple stretching is not the
complete explanation for the observed subsidence. In essence, the subsidence and heat flow
from the central basins require the rapid shallowing of the isotherms in the mid-Miocene
without any initial subsidence or more than twofold stretching.
[ 160 ]
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THE NEOGENE INTRA-CARPATHIAN BASINS 379

ADDITIONAL SOURCES OF HEAT

To explain the observations it is necessary to introduce extra heat into the lithosphere during
or immediately before the initial stages of basin formation. The simplest way of doing this is to
assume that the initial conditions were incorrect and that the lithosphere was hotter than the
equilibrium condition assumed before stretching. It is unlikely that this extra heat was carried
upwards by conduction because conductive heating requires tens of millions of years and the
lithosphere must have been fairly cool until the late Oligocene because the elevation of this
region was low until this time.

uniform stretching,f=2 uniform stretching, =4
NP > > 1 \
P NPZRN r.
original lithosphere B i i
777777777 D ‘ D
N7 \N 7 B B
crust ] | 111
N 7 N 7 T T
lithosphere . .
P D subcrustal stretching 8= 4 + lithospheric =2
N/ N7/ —— ~ ( N \
/N /N
4 N /N 7/ 7777777 i
L
77777777,
D

L1
T T
Ficure 6. A diagram outlining how lithospheric subcrustal stretching and then stretching can result in almost the
same temperature profile as extensive uniform stretching. This enables high-temperature material to ke
brought close to the surface without excessive crustal thinning, thus removing or reducing the initial subsidence.
The same effect could also be created by lithospheric erosion from below.

This extra heat might be introduced into the lithosphere by first melting or eroding the lower
lithosphere from below and then extending the entire lithosphere by a factor of two. Alterna-
tively, the extra heat could be derived by subcrustal extension, which does not involve the crust
(figure 6). The additional heat results in a temperature profile which is similar to that obtained
by fourfold stretching, especially since short-wavelength variations in temperature die out very
rapidly. This initial temperature distribution gives a thermal subsidence curve nearly identical
to that for fourfold stretching, and after 5~10 Ma also yields similar values of surface heat flow.
However, crustal thinning and crustal extension given by this mechanism indicate twofold exten-
sion. Furthermore, when the initial isostatic subsidence is calculated, the density changes caused
by crustal thinning and by lithospheric heating approximately cancel each other out and the
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380 L. ROYDEN AND ]J. G. SCLATER

initial elevation change is negligible. These predictions are all in good agreement with obser-
vations in the Pannonian Basin (table 1). Whether this process of adding extra heat is directly
related to subduction or termination of subduction along the Carpathian arc, or whether it is
the result of complex movements of smaller individual blocks within the intra-arc region, is not
clear. Since the timing of this event is constrained to be latest Oligocene to early—mid-Miocene,
it seems probable that this process is directly linked to the general (twofold) extension that
occurred at about the same time.

CONCGLUSIONS

In summary, the intra-Carpathian basins are thermal in origin and are separated into two
distinct categories. The first type of basin lies in the peripheral regions of the intra-Carpathian
lowlands and has very fast initial subsidence followed by a period of slower, linear subsidence.
These basins were formed by about twofold stretching of the lithosphere with some contribution
from dyke intrusion in the Transcarpathian Depression. The rapid initial subsidence is an iso-
static response to stretching that occurred during the early-mid-Miocene. The slower linear
subsidence from then onward is thermally controlled.

The second type of basin lies in the central intra-Carpathian region, has high heat flow and a
reasonably fast linear subsidence since the mid-Miocene. This type of basin may be formed by
twofold stretching accompanied by subcrustal attenuation, melting or erosion of the litho-
sphere.

This work was supported by the Shell Oil Company. Funding for accommodation and living
expenses for L. Royden in Hungary was provided by the Institute of Cultural Relations of the
Hungarian Goverment. We wish to thank F. Horvéth, L. Stegena, B. C. Burchfiel and the
Lorand Eotvos University, Budapest, for help and support on this project.
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Discussion

L. SteGENA (Department of Cartography, Lorand Eitvis University, Budapest, Hungary). There are six
deep refraction seismic profiles across the Pannonian basin, traversing also the Carpathians,
Dinarides and the eastern Alps. Moreover, there are about 12 short profiles of the crust deter-
mined by reflexion seismic techniques. The general results of these measurements are: (1) the
Pannonian basin has a thin crust (24-28 km); (2) it seems that the upper crust has a normal
thickness (ca. 16 km) and the lower crust is thin (ca. 9 km) ; (3) there is a velocity inversion in the
upper mantle (at a depth of 57km, from 9.1 to 7.8 km/s). Taking into consideration the magneto-
telluric measurements, seismological studies and deep-temperature calculations, it is believed
that the velocity inversion coincides with the lithosphere—asthenosphere boundary.
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