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Lithosphere Beneath the Bohemian Massif and the Pannonian Basin
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Abstract. Temperature-depth profiles for the Bohemian Massif
and the Pannonian Basin have been determined on the basis of:
the known surface heat flow values in both regions, a vertical
crustal radiogenic heat production that is estimated from seis-
mic velocity (vp) profiles, and a thermal conductivity that varies
with depth. From these profiles, effective viscosity and stress-
depth curves have been determined to a depth of 250 km assum-
ing both linear and non-linear mantle rheology. There is a
relative dominance of Newtonian Nabarro-Herring creep in the
asthenosphere beneath the Pannonian Basin. Stress values are
also significantly lower here than in the lithosphere beneath the
Bohemian Massif. The transition from lithosphere to asthenos-
phere appears to occur at depths of 48-60km under the Pan-
nonian Basin. The absence of a viscosity minimum under the
Bohemian Massif renders an estimate of the depth of this
transition difficult, but stress curves appear to level off around
depths of 180-200 km, and may thus provide estimates of the
depth to the asthenosphere under the Bohemian Massif. Models
of the lithosphere beneath these two tectonically different re-
gions are also presented.

Key words: Stress - Effective viscosity - Brittle lithosphere -
Ductile lithosphere - Temperature regime

Introduction

The Bohemian Massif of Czechoslovakia is a platform-type
cratonic block, consolidated during the Variscan orogeny. Ap-
proximately rhombic in shape and bordered by deep SW-NE,
NW-SE trending faults, the western margin of the Massif is in
the Federal Republic of Germany while the southern margin is
in Austria. It is bordered towards the north and north-east by
the North-German-Polish lowland. The core of the Bohemian
Massif is the Moldanubicum, a metamorphosed Precambrian
unit interspersed with Hercynian granites (Maska et al. 1960).
The Pannonian Basin on the other hand is a Late Miocene-
Pliocene feature whose formation is believed to have been
genetically connected with the Late Oligocene-Early Miocene
subduction in the Carpathian realm (Stegena et al. 1975; Hor-
vath et al. 1977).

Both the Pannonian Basin and the Bohemian Massif have
been relatively well studied geologically and geophysically. In
this paper the temperature regimes of the lithosphere in both
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regions are compared, and the effects of the differences on such
rheological parameters as effective viscosity and stress are dis-
cussed. The depths to the zone of transition between brittle and
creep dominated behaviour in the lithosphere beneath both
regions are examined, and their bearing on seismicity and fault-
ing is discussed. The Moldanubicum which forms the core and
the best consolidated part of the Bohemian Massif is the actual
area referred to in the discussions because the temperature-
depth distribution for this unit can be regarded as characteristic
for most of the Bohemian Massif (Cermak 1975). The tempera-
ture-depth distribution for the Karcag-Debrecen region of Eas-
tern Hungary is taken as representative for most of the Pannon-
ian Basin. These specific locations have been chosen for the
determination of the profiles because in each area reliable data
exist for heat flow and crustal structure. Moreover the calculat-
ed temperature, stress and viscosity profiles help to illustrate the
differences in lithospheric structure between two characteristi-
cally different regions of the earth’s crust: the Pannonian Basin
representing a young intermontane basin and the Bohemian
Massif representing a consolidated Variscan platform.

Temperature-Depth Profiles

Results of heat flow and geothermal studies in the Bohemian
Massif and the surrounding regions have been reported by
Cermak (1975, 1977). Important results of heat flow studies in
the Pannonian Basin were reported by Stegena (1976), Stegena
et al. (1975) and Horvath et al. (1979).

Temperature-depth profiles have been calculated for both
regions using a computational model of steady-state conduction
of heat in a layered medium. The surface heat flow Q is assumed
to be in equilibrium with the heat flowing into a slab of the
earth at its base, plus the heat generated by sources within it.
Neglecting the earth’s curvature and assuming that the tempera-
ture T depends only on depth z, we have the one-dimensional
heat conduction equation:

d dT
C 0] =40 )

where k is the coefficient of thermal conductivity, and 4 is the
heat generation.

If T(z,) is the temperature at the top of the first layer (with
conductivity k, =const. and heat generation A, =const.) and
Q(z,) the heat flow through the upper boundary of the first
layer, the temperature in the first layer is
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Fig. 1. Heat production-depth relationships for the Moldanubicum
(Bohemian Massif) and the Pannonian Basin, based on v,-depth profiles
of Beranek (1971), Mituch and Posgay (1972), Adam et al. (1979)
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Pollack (1965) has shown that for any arbitrarily layered model
(with homogeneous individual layers) the temperature at the
base of the n-th layer is:

T(z)=T(z,)
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In the present paper the vertical profile of crustal heat
generation 4 has been determined from the seismic velocity (vp)
profiles, making use of the implicit relationship between 4 and
vp as described by Rybach (1973) and Buntebarth (1976). Fol-
lowing closely the same assumptions as those of Pollack and
Chapman (1977) the value of k was taken as 2.5Wm~*K~* for
T <500°C, while for higher temperatures, the values of k were
obtained using the results of Schatz and Simmons (1972). The
heat generation-depth relations are shown in Fig. 1, while the
temperature-depth profiles are displayed in Fig. 2. The sedimen-
tary cover in the Karcag-Debrecen area of the Pannonian Basin
is between 2 and 3.5km thick in many places. The A—uv,
relation is not strictly valid for such sedimentary series, and this
explains why the 4 —z relation for the Pannonian Basin is given
only from the depth z=4km in Fig. 1. The heat production in
this uppermost layer has no appreciable effect on the overall
shape of profile 2 in Fig. 2. It should also be noted that, in this
figure, profiles 1 and 2 are mean curves of a family of profiles
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Fig. 2. Temperature-depth profiles: I =Bohemian Massif; 2= Pannonian
Basin; T,,=dry pyrolite sodius; WS=solidus for pyrolite containing
0.1 %, water [T, and WS are after Ringwood (1975)]

corresponding to the range of surface heat flow data available
for each of the two regions under consideration.

Continuation of the geotherms further downwards into the
asthenosphere would necessitate a departure from the purely
conductive model of heat transfer which is assumed in the
calculations. It should be noted that the solidus temperature in
an anhydrous mantle would increase with depth. The actual
level at which the solidus is reached in the mantle remains
debatable, but it is now agreed that this depends on the role of
volatiles in depressing the solidus temperature. The Pannonian
geotherm intersects the solidus for pyrolite containing 0.1%
water at a depth of less than 60 km. It is thus likely that a partial
melt zone should characterise the upper mantle in this region at
this shallow depth. Beneath the Bohemian Massif such an
intercept does not occur within the depth range investigated.

Stress-Depth and Viscosity-Depth Profiles

Following Weertman and Weertman (1975) or Meissner and
Vetter (1976), we take the following general creep equation to be
valid for the creep properties of rocks at high temperatures:

é=C;o"exp[—(Q*+PV*)/RT] (4)
e~ Cio"exp(—g* T,/T) ©)
where

g* =constant P =pressure

€ =strain rate V* =activation volume

C; =quasi constant R =gas constant

o =shear stress T =absolute temperature

n =creep exponent T,, =absolute melting

Q* =activation energy temperature

For Nabarro-Herring or diffusion (Newtonian) creep n=1, and

Exn=C, o exp(—g* T,/T) (6)
with
C,=0a,2D,/d*kT (N
and
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oy =constant

k =Boltzmann’s constant

D, =diffusion constant.

d =grain size

@ =atomic volume

For dislocation glide (or power law) creep n=3 and

ép=Cy0  exp(—g* T/T) (8)
with

Cy=030QD, /> kT

and

oty =constant,
1 =shear modulus.

Introducing the effective viscosity #

n=afe 9

From these equations the viscosities for both creep laws can be
expressed explicitly:

Ny =(1/C ) exp (g* T,/T)
np =(1/C3)(1/c?) exp (g* T,/ T).

(10)
(11)

These relations have been discussed in detail by Meissner and
Vetter (1976).

The stress-depth curves (Figs. 3 and 4) and the Newtonian
creep viscosity profiles (Fig. 5) have been calculated on the basis
of Egs. (5)-(9) assuming a grain size of 5mm for the material of
mantle rock, and with T/T,, values obtained from Fig. 2. The dry
solidus was used for the calculations, not the hypothetical 0.1 %
H,O curve. The values of the constants C;, C; and g* were
taken from Vetter and Meissner (1977, 1979). The non-linear
stress-strain relation with n=3 has been shown to be more
appropriate for much of the lithosphere (Neugebauer and Breit-
mayer 1975; Mercier et al. 1977).

Discussion

It is obvious from the above figures that the upper mantle
regions beneath the Pannonian Basin and the Bohemian Massif
differ significantly from each other not only in their temperature
regimes, but probably also in composition, at least within the
depth range considered here. The temperature-depth curves for
the two regions do not intersect even at depths of about 250km.
There is however no information on whether these differences
might exist up to and possibly beyond a depth of 400 km. In the
sense of Oxburgh and Turcotte (1976) the lithosphere can be
divided into an upper elastic layer characterised by brittle
response to stresses, and a lower ductile or plastic layer where
elastic stresses are relaxed by creep processes.

The temperature at which the transition from elastic to
creep-dominated behaviour occurs in the lithosphere depends on
the rheological properties of the material of the lithosphere.
These are in turn dependent on the homologous temperature
(T/1,), and on the variation of T,, with depth. A value of 0.62 for
T/T, has been assumed in the present paper to define this
transition. Other authors (e.g.. Vetter and Meissner 1979) have
also assumed T/T,, values close to this.
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Fig. 3. Stress-depth curves for the Bohemian Massif: I =dislocation
(power law creep), 2=Newtonian diffusion creep, with strain rate values
(in s~ !) as parameter
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Fig. 4. Stress-depth curves for the Pannonian Basin: key as for Fig. 3

Under the Pannonian Basin the elastic lithosphere according
to the above definition is only 10-12km thick while under the
Bohemian Massif its thickness lies between 58 and 65km (see
Fig. 5). The occurrence of exceptionally deep faults and grabens
in the Bohemian Massif and their conspicuous absence within
the Pannonian Basin can now be understood considering the fact
that the maximum depth of faults in a region seems to depend
on the thickness of the brittle layer. The Central Bohemian
suture, the Pribyslav fault zone and the Ohfe graben are exam-
ples of deep faults of great length found in the Bohemian Massif.
Their extents, laterally and in depth, have been investigated by
Beranek and Dudek (1972).

The deformation diagrams (Figs. 3 and 4) show that beneath
the Bohemian Massif, power-law creep dominates for strain
rates higher than 10~ '3s~!. For lower strain rates (and at
depths greater than 185km for £=10"'%5~!) Newtonian creep
appears to dominate. The transition between the two creep laws
is at about 0.6 bar. This corresponds to the stress level at which
the two mechanisms contribute equally to the strain rate. It is
however known that the actual value of this transition depends
mainly on the assumed grain size in Eqgs. (7) and (10) (Stocker
and Ashby 1973).

Beneath the Pannonian Basin stresses are very much lower
because of the higher temperature regime. Consequently dif-
fusion (Nabarro-Herring) creep dominates even for strain rates as
high as 10~ '2s~!, For §<10~'?s~! and for depths greater than
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Fig. 5. Effective viscosity-depth profiles

60 km diffusion creep governs all creep processes in the Pannon-
ian upper mantle. Comparing these results with those of Vetter
and Meissner (1977), the Pannonian upper mantle can be seen to
show mechanical properties reminiscent of the oceanic upper
mantle. The transition from lithosphere to asthenosphere ap-
pears to occur at depths of 48-60km under the Pannonian
Basin. These results are in good agreement with geoelectric
induction and magnetotelluric results which have located the
intermediate conductive layer (ICL) at depths of 60km below
the Pannonian Basin (Adam 1976). Figure 4 also shows that
stresses under the Pannonian Basin appear to level off for all
curves with constant strain rate at the depth of about 50—
60km. The depth at which this levelling off of stress occurs is
usually identified as marking the top of the asthenosphere
(Mercier et al. 1977).

Very often there have been speculations about the possible
absence of the asthenosphere under shields and stable platforms.
In the case of the Bohemian Massif where the absence of a
viscosity minimum (see Fig. 5) renders an estimate of the depth
of transition from lithosphere to asthenosphere difficult, this
view might appear to be substantiated. However, if there is no
viscous layer undergoing shear in the upper mantle under stable

PANNONIAN BASIN

Heat Flow
! 90- 110 mwmi?

platforms and shields, it is then difficult to imagine how such
parts of the lithospheric plate could take part in the world-wide
plate motions. Deep geoelectric soundings (Pecova et al. 1976)
located some conductive layers at shallower levels of 60-70 and
100 km, but it appears likely that the conductive zone located
near 200 km under the Bohemian Massif might correspond to
the base of the lithosphere. The stress curves (Fig. 3) show signs
of levelling off only at depths of about 170-200 km. It is thus
likely that this zone may really mark the top of the astheno-
sphere beneath the Bohemian Massif. Figure 6 shows the pre-
ferred models of the Pannonian and Bohemian lithospheres.

In the Pannonian Basin dispersed earthquakes occur with
shallow focal depths (5-14 km). With the exception of the Duna-
haraszti earthquake (12 January 1956; M =5.5-6.0) which was
apparently related to sinistral faulting along the Balaton line
(Csomor 1967), the seismic activity in the Pannonian Basin
shows no correlation with tectonic lines. It is thus likely that this
activity is due to the relaxation of thermoelastic stresses in the
brittle upper part of the Pannonian lithosphere which is only
10-12km thick. The Bohemian Massif shows very little seismic
activity except along the deeply faulted margins. However, it has
long been known that seismic energy originating from earth-
quakes in the Eastern and Southern Alps was transmitted with
little or no absorption through the Bohemian Massif, while
seismic energy propagating towards the Western Carpathians
and the Pannonian Basin became strongly damped (Karnik
1967). Zatopek (1957) sought to explain this damping by sug-
gesting the existence, in the contact zone between the two
tectonic regions, of deep-seated barriers which reflect the energy
further downwards. The difference in the observed teleseismic
delay-time residuals between the two regions under consider-
ation is of the order of +2s. The stations in the Pannonian
Basin are far “slower™ (i.e., they record far higher positive
residuals), than those in the Bohemian Massif. It is easy to see
using simple model calculations that the differences in the range
of P, anomalies or teleseismic delay-time residuals cannot be
explained in terms of differences in crustal structure alone,
between the Bohemian Massif and the Pannonian Basin. The
differences rather reflect the variations in the physical state of
the upper mantle under these regions. This in turn means that
differences in the sub-Moho temperature regime and rheology
are the obvious causes of the variations in P, anomalies.

Gravity anomalies in the Bohemian Massif seem to be very
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Fig. 6. Preferred lithospheric models:
surface heat flow data from Cermak
(1975), Horvath et al. (1979);

vp values from Benarek (1971), Adam
et al. (1979), temperature values

from this study
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well accounted for by granitic intrusions and other near-surface
density inhomogenities (Tomek, personal communication). The
Pannonian Basin on the other hand is characterized by average
Bouguer anomalies between +10 and +15mgal. Taking into
consideration the anomalously thin crust and the elevation of
the high-density upper mantle material, these anomalies are
strikingly low. Deep seismic soundings have revealed that be-
neath the Pannonian M-discontinuity, P-wave velocities are in
the range 8.0-8.1 km/s (see Fig. 6). These velocity values indicate
the range of probable density values under the Moho. It then
becomes apparent that a discrepancy exists in the observed gra-
vity anomalies. The mass which compensates the missing posi-
tive anomalies probably exists deeper down in the astheno-
sphere and is likely to be of thermal origin.

Concluding Remarks

It should again be pointed out that the profiles calculated in this
study are models and refer to dry conditions in the lithosphere.
The presence of water-bearing minerals (e.g., phlogopite and
amphibole) in some xenoliths from the upper mantle beneath
many continental regions does indicate that the upper mantle
probably contains reasonable quantities of H,O. The depth of
the lithosphere/asthenosphere transition estimated from defor-
mation diagrams (Figs. 3 and 4) or viscosity profiles (Fig. 5) may
not necessarily agree with that obtained from purely thermal
models (Pollack and Chapman 1977) or with the depth to the
low-velocity zone (LVZ). The strong differences in the stress-
depth and viscosity-depth profiles in both regions are enough to
explain the seismological, teleseismic and other geological differ-
ences such as the occurrence and depth of faults. These differ-
ences between the two tectonic regions are all thermally con-
trolled and remain valid even if other models are assumed for
the melting conditions in the mantle.
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