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Abstract. Different aspects of the geothermics of the Pan- part of the crust has brittle strength, as opposed to the Dinar-
nonian basin are investigated from the viewpoint of neotec-ides where the brittle part of the crust is 20-24 km thick, and

tonics. A heat flow map of the basin and the surroundingthere is a mechanically strong layer also in the upper mantle.
region is presented. It is shown that the high heat flow of the
Pannonian basin, the subsidence and maturation history of
the Neogene sediments can be explained in general by Midy
dle Miocene extension and thinning of the lithosphere. To

obtain fit to the observed vitrinite reflectance data in the pe-The terrestrial heat flow provides basic information on the
ripheral areas uplift and erosion had to be assumed, whiclyeothermal processes at depth. There are abundant tem-
started in the Late Pliocene. For the same time period &erature and thermal conductivity measurements in the Pan-
thermo-mechanical extensional model would predlCt thermahon|an basin and the Surround|ng reg|0n WhICh allow the
subsidence, therefore, the observation of this late stage uplifjetermination of the heat flow in many locatior&efnak,
suggests that the thermal subsidence has been overprinted hy78; Demetrescu, 1978;dényi et al., 1983; Dvényi and
tectonic forces, like an increase of intraplate stress. Horvath, 1988; Ravnik et al., 1995). One of the aims of this
Groundwater flow in porous sedimentary rocks or in frac- paper is to present an updated heat flow map of the Eastern
tured rocks disturbs the geothermal field making difficult the Alps-Carpathians-Pannonian basin-Dinaric region.
interpretation of the heat flow in terms of simple conductive  After correcting for the thermal effects of paleoclimatic
models. However, from the viewpoint of tectonics the occur-changes, sedimentation, erosion and groundwater flow, the
rence of thermal springs is helpful, because most of the therheat flow is generally interpreted in the framework of geo-
mal springs occur along faults. Almost half of the thermal dynamic models (Chapman and Rybach, 1985; Mongelli et
springs in Hungary are found along faults, which have beenal., 1989). The high heat flow in the Pannonian basin is ex-
active during the Late Pliocene through Quaternary period. plained by Middle Miocene extension and thinning of the
The relationship between the geothermics and the seismidithosphere (e.g. Royden et al., 1983), which is evidenced
ity of the Pannonian basin has also been investigated. by the presence of thin crust (Mituch and Posgay, 1972; Pos-
is shown that the seismicity can be understood in terms ofay et al., 1991; Hordth, 1993), thin lithosphere (Bakka
collision of the Adriatic microplate with Europe and differ- and Plomero&, 1988; Praus et al., 1990; Héith, 1993) and
ences in thermal state of the lithosphere. The tectonicallynormal faults in the basement of Neogene sediments (e.qg.
less active Bohemian Massif, Ukrainian and Moesian Plat-Tari et al., 1992). It is shown in this paper that the subsi-
forms form a cold rigid frame of the Pannonian basin. Thedence, thermal and maturation history of the basin can be
Pannonian basin and the Dinarides comprise a complex seidairly well explained in terms of non-uniform extension of
motectonic unit. The Pannonian basin, which is characterthe lithosphere, but the recent uplift of the peripheral parts of
ized by high heat flow, has low to moderate seismic activity,the basin requires additional tectonic forces. It has been sug-
with earthquakes occurring in the upper crust. The Dinaridesgested (Hor&th and Cloetingh, 1996) that late-stage (Late
which are characterized by low heat flow, have high seis-Pliocene and Quaternary) uplift observed in the Pannonian
mic activity and the focal depth of the earthquakes reachedasin is controlled by an increase of intraplate stress.
40 km. Rheological profiles constructed for the region show The distribution of seismicity is, in many cases, con-
that in the Pannonian basin only the upper 10-14 km thicktrolled by temperature (Furlong and Atkinson, 1993; Bodri
and lizuka, 1993), although exceptions are known to oc-
Correspondence td-. Lenkey (lenl@freemail.hu) cur. The areal distribution of seismicity and heat flow in the
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Pannonian basin and the surrounding region is investigatednentation is 10—-30% higher than the observed heat flow. The
The connection between temperature and seismicity is estallate stage (0-5 Ma) erosion of the peripheral and some inter-
lished through rock mechanics. Sibson (1982) suggested thatal parts of the basin has insignificant effect on the heat flow
the base of the seismogenic layer in continents is given by thé~5 mW/n?).
depth of the transition from dominantly brittle to dominantly =~ The heat flow corrected for sedimentation is shown in
ductile strain accommodation. Rheological profiles are conFig. 1. The map in Hungary is based on 28 heat flow deter-
structed for the Pannonian basin and the surrounding regiominations (thermal conductivity and temperature measure-
and they are compared to the variation of the focal depths ofments were carried out in the same borehole) and approxi-
earthquakes. mately 1500 heat flow estimates (thermal conductivity is es-
timated from the lithology using the thermal conductivity-
depth trends) (Bvényi, 1994). Outside Hungary the map is
2 Heatflow inthe Pannonian basin and surrounding ar-  based on the “Geothermal Atlas of Europe” (Hurtig et al.,
eas 1992). The isolines of the heat flow map of Europe from the
atlas were digitized outside Hungary, and these data together
In order to know the features of the geothermal field heatwith the Hungarian data were used to construct the heat flow
flow density determinations have to be carried out. The termap of Fig. 1. The new heat flow data from Hungary in the
restrial heat flow density (shortly heat flow) is defined as theborder zone were in good agreement with the existing data
product of the vertical temperature gradient and the thermafrom the surrounding areas, and the above method ensured
conductivity assuming conductive heat transfer. Heat flowthe smooth transition of isolines between the two areas. Data
determinations in the Pannonian basin were made in deepoverage is quite good for the whole area except the Apuseni
boreholes. Mercury maximum thermometers or thermistorMountains and the Eastern Alps, where only few measure-
probes were used to determine the vertical temperature gradments were made. Outside the Carpathians the thermal effect
ent. The paleoclimatic and topographic effects were not conof sedimentation has not been corrected.
sidered, because the temperature measurements were madeThe surface heat flow distribution in the Pannonian basin
at great depths, (greater than 500 m, mostly in the deptlshows values ranging from 50 to 130 mW/mvith a mean
range of 1000—2000 m), where the paleoclimatic and topovalue of 100mW/rA. The average heat flow in the basin
graphic influences are negligible. Thermal conductivities ofis considerably higher than in the surrounding regions. The
rocks were measured on core samples in laboratory. Basedkrainian and Moesian Platforms are characterized by low
on the results Bvényi and Horath (1988) established ther- heat flow values of 40-50 mW/An which are typical for
mal conductivity-depth trends for the Neogene and Quaterthe stable continental crust (Demetrescu et al., 1989; Gor-
nary sand-sandstones and shales-clays-marls in the Pannodienko et al., 2001). The Carpathians and the Bohemian
ian basin. Using the thermal conductivity-depth trends andMiassif show varying heat flow values of 50-70 m\¥/m
the thermal conductivities of other rocks derived also fromwhich are close to the worldwide mean value for continen-
laboratory measurements @enyi et al., 1983) heat flow tal crust (65 mW/m, Pollack et al., 1993). The Outer Di-
was calculated in many boreholes, where the lithology ofnarides are characterized by extremely low heat flow values
the borehole was known and reliable temperature data wer€<30 mwW/nf). The low heat flow is due to karstic water
available. The temperature database of Hungary containfiow in the carbonatic rocks of the mountains (Ravnik et al.,
more than 12000 data from 4 600 boreholes. The temperi995). The Inner Dinarides have heat flow of 50-60 m&/m
ature data come from bottom hole temperatures, inflowingThe Adriatic Sea shows varying heat flow of 30-50 m\&/m
and outflowing water temperatures, drill-stem tests in hy-The high heat flow in the Eastern Alps is based on a few
drocarbon exploration wells and some steady-state tempemnd unreliable data. The peripheral Vienna and Transyl-
ature measurements. Those temperature data were usedvanian basins are characterized by lower heat flow values
the heat flow calculation, which could be corrected for the (50-70 mW/m and 50 mW/m, respectively) than the cen-
thermal disturbance of drilling. Heat flow was calculated fol- tral basins. The low heat flow in the Transylvanian basin
lowing the thermal resistance integral procedure of Bullardsuggest that it was formed by a different geodynamic mech-
(1939). The error of heat flow determinationsi40-25%  anism than the Pannonian basinagfrer et al., 2000).
in favourable and nonfavourable cases, respectively. The central areas exhibit varying heat flow. The hottest
The observed heat flow is often disturbed by sedimenta-areas are the southern, eastern (Great Hungarian Plain) and
tion, erosion and groundwater flow. The average thicknessiortheastern parts (East Slovakian basin) of the basin where
of Neogene and Quaternary sediments in the Pannonian basthe heat flow is above 100 mW#m The NW part of the
is 2-3km, but in the deep troughs the thickness of sediment®annonian basin is characterized by heat flow values of 80—
reaches 7-8 km. The thermal effect of sedimentation was cal90 mW/n?, which are lower than the mean value. The heat
culated by a one-dimensional numerical model following theflow maxima 130 mW/n?) is found in the south. The
method of Lucazeau and Le Douaran (1985), which takedNNW-SSE directed heat flow maxima south to the Pannon-
into account the variation in the sedimentation rate and tha@an basin (until the Vardar zone) has no proven geodynamic
change in the thermal properties of sediments due to comexplanation.
paction (Lenkey, 1999). The heat flow corrected for sedi- The high heat flow in the southern part of the Eastern
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Fig. 1. Heat flow in the Pannonian basin and the surrounding areas. Inside the basin the heat flow is corrected for the Neogene sedimentation
Contour interval is 10 mW/f Thick lines denote the boundaries of the Carpathian molasse and flysch belts, the outcrop of the pre-Neogene
rocks and Neogene volcanic rocks on the surface. VB: Vienna basin, SB: Styrian basin, TM: Transdanubian Mountains, NHM: North
Hungarian Mountains, GHP: Great Hungarian Plain, ESB: East Slovakian basin, TD: Transcarpathian depression, AM: Apuseni Mountains.

Carpathians is caused by volcanism, which ceased 0.2 Maarbonates, which outcrop to the surface. The fractured and
ago (Fecskay et al., 1995). Calculations of the thermal evolu-karstified rocks have large permeability, which allows easy
tion of volcanic intrusions show that the elevated temperaturenfiltration of the precipitation. The downgoing water cools
and heat flow around an intrusion dissipates in a few millionalmost the whole area of the outcrops. The water is heated
years (e.g. Fowler and Nisbet, 1982; Haitlv et al., 1986). up at depth and returns to the surface at the feet of the moun-
Thus, the thermal anomaly caused by the Middle Miocenetains in thermal springs. The heated areas are restricted to
calc-alkaline volcanism and along the inner side of the Car-the narrow paths, where the water emerges. The depth of
pathian arc has decayed by now. However, the heat flow isvater penetration can be estimated from the temperature of
still high along the volcanic chain. The high heat flow can- the springs. Assuming that the thermal conductivity of car-
not be explained by the increased radioactive heat productiobonates is 3 Wm!°C~1 and the heat flow is 60 mW/mthe

in the volcanic rocks, because the concentration of the raresulting geothermal gradient is ZWkm. To obtain a wa-
dioactive isotopes is normal (Sanyi et al., 2002). The high ter temperature of 3@ in case of an infiltration temperature
heat flow must have a deeper (lower crustal or mantle) originof 10°C the water has to descend at least 1 km depth. The
The source of the heat is probably related to the cause of thtemperature of the springs varies between 14€6@hus in
volcanism. The Pliocene to Pleistocene basaltic magmatisnsome areas the water emerges from 2.5-3 km depth.

was sporadic and the basalts appear as small volcanic conesThe thermal energy output of the springs is calculated
or dykes. Due to their small volume their thermal effect wasfrom the outflow rate and the temperature:

not significant.

The Transdanubian Mountains and some parts of the Nortie = (Tsp = To) Qcp @)
Hungarian Mountains (Bkk, Aggtelek-Gemer Karst, for lo-  where: E is the thermal energy output [W},, is the temper-
cation see Fig. 2) are characterized by low heat flow (50-ature of the spring°[C], Ty is the mean annual surface tem-
60 mW/n?). These mountains are built up from Mesozoic perature in the mountain¢], Q is the outflow rate [r¥/s],
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Fig. 2. Natural thermal springs in Hungary #gy, 1997), the outcrops of carbonatic rocks and the faults, which were active in the Late
Pliocene to present period (after Fodor et al., 1999). Circles are proportional to the thermal energy output of the springs.

Table 1. Correction of the heat flow for advective heat transport by groundwater flow in the karstic areas in Hungary. Advective heat
flow component = Total thermal output of springs/Area of the outcrop, Corrected heat flow = Measured heat flow + Advective heat flow
component)

Total thermal Areaofthe  Advective heat Corrected heat
output of springs outcrop flow component flow
[MW] [km 2] [mMW/m?] [mMW/m?]
Transdanubian
Mountains 3140 7200 20 80
Mecsek-Villany
Mountains 17 1100 115 105
Bukk Mountains 26 750 35 105
c is the heat capacity of water [Jk& C~1] andp is the den- Most of the thermal springs are found at the feet of
sity of water [kg/nd]. the mountains. Their location is probably determined by

, ._faults, along which the thermal water can emerge from depth.
The total thermal energy output of the thermal springs iNThe mean annual surface temperature in Hungary €12

the Transdanubian, Mecsek-Vfly, and Bikk Mountains is  psanyi et al., 1983). Fig. 2 displays the location of the

shown in Table 1. The ratio of the total energy output andsprings in Hungary, which have temperature higher than

the :;:rea ?If the mountains gives dag esr:imate of dthe co?lveclzoq and faults, which were active during the Late Pliocene
tive heat flow component caused by the groundwater flow., present period. The springs are classified according to

Adding this value to the observed heat flow we obtain they ;- thermal energy output. The springs which are not asso-

;Iundisturbed’;jr}eat flow %f the mftl)unt_ainT (Table ;)' r;r he ?leatciated with karstic water flow systems have negligible ther-
ow corrected for groundwater flow is close to the heat flow 1,5 energy output. Almost half of the springs emerge along

observed around the mountains.
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Fig. 3. Sediment accumulation, thermal and maturation history model ofake-Uwell. (a) Continuous, dashed and dotted lines show

the evolution of the thickness of sediments, temperature and vitrinite reflectance through time, respgatigelysm is the crustal and

mantle thinning factor, respectively, which result in fit to the sediment accumulation history, the present day observed temperatures and
vitrinite reflectances. Negative paleowaterdepth values indicate waterdepth, positive values mean elevation above @8aPimssnt

day temperature. Crosses denote the measured temperature, continuous line denotes the modelled tefep&rasent day vitrinite
reflectance. Dots with error bars indicate the measured, continuous line denotes the modelled vitrinite reflectances.

faults, which are presently active or were active in the Latein the crust and the thermal effect of sedimentation includ-
Pliocene-Quaternary time. All springs in the ¥itly hillsand  ing the compaction of sediments, and calculated the subsi-
except one spring in the Mecsek Mountains are associatedence, thermal and maturation history of sediments in the
with young faults. The most important active faults (TRL, Great Hungarian Plain. The subsidence and thermal history
ML, HDL and DZ) are accompanied by springs. The most were derived from the amount of thinning of the crugt)
impressive coincidence of a line of springs with a Quater-and the mantle part of the lithosphegng), and the thermal
nary fault exists in the Buda hills, where the springs clearly maturation of organic matter were calculated by the use of
indicate the eastern border fault of the hills. the time-temperature index (TTI, Waples, 1980). TTI was
converted to vitrinite reflectance using an empirical relation-
ship between the TTI and the vitrinite reflectances measured
3 GeothermiCS and Vel’tica| movements in the Pannon- in master We”s from the Great Hungarian P|ain (l—ml’vet
ian basin al., 1988).

The present-day high heat flow in the Pannonian basin The subsidence, thermal and maturation history of the
and the formation of the basin can be explained by depthJasz-1 well is shown in Fig. 3 as an example. The well is lo-
dependent extension of the lithosphere, which occurred dureated in the Great Hungarian Plain (for location see Fig. 2),
ing Early to Middle Miocene time (Royden et al., 1983; Roy- and penetrated the Paleozoic basement at a depth of 3637 m.
den and @vényi, 1988; Lankreijer et al., 1995; Sachsen- The thick line starting from the surface at 17 Ma and reaching
hofer et al., 1997, Lenkey, 1999). Hath et al. (1988) mod- 3637 m at the present shows the accumulation of the Neogene
ified the depth-dependent extensional model of Royden an@dnd Quaternary sediments. The other lines starting from the
Keen (1980) by taking into consideration the heat generatiorsurface from left to right show the thicknesses of progres-
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Fig. 4. (a)Sediment accumulation, thermal and maturation history model oftiserany-1 well. Note the Late Pliocene uplift and erosion.
(b) Present day measured and modelled temperaayé@resent day measured and modelled vitrinite reflectance. For detailed description
see Fig. 3.

sively younger sediments. The water depth was calculated aidar subsidence, thermal and maturation history as ész-J
the difference between the predicted basement depth and theell. However, wells from the Danube basin and some wells
thickness of sediments. The subsidence rate in the first 5 M&om the Zala basin have different subsidence and thermal
was higher than the sediment accumulation rate resulting irhistory. The observed vitrinite reflectance in these wells is
relatively deep water. This is in agreement with the sedi-higher and the trend is parallel to the vitrinite reflectance
mentological observations (Jase, 1994) and interpretation calculated by a simple subsidence and burial model. To ob-
of seismic sections (Vakarcs et al., 1994), which show thattain fit to the observed virinite reflectance in théBrkany-1
the basin was filled up by a delta system prograding into theg(Fig. 4) and the Lo&szi-Il (Fig. 5) wells (for location see
basin from the peripheral areas. The dashed and dotted lindsig. 2) additional burial had to be assumed during the Late
indicate the evolution of temperature and vitrinite reflectanceMiocene-Early Pliocene, which was followed by erosion dur-
through time, respectively. The temperature-depth and vitri-ing the Late Pliocene-Quaternary. (If higher heat flow were
nite reflectance-depth profiles calculated for the present arassumed in the past without erosion, then the observed and
in good agreement with the observations. The best fit thermatalculated vitrinite reflectance trends would not be parallel.)
and vitrinite reflectance model of thask-I well is obtained The amount of the eroded sediments is about 400 m. In case
assuming that the lithospheric extension started at 17 Ma andf the Lovaszi-Il well part of the uplift comes from the in-
lasted till 11 Ma and it caused thinning of the crust and theversion of the basin structure as shown by seismic sections
mantle lithosphere by a factor of 1,8¢) and 1008m), re- (Rumpler and Hor&th, 1988).
spec_tively. Since 11.Ma cooling of the lithosphere occurs | ate Pliocene-Quaternary uplift and erosion is a com-
causing thermal subsidence. mon phenomena in the peripheral subbasins of the Pan-
Similar studies were performed in many wells in differ- nonian basin. Based on vitrinite reflectance modelling
ent parts of the Pannonian basin as the calculation of thérancu et al. (1989) concluded that about 750 m erosion oc-
thermal maturity became a common tool in the oil indus- curred in the East Slovakian basin during the Late Miocene
try. Wells from the Great Hungarian Plain exhibit very sim- and Pliocene. Subsidence analysis of wells from the
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Fig. 5. (a) Sediment accumulation, thermal and maturation history model of thadzpvl well. Note the Late Pliocene uplift and erosion.
(b) Present day measured and modelled temperaayé@resent day measured and modelled vitrinite reflectance. For detailed description
see Fig. 3.

Styrian basin (Sachsenhofer et al., 1997) and vitrinite re-stress field to compressive stress field might have occurred

flectance modelling (Sachsenhofer et al., 2001) revealed Laten Late Pliocene/Quaternary time, when the uplift began.

Pliocene-Quaternary uplift and tilt of the Styrian basin to- Horvath and Cloetingh (1996) and van Balen et al. (1999)

wards the Pannonian basin. The amount of erosion is in thenodelled the late stage uplift along 2D sections crossing the

range of 300-500 m. Pannonian basin assuming compressive intraplate stress and
The subsidence, thermal and maturation studies in the Parrrived at the conclusion that an increase in the level of stress

nonian basin show that following rifting thermal subsidence explains the few hundred meter uplift.

occurred, which is still going on in the deepest parts of the

basin. However, in the peripheral parts of the basin the sub-

sidence was interrupted by uplift and erosion. This uplift 4 Geothermics and seismicity

cannot be explained by the extensional model. The Late

Pliocene and Quaternary inversion of the thermal subsidence&he Pannonian basin is characterized by low to moderate

is one of the most important phenomena, which indicates thageismic activity (Gerner et al., 1999ph et al., this issue).

the tectonic regime in the Pannonian basin has changed ang contrast, the Dinarides and the Vrancea zone are seismi-

the extensional evolution of the basin has terminated. cally more active areas. Table 2 lists the different tectonic
Cloetingh et al. (1985, 1989) have put forward the ideaunits of the area according to their seismicity and heat flow.

that compressive intraplate forces originating from processe#t is clear that the geothermal conditions strongly influence

operating at plate boundaries cause large scale bending arnile seismicity. High seismicity concentrates in those areas

folding of the lithosphere. The surface expression of this pro-where low heat flow values pertain, and the areas character-

cess is differential uplift and subsidence of up to several hunized by high heat flow have low to moderate seismicity. The

dreds meter. The present day stress field in the Pannoniaareas surrounding the Pannonian basin from north and east

basin is compressive and transpressive (Gerner et al., 199@re characterized by low heat flow and low seismicity, but

Bada et al., 1999). The transition from transtensive or neutrathese areas comprise a different tectonic realm. Stress obser-
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Fig. 6. (a)Lithospheric temperature profiled) rheological profiles according to the geotherms @)dhe distribution of the focal depth of
earthquakes in the Pannonian basin and the surrounding region (dftes &sal., 1989). Lithospheric temperature for the geotherms with
80 and 100 mW/rfis derived from the extensional model of thédrkany-1 and 8sz-I wells, respectively. The geotherm with 50 m\&/m

is calculated from a steady-state conduction model. See the explanation of the calculation of the rheological profiles in the text.

Table 2. Comparison between the seismicity of tectonic units and their heat flow in the Carpathian-Pannonian-Dinaric region

Low seismicity Moderate seismicity High seismicity
Bohemian Massif
Normal heat flow European Plate Vienna basin Dinarides
Ukrainian Shield Vrancea zone

Moesian Platform

Transcarpathian depression
High heat flow Pannonian basin northern part of the Sava -
in general trough

vations, seismicity studies and stress modelling show that théeat flow (lithospheric temperature) is one of the most impor-
recent tectonic activity of the Pannonian region is controlledtant factors controlling the seismicity (Table 2). However,
primarily by the counterclockwise rotation of the Adriatic as shown by the moderate seismicity of some “hot” areas,
microplate (Bada et al., 1999). As a result, the Pannoniarthe temperature structure in the lithosphere is an important,
basin is pushed from the south-southwest. The low seismicbut not necessarily the only one controlling factor in deter-
ity of the surrounding area indicates that most of the energymining the seismicity. The areas characterized by moderate
supplied by the relative motion of the Adriatic plate is con- to high seismicity are located in the peripheral parts of the
sumed by the Dinarides and the Pannonian basin. The Bobasin, particularly in the Dinarides, where different thermal
hemian Massif, Ukrainian and the Moesian Platforms form aregimes and tectonic units are in contact with each other.
cold, rigid frame of the basin system comprising a separate The geothermal conditions control the seismicity through
tectonic realm. In the Pannonian-Dinaric tectonic realm thethe rheology of the lithosphere. Beside the temperature the
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Table 3. Thermal parameters of the temperature-depth profile of the standard lithosphere (geotherm with Sam¥ign6a.) and material
properties used for the rheological profiles in Fig. 6b. Thermal parameters are after Kappelmeyer and Haenel (1974) and Zoth and Haenel
(1988). Boundary conditions for the temperature calculation: op Q km) I' = 10°C, bottom ¢ = 120km)7T = 1333 C. The thermal
conductivity is measured on 2G and it depends on the temperature according to Sekiguchi (1984). Material properties are after Carter and
Tsenn (1987) and Goetze and Evans (19293.the gravity acceleration [9.81 m]s R is the universal gas constant [8.314 Jmoffande

is the strain rate, accepted value is #9s1-

Upper crust Lower Crust Mantle

Thermal parameters
thermal conductivity [Wrm 1K —1] 3 2.3 4
heat productionfWwm=3] 15 0.5 0.01

Rheological parameters

Brittle domain, Byerlee’s law = apg(1l — 1)

slope of the pressure branch for

compressioria) 1.67
pore fluid factor(t) 0.35
density(p) [kgm—3] 2650 2900 3300

Power law domain, Creep functien= (¢/A)Y/" exd E/(nRT)]

type of rock dry granite dry diabase dry dunite
power law exponentz) 3.3 3.05 45
power law activation energyf)[kJmol 1] 186 276 535
pre-exponential constant)[Pa s 1] 3.16x10726 6.31x10720  7.94x10°18

rheology depends on the lithospheric material, its flow prop-thrust faulting. A three layer lithosphere was assumed, where
erties and the strain-rate. Fig. 6 shows temperature-depth arttie upper crust, lower crust and mantle consisted of dry gran-
rheological profiles characteristic for the Pannonian basinte, dry diorite and dry dunite, respectively. For simplicity
and the surrounding region. The lithospheric temperature irthe sediments were replaced by dry granite. The rheologi-
the Pannonian basin is not steady-state, therefore, the cortal properties of rocks are shown in Table 3. For the crustal
ventional thermal models assuming steady-state to calculatthickness in the Pannonian basin and the surrounding region
the lithospheric temperature from the surface heat flow and26 km and 36 km was adopted, respectively. The strain-rate
radiogenic heat production in the crust and mantle cannotvas assumed to be 1&s1.

bebugded. The (tjerﬂperat:JLg-depth p[jofi:gs refué‘t;ng fror(;] the According to the rheological profiles the brittle crustal
sy §|k2nce an "t erma 'Sg)r.y n;]o N Imgl ol t zf}lhan h layer in the Pannonian basin is less than 14 km due to the
Bosgr ny-l.we s were used in the calculation of the rhe- high temperature in the lithosphere. The brittle upper crustal
ological prqﬁles. T.he' heat flow in the surroundmg areas OfIayer is underlain by a ductile lower crust and mantle. In
th_e Pgdnnopl_an ba5|r|1 is in the range of 50-60 m%/in th_e those areas where the heat flow is higher than 100 mAV/m
Dinarides it IS even lower, 30—50_mW?m For representing _the strength of the lithosphere is reduced to the upper 10 km
the surroundmg. areas a synthenc temperature-_depth Profilgick prittle part of the crust, because the strength of the
was calculated in the conventional way, by solving the heal'1ower crust is highly reduced and the mantle has no strength.

cr(])nducltlon gquatlo; in c;ne—d;]menﬁlon a?zlém"\}% /Ztteady's’tat?he decrease of the lithospheric temperature and surface heat
thermal regime and suriace heat flow o m Was  flow results in strengthening of the lithosphere. When the

ahssumed that the ther(rjr_1al condukgtivit)r/]_of rocks dre]perr:ds O \rface heat flow is 50 mWArthe upper part of the lower
the temperature according to Sekiguchi (1984). The therma rust becomes brittle and the thickness of the brittle layer in-

parameters of the lithosphere are shown in Table 3. creases to 20—24 km. A 10 km thick brittle layer appears in

The lithospheric strength in the brittle regime was calcu-the upper mantle, too.

lated by a modified version of the Byerlee’s law (Byerlee, The increase of the thickness of the brittle layer with de-
1978; Ranalli and Murphy, 1987), in the ductile regime by creasing heat flow is supported by the distribution of the focal
power-law creep (Goetze and Evans, 1979; Carter and Tsenulepth of earthquakes (Fig. 6). Earthquakes inside the Pan-
1987). The stress field in the Pannonian region is compresnonain basin occur down to depth 20 km, with maximum
sive, therefore the criteria of brittle failure is calculated for number of earthquakes concentrating in the depth range of
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6-10km. There is a sharp decrease in the number of earth-  Pannonian basin has terminated in the Late Pliocene and
quakes below 12km. The scarcity of earthquakes in the since that time uplift is going on.

lower crust and the lack of earthquakes below 20 km indi-
cates that in this layer the dominant mode of deformation is
ductile flow. The relaxation of the tectonic stress by ductile
flow results in decrease of the seismicity in the Pannonian
basin. Earthquakes in the surrounding areas also concentrate
in the upper 10 km part of the crust, but there are earthquakes
down to depth 40 km. The presence of deeper focal depths

indicates that in the surrounding areas the thickness of th?\cknowledgementéNe are grateful to Fred Beekman who pro-
brittle layer higher than inside the basin. Earthquakes beloV\(/ided the software “Yield” to calculate the rheological profiles.

30km depth may occur either in the lower crust or in the Up- comments from E. Burov and \Cermak were very much appre-
per mantle. From the StatiStiCS Of the focal depth distributionciated_ L. Lenkey thanks the financial Support given by theod

of Fig. 6 alone it is not possible to discriminate between theBolyai Research Grant.
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