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S u m m a r y :  Deep sounding seisnuc data along nine profiles and measured values of the 
terrestrial heat flow were used to construct a geothermal model of  the crust for the territory of  
Yugoslavia. The obtained data indicate that the lowest temperatures (250- 350 °C) at the crust 
base are in the region of  the Outer Dinarides and the highest (900- IO00°C) in the region of  the 
Pannonian Basin and the Serbian-Macedonian Massif. The difference is associated with the 
changing heat flow which reaches the Earth's crust from the upper mantle. Based on the crustal 
temperature distribution, an approximate lithospheric thickness was estimated for the first time 
for the entire territory o f  Yugoslavia. It is largest under the Outer Dinarides, where it is up to 260 
kilometres, and smallest under the Pannonian Basin and the Serbian-Macedonian Massif, only 
40 - 50 kflometres. 

1. INTRODUCTION 

The physical and tectonic states of the Earth's crust and upper mantle are largely controlled by 
terrestrial heat flow. For this region, the knowledge of the heat flow and temperature distribution 
in the crust and upper mantle can provide useful data on the physical composition and dynamics 
of the lithosphere. 

The effects of terrestrial heat flow on the geotectonic evolution of the crust on the territory of 
Yugoslavia could not have been studied earlier because geothermal investigations began only a 
few years ago. The first map of the terrestrial heat-flow density for Yugoslavia was prepared 
(Ravnik et al. [1]) as late as in 1987. That is why the territories of Yugoslavia and Albania, 
Portugal and partly Spain were shown blank on the first heat-flow density map of Europe 
(~erm~k and Rybach [2]). 

The knowledge about the distribution of heat and temperature fields in the crust and the upper 
mantle was acquired by preparing the heat-flow density map of Yugoslavia. Interpretations of 
these field values led to new indications, corroboration and to some old data concerning the 
regional dynamics of the crust and the entire lithosphere during the Mesozoic and the Cenozoic, 
as well as its present condition. 

# Before the separation of Slovenia, Croatia, Bosnia and Herzegovina and Macedonia. 
## Presented at the International Meeting on Terrestrial Heat Flow and the Structure of 

Lithosphere, Bechyn~ Castle, Czech Republic, September 2 - 7, 1991. 
*) Address: Laboratory of Geothermal Energy, Faculty of Mining and Geology, Djusina 7, 

11000 Beograd, FR Yugoslavia 

Studia geoph, et geod. 37 (I993) 265 



M. G. Milivojevh~ 

2. GEOTECTONIC FEATURES 

All earlier tectonic concepts of Yugoslavia can be divided into two principal groups. 
One is based on the theory of synclines and bilateral orogeny, and the other on the 
theory of new global tectonics. The only common point of the two theories is the 
complexity of crustal geology and tectonics in Yugoslavia. The complexity is the result 
of the joining or collision of two orogenic alpine arcs which belong to the eastern Alpine 
orogenic belt. One arc is made up of the Eastern Alps, Carpathians and Balkanides, and 
the other is composed of the Dinarides, Hellenides and Albanides, with the Pannonian 
and Serbian-Macedonian intermontane massif between them (Siko~ek [3]). 

Concepts of the geotectonic pattern of the Yugoslavian territory have developed 
parallel with the general evolution of geotectonic ideas in the world. The In'st ideas 
about the geotectonic framework of Yugoslavia were given by Kossmat [4] and Kober 
[5], and were based on the bilateral orogeny concept. The idea was accepted by national 
geologists (Petkovi6 [6]) before the Second World War; after the war, a number of 
concepts was developed that interpreted principal tectonic features on the territory of 
Yugoslavia as large thrust sheets. A long dispute ensued among the national 
geotectonicists, between the defenders of this concept and those against it. 

The theory of new global tectonics and plate tectonics (Dewey et al. [7]) was soon 
accepted by national geologists, and today many models for different regions are based 
upon it: Dimitrijevi6 [8], Karamata [9], Grubi6 [10], etc. 

The principal geotectonic units in Yugoslavia are: Carpatho-Baikanides of eastern 
Serbia, Serbian-Macedonian Massif, Yugoslavian Dinarides, part of the eastern Alps, 
part of the Pannonian Basin, Daeian Basin-Yugoslavian part of the Mesian Platform, 
intermontane molasse basins, and the Adriatic Basin (Grubi6 [11]) 0~ig. 1). 

The Carpatho-Balkanides occupy eastern Serbia. Their geology and tectonic pattern 
are very complex. 

The Serbian-Macedonian Massif is a crystalline core-area dividing the Dinarides from 
the Carpatho-Balkanides. The Massif is composed of highly crystalline metamorphic 
rocks and granite intrusions. These rocks are Proterozoic in age and the thickness of the 

complex is about 16 kilomelres (Milivojevi6 [12]). The Yugoslavian part of the 
Dinan'des is the largest geotectonic unit. Its geological boundary is distinct only against 
the Serbian-Macedonian massif, while gradual and indistinct against other geotectonic 
units. The general features of the Dinarides are the great thickness of Paleozoic and 
Mesozoic rocks and a high degree of tectonic transport. In the regionalisation of the 
Dinarides on national territory, the Dinarides are divided into two larger zones: the Inner 
and the Outer Dinarides. 

The eastern Alps on this territory are in northern Slovenia. The dominant rocks of the 
Alps there are gneiss and micaceous schist of indefinite age, Paleozoic metamorphic 
rocks, Mesozoic sedimentary and magmatic rocks, and Neogene elastics. 

The territory of Yugoslavia covers the southern part of the Pannonian Basin. It was 
formed in processes of faulting and differential rising and setting in its basement and 
marginal Dinarides, eastern Alps, and the Carpathians. The geological conditions of the 
basinal paleorelief is highly heterogeneous and largely belongs to the Dinarides. The 
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Fig. 1. Map of geotectonic units in Yugoslavia [11] (1-Serbian-Macedonian Massif; 2-  
- Carpathc~Balkanides; 3 - Mesian Platform; 4 - Outer Dinarides; 5 - Inner Dinarides; 6 - Alps; 

7 - Pannonian Basin; 8 - Adriatic Basin; 9 - Zone of Neogene magmatic activation). 

thickness of Neogene and Quaternary sediments in it amounts to six kilometres 
(Draga~evi6 et al. [13]). 

The Dacian Basin, which forms the western margin of the Mesian Platform, covers a 
small and eastwardmost part of Yugoslavia (Fig. 1). It is filled with Neogene sediments 
up to two kilometres in thickness, over a basement of Paleozoic metamorphic rocks, 
Mesozoic sedimentary and ultramafic rocks. 

The Adriatic Basin is situated between the Baikanic and Apenninic peninsulas. At its 
base, Paleozoic rocks lie under a thick complex of Mesozoic carbonate rocks from 3.5 to 
6 kilometres thick (Grubi6 [11]) and very thick Neogene and Quaternary deposits, up to 
eleven kilometres, SE in the basin where the sea depth is the greatest (Draga~vi6 et al. 
[13]). 
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3. GEOTHERMAL MODEL OF THE CRUST AND THE LITHOSPHERE 

The data base for geothermal estimates presented in this paper included: geological 
model of the crust, its thickness and geological composition; heat field distribution in 
the subsurface; heat conductivity of rocks and concentration of radiogenic elements (U, 
Th, K). 

3.1 C r u s t a l  t h i c k n e s s  and c o m p o s i t i o n  

The thickness and composition of the crust were explored by seismic sounding in 
Yugoslavia from 1964 to 1984. They were made along nine profiles, total length of 
about 5000 kilometres, that included Yugoslavia in the group of countries of relatively 
highly marked composition and density of this part of the globe. The results, in the form 
of depths of the Mohorovi~i6 discontinuity, are shown in Fig. 2 (Draga~evi6 et al. [14]). 
According to these authors, the regional boundaries in the crust, the basement and 
Mohorovi~i6 discontinuity, are reliable identifications. Another boundary, very 
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Fig. 2. Map of depths [km] of the Mohorovi~i~ discontinuity for the territory of Yugoslavia 
based on the original map of Dragagevi6 et al. [14]. (1 - isoline of the crustal thickness; 2 - DSS 

profile). 
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important for geothermal considerations, such as the Conrad discontinuity, was not 
identified by the methods used by the authors mentioned; they proposed additional 
investigation to provide the answer to the question of its existence. However, there are 
opinions that the Conrad discontinuity is present under a large part of Yugoslavia - the 
Yugoslavian part of the Pannonian Basin and its southern margin, and a part of the Inner 
Dinarides (Roksandi6 [15]). 

A general assumption, based on the data given by Roksandi6 [15], was that the crust 
under the Pannonian Basin included all three "layers", in Yugoslavia and Hungary alike 
(Otflik et al. [16]), the thickest being the "granite layer". According to Roksandi6 [15], 
the "granite layer" and "basalt layer" in the Inner Dinarides have similar thicknesses, but 
in the Outer Dinarides, the "basalt layer" is thicker than the "granite layer". The 
thicknesses of the "granite layer", "basalt layer" and "sediment layer" in the mentioned 
and other geotectonic units, used in the temperature estimate model, are given in 
Table 1. 

Very important for geothermal estimates is the identification of the "sediment layer". 
Its greatest thickness, about 18 kilometres was located in the south near the Adriatic 
coast. In continental Yugoslavia, the "sediment layer" has the greatest thickness about 
13 kilometres in the Outer Dinarides, which decreases inland from the Adriatic coast to 
the Pannonian Basin, or from the Outer to the Inner Dinarides. In the Pannonian Basin, it 
is up to six kilometres thick in the Sava depression. 

Within the "sediment layer", "sublayers" of Tertiary, Mesozoic, Paleozoic and pre- 
Paleozoic rocks are distinguished. In other words, the model was calibrated to the "base 
of sediments" (Draga~evi6 et al. [13]), because the thickness, lithological composition 
and temperature field in the sediment layer are well known from the avaliable 
geological, geophysical and geothermal data. 

3 . 2  H e a t  f l o w  

The first map of the terrestrial heat-flow density of Yugoslavia was prepared in 1987, 
using data of 138 land and 13 sea boreholes (Ravnik et al. [1]). The geographic density 
of holes is not uniform: it is the greatest in the Pannonian Basin and the lowest in the 

Table 1. Thickness (km) of Earth's crust "layers" by geotectonic units of Yugoslavia. 

Geotectonic unit  "Sediment layers . . . .  Granite layer . . . .  Basalt  layer" 

Pannonian Bas in  1.8 - 6.5 13 . . . .  7 - 14 
Serbian-Macedonian Mass i f  0-5 - 3-5 14 - 17 8 - 20 
Mesian  Pla t form 3-0 - 4.5 12 - 14 16 - 18 
Outer  Dinarides 5 .0 -  13.0 9 -  15 1 6 -  25 
Inner Dinarides 1.0 - 5.5 13 - 18 9 - 24 
Alps 1-0 - 4.5 15 - 17 8 - 15 
Karpatho-Balkanides 2-5 - 4.5 13 - 16 10 - 21 
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Dinaridic mountains (Fig. 3). Most of the holes were drilled for oil and gas exploration. 
The acquired data are considered representative as 37 of boreholes less than thousand 
metres deep, while 55 boreholes were deeper than three thousand metres. 

The original 1987 map of heat-flow densities was revised for the central area of 
Serbia and Macedonia, based on new drilling data from the period 1987 - 1989, and on a 
reinterpretation of the old data (Milivojevid [12]). Figure 3 shows the new data for 
central Serbia and the data of the 1987 map for the rest of Yugoslavia. 

3 . 3  T h e r m a l  c o n d u c t i v i t y  a n d  r a d i o g e n i c  h e a t  

Knowledge of the thermal conductivity of the content of radiogenic elements in 
crustal rocks is very important and essential for geothermal models and estimates. 
However, the actual values of these parameters throughout the depth of the Earth's crust 
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Fig. 3. Map of the heat-flow density for Yugoslavia based on the original maps of Ravnik et al. 
[I] and Milivojevi6 [12] (1-  isoline of the heat-flow density; 2-observation point of 

heat-flow density) 
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will never be learned, because rocks cannot be assayed from great depths of several 
kilometres. Accurate values are available only to the depths reached by drilling deep 
exploratory structural, geothermal or oil wells. For greater depths, down to the 
Mohorovi~i6 discontinuity, data on the physical state of the crust and its likely 
geological and structural features have been obtained by various indirect methods. This 
general approach or method was also used in our models (Stromeyer and Hurtig [17]). 

Thermal conductivity and radiogenic elements were assayed on samples of all 
lithological types and ages but Quaternary, for central Serbia. The samples were 
collected only from fresh rocks on the surface and, of course, from drill-holes. Also 
specific heat and density were determined. Since 1981, a catalogue and a data bank have 
been formed of thermo-physical properties of rocks, first of the kind in Yugoslavia. The 
values of mean thermal conductivities and radiogenic heats of different rock types 
approximated those of similar rocks outside Yugoslavia (Milivojevi6 [12]). These, and 
the data of earlier researchers (~erm,'tk [18,19] Horvath et al. [20]; Kutas [21]; Ottlik et 
al. [16]; Stromeyer and Hurtig [17]; etc.) sumarized in Table 2, constituted the data base 
for the model of thermal conductivity and the model of geothermal energy generation in 
the process of decay of radioactive elements. 

Thermal conductivity and radiogenic heat distribution models were constructed in 
relation to depth, because the lithology and crustal thickness were different in each field 
for which the estimate was made. 

3 . 4  C r u s t a l  a n d  l i t h o s p h e r i c  t e m p e r a t u r e  e s t i m a t e s  

To estimate the temperature values through the crustal and upper mantle or in the 
lithosphere on the territory of Yugoslavia, the following linear differential equation was 
used 

0 0 ~ )  
- V ( K V T ) = A ,  V = ¢ g x ' 0 y ' ~  (1) 

which describes the mechanism and process of conductive, steady, heat transmission, in 
which Tis temperature, K is thermal conductivity, and A is the amount of heat generated 

Table 2. Basic parameters used in estimates on geothermal models. 

Calculated and physical layers Thermal conductivity 
[W/m K] 

Radiogenic heat generation 
[10 -6 W/m 3] 

"Sediment layer" 1-2 - 2.6 0-3 - 1.0 
"Granite layer" 2.7 2.4 
"Basalt layer" 2.1 0-1 - 0-5 
Subcrustal part of upper mantle 2.5 0.01 
Upper mantle depth interval > 120 km 2.5 0.04 
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in a unit volume of rock mass. In the one-dimensional approximation the equation will 
become: 

for calculation of temperature. Integrating this equation yields the known relation: 

(2) 

qo =qM + A(z )dz  (3) 
0 

between the measured density of terrestrial heat flow qo = -K(dTIdz), geothermal or 
radiogenic heat generation at depth A(z) and the density of geothermal flow qM at 
depth z, or at the Mohorovi~i6 discontinuity. Since the values A(z) and q(z) are not 
known, their determination based only on subsurface measurements of qo is a problem 
of inversion (Stromeyer and Hurtig [17]). 

Temperature T(z) and lithospheric thickness were calculated using the T - MOHO 87 
v. 1.02 computer program, developed for this purpose (Milivojevi6 [12]; Milivojevi6 
and Martinovi6 [22]). The territory of Yugoslavia was divided into 872 oblong fields of 
latitude 15 and longitude 10, i.e. 20 x 18 km. 

Estimates were made for the solution of equation (2) under boundary conditions 
T= To and q = K(dTldz) (~,erm~ and Haenel [23]): (1) A(z)= Ao, K(T)= K0 in the 
"sediment layer" in the layer model, and (2) A(z) = Ao exp(- z/D), K(T) = Ko/(1 + aT), 
on the expotential model (Lachenbruch [24]) for the "granite layer", the "basalt layer" 
and upper mantle, where a (0.001 for the "granite layer" and -0.00025 for the upper 
mantle) is the coefficient of heat conductivity variation in rock dependent on 
temperature, and D (D= 10 kin) is the parameter describing the distribution of 
radiogenic heat through the crustal depth (~erm~tk [ 18 ]). 

4. RESULTS AND DISCUSSION 

The heat field on the territory of Yugoslavia, although not studied uniformly and in 
detail, is largely the result of radiogenic heat production and tectonic-magmatic activity. 

The neotectonic and seismic activities are very high over a large part of the national 
territory, also characterized by positive geothermal anomalies. The source of these 
processes, their mutual relation and that to geothermal anomalies have not been 
identified. Data interpretations of the heat-flow density map and the crustal thickness 
map give plausible information on the likely sources of the mentioned processes and the 
physical condition of the upper mantle subsurface. The heat-flow density map (Fig. 2) 
shows its high positive anomalies over northern and eastern Yugoslavia. The anomalies 
were identified in the manner used by Bodri and Bodri [25]; they were found in the 
Pannonian Basin, in central Serbia and eastern Macedonia, coincident with .the zone of 
Neogene magmatic activation (Figs. 2 and 3). In other words, the obtained values 
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Fig. 4. Map of temperatures [°C] at the Mohorovi~id discontinuity for Yugoslavia. (1 - isolines 
of temperatures; 2 - zone of Neogene magmatic activation). 

showed a high heat-flow density at the Mohorovi~id discontinuity in areas of recent 
tectonic activity, and a low density in areas of earlier tectonic activity, or in regions of 
the cooled crust depression into the upper mantle (Dragagevid [14]), such as the case of 
the Outer Dinarides. 

The temperature relations at the Mohorovi~id discontinuity within the mentioned 
geothermal anomaly are very interesting (Fig. 4). In the domains of the Pannonian Basin 
and the Serbian-Macedonian Massif, temperatures are about 900 °C on average. This is 
an indication of contemporary geothermal activity in these domains. It can be 
understood either as the southern extension of the Pannonian geothermal anomaly or as 
the northern extension of the geothermal anomaly of the Neogene magmatic activation. 
The similarities in the geology of the basement and margin of the Pannonian Basin in 
Hungary and Yugoslavia suggest that the geothermal anomaly zone in Yugoslavia was 
an extension of a similar zone in Hungary, Fig. 5 (Milivojevi6 [26]). 

The proposed geothermal model provided the fast data on the lithospheric thickness 
for Yugoslavian territory. The assumed upper boundary of the high electrical 
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Fig. 5. Positive anomalies of terrestrial heat-flow density [mW/m 2] for the Pannonian Basin in 
Hungary and Romania (Bodri and Bodri [25]) and Yugoslavia (Milivojevid [26]), and for the 
zone of Neogene magmatic activation. (t - isolines for Yugoslavia; 2 - isolines for the Pannonian 

Basin in Hungary and Romania; 3 - zone of Neogene magmatic activation). 

conductivity zone was located at a depth where the model temperatures reached those of 
rock melting. In other words, model-supported deep temperature estimates were used in 
a tentative estimate of the mean lithospheric thickness. In this connection, the data given 
by Yoder and Tilley [27] and Chapman and Pollack [28] were used. A map of 
approximate lithospheric thicknesses, based on these estimates, is shown in Fig. 6. 

Smiljanid and Mu~ijevi6 [29] tried to determine the lithospheric thickness at several 
points of the national territory using experimental induction measurements of the Earth's 
electromagnetic field. Some of these data are in agreement with our results. A relatively 
good correlation of results was accomplished using the formula developed by Adam [30] 
based on magnetotelluric explorations of the electric conductivity boundary and high 
electric conductivity layer locations in the upper mantle. 

The lithospherie thickness calculated on our model is the smallest (only 40 - 50 kin) 
in the Serbian-Macedonian Massif region, slightly higher (40 - 80 kin) in the Pannonian 
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Basin, 40-  200 km in the Inner Dinarides, 160- 180 km in the Mesian platform; 60- 
- 100 km in the Alps; 70- 160 km in the Carpatho-Balkanides, and the highest 160- 
-260 km in the Outer Dinarides. These values indicate the smallest lithospheric 
thickness in the domain of the most recent tectonic activity, such as the Pannonian Basin 
and its margin, and the zone of magmatic activation. 

Zones of positive geothermal anomalies have important geotectonic implications. 
They express well the old subduction zones: the eastern part of the Pannonian Basin 
under the Carpathians, central and eastern Serbia under the Serbian-Macedonian Massif, 
and a likely zone of an old subduction in the boundary area of the Dinarides and the 
Pannonian Basin. These processes were interpreted for the Pannonian Basin by Stegena 
et al. [31], for the Dinarides by Dimitrijevid [8] and Karamata [9], and for the Carpatho- 
Balkanides by Grnbid [10]. 

The mentioned subduction zones are inactive at present. They are indicated, however, 
by the present lithospheric thickness determined on our model. The subduction of the 
Dinarides ceased before that of the Mesian Platform, but because the lithospheric 
thickness under the subduction zones in the Pannonian Basin and western part of the 
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Serbian-Macedonian Massif was not uniform, it is at present nearly equal or slightly 
smaller in the eastern part. 

The Serbian-Macedonian Massif has a relatively small width as compared to that of 
the Dinarides and the Mesian plate that subducted beneath it. Molten parts of the 
descending plates and produced magma led to the formation of granitoid intrusions in 
the Serbian-Macedonian Massif and to the thinning out of its basalt layer due to earlier 
melting, or subcrustal erosion, as was the case in the Pannonian Basin. It is in this 
connection that the elevated position of the Mohorovi~i6 discontinuity can be explained 
as equivalent to an early melting in the regions of Serbia and Macedonia (Figs. 2 and 6). 

Some thirty granitoid intrusions, ranging in age from ten to thirty million years, are 
situated in the zone of Neogene magmatic activation which, as mentioned earlier, 
coincides with the zone of small lithospheric thickness. Strong earthquakes occur in the 
areas of many of these intrusions. In the two zones of high positive anomalies of heat 
flow, between the "granite" and "basalt layers" of the crust, high temperatures of 600 - 
- 700 °C affect the mechanical properties of rocks which become plastic. These zones 
reach a depth of 13 - 17 km. The plastic state of rocks in these zones cause instability of 
the solid rocks overlying them and thereby the occurrence of earthquakes (Milivojevi6 
[12]). Typical examples of the mentioned zones, which are also zones of increased 
electric conductivity in the crust (Adam [30]), are the Kopaonik and Rudnik earthquake 
areas, where earthquakes have intensities of 9 - 10 on the MKS scale. 

5. CONCLUSIONS 

This paper is an attempt at elucidating the lithospheric thickness and temperature 
field in the crustal basement using a geothermal model for the territory of Yugoslavia. 
Since these parameters are largely relative to the heat-flow values, future revisions and 
corrections of the beat-flow density map will provide for corrections of the model. 
Corrections of the heat flow are expected, in our opinion, to be the greatest for the Outer 
Dinarides, because they are composed of a very thick complex of Mesozoic carbonate 
rocks. The limestone karstification depth in this complex exceeds 3000 metres; 
therefore, the amount of convective geothermal energy with cold vadose water is very 
large. This is the source of very low values of heat flow in most of this geotectonic unit, 
which are about 30 mW/m2; values of the actual heat-flow density must be higher, 
because in our model, for the given crustal thickness, they are at the limit of reality. 
True values will be found in the impermeable basement of the carbonate rocks complex. 
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