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Abstract: We used 2D integrated geophysical modelling approach to calculate the tem-
perature distribution in the lithosphere along profile VII passing through the Eastern
Carpathians. With assigned rheological parameters of rocks and obtained temperature
field, we derived the rheological model of the lithosphere along the studied profile. We
have calculated the strength distribution in the lithosphere, based on the brittle and duc-
tile deformation, for compressional and extensional regimes and the vertically integrated
strength along the profile. To illustrate the strength distribution in different tectonic
units, we have calculated the yield strength envelopes for chosen lithospheric columns.
Ours results show that the dominant regime is compressional and the largest strength
occurs on the boundary between the upper and lower crust. Along the studied profile, the
strength decreases from its high values in the European platform towards its minimum
in the Trans-European Suture Zone (TESZ). In the Eastern Carpathians, the strength
increases, reaches two maxima, the first in the Outer Eastern Carpathians, and the second
in the Inner Eastern Carpathians, where the highest values of strength can be observed.
Another local maximum along the profile can be observed in the Apuseni Mountains,
while the minimal strength is observed in the Transylvanian Basin. The diverse rheolog-
ical behaviour of studied tectonic units seems to be in accordance with their lithospheric
structure and tectonics.

Key words: rheology, compressional and extensional strength, vertically integrated
strength, yield strength envelopes, Carpathian-Pannonian area

1. Introduction

The Carpathian-Pannonian-European Platform area, with its geological
complexity and variety of different tectonic units, provides a great oppor-
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tunity to study the structure of the lithosphere, the asthenospheric and
lithospheric processes taking place within it, and their mutual interaction
during the continental collision, the orogeny, volcanic arc and related fore-
arc and back-arc basin development (Ratschbacher et al., 1991a,b; Csontos
et al., 1992; Horvdth, 1993; Kovdé, 2000; Plasienka, 2018).

A variety of geophysical methods has been used to investigate the litho-
spheric structure of the Carpathian-Pannonian region, such as deep seis-
mic sounding, seismology, gravimetry, magnetometry, magnetotellurics and
geothermics (e.g., Lazarescu et al., 1983; Horvdth et al., 1986; Horvdth,
1993; Mocanu and Radulescu, 1994; Szafian et al., 1997; Fan et al., 1998;
Lenkey, 1999; Boykova, 1999; Wortel and Spakman, 2000; Wenzel et al.,
2002; Bielik et al., 2005; Dérerovd et al., 2006, Raykova and Panza, 2006;
Grad et al., 20006; Sroda et al., 2006; Mucuta et al., 2006, Hauser et al.,
2007; Alasonati Tasdrovd et al., 2009; Koulakov et al., 2010; Janik et al.,
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Fig. 1. Location of profile VII on the map of the Carpathian-Pannonian basin region
(modified after Bielik, 1998 and Kovdé, 2000).
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2011; Griné et al., 2013; Alasonati Tasdrovd et al., 2016). These studies
provide valuable constrains on tectonic models of the lithosphere of the area.

Incorporating the study of the mechanical structure of the lithosphere
and rheology predictions into these tectonic models can provide even more
detailed and accurate view and may help to shed some additional light on
the mutual interaction among different tectonic units in the Carpathian-
Pannonian-European Platform region. The first rheological models of the
lithosphere in the Western Carpathian-Pannonian area have been derived
by Bielik and Strizenec (1994), Bielik and Ursiny (1997) and Lankreijer et
al. (1999). In the Eastern Carpathians and the Transylvanian Basin, the
modelling has been done by Lankreijer et al. (1997), Andreescu and Deme-
trescu (2001) and more recently by Demetrescu et al. (2007).

In 2012, for the first time, a 2D integrated modelling algorithm was used
to calculate the temperature distribution and to derive the rheological model
along profile I passing through the Western Carpathian-Pannonian basin re-
gion (Dérerovd et al., 2012). Later on, we continued in our modelling and
calculated rheological models of the lithosphere along profiles II and IV in
the Western Carpathians (Dérerovd et al., 2014 and 2019). Work presented
here is our first attempt to create the rheological model for the lithosphere
along a profile running through the Eastern Carpathians.

2. Profile VII

Profile VII (Fig. 1) starts in the East European Craton (Ukraine), contin-
ues in SW direction through the Outer and Inner Eastern Carpathians,
passes through the Transylvanian Basin and Apuseni Mountains to end in
the Pannonian Basin. The profile is 520 km long with following coordi-
nates of starting and ending points, respectively: SP: longitude 26.58° lati-
tude 48.71° and EP: 21.54° 45.74°. Lithospheric structure along profile VII
(Fig. 2) was previously modelled using 2D integrated modelling algorithm
and published in Dérerovad et al. (2006).

3. Geology

The FEuropean Platform comprises the Precambrian East Furopean Cra-
ton (EEC) in the NE and the younger West European Palaeozoic Platform
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Profile Carpathians VII: 26.58/48.71; 21.54/45.74
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Fig. 2. Lithospheric model along profile VII. (a) Surface heatflow, (b) free air gravity
anomaly, (c) topography with dots corresponding to measured data with uncertainty bars
and solid lines to calculated values. Numbers in (d) correspond to material number in
Table 1b (Dérerovd et al., 2006).
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(WEPP) in the NW. After Malinowski et al. (2013), the WEPP crust is het-
erogeneous, being a tectonic collage of various Palaeozoic terranes accreted
to the Baltica margin and affected by the Alpine orogeny in the south.
While the Precambrian EEC (a part of the Baltica paleocontinent) is com-
posed of Proterozoic magmatic and metamorphic rocks covered by Vendian
and Palaeozoic strata (groda et al., 20006). Both units are separated by the
Trans-European Suture Zone (TESZ).

The Trans-European Suture Zone (TESZ) is the NW-SE trending broad
(up to 200 km) zone (e.g., Pharaoh, 1999), crossing Europe from the North
Sea to the Black Sea. Its southern part is covered by the Carpathian nappes.
The TESZ behaves as a weak zone and was several times reactivated by
transpressional and transtensional movements (e.g., the Polish Trough —
Dadlez et al., 1995). This is expressed by numerous subparallel faults called
the Teisseyre-Tornquist Zone (TTZ), which represents the most prominent
lithospheric boundary in Europe (Pharaoh et al., 2006). The TESZ consists
of a collage of Gondwana-related Precambrian and/or Cadomian terranes
joined together during pre-Variscan tectonic events and subsequently cov-
ered by thick sediments. These terranes were accreted to the south-western
margin of the EEC during the Palaeozoic (Lewandowski, 1993; Dadlez, 2001;
Belka et al., 2002). The southern edge continues beneath the Carpathian
nappes (Dadlez et al., 1994; Malinowski et al., 2005, 2009).

The Eastern Carpathians are formed by the eastward thrust nappe sheets
of the Median and Outer Dacides and Moldavides (Sandulescu, 1994) that
were stacked during the mid-Cretaceous “Austrian” phase. The Median
Dacides (Central East Carpathians) involve basement /cover units attributed
to several nappes. The Bucovinian nappe stack is sealed by Albian — Ceno-
manian post-tectonic cover, but their final thrusting over the more external
Outer Dacides was post-Albian in age. The Outer Dacides are already
elements of the Carpathian Flysch Belt and are composed of several fold-
thrust, thin-skinned units. Still more external are the Moldavides — a frontal
Carpathian fold-and-thrust system overriding the Neogene foredeep and
Phanerozoic cover of the East European Platform. The Moldavides con-
sist of numerous fold-thrust units composed mostly of Cretaceous flysch in
the inner subunits. The outer nappes are dominated by Palaeogene sandy
flysch deposits. The foredeep includes sediments of Upper Miocene to Qua-
ternary age. The Outer East Carpathian flysch nappes partially overthrust
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the Palaeozoic Trans-European Suture Zone (TESZ).

The Transylvanian Basin is a large, nearly circular depression 150-200 km
in diameter that spreads between the Apuseni Mts and the Eastern Carpathi-
ans. The basin has a polygenic fill with unconformities between the Upper
Cretaceous, Palacogene and Miocene sediments. The Miocene volcaniclas-
tic, terrigenous and evaporitic sediments are partly related to the Pannonian
Basin and can reach thickness greater than 4 km (Sanders et al., 2002). In
general, the basin fill shows only a minor Cenozoic inversion, but numerous
Middle Miocene salt diapirs. The basement of the Transylvanian Basin cen-
tre is composed of the supra-subduction ophiolite and volcanic island arc
complexes of the Transylvanides — their NE continuation from the South
Apuseni Mts (Mures Zone, e.g., Ionescu et al., 2009). However, the posi-
tion of Transylvanides is not fully understood yet.

The Apusenis are built of numerous, northward-verging thrust sheets em-
placed during the mid-Cretaceous period (Inner Dacides in terminology of
Sandulescu, 1994). The Bihor “autochthon” in the Northern Apuseni Mts is
composed of Pre-Alpine basement and its Permian to Cretaceous sedimen-
tary cover and is overridden by the Codru basement/cover nappe system and
the Biharia basement-dominated thrust units. In the Southern Apuseni Mts
(Muntii Metaliferi, Mureg Zone), the latter underlie obducted sheets of the
Transylvanides — Tethyan ophiolite and island-arc magmatites with related
Lower Cretaceous flysch and olistostrome complexes. The post-tectonic
formations include the Senonian, Gosau-type shallow-marine terrigenous
deposits (e.g., Schuller et al., 2009) and Upper Cretaceous — Palacogene
calc-alkaline magmatites, so-called “banatites”. Intramontane grabens are
filled with Miocene deposits and acid volcanics.

The Pannonian Basin. The profile passes by its southern part that is
filled predominantly by Miocene to Quaternary deposits. The basin base-
ment along the profile is built roughly by the contact between the southern
margin of the Tisza block and the obducted Tethyan ophiolites of the Tran-
sylvanides (Eastern Vardar Ophiolite Unit, Schmid et al., 2008).

4. Method

It is commonly accepted that the mechanical behaviour of the lithosphere
can be modelled using experimental constraints on rock rheology (Goetze and
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Evans, 1979, Ranalli, 1995; Kohlstedt et al., 1995). Within the mechanically
strong part of the lithosphere, it is possible to define an upper region where
the strength of the lithosphere (defined as differential stress necessary to
deform a rock) can be described by criteria for brittle failure. For the
calculation of the brittle strength of the lithosphere, Byerlee’s frictional
sliding law can be assumed (Byerlee, 1978):

Obrittle — apgz(l - /\) >

where o111 18 the brittle strength [Pa], parameter « = R — 1/R is valid
for normal faulting, « = R —1 for thrust faulting, « = R—1/[1 + (R — 1)]

—2
for strike-slip faulting. Parameter R = [(1 + ff)l/ - fs} (known as the

stress ratio) depends on coefficient of static friction fs, A represents the hy-
drostatic pore fluid factor, p is material density [kgm™3], g is acceleration
of gravity [ms~2], z is depth [m], 3 is extension factor (Ranalli, 1995).

At the temperatures exceeding approximately half the melting temper-
ature of rock, creep processes become dominant (Carter and Tsenn, 1987).
Therefore, the strength in the lower part of the lithosphere is governed
by the temperature distribution. Dislocation climb and dislocation glide
(Dorn Creep) are the main flow mechanisms occurring in the lower part of
the lithosphere (Goetze and Evans, 1979).

Knowing the temperature distribution in the lithosphere, the ductile
strength can be calculated assuming power-law dislocation creep equation
given as (Ranalli, 1995):

e\ E
Ocreep = (A_p> exp l:an :| )

where 0cpeep is power law creep strength [Pa], € denotes steady-state strain
rate [sfl], A, and n (power law exponent) are material creep parameters,
E, is power law activation energy [kJ mol '], R is universal gas constant
[8.314 Jmol ' K™1], T is temperature [K].

Based on the determined temperature distribution and assumed rheolog-
ical parameters of rocks, the strength distribution can be calculated. For
each node, strengths for both brittle and ductile deformation are calculated,
with the lesser of these representing the limiting strength of the lithosphere
(vield strength) at that particular depth level (Ranalli, 1995; Burov and
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Diament, 1995). The strength distribution, when integrated along vertical
lithospheric columns, allows to compare the resistance of the whole litho-
sphere to stress in different areas.

5. Results

The temperature distribution for the lithospheric model along profile VII
(Fig. 2) was calculated for every node of the model with 2D integrated
modelling algorithm that solves 2D steady state heat conduction equation.
The upper boundary of the model (surface) corresponds to temperature 20°,
whilst the lower boundary is limited by 1300° isotherm that represents the
lithosphere-asthenosphere boundary (LAB) in its geothermal definition.

The temperature distribution generally reflects the distribution of the
heat sources predominantly in the upper crust, as well as background heat
flow density from the mantle lithosphere. The reliability of the temperature
model depends on the accuracy and density of measurements of the surface
heat flow density data, but the 2D integrated modelling algorithm controls
and constrains the lithological model by calculating free air anomaly, geoid
and topography that are jointly interpreted.

The resultant picture can be seen in Fig. 3. Temperatures reach values
280-300°C at the boundary between the upper and lower crust, 500-700 °C
at the Moho boundary. The deepest Moho located at a depth of about
44 km under the contact between the Outer and Inner Eastern Carpathians
is characterized by temperature of 700 °C. This area is represented by the
smallest temperature gradient, while the Pannonian Basin and the Transyl-
vanian Basin by the highest one. Based on the course of 1300 °C isotherm,
we can state that the depth of the LAB along Profile VII changes signif-
icantly. The thickest lithosphere (250-270 km) can be observed beneath
the Eastern Carpathians. This lithospheric thickening was interpreted by
Dérerovd et al. (2006) as remnants of a slab, which started to break off in
the Miocene. Towards the Transylvanian Basin the LAB decreases sharply,
where it reaches values of only about 100-110 km. The Apusenis are rep-
resented by an approximately 130 km thick lithosphere. The lithospheric
thickness of the Pannonian Basin is about 105 km.

The rheological parameters for calculating the brittle and ductile strength
of the lithosphere along the Eastern-Carpathian profile VII have been cho-
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sen according to values provided by Goetze and Evans (1979) and Carter
and Tsenn (1987) and in agreement with previous rheological modelling in
the Western Carpathian-Pannonian region by Lankreijer et al. (1999) and
Dérerovd et al. (2012, 2014, 2019). Table 1a shows general properties used
for the determination of the rheological model based on equations described
in section Method, Table 1b specific thermal and rheological parameters
entering the model.

Based on the calculated temperature distribution and given rheological
parameters, we have calculated the brittle and ductile strength distribution
in the lithosphere. The minimum of these two values represents the yield
strength, for both compressional and extensional regimes (Figs. 4 and 5).
In our calculations we adopted the strain rate value of 107 s~1. Typical
strain rate values for geological settings usually vary from 10713 s=! (for the
areas that deform fast) to 10717 s~! (for the more rigid areas). This param-
eter is not very well constrained and may cause a significant difference in
the ductile s trength. The average value 107'° s~! is commonly observed in
compressional and extensional settings (Carter and Tsenn, 1987).

The results of yield strength contour plot for both compressional and ex-
tensional deformation (Figs. 4 and 5) clearly show that the largest strength
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-50

-100-

depth [km]

-150

-200- r

T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500
distance along profile [km]

Fig. 3. Lithospheric temperature distribution calculated for profile VII, isolines every
200 °C. The bottom of the model corresponds to the 1300 °C isotherm (red line). Green
lines show contours of individual bodies comprising the lithospheric model.
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Table la. General properties used for producing the rheological model along the profile
VII.

Definition Parameter Value
Gravity acceleration [ms™?] g 9.81
Universal gas constant [Jmol K] R 8.314
Temperature at the base of the lithosphere [°C] s 1300
Static friction coefficient fs 0.7
Strain rate [s™) € 1071
Hydrostatic pore fluid factor A 0.4

Table 1b. Thermal and rheological parameters used for modelling along profile VII (after
Carter and Tsenn (1987); Goetze and Evans (1979) and Lankreijer et al., (1999)). HP:
heat production (uWm™?2), TC: thermal conductivity (Wm™'K™'), p: density at room
temperature (kgm™3), A,: power law pre-exponential constant, n: power law exponent,
E,: power law activation energy (kJmol™1).

Nr. | Unit HP | TC | Density Ap n | Ep
1 | Neogene sediments 3.5 |20 2400 3.16E-26 | 3.30 | 186.5
2 | Neogene sediments 3.0 | 2.5 2400 3.16E-26 | 3.30 | 186.5
3 | Flysch, foreland basin, sedimentary | 2.0 | 2.0 2500 3.16E-26 | 3.30 | 186.5

cover of European Platform
4 | Flysch, foreland basin, sedimentary | 3.0 | 2.0 2400 3.16E-26 | 3.30 | 186.5
cover of European Platform
5 | Volcanics 35 | 3.0 2800 3.16E-26 | 3.30 | 186.5
6 | Carpathian and Pannonian upper |2.5 | 3.0 2740 3.16E-26 | 3.30 | 186.5
crust
7 | Carpathian and Pannonian upper |[2.0 | 2.5 2740 3.16E-26 | 3.30 | 186.5
crust
8 | Carpathian and Pannonian upper |2.5 | 3.0 2760 3.16E-26 | 3.30 | 186.5
crust
9 | European platform upper crust 1.5 | 20 2750 3.16E-26 | 3.30 | 186.5
10 | Carpathian and Pannonian lower 0.2 | 2.0 2930 6.31E-20 | 3.05 | 276.0
crust
11 | European Platform lower crust 0.2 | 2.0 2980 6.31E-20 | 3.05 | 276.0
12 | Carpathian and Pannonian mantle |0.05| 3.4 32004 | 7.94E-18 | 4.50 | 535.0
lithosphere
13 | European mantle lithosphere 0.05| 3.4 3200+ | 7.94E-18 | 4.50 | 535.0
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Profile VII yield strength plot for
compressional deformation
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Fig. 4. Yield strength contour plot for compressional deformation calculated along profile
VII respective to a strain rate 10715 s71.
Profile VII yield strength plot for

extensional deformation
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Fig. 5. Yield strength contour plot for extensional deformation calculated along profile
VII respective to a strain rate 1075 s~ 1.
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occurs on the boundary between the upper and lower crust. Compressional
regime is dominant, with the highest values of strength in the Inner Eastern
Carpathians. For extensional regime, the highest values can be observed in
the Inner and Outer Eastern Carpathians.

The strength distribution, when integrated along vertical lithospheric
columns, allows to compare the resistance of the lithosphere to stress in dif-
ferent areas. From Fig. 6 it is obvious that the highest strength (compres-
sional) occurs in the Inner Eastern Carpathians. Following the calculated
line, the strength decreases from its high values in the European platform
towards its minimum in the Trans-European Suture Zone (TESZ). Then, it
increases again, reaching a local maximum in the Outer Eastern Carpathi-
ans and the highest values in the Inner Eastern Carpathians. As the profile
continues towards the Transylvanian Basin, the strength sharply drops and
reaches a minimum in the Transylvanian Basin. Additional local maxima
along the profile can be observed in the Apuseni Mountains.

Profile VIl integrated compressional
and extensional strength
21—

compression
extension

strength [GPa]

0 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1
0 50 100 150 200 250 300 350 400 450 500
distance [km]

Fig. 6. Vertically integrated compressional (blue line) and extensional (red line) strength
calculated along profile VII.

To better illustrate the strength distribution in distinguished tectonic
units of which the lithosphere is composed along profile VII, we have calcu-
lated strength distribution for selected lithospheric columns and constructed
the yield strength envelopes along the profile, namely for columns located in
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Fig. 7. Vertical strength distribution for different lithospheric columns calculated along
profile VII. Negative and positive values correspond to extensional and compressional

strength, respectively.
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Fig. 7. Continued.

the European Platform, the Outer Eastern Carpathians, the Inner Eastern
Carpathians, the Transylvanian Basin and the Apusenis (Fig. 7). The yield
strength envelope is represented by the curves of two different types. At
shallow depths, the straight line corresponding to brittle failure shows the
increase of strength with depth. The curved line, corresponding to ductile
deformation, shows the decrease of strength with depth exponentially due
to temperature increase.

6. Conclusions

We have used 2D integrated geophysical modelling to derive a rheological
model of the lithosphere along the profile in the Eastern Carpathians. We
have calculated the strength distribution in the lithosphere (based on the
brittle and ductile deformation) for compressional and extensional regimes,
vertically integrated strength, and the yield strength envelopes for chosen
tectonic units. Our results imply that different tectonic units show different
rheological behavior and appear to be in agreement with their lithospheric
structure and tectonics. The dominant regime is compressional along the
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whole profile and the largest strength occurs on the boundary between the
upper and lower crust. Maxima of strength can be observed in the Eu-
ropean Platform, and in the Inner and Outer Eastern Carpathians. The
largest strength most likely reflects the deep collision between the East Eu-
ropean Craton (the European platform) and the microplate Tisza-Dacia.
The Trans-European Suture Zone (TESZ) is characterized by low values of
lithospheric strength. This result could correspond to the fact that this tec-
tonic unit is very old, without present tectonic activity. The Transylvanian
basin is also represented by low values of lithospheric strength, but here it
could be related to the fact that the basin is a young tectonic unit, which
is characterized by higher surface heat flow. Small maximum occurs also in
the Apuseni Mountains.
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