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ABSTRACT

This article presents research results regarding geomorphological topics investigated by the late RNDr. Bretislav Balatka, CSc.
(1931-2025) and his colleagues in recent years. It primarily focuses on the classification of fluvial relief types and their relationship
to the extent and rate of tectonic uplift of morphostructural units in the Bohemian Massif, Czechia.

The morphogenetic diversity of fluvial relief types of the Bohemian Massif is a consequence of the synergy between differential
tectonic uplift induced by the ongoing Alpine orogeny and the variability of exogenous processes caused by pronounced climatic
changes during the Cenozoic. The extent of vertical tectonic movements of morphostructural units in the Bohemian Massif, deter-
mined based on types of fluvial relief, reaches values on the order of 101103 m over the Late Cenozoic. These represent minimum
values for tectonic uplift in the Bohemian Massif. This approximate estimation is based on the substantial erosion and denudation
of its landforms, including planation surfaces of various origins and age, and fluvial sediments of river terrace systems, under the
influence of intensive climate-morphogenetic processes. Moreover, significant epigenetic and antecedent deepening of river valleys
took place only from the late Middle Pleistocene. The fluvial sediments of river terraces | and Il of the main streams were deposited
during the Cromerian Complex period, while river terrace Ill was deposited during the Elsterian glaciation.
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1. Introduction

1.1 Aims of the study

The study focuses on the results of research into one
of the geomorphological topics that RNDr. Bietislav
Balatka, CSc. (*11. 1. 1931 - t15. 2. 2025) and his
colleagues have been working on in recent years. It
mainly concerns determining the types of fluvial relief
and their relationship to the extent of tectonic uplift of
the morphostructural units in the Bohemian Massif.
The solution consists in a combination of the created
geomorphological division of the Bohemian Massif,
the historical-genetic classification of its fluvial relief
types, and research into the evolution of landforms in
selected regions in Czechia. A comprehensive inter-
pretation of the above-mentioned data sets and find-
ings then enabled the preparation of a map showing
the extent of tectonic uplift of morphostructural units
in the Bohemian Massif in regions with fluvial relief
types from the Upper Miocene to the present. By pre-
senting this research work, we commemorate the
creative spirit of Bretislav Balatka on the occasion of
the 95th anniversary of his birth.

1.2 A brief reminder of the scientific work of
Bretislav Balatka

The diverse trajectories of Bretislav Balatka’s profes-
sional and personal life were closely connected with
the Czech landscape. The results of his natural science
research are a classic part of the intellectual wealth
of Central European geography (Ptibyl 2001; Kalvo-
da 2011, 2016 and Appendix 1). In the last period of
his active work at the Department of Physical Geogra-
phy and Geoecology of the Faculty of Science, Charles
University, Bretislav Balatka focused primarily on the
further development of selected thematic areas that
are currently relevant in the international context
of the development of geomorphology and physical
geography.

He continued research on river terraces and the
evolution of fluvial valleys in Czechia, as well as the
study of methodological and morphogenetic aspects of
regional geomorphological mapping. He also focused
on the morphostructural and climate-morphogenetic
evolution of specific types of georelief in the Bohe-
mian Massi in the late Cenozoic. Bretislav Balatka
contributed decisively to the conceptual framework
and elaboration of the morphostructural region-
alisation of the Czech part of the Bohemian Massif
(according to the geomorphological terminology the
Ceska vysocina Highland; Balatka 2003; Balatka and
Kalvoda 2006a), as well as to physical-geographical
research in the central part of the Sdzava River drain-
age basin and in the Prague area (Balatka 2007; Kalvo-
da and Balatka 2016). Furthermore, he continued the
comprehensive interpretation of long-term geomor-
phological research in the Oht'e (Eger) River drainage

basin (Balatka and Kalvoda 2018; Balatka et al. 2019).
These regional studies were carried out with the aim
of identifying signatures of the late Quaternary tec-
tonic activity, slope movements, and related types of
natural hazards.

Bretislav Balatka’s fundamental achievement was
the completion of a detailed classification of the geo-
relief of the Bohemian Massif, presented in both text
and cartographic form at a scale of 1:500,000 (Balatka
and Kalvoda 2006a, 2006b), including the determina-
tion of morphographical and morphogenetic types of
georelief. The catastrophic floods in the Czechia were,
for Bretislav Balatka, one of the impulses for further
extensive research of river accumulation terraces in
Central Europe. Regional river terrace systems and
the evolution of the Sdzava and Zelivka valleys were
studied (e.g., Balatka and Stépanéikova 2006; Balatka
2007; Balatka and Kalvoda 2010a, 2010b), including
their parallelisation with the river terrace systems of
the Vltava and Labe rivers (Balatka and Kalvoda 2008,
2010c).

Bretislav Balatka devoted considerable attention
to the current topic of the correlation between the
morphostratigraphy of river accumulation terraces
in the Bohemian Massif and the European sequence
of the chronostratigraphic division of the Quater-
nary (Balatka et al. 2010a, 2010b, 2015, 2019). The
original results of his research also testify to the fact
that the Bohemian Massif is one of the key regions
for understanding the interplay between orogenetic
activity and climate-morphogenetic processes during
the evolution of the natural environment of Europe.

1.3 Motivation for the topic

In physical-geographical and geological publications,
there is broad consensus and tradition that the cur-
rent morphostructures of the Bohemian Massif were
formed by neotectonic processes during the Cenozoic
(e.g., Balatka et al. 1983; Chlupac et al. 2002; Demek
etal. 2007, 2009; Grygar 2016), predominantly dur-
ing the Neogene phases of the Alpine orogeny and
partly also in the Quaternary. The fundament of the
current georelief of the Bohemian Massif was the
Paleogene planation surface (Balatka 1968; Malk-
ovsky 1975, 1979; Kral 1985; Kovanda et al. 2001),
which was progresively broken up by differential tec-
tonic movements, including subhorizontal displace-
ments. uplift and subsidence. The long-term trend of
differentiated tectonic uplift of the morphostructural
units of the Bohemian Massif, whose boundaries are
often defined by pronounced fault scarps, continues
to prevail over relative subsidence even at present.
The geomorphology of the Czech lands is highly
diverse, which is mainly caused by their location on
the northern edge of the Alpine-Carpathian orogenic
zone between the African and European continen-
tal plates (Pharaoh 1999; Chlupac et al. 2002; Chab
et al. 2007, 2008). Morphostructural analyses of the
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Hercynian crystalline rocks of the Bohemian Massif
have shown (cf. Balatka and Kalvoda 2006a, 2010a;
Demek et al. 2009; Panek and Hradecky Eds. 2016)
that its individual parts responded to Alpine oroge-
netic processes in varied ways. Several phases of
tectonic activity during the Tertiary led to the forma-
tion of the ridge and graben structure of the Bohemi-
an Massif and to the uplift of its marginal mountain
ranges (Ivan 1999; Ivan et al. 2000; Panek and Kapus-
tova 2016). Older planation surfaces were reshaped
by neotectonic processes, uplifted to various eleva-
tions and simultaneously subjected to deep erosion
and denudation. Substantial paleoclimatic changes
during the Cenozoic (e.g., Pribyl 1972; Lozek 1973;
Kopecky and Cilek 1998; LoZek et al. 2003; Hradecky
and Brazdil 2016) further controlled the variability
of exogenous geomorphological processes in Central
Europe.

The Paleogene planation surface was mainly of an
etchplain character (Kral 1966, 1968; Demek 2004)
with variously strong weathering of crystalline rocks,
deep igneous rocks, and Mesozoic sediments of the
Ceska tabule Table. The fragmentation of the Paleo-
gene planation surface probably increased from the
area of today’s central part of the Ceska tabule Table
toward the south and southwest. Collisional stresses
associated with the Alpine orogeny on the Hercyni-
an block of the Bohemian Massif caused undulation
and flexural deformation of its originally flat sur-
face, including the reactivation of older fault zones.
As a result, neotectonic structures of the Bohemian
Massif developed in the form of anticlines, synclines,
escarpments, faults and tectonic trenches.

It should be noted that the morphostructural prin-
ciples of the development of the Bohemian Massif
had been already studied by Dane$ (1913), Dédina
(1914) and Moschelesova (1923, 1930), including the
identification of fundamental tectonic zones trending
NW-SE, SW-NE, and N-S. A more detailed arrange-
ment of geomorphological units was subsequently
established on these primary megastructures, usu-
ally in combinations of the above-mentioned main
tectonic zones (Hradek and Ivan 1972, 1974; Coubal
1989; Coubal and Adamovic 2000). Examples include
the mosaic pattern of geomorphological units in the
Sumava subprovince (Fig. 1), the alternation of anti-
clines and synclines within the Ceska tabule Table and
in the Brnénska vrchovina Hill Country, where horsts
and grabens were formed.

The Sudeten direction of tectonic zones (NW-
SE) (Cymerman 1999; Danisik et al. 2010, 2012) is
particularly evident in the arrangement of morpho-
structural units of the Krkonose-]Jizera subprovince,
the Sumava subprovince, in the northern part of the
Ceskomoravska vrchovina Highland (e.g., Zelezné
hory Mountains, Hornosvratecka vrchovina Hill Coun-
try), in the area of the so-called Central Bohemian
Threshold and in the distinctive concave units of the
Labe (Elbe) basins and South Bohemian basins (Fig. 1;

Balatka and Kalvoda 2006a). The Kru$né hory Moun-
tains direction of tectonic zones (SW-NE) prevails in
the morphostructures of the Krusnohorska subprov-
ince (Balatka and Sladek 1975; Vilimek 1993, 1997;
Stolinova and Vilimek 2003), the Poberounska sub-
province and in the Brnénska vrchovina Hill Country.
The Jizera direction of tectonic lines (N-S) (Balatka
1958, 1966; Balatka and Sladek 1973; Zeman 1978;
Balatka et al. 2000) is striking in the patterns of mor-
phostructural units along the southeastern edge of
the Ceska tabule Table and in the southern part of the
Ceskomoravska vrchovina Highland.

During the late Cenozoic, differential tectonic
uplift and changes in climatic conditions significant-
ly affected the development of the river network of
the Bohemian Massif Gradually, substantial changes
of drainage pattern occurred, accompanied by inten-
sive epigenetic and antecedent development of river
valleys, as well as by the reworking of large areas of
fluvial deposition (Kunsky 1929, 1966; Balatka and
Slddek 1962a, 1963, 1970, 1974; Balatka et al. 1964,
1966; Lozek et al. 2004). The grain-size character-
istics of Pliocene fluvial sediments in the Bohemian
Massif is similar to those of Lower Pleistocene depos-
its (cf. Kunsky 1929, 1966; Zaruba 1942; Zaruba and
Rybar 1961; Kovanda et al. 2001). This similarity sug-
gests that the Bohemian Massif already had a similar
orographic arrangement as it has today.

The synergistic action of climate-morphogenetic
processes and tectonic uplift have created Quaternary
systems of river accumulation terraces in the valleys
of the main streams of the Bohemian Massifd (e.g.,
Balatka and Sladek 1964, 1976; Balatka and Louckova
1992; Balatka et al. 2015, 2019). These fluvial sedi-
ments, together with other signatures of the anteced-
ent development of river valleys (e.g., Mazacova et al.
1963; Pribylova et al. 1967; Ptibyl and Votypka 1970;
Balatka and Pribyl 1996, 1997), presents an impor-
tant source of data on the history of the georelief of
the Bohemian Massif. The briefly described paleogeo-
graphic aspects of the formation of morphostructur-
al units are significantly reflected in the present-day
orography of the Bohemian Massif. Consequently,
they have traditionally provided a key impetus for
development of geomorphological regionalisation
schemes of landforms across the broader Central
European region at the collisional contact of the Her-
cynian, Alpine and Carpathian orogens.

2. Methodology

2.1 Concept and types of geomorphological
regionalisation

Geomorphological regionalisation involves the sep-
aration and delimitation of objectively existing ter-
ritorial units of the Earth’s surface relief according
to defined criteria. In this analytical process, two
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Fig. 1 Geomorphological units in the territory of Bohemian (Czech) part of the Bohemian Massif (the Cesk

Highland) ranging from subprovinces to subunits (adapted according to detailed maps and tables in Balatka and Kalvoda
2006a). Basic data on these geomorphological units are given in Tab. 1. Created by Bretislav Balatka, Jan Kalvoda and

Tereza Stekla.
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Tab. 1 Geomorphological regionalisation of the relief of Bohemia in the range from subprovince to subunit (modified after Balatka and
Kalvoda 2006a).

Subprovince | Region Unit Subunit Name of the geomorphological unit Hig[:qe::;.)f]int LOEN;:SSM Amp“t[l::]e span
| Sumavska subprovincie 1378 370 1008
I A Ceskoleskd oblast 1042 370 672
| A 1 Cesky les 1042 425 617
| A 1 A Cerchovsky les 1042 425 617
| A 1 B Katefinska kotlina 546 496 50
| A 1 C PFimdsky les 894 450 444
| A 1 D Dylerisky les 940 470 470
| A 2 Podceskoleska pahorkatina 679 370 309
| A 2 A Tachovska brazda 679 420 259
| A 2 Chodska pahorkatina 662 370 292
| A 3 Vserubska vrchovina 751 405 346
| A 3 A Ceskokubicka vrchovina 668 420 248
| A 3 Jezvineckd vrchovina 751 405 346
I B Sumavska hornatina 1378 400 978
| B 1 Sumava 1378 465 913
| B 1 A Sumavské plané 1370 565 805
| B 1 B Zeleznorudska hornatina 1343 465 878
| B 1 C Trojmezenska hornatina 1378 560 818
| B 1 D Boubinska hornatina 1362 600 762
| B 1 E Zelnavska hornatina 1228 693 535
| B 1 F Vltavickd brazda 845 711 134
I B 2 Sumavské podhFi 1096 385 711
| B 2 A Strazovska vrchovina 770 415 355
| B 2 B Svatoborska vrchovina 989 450 539
| B 2 C Vimperska vrchovina 922 455 467
| B 2 D Prachatickd hornatina 1096 430 666
| B 2 E Ceskokrumlovska vrchovina 1066 485 581
| B 2 F Bavorovska vrchovina 700 385 315
| B 3 Novohradské hory 1072 485 587
| B 3 A Pohofska hornatina 1072 570 502
| B 3 Jedlickd vrchovina 832 485 347
| B 4 Novohradské podhuri 870 400 470
| B 4 A Kaplickd brazda 753 400 353
| B 4 B Stropnicka pahorkatina 696 400 296
| B 4 C Sobénovska vrchovina 870 430 440
| B 4 D Hornodvofistska snizenina 721 555 166
| B 4 E Klopanovska vrchovina 824 648 176
I Cesko-moravska subprovincie 836 189 647
I A Stfedoceskd pahorkatina 729 195 534
I A 1 Benesovska pahorkatina 638 195 443
I A 1 A Dobfisska pahorkatina 546 195 351
I A 1 Breznickd pahorkatina 638 250 388
I A 2 Vlasimska pahorkatina 723 285 438
I A 2 A MladovoZicka pahorkatina 635 285 350
I A 2 Voticka vrchovina 723 350 373
I A 3 Taborskd pahorkatina 633 295 338
I A 3 A Pisecka pahorkatina 633 295 338
I A 3 B Sobéslavskd pahorkatina 545 370 175
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Subprovince | Region Unit Subunit Name of the geomorphological unit Hig[rl;e:;;.alc.)]int LoElrvT:azt.slc.)]int Amp“t[:]:]e span
I A 4 Blatenska pahorkatina 729 380 349
I A 4 A Horazdovicka pahorkatina 596 380 216
I A 4 B Nepomucka vrchovina 729 405 324
I B JihoCeské péanve 583 360 223
I B 1 Ceskobudéjovicka panev 480 360 120
I B 1 A Putimska panev 466 360 106
I B 1 Blatska panev 480 375 105
I B 2 Treborniskd panev 583 370 213
I B 2 A Lomnickd panev 525 405 120
I B 2 KardaSorecickd pahorkatina 514 400 114
I B 2 C LiSovsky prah 583 370 213
I C Ceskomoravska vrchovina 836 198 638
I C 1 Kfemesnickd vrchovina 765 325 440
I C 1 A Jindfichohradecka pahorkatina 665 440 225
I C 1 B Pacovskd pahorkatina 760 410 350
I C 1 C Zelivska pahorkatina 633 325 308
I C 1 D Humpoleckd vrchovina 765 355 410
I C 2 Hornosazavska pahorkatina 650 210 440
I C 2 A Kutnohorska plosina 525 210 315
I C 2 B Svételska pahorkatina 601 320 281
I C 2 C Havlickobrodska pahorkatina 650 390 260
I C 2 D Jihlavsko-sdzavska brazda 567 410 157
I C 3 Zelezné hory 668 200 468
I C 3 A Chvaletickd pahorkatina 450 200 250
I C 3 B Seéska vrchovina 668 270 398
I C 4 Hornosvratecka vrchovina 836 340 496
I C 4 A Zd3rské vrchy 836 340 496
I C 4 B Nedvédicka vrchovina 774 350 424
I C 5 Kfizanovskd vrchovina 706 375 331
I C 5 A Bitesska vrchovina 706 375 331
I C 5 B Brtnicka vrchovina 683 455 228
I C 6 Javotickd vrchovina 836 455 381
I C 6 A Jihlavské vrchy 836 515 321
I C 6 Novobystricka vrchovina 738 455 283
1l Krusnohorskd subprovincie 1244 116 1128
1] A Krusnohorska hornatina 1244 116 1128
1] A 1 Smrciny 758 430 328
1l A 1 A Asska vrchovina 758 490 268
1 A 1 Hazlovska vrchovina 744 443 301
1l A 1 C Chebska pahorkatina 656 430 226
1l A 2 Krusné hory 1244 270 974
1] A 2 A Klinovecka hornatina 1244 420 824
1l A 2 Lou¢enska hornatina 994 270 724
1l A 3 Décinska vrchovina 723 116 607
1] A 3 A Décinské stény 723 116 607
] A 3 Jetfichovické stény 495 120 375
1] B Podkrusnohorska oblast 934 140 794
1l B 1 Chebska panev 534 413 121
1l B 2 Sokolovskd panev 573 355 218
1l B 3 Mostecka panev 460 140 320




Geomorphological estimates of orogenic uplift based on fluvial relief types in the Bohemian Massif 7

Subprovince | Region Unit Subunit Name of the geomorphological unit Hig[rl;e:;;.alc.)]int LoElrvT:azt.slc.)]int Amp“t[:]:]e span
1! B 3 A Zatecka panev 395 185 210
1l B 3 B Chomutovsko-teplicka panev 460 140 320
1l B 4 Doupovské hory 934 275 659
Il B 5 Ceské stfedohofi 837 125 712
1] B 5 A Vernefické stfedohof{ 726 125 601
1] B 5 MileSovské stfedohofi 837 142 695
1l C Karlovarska vrchovina 983 360 623
1l C 1 Slavkovsky les 983 360 623
1l C 1 A Kynzvartskd vrchovina 983 420 563
] C 1 Hornoslavkovska vrchovina 883 360 523
1 C 1 C Becovskad vrchovina 817 450 367
1l C 2 Tepelska vrchovina 847 415 432
1l C 2 A TouZimska plosina 847 555 292
1] C 2 BezdruZicka vrchovina 762 415 347
1] C 2 C Zlutické vrchovina 734 445 289
I\ Krkonossko-jesenicka subprovincie 1602 208 1394
\% A Krkono3ska oblast 1602 208 1394
\Y) A 1 Sluknovska pahorkatina 610 294 316
\% A 2 Luzické hory 793 290 503
\% A 2 A Luzicky hibet 793 300 493
v A 2 Kytlickd hornatina 760 290 470
1\ A 3 Jestédsko-kozdkovsky hrbet 1012 263 749
\Y A 3 A Jestédsky hibet 1012 263 749
I\ A 3 B Kozédkovsky hibet 744 263 481
I\ A 4 Zitavska panev 593 235 358
\% A 4 A Liberecka kotlina 593 312 281
\% A 4 B Hradecka panev 445 235 210
I\ A 5 Frydlantska pahorkatina 572 209 363
1\ A 6 Jizerské hory 1124 280 844
\% A 6 A Smréskd hornatina 1124 400 724
\% A 6 B Jizerskd hornatina 1122 280 842
\% A 7 Krkono3e 1602 440 1162
I\ A 7 A Krkonosské hibety 1602 620 982
1\ A 7 Krkonosské rozsochy 1423 470 953
\% A 7 C Vrchlabska vrchovina 809 440 369
I\ A 8 Krkonosské podhufi 835 265 570
\Y A 8 A Zeleznobrodska vrchovina 835 265 570
I\ A 8 Podkrkonosska pahorkatina 673 305 368
I\ A 8 C Zvi¢insko-kocléfovsky hibet 671 285 386
\% B Orlicka oblast 1115 285 830
\% B 1 Broumovska vrchovina 880 351 529
\% B 1 A Zacléfska vrchovina 880 365 515
\% B 1 Policka vrchovina 828 375 453
\% B 1 C Meziméstska vrchovina 880 351 529
\% B 2 Orlické hory 1115 419 696
\Y B 2 A Destenska hornatina 1115 546 569
\% B 2 Mladkovska vrchovina 765 419 346
\% B 2 C Bukovohorska hornatina 995 440 555
1\ B 3 Podorlickd pahorkatina 835 285 550
\% B 3 A Ndchodska vrchovina 835 285 550
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Subprovince | Region Unit Subunit Name of the geomorphological unit Hig[rl;e:;;.alc.)]int LoElrvT:azt.slc.)]int Amp“t[:]:]e span
v B 3 B Zamberska pahorkatina 658 310 348
1\ B 3 C Moravskotifebovskd pahorkatina 626 305 321
[\ B 4 Kladska kotlina 610 434 176
\% B 4 A Krélicka brazda 610 434 176
\% C Jesenicka oblast 1491 208 1283
\% C 1 Zéabrteiska vrchovina 714 228 486
\% C 1 A Drozdovska vrchovina 714 287 427
\% C 3 Hanusovicka vrchovina 1003 236 767
\% C 3 D Branenska vrchovina 1003 320 683
\% C 4 Kralicky Snéznik 1423 520 903
Vv Poberounska subprovincie 865 170 695
\Y A Brdska oblast 865 170 695
\ A 1 Dzban 537 255 282
\Y A 1 A Rocovskd vrchovina 536 255 281
\ A 1 Revni¢ovskd pahorkatina 537 285 252
\" A 2 Prazska plosina 434 170 264
\" A 2 A Ri¢anska plosina 410 180 230
\ A 2 Kladenska tabule 434 170 264
\ A 3 Krivoklatskd vrchovina 721 220 501
\ A 3 A Zbirozska vrchovina 721 220 501
\Y A 3 Lanska pahorkatina 488 223 265
\ A 4 Horovickd pahorkatina 499 190 309
\Y A 4 A Horfovicka brazda 490 190 300
\" A 4 B Karlstejnska vrchovina 499 210 289
\Y A 5 Brdska vrchovina 865 192 673
\Y A 5 A Brdy 865 330 535
\Y A 5 Hrebeny 660 192 468
\ A 5 C Ptibramska pahorkatina 667 390 277
\ B Plzeriska pahorkatina 773 230 543
\ B 1 Rakovnickd pahorkatina 677 230 447
Vv B 1 A KnéZeveska pahorkatina 462 230 232
v B 1 Zihelska pahorkatina 633 340 293
\Y B 1 C Manétinskd vrchovina 677 395 282
Vv B 2 Plaska pahorkatina 704 240 464
\ B 2 A Stribrskd pahorkatina 704 330 374
Vv B 2 B Kaznéjovska pahorkatina 597 300 297
\Y B 2 C Plzeriskd kotlina 430 300 130
\ B 2 D Kralovicka pahorkatina 537 240 297
\Y B 3 Svihovskd vrchovina 773 300 473
\Y B 3 A Chudenicka vrchovina 773 360 413
Vv B 3 B Merklinska pahorkatina 536 335 201
\ B 3 C Klatovska kotlina 590 385 205
\ B 3 D Radyniskd pahorkatina 673 310 363
\" B 3 E Rokycanskd pahorkatina 575 300 275
Vi Ceska tabule 696 141 555
Vi A Severoceska tabule 696 150 546
Vi A 1 Ralska pahorkatina 696 150 546
Vi A 1 A Dokeskd pahorkatina 614 150 464
Vi A 1 Zakupska pahorkatina 696 238 458
Vi A 2 Ji¢inskd pahorkatina 562 205 357
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Highest point
[ma.s.l]

Lowest point Amplitude span

Subunit [ma.s.l] [m]

Unit

Subprovince

Region Name of the geomorphological unit

Vi A 2 A Turnovska pahorkatina 562 205 357
Vi A 2 B Bélohradska pahorkatina 525 260 265
Vi B Stfedoceska tabule 461 141 320
Vi B 1 Dolnooharska tabule 461 141 320
Vi B 1 A Hazmburska tabule 418 150 268
i B 1 Ripska tabule 461 150 311
Vi B 1 C Terezinska kotlina 211 141 70
Vi B 2 Jizerska tabule 410 155 255
\ B 2 A Stredojizerska tabule 410 195 215
Vi B 2 B Dolnojizerska tabule 320 155 165
VI B 3 Stfedolabska tabule 400 156 244
Vi B 3 A Nymburska kotlina 285 175 110
Vi B 3 B Céslavska kotlina 340 195 145
Vi B 3 C Mélnicka kotlina 247 156 91
Vi B 3 D Mrlinska tabule 278 190 88
\ B 3 E Ceskobrodska tabule 400 168 232
\ C Vychodoceska tabule 692 199 493
\ C 1 Vychodolabska tabule 351 199 152
Vi C 1 A Cidlinska tabule 329 219 110
Vi C 1 Chlumecka tabule 351 202 149
Vi C 1 C Pardubicka kotlina 294 199 95
\ C 2 Orlicka tabule 451 230 221
i C 2 A Upsko-metujska tabule 360 235 125
\ C 2 Trebechovicka tabule 451 230 221
Vi C 3 Svitavska pahorkatina 692 208 484
\ C 3 A Ceskotfebovska vrchovina 692 270 422
Vi C 3 Loucenska tabule 657 248 409
Vi C 3 C Chrudimska tabule 453 208 245

approaches are applied and combined, namely indi-
vidual and typological regionalisation (see Balat-
ka and Sladek 1989a, 1989b; Balatka and Kalvoda
2006a). Individual regionalisation represents a meth-
odological approach that results in the determination
of geomorphological units. Each unit has its individu-
al characteristics, expressed, for example, by a name
and code, which apply to a single territorial entity. In
contrast, typological regionalisation applies a select-
ed criterion to a larger number of units delimited
on a map. The previously used orographic criteria
considered only certain features of the Earth’s sur-
face, especially its topography and external appear-
ance. A cartographic approach to the delimitation of
orographical units was used especially by Koristka
(1885) and Kuchat (1955). By comparison, the geo-
morphological approach allows for the development
of a comprehensive regionalisation of the georelief
within the natural environment (Balatka and Sladek
1989a, 1989Db).

The creation of geomorphological regionalisation
of the Czech lands represents one of the traditional
topics of Czech physical geography and cartography

(e.g., Koristka 1885; Kuchat 1955; Hromadka 1956;
Balatka and Sladek 1989a, 1989b). In this regard,
several important map series were published dur-
ing the second half of the 20th century, by Balatka et
al. (19714, 1971b, 1973, 1975), Kudrnovska 1975,
Kudrnovska and Kousal (1971, 1975a, 1975b), Czudek
et al. (1972) and Demek et al. (1987). Based on the
publications of the above-mentioned expert teams,
a map of the Higher Geomorphological Units of the
Czech Republic (1996) was subsequently compiled.
The aim of the geomorphological regionalisation
of the georelief of the Bohemian Massif in the 1990s
and early 21st century at the Department of Physical
Geography and Geoecology of the Faculty of Science,
Charles University, was to develop a taxonomy sys-
tem of geomorphological classification and its car-
tographic representation on the base map of the Czech
Republic at a scale of 1:500,000 (Balatka and Kalvoda
2006a; Fig. 1). In addressing this topic, Bretislav Balat-
ka’s expert team followed up on the results of previ-
ous geomorphological and cartographic works by
Hromadka (1956), Czudek et al. (1972), Balatka et al.
(1973,1975) and Demek et al. (1987). Methodological
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inspiration was also taken from maps and related text
summaries of conceptual papers on individual and
typological regionalisation of the georelief of Slova-
kia prepared by Mazuir and Luknis$ (1978, 1979) and
Mazur (1979).

This comprehensive geomorphological approach
enabled the detailed individual regionalisation of the
georelief of Bohemia into a ten-level classification
system, comprising the following taxonomic levels
(Balatka and Kalvoda 2006a): system, subsystem,
province, subprovince, region, unit, subunit, district,
subdistrict, and part. However, only one province (the
Ceska vysocina Highland) is represented in the ter-
ritory of Bohemia, which is part of a single subsys-
tem (the Hercynian Mountains) and therefore also of
a single system (the Hercynian system). Given the role
of georelief as the main factor among the components
of the natural environment (e.g., Lozek 1973; Czudek
1997, 2005; Demek et al. 2009), geomorphological
regionalisation represents the fundamental frame-
work for the regionalisation of other components
of the landscape and also for the possibility of the
development of comprehensive physical-geographic
regionalisation.

Typological classification of relief, as another basic
form of geomorphological regionalisation, consists of
the determination and cartographical delimitation of
main relief types according to certain classification
principles. A relief type is a territory with a homoge-
nous complex of landforms sharing the same morpho-
graphic features and similar genesis depending on
the morphostructure with a similar paleogeograph-
ical history (Czudek et al. 1972; Balatka et al. 1975;
Demek and Mackov¢in Eds. 2006; Demek et al. 2007).
The types of the georelief in the Bohemian Massif
are primarily determined by the varying intensity of
neotectonic movements as well as climate-morpho-
genetic processes during the Cenozoic. In orographic
terms, these include mountains, highlands, hill coun-
tries, hills, plains in the form of plateaus or tables, and
basins.

Higher mountains, characterised by stronger neo-
tectonic uplift, reach altitudes of over 1,200 m a.s.L.
in the Bohemian Massif, while the lower mountains
mostly reach 900-1,200 m a.s.l. Mountains form a dis-
tinct border of the Ceska vysoc¢ina Highland province
in the Sumava, Kruénohorska and Krkonose-Jizera
subprovinces (Fig. 1), which is interrupted in the
intermountain areas by the georelief of hill countries
to hilly lands. The hill countries are characterised
by a rugged relief with remnants of Neogene plana-
tion surfaces at altitudes of mostly 500-900 m (e.g.,
Kral 1971, 1985; Votypka 1975, 1997; Krizek 2001,
2006; Demek 2004). They were formed as relative-
ly extensive foothills of mountains and occupy large
areas in the central and upper parts of the Ceska
vysocina Highland province. Hilly lands are charac-
terised by less undulation and more extensive Neo-
gene planation surfaces at altitudes of up to 600 m

a.s.l. (Balatka and Ptibyl 1996, 1997; Kuncova 2005;
Blahovéa and KiiZek 2007). Plains, plateaus and tables
occur mainly in the territory of the Ceska tabule Table
and surround the tectonically conditioned basins of
the Ceska vysocina Highland province (Balatka et al.
1959, 2019; Lochman 1971; Lipsky 1980; Balatka and
Ptibyl 1997; Stekla and Kalvoda 2024). Morphostruc-
turally controlled basins represent a specific type of
relief at various elevations. These basins in the Bohe-
mian Massif are characterised by relative tectonic
subsidence and are usually filled with predominantly
Tertiary sediments.

The course of the boundaries of the geomorpho-
logical units of the Czech part of the Bohemian Massif
largely reflects the varying morphographic character
of their georelief (Fig. 1; Tab. 1). In mountainous are-
as and most hill countries and basins, these bounda-
ries follow the course of more or less distinct foothill
lines. Morphographic boundaries can also be defined
by river valleys, e.g., in the case of asymmetric valleys
in terms of height and/or slope; however, the break-
through river valleys should not be used as boundary
lines (Balatka et al. 1975; Balatka and Sladek 1989b).
In flat and poorly dissected units (hilly lands, tables
and plains), morphographic boundary is often defined
as median line within transition zones of variable
width, where landforms of adjacent units gradually
merge. In such cases, the boundary separates genet-
ically different types of georelief without clear topo-
graphic differences.

2.2 The strategy and course of research work

The dynamics of geomorphological evolution of a cer-
tain area can only be assessed and stratigraphically
interpreted through broader regional correlations.
We therefore started to compare the geomorpho-
logical findings from different parts of the relatively
large Bohemian Massif only after several decades of
gaining experience in physical-geographical research,
both in Europe and in orogenetically active regions of
the High Asian mountains (e.g., Kalvoda 1992a, 1993,
1998b, 2020). Conceptually and methodologically, our
work also benefited from geomorphological studies in
the Alpine zone of Europe from the Pyrenees to the
Caucasus, especially in the Alps, Vosges, Western Car-
pathians, and the mountains of the Balkan Peninsula.

The morphostructural development of the Czech
part of the Bohemian Massif was briefly described in
the study by Kalvoda and Balatka (2006) as a part of
Bretislav Balatka’s map and tabular work on the geo-
morphological regionalisation (Balatka and Kalvoda
2006a). A contribution to understanding the evolu-
tion of river terrace systems of the Bohemian Massif
are provided by studies that followed the fundamen-
tal works of Balatka and Sladek (1962a, 1962b, 1962c,
1965, 1975), Zaruba et al. (1977), Tyracek (2001a,
2001b, 2010), Tyracek et al. (2004), Tyracek and Hav-
licek (2009). These further developed in publications
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by Kalvoda and Balatka (1995), Ptibyl (1999), Balatka
and Pribyl (2003), Balatka and Kalvoda (2008, 2010a,
2010b, 2018) and Balatka et al. (2010b, 2015, 2019).

Together with a number of colleagues, we also
studied the evolution of landforms in the contact area
of the Stiibrska pahorkatina Hills, Tepelska vrchovina
Hill Country and Tachovska brazda Furrow (Kalvoda
1966, 1980), then especially in the High Tatras (Kalvo-
da 1970, 1974, 1994, 1998a), the Moravian-Silesian
Beskydy Mountains (Prasek 1985, 1993; Kalvoda
and Prasek 1987, 1996), the Décinska vrchovina Hill
Country (Balatka and Kalvoda 1995), the KrkonoSe
Mountains (Mercier et al. 2000, 2002; Carr et al. 2002,
2007; Engel and Kalvoda 2002a, 2002b; Mercier et al.
2003; Bourlés et al. 2004; Braucher et al. 2006), the
Orlické hory Mountains (Vanickova 2004; Vanickova
and Kalvoda 2006a, 2006b), the Ceska tabule Table
(Engel and Kalvoda 2002a; Stekld and Kalvoda 2024)
and in the Sazava River area (Stépancikova 2003;
Kalvoda 2005, 2007a; Balatka 2007; Balatka and
Kalvoda 2010a, 2010b; Balatka et al. 2010a).

We have continuously applied the above geomor-
phological studies during engineering geological
research of landslides and other types of slope move-
ments (e.g., Kalvoda and Zvelebil 1983a, 1983b, 1989;
Kalvoda et al. 1997; Rybar et al. 2000; Hartvich and
Vilimek 2008; Vilimek et al. 2010) and with interpre-
tation of geodetic and geophysical measurements of
the Earth’s surface movements. Geomorphological
procedures could be used to address several top-
ics: a) determination of the causes of movements of
the Earth’s surface detected by repeated geodetic
measurements (e.g., Kalvoda and Pasek 1975; Kalvo-
da and Zeman 1979, 1982, 1983; Kalvoda 1995a,
1995b,1996a, 1996b; Kalvoda et al. 1990, 1994;
Vilimek 1995; Vilimek et al. 2021); b) monitoring of
movements in fault zones of the near-surface part of
the rock massif, including seismic activity (Kalvoda
and Kostak 1984; Kalvoda Ed. 1995a, 1995b; Kostak
etal. 2000; Stemberk et al. 2000, 2010; Stépanéikové
etal.2008,2010, 2018, 2019; Stépanéikové and Stem-
berk 2016); c) geomorphological aspects of Earth
dynamics monitored by methods of space geodesy
and geophysics (Kalvoda et al. 2004, 2013; Kostelecky
et al. 2005; Klokoc¢nik et al. 2014).

We also gained valuable experience and knowl-
edge during our teaching activities and geographical
research in selected localities of the Bohemian Massif
and the Western Carpathians, which we conducted
with students and doctoral candidates of the Facul-
ty of Science, Charles University. With regard to the
topics of this paper, we refer, for example, to region-
al geomorphological studies by Sust (1981), Pank-
ova (1995), Tomecek (2007), Hasenkopfova (2002),
Soukupova (2008), Stekla (2012) and Halzova (2017)
and studies on the development of fluvial landforms
by Préisa (1993), Ctyroky (1996), Lachmanova
(1996), Novotna (1998), Hartvich (2002, 2008) and
Mikiskova (2009). References to other (published)

research results by graduates in physical geography
are provided throughout the present paper.

3. Results concerning orogenic uplift of the
Ceska vysocina Highland

3.1 The determination of the types of fluvial relief

An important geomorphological record of fluvial
processes in the Bohemian Massif is provided by the
extent and structure of river accumulation terraces.
Therefore, alongside his research work on the histor-
ical-genetic geomorphological regionalisation of the
Bohemian Massif (Balatka and Kalvoda 2006a), Bre-
tislav Balatka prepared graphic manuscripts of two
additional maps of this type, focused on the fluvial
landforms. These original maps of fluvial relief types,
river terraces, and erosion in relation to the mor-
phostructures of the Bohemian Massif at a scale of
1:500,000 (Balatka 2006) represent a pilot solution to
the current geomorphological topic. They depict var-
ied regions classified by structure of fluvial sediments,
their position in the longitudinal river profiles and the
areal distribution of river accumulation terraces.

The main criterion is the extent of the river terrace
system in the georelief of the Bohemian Massif, which
provides a basis for understanding relationships
to other landforms (Balatka and Kalvoda 2006b for
details) and shows the intensity of erosion and denu-
dation. From the above-mentioned manuscript maps
by Bretislav Balatka, we have prepared the resulting
map of fluvial relief types in relation to the morpho-
structures of the Bohemian Massif (Fig. 2). This the-
matic map also served as one of the key foundations
for the subsequent stage of research, namely in creat-
ing a primary map of the extent of differential tecton-
ic uplift of morphostructural units in the Bohemian
Massif in the Late Cenozoic (Chapter 3.2).

The basis for the typification of the fluvial relief of
the Bohemian Massif was the regional division into
lower geomorphological units, down to the level of
subunits (Fig. 1; Tab. 1). These units are morphostruc-
turally and, to a certain extent, morphogenetically
homogeneous areas that have been classified accord-
ing to a defined typological legend. The classification
criteria for fluvial relief types include ten morphoge-
netically specific regions, which are shown in Fig. 2
as coloured areas with Roman numerals. From a mor-
phostructural point of view, the specified regions of
fluvial relief types can be considered homogeneous
units (Balatka 2006). These regions include both are-
as where river accumulation terraces are the domi-
nant landforms, and erosion-denudation areas in
which river terraces are limited to small localities or,
except for valley floodplains, are completely absent.
When evaluating the georelief of the Bohemian Massif
according to the types of river terraces, their complete
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Fig. 3 Neovolcanic hill of Rip (461 m) is formed by a selectively denuded nephelinitic diatreme. The hill is surrounded
by the Quaternary system of river accumulation terraces near the confluence area of the Labe (Elbe) and Vltava rivers.
Photo Bretislav Balatka.

system was considered including relics of the oldest
levels developed during the Lower Pleistocene.

The determination of the types of fluvial relief of
the Bohemian Massif could be clearly represented
cartographically (in the original scale of 1:500,000)
only based on detailed research by Bretislav Balatka
and his collaborators (Chapters 1.2 and 2.2). From
a conceptual point of view, the papers of Balatka
(1960, 1961, 2003), Balatka and Sladek (1962a,
1962b, 1975), Balatka et al. (1964, 1966), Balatka
and Louckova (1992), Balatka and Kalvoda (1995,
2006a) should be mentioned. Morphogenetically, the
most significant is Region I of the fluvial relief (Fig. 2),
which includes an area with extensive Quaternary riv-
er terraces, with relative heights of their highest lev-
els of 90-110 m above the present-day valley floors.

<«
<

The territories classified as Region I have a fluvial
relief with the best-developed (and preserved) river
accumulation terraces in the lower tabular and basin
morpho-structural units of the northern part of the
Bohemian Massif (e.g., Fig. 3). These are mainly the
Vychodolabska, Stredolabskd, Dolnoohersk3, Orlicka
tabule Tables, as well as the Mostecka panev Basin,
the southern part of the Prazska plosina Plateau and
the adjacent area of the Hofovickd brazda Furrow
(Balatka 2006; Balatka and Kalvoda 2006a).

Region II corresponds to the distribution of low-
er river terraces of predominantly Middle Pleis-
tocene and Upper Pleistocene age (mostly up to
a relative height of 20-25 m) and extensive valley
floodplains. These ladnforms are preserved mainly
in the basins of the Ceska tabule Table (Terezinska,

Fig. 2 Types of fluvial relief in relation to morphostructures of the Bohemian Massif. The working scale of this thematic map is 1:500,000.
According to the original manuscript maps and documentation of Bretislav Balatka (2006) adapted and drawn by Jan Kalvoda and Tereza
Stekld. Regions of fluvial erosion and accumulation relief: Region | (deep yellow colour): Lowlands, lower plateaus and hilly lands with
accumulation-erosion relief of extensive river terraces of a complete system with relative heights of up to 90-110 m. Region Il (yellow):
Lowlands with accumulation-erosion relief of mainly Middle and Upper Pleistocene river terraces up to a relative height of 20-25 m and
extensive valley floodplains. Region Ill (orange): Higher-lying basins with accumulation-erosion to erosion-accumulation relief of river terraces
up to a relative height of mostly 30-40 m and extensive valley floodplains. Region IV (light green): Basins with denudation and erosion-
accumulation relief of less extensive river terraces up to a relative height of mostly 30-40 m. Region V (light blue ): Lower hilly lands and
basins influenced by continental glaciation with erosion-denudation relief including Middle and Upper Pleistocene river terraces to a relative
height of mainly 30 m. Region VI (green): Basins with accumulation relief of extensive proluvial and fluvial cones, commonly incorporated
into river terraces. Region VIl (orange): Hills and hilly lands with erosion-denudation relief, with deeply incised valleys, and spatially limited
river terraces up to a relative height of 50-90 m, diverging downstream. Region VIII (light orange): Erosion-denudation relief of tables, hilly
lands, hill countries and mountains with deeply incised valleys without river terraces, or only with small relics of fluvial sediments. Region IX
(brown): Erosion-denudation relief of tables, hilly lands, hill countries and mountains with shallow or widely open valleys, without river
terraces or with only limited remnants of low-level terraces. Region X (deep blue): Lowlands and hilly lands with erosion-denudation relief

and extensive occurrences of Neogene fluvial or limnic-fluvial sediments.
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Mélnicka, Nymburska, Caslavska, Pardubicka,
Ceskolipské, Jestrebska, Mnichovo-hradistska and
Mladoboleslavska panev Basins). Region II is occa-
sionally represented in some other depressions, e.g.,
in the north-western headland of the Ceskobudé-
jovicka panev Basin, the Décinska panev Basin, the
Mohelnicka brazda Furrow, and in the Opavicka niva
Floodplain and the Albrechticka kotlina Basin in the
Jindrichovicka pahorkatina Hills in Silesia (Balatka
2006).

Region III consists of fluvial relief with Pleistocene
river terraces reaching a relative height of mostly
30-40 m and extensive valley floodplains in Tertiary
and Cretaceous basins (with the exception of the
Mostecka panev Basin), namely in the Chebska and
Sokolovska panev Basins (Svatavska panev Basin), in
the central part of the Ceskobudéjovicka panev Basin
(Blatska panev Basin) and in the Tiebotiskd panev
Basin. The Pleistocene river terraces of Region [V are
in a similar position in the territory of some other
depressions of structural origin. These are the north-
ern part of the Plzeniska panev Basin (Touskovska
panev Basin), the central part of the Hotovicka braz-
da Furrow (Zdickd brazda Furrow) and the Miletin-
sky uval Graben and the Kralovédvorska panev Basin
(Balatka and Kalvoda 2006a, 2006b).

Region V corresponds to areas affected by or influ-
enced by continental glaciation during the Quater-
nary. River accumulation terraces of Pleistocene age
are developed here at lower relative heights, in two
stages: a) up to 40 m (mainly from the Elsterian glaci-
ation), b) up to 10-20 m (from the Saalian glaciation).
These include the Sluknovska and Frydlantska pahor-
katina Hilly Land, the Hradecka panev Basin, the cen-
tral part of the Zakupska pahorkatina Hilly Land, the
Vidnavska nizina Lowland, part of the Zulovska niZina
Lowland and the OsoblaZska niZina Lowland.

Region VI includes areas with extensive Pleis-
tocene proluvial and fluvial cones of various ages
(Balatka 2006), which in places transition into river

terraces at relative heights from several meters to
several tens of meters. These are mainly the areas
of the Chomutovsko-Teplickd panev Basin at the foot
of the Krusné hory Mountains, the Pétipeska panev
Basin, the western part of the Liberecka panev Basin,
the Hostimicka panev Basin at the northern foot of
the Hrebeny Hill Country, parts of the Podjestédska
and Ceskodubska pahorkatina Hilly Land at the foot
of the JeStédsky hibet Ridge and the Klapska tabule
Table between the Ceské stfedohof{ Mountains and
the Ohte (Eger) River valley.

Region VII is characterised by the limited occur-
rence of river accumulation terraces of Pleistocene
age at various relative heights, in places up to 90 m,
often well expressed morphologically in deeply
incised valleys of the hilly lands and hill countries.
This region occupies striking strips along larger
streams, namely along the Vltava in the Stredoceska
pahorkatina Hilly Land and in the southern parts of
the Prazska ploSina Plateau, as well as along the MzZe
River in the Stribrska pahorkatina Hilly Land, along
the Berounka River between Pilsen and Revnice,
along the lower LuZnice, Otava and Sazava rivers in
the StredoCeska pahorkatina Hilly Land, along the Jiz-
era River in the Jizera tabule Table and along the Upa
River in the Krkonose Mts. foothills (Balatka 2006;
Balatka and Kalvoda 2006b).

Region VIII is represented by tectonically more
strongly uplifted areas without river terraces or with
sporadic relics of fluvial sediments. These are mainly
geomorphological units with deeply incised valleys
in the mountains, highlands and hilly lands, includ-
ing the sandstone areas of the Ceska tabule Table.
Region IX represents tectonically less uplifted area
with sporadic occurrence of fluvial sediments in shal-
low and widely open valleys of hilly lands, tables and
basins or in hill countries and mountains with exten-
sive relics of Tertiary planation surfaces (Fig. 4).

Region X is characterised by areas with substantial
relics of Neogene fluvial and limnic sediments, located

Fig. 4 Part of an abandoned valley of the Sazava river near Chabefice, infilled by fluvial sediments of the IllI. river terrace up to 25 m thick.
Photo Bretislav Balatka.
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in shallow valleys with low levels of river accumula-
tion terraces. These include, for example, parts of the
Podceskoleska and Plzeniska pahorkatina Hilly Lands,
as well as the Jihlavsko-sazavska brazda Furrow, the
Ceremenska pahorkatina Hilly Land near Lanskroun,
and the Velissky hibet Ridge in the Turnovska pahor-
katina Hilly Land.

A specific aspect of determining the types of fluvi-
al relief of the Bohemian Massif, as expressed in the
maps of Balatka (2006), is the possibility of deriving
the approximate intensity of erosion and denudation
during the Late Cenozoic. Balatka (2006) classified
the extent of this reduction of the georelief on a scale
from very strong intensity (exceeding 200 m) to very
weak intensity (below 50 m) of the effects of ero-
sion-denudation processes. However, the values giv-
en should be considered indicative only (Balatka and
Kalvoda 2006b), because the maximum intensity of
erosion and denudation in the defined morphostruc-
tural units of the Bohemian Massif is often restricted
to narrow strips of territory along larger watercours-
es and to the lower reaches of their tributaries. On
the contrary, in neighbouring areas (e.g., watershed
zones), the values of erosion and denudation of the
georelief estimated using this approach are signifi-
cantly lower.

3.2 The extent of the vertical component of tectonic
movements

The evaluation of the pattern of fluvial relief types in
the Bohemian Massif (Fig. 2) and the relevant profes-
sional literature show that, mainly due to the influ-
ence of neotectonic movements, significant changes
occurred in the structure of the river network, the
courses of watersheds of various orders, and the deep-
ening of valleys during the Late Cenozoic. Therefore,
we focused on comparing the river terrace systems
of the main streams (especially) in the central part
of the Bohemian Massif and specifying their strati-
graphical position in the current Quaternary subdi-
vision (International Commission on Stratigraphy
2007; Gibbard et al. 2008, 2010). The results of these
regional research efforts are collected in a series of
studies by Balatka and Kalvoda (2008, 2010a, 2010b,
2010c, 2018), Balatka et al. (2010a, 2010b, 2015,
2019) and Stekla and Kalvoda (2024). The gradual-
ly acquired palaeogeographical knowledge was the
basis for identifying the geomorphological record of
differential tectonic uplift and (relative) subsidence
of the main morphostructural units in the Bohemian
Massif. In the subsequent stage of research, following
up on the determination of fluvial relief types within
the morphostructures of the Bohemian Massif (Fig.
2), we focused on identifying and graphically express-
ing the extent of the vertical component of tectonic
movements during the Late Cenozoic.

When classifying the morphostructural units of the
Bohemian Massi (to the level of subunits; Tab. 1) into

the categories by the extent of tectonic uplift, we eval-
uated the geomorphological conditions of these areas,
including the current elevation of planation surfaces
of various types and ages (cf. Fig. 5 and Fig. 6). Their
gradual development and long-term transformation
by weathering and denudation processes represent
a period of relative tectonic stability in the paleogeo-
graphical history of the Bohemian Massif (e.g., Kral
1985; Demek 2004; Kalvoda and Balatka 2006a). Mor-
phometrical data were obtained from topographical
maps mostly of the scale 1:50 000. The approximate
extent of the reduction in the thickness of the weath-
ered material and rock assemblages was derived from
data on the relative height of the relics of the oldest
river terraces (e.g., Fig. 5), as well as from the eleva-
tion of the Upper Miocene planation surface and the
surface of Neogene sediments.

It should be noted that the process of exhuma-
tion of crystalline rocks of the deeper part of the
Earth’s crust and the planation surfaces of the Bohe-
mian Massif of various origins and ages has received
considerable attention in the geomorphological and
geological literature (e.g., Demek et al. 1965; Kral
1968, 1971, 1985; Migonl 1999; Danisik et al. 2010,
2012). The current valley network of Bohemian rivers
is incised into the Upper Miocene planation surface to
an extent that largely corresponds to differential neo-
tectonic movements (Balatka and Kalvoda 2006b).
This tectonic activity, with a predominance of spatial-
ly and temporally varied uplift (Fig. 6), together with
the regimen of the streams, amount of transported
material and the lithology of the bedrock, controlled
the intensity of erosion and denudation processes
during the Late Cenozoic.

We illustrated the extent of tectonic uplift of mor-
phostructural units of the Bohemian Massif in regions
of fluvial relief types from the Upper Miocene to the
present on a thematic map (Fig. 7). The interpretation
of the above-defined geomorphological data and the
described methodological procedures for determin-
ing the extent of the vertical component of tectonic
movements in the last ca. 107 years of the palaeogeo-
graphical history of the Bohemian Massif can, how-
ever, provide only an approximate quantitative esti-
mate of the phenomenon under investigation. For this
reason, we have distinguished only five classification
levels on the thematic map (Fig. 7), representing are-
as with different intensities of neotectonic uplift. The
extent of very strong tectonic uplift in the demarcat-
ed territories during the indicated period is approxi-
mately 900-1,200 m, while in areas with minor tec-
tonic uplift it is only 50-150 m.

When determining the extent of tectonic uplift
of morphostructural units of the Bohemian Massif,
we relied on the depth of the Quaternary incision
of river valleys (which is mostly 30-60 m, but often
exceeds these values; Fig. 8) relative to the current
elevation level of the originally Upper Miocene pla-
nation surface. However, we also assumed a certain
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Fig. 5 River accumulation terraces in the Vltava valley between the mouths of the Sazava and Berounka rivers (modified
after Balatka and Stépancikova 2006; Balatka and Kalvoda 2010a). The morphostratigraphical correlation of river
terraces is presented in Tab. 2.
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reduction of this planation surface, by up to sever-
al tens of metres, which was preserved in a less dis-
turbed form especially in the watershed areas. Regions
with the highest intensity of tectonic uplift during
the Late Cenozoic (red and brown colours in Fig. 7)
should, under the above assumptions, correspond
to both some of the most elevated areas (mountains
and highlands) and areas with deeply incised valleys

of larger watercourses in hill countries. Regions with
less intense and weak tectonic uplift (green and yellow
colours in Fig. 7) are typically lower-lying basins and
furrows, structural tables and hilly lands. We empha-
sise that areas classified especially within categories
characterised by weaker tectonic uplift may, in fact,
have the character of relative subsidence due to the
stronger uplift of adjacent morphostructural units.

Komorni harka Hill

503 ma.s.l. 68

0 river level

Fig. 6 Graphical scheme of successive incision of the river during the Ohre (Eger) valley evolution in the western part of
the Chebska panev Basin, river km 245-237 (Balatka and Kalvoda 2018; Balatka et al. 2019). Explanations: ON — olivine
nephelinite and pyroclastic rocks of the Komorni hdrka Hill (with dated activity between 0.85 up to 0.26 Ma; Wagner
et al. 1998); VF — the VildStejn Formation: quartz micaschists, clay sand and gravel of the Upper Pliocene — Lower
Pleistocene age; I-VII — Pleistocene river accumulation terraces; N — alluvium (floodplain); 8, 13, ... — relative height
above river level in metres. Graphical explanations are presented in Fig. 5.
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Fig. 8 The Labe (Elbe) River canyon developed in the Upper Cretaceus sandstones of the Décinska vrchovina Highland
during the Quaternary. Photo Jan Kalvoda.

The long-term trend of tectonic uplift of the Bohe-
mian Massif is primarily a manifestation of the young-
est Alpine collisional orogeny in Central Europe.
The differentiation of morphostructural units of the
Bohemian Massif took place in several phases, which
significantly influenced the evolution of river valleys
(Balatka and Kalvoda 2008; Balatka et al. 2015, 2019).
For example, a comparison of the terrace systems of
the Sdzava, Vltava, Berounka and Labe (Elbe) rivers in
the central part of Bohemia shows (Tab. 2) that signif-
icant epigenetic and antecedent deepening of the val-
leys took place as late as in the younger Middle Pleis-
tocene (Balatka and Kalvoda 2008, 2010a; Tyracek
and Havlicek 2009; Balatka et al. 2015). The fluvial
sediments of river terraces I and II were formed dur-
ing the Cromerian Complex, while terrace III was
deposited during the Elsterian glaciation (Tab. 2).

It is important to note that the rate of tectonic
uplift is not directly related to the conform rate of
river incision. Deep erosion processes and the related
bedrock valley development are determined by varied

<
<

environmental changes of valley gradient, bed erodi-
bility, catchment sediment production and discharge
conditions. These factors include, in particular, valley
slope, the resistance of bedrock to erosion, the quan-
tity and lithological properties of weathered mate-
rial and the nature of its transport, the hydrological
regime, and precipitation-runoff conditions through-
out the catchment area. Of these environmental fac-
tors, only an increased valley gradient may occur
directly as a consequence of tectonic activity through
regional uplift, flexuring, and faulting. As an example,
the repeatedly increased incision of rivers can also
be attributed to the increased intensity of periglacial
processes during glacial stages in the Quaternary,
namely frost weathering of rocks, regelation, solifluc-
tion phenomena, and related coarse detrital sediment
supply. These climate-induced changes in the natural
environment led to a significantly higher amount of
material being carried by rivers and to a higher rate
of subsequent fluvial sediment deposition. Given the
combined effects of valley gradient, flow regime, bed

Fig. 7 The extent of tectonic uplift from the Upper Miocene to the present in regions of fluvial relief types of the
Bohemian Massif. The working scale of the thematic map, till this time unpublished, is 1:500,000. Created by Bretislav
Balatka, Jan Kalvoda and Tereza Stekla. Explanations: The extent of the vertical component of tectonic movements:

A — area with very strong tectonic uplift (900-1,200 m); B — area with strong tectonic uplift (500-900 m); C — area with
medium tectonic uplift (300-500 m); D — area with weak tectonic uplift (150-300 m); E — area with minor tectonic
uplift (up to 150 m), or with relative tectonic subsidence. The types of fluvial relief in regions I-X are described in the

explanations to Fig. 2.
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Tab. 2 Chronostratigraphical correlation of river terrace deposits in the central part of the Ceska vysocina Highland related to North-West
European stratigraphical stages of the Quaternary (modified after Balatka et al. 2015).

Regional stratigraphical SAZAVA BEROUNKA VLTAVA — LABE VLTAVA VLTAVA and LABE
stage/substage divisions of the | Balatka (2007), Balatka and confluence area Zaruba et al. (1977) | system Tyracek (2001a,
Quaternary Balatka and Kalvoda | Louckova Balatka and Sladek 2001b); Tyracek et al.
(Gibbard et al. 2004, 2008, (2010a) (1992) (1962b) (2004); Tyracek and
2010) Havli¢ek (2009)
Late Pleistocene Pikovice Lipence Hostin Maniny Maniny
Weichselian Terrace Terrace (Vlla) Terrace Terrace Terrace (Weichselian)
(Vi) Dobtichovice (Vlla, b, c, d) (vi) Hostin 1
Terrace (VIIb) Terrace
Middle Pleistocene Pofici Kazin MIéechvosty Veltrusy Veltrusy
Saalian (Warthe Stadial) Terrace Terrace Terrace Terrace Terrace
(vI) (V1) (Vla, b, ¢) (V1) (Warthe)
Middle Pleistocene Méstecko Liblin Citov Dejvice Dejvice 1 and 2
Saalian (Drenthe Sadial) Terrace Terrace (Va) Terrace Terrace Terrace
(V) Pouénik (a, Vb) (V) (Drenthe)
Terrace (Vb)
Middle Pleistocene Tynec Zbraslav Terrace Hnévice Hill Terrace | Letna Letna
Saalian (Fuhne Stadial) Terrace (Iva) (Iv) Terrace Terrace
(Iv) Hyskov Terrace (Iv) (Fuhne)
(IVb)
Middle Pleistocene Buda Srbsko Straskov Vinohrady Vinohrady
Elsterian Terrace Terrace Terrace Terrace Terrace
(lib) (lib) (lib) (1iB) (Elster)
Middle Pleistocene Chabefice Tetin Kralupy Kralupy
Cromerian Complex Terrace Terrace Terrace Terrace
(glacial c) (Ina) ({IE)} (1ha) (INA) (Cromerian C)
Middle Peistocene Cesky Sternberk Pohofelec Terrace Ledcice Pankrac Pankrac
Cromerian Complex Terrace (la) Terrace Terrace Terrace
(Glacial c) (1) Hlince Terrace (1) (1) (Cromerian C)
(lb)
Middle Pleistocene Hvézdonice Revnice Suchdol Suchdol
Cromerian Complex Terrace Terrace Terrace Terrace
(Glacial b) (Ib) (Ib) (1B) (Cromerian B)
Middle Pleistocene Strechov Skryje Krabcice Lysolaje Lysolaje
Cromerian Complex Terrace Terrace Terrace Terrace Terrace
(Glacial a) (la) (la) (1) (1A) (Cromerian A)
Early Pleistocene Rovné Rovné Terrace
Bavelian (Dorst) Terrace (Dorst)
Menapian Vraz Terrace
(Menapian)
Early Pleistocene Niveau B Niveau B Zdiby Zdiby Terrace
Eburonian — Menapian Radvanice Stadial (Eburonian —
(Pliocene) Menapian)
Early Pleistocene Stribrniky
Tiglian Terrace
(upper Tiglian)
Neogene Niveau A Niveau A Klinec
Bojisté Stadial

material load, bedrock exposure and erodibility, the
formation and structure of river terrace systems give
evidence to the evolutionary complexity and diversity
of the natural environment.

The comparison of river terrace systems from
different parts of the Bohemian Massif shows that
the major rivers respond sensitively and therefore
diversely to the local character and changes in mor-
phostructural and climate-morphogenetic conditions
(Balatka et al. 1964, 2010a, 2010b, 2015, 2019; Balat-
ka and Sladek 1976; Balatka and Kalvoda 1995, 2008,
2018; Bridgland 2000; Tyracek et al. 2004; Tyracek

and Havlicek 2009). However, stratigraphically signif-
icantindicators of large-scale (possibly global) chang-
es in the environment during the Quaternary are very
similar in their palaeogeographical record.

4. Discussion

The main current approaches to research into the
geomorphological record of tectonic movements and
related phenomena in the Bohemian Massif, carried
out by several generations of physical geographers
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and Quaternary geologists, can be described in the
methodological context as follows:

Morphostructural, morphographical and mor-
phogenetic analysis of planation surfaces of various
genesis and age, their typological classification, deter-
mination of age and distribution, assessment of the
effects of tectonic movements in their present-day
elevation, and their relationship to the development
of the valley system and palaeohydrological changes
in the Late Cenozoic.

Geomorphological research of terrace systems of
major Bohemian rivers, especially using the recon-
struction method, and their integration into the
continuously evolving international stratigraphical
system of the Quaternary. This research includes, for
example, geomorphological analysis of anomalies in
the course of river accumulation terraces along longi-
tudinal and transverse profiles, aimed at identifying
the extent of discontinuities of the near-surface part
of the Earth’s crust caused by tectonic movements,
and the influence of the bedrock lithology. It is also
essential to address the relationship of fluvial relief to
the relics of landforms of Quaternary continental and
mountain glaciation. These topics have already been
addressed in the Czech Republic by Sibrava (1972,
1979), Macoun and Kralik (1975), Macoun (1985),
Kralik (1987), Engel (1996, 2004), Nyvit (1998, 1999,
2003, 2008), Rtzicka (2004), Engel et al. (2010) and
Stor etal. (2019).

A comprehensive study of morphostructural signa-
tures of neotectonic activity through the delineation
of typologically homogeneous regions and the deter-
mination of historical-genetic relationships of plana-
tion surfaces and fluvial landforms in the Bohemian
Massif. The described and presented geomorpholog-
ical procedures can mainly detect tectonic uplift and
subsidence. However, tectonic differentiation of mor-
phostructural units in Central Europe, which gradually
evolved from the Miocene up to the Quaternary, is one
of manifestations of the latest phase of alpine orog-
eny. Geological structure of the Eastern Alps and the
Western Carpathian systems gives evidence that sub-
horizontal tectonic movements prevailed during main
phases of the collisional orogeny in the Cenozoic. The
extension and course of related horizontal tectonic
movements in the Bohemian Massif was studied, e.g,,
by Coubal (1989), Kopecky (1996), Coubal and Adam-
ovi¢ (2000), Stépancikova and Stemberk (2004), Stem-
berk et al. (2010) and Stépanéikova et al. (2018, 2019).

Geomorphological analysis and monitoring of
selected geodynamic processes and phenomena are
significant trends in research on global changes in
geographical systems. Special attention is paid to
recent tectonic movements of the near-surface part
of the Earth’s crust and to the dynamics of current
climate-morphogenetic processes, including natural
hazards and risks. The nature of research in Earth
sciences and the current needs of society suggest that
these investigations in the Central Europe should be

evaluated in relation to current knowledge about:
1) the state and development of European landscape
and society, and 2) trends in global environmental
changes (Kalvoda Ed. 2003; Drbohlav et al. 20044,
2004b). Geomorphological research aims both at
understanding the principles of dynamic behaviour
of natural systems (Goudie and Kalvoda 1997, 20073,
2007b), and at the necessary diagnosis of natural haz-
ards, the prediction of catastrophic events, and the
mitigation of risk situations such as rapid soil erosion,
landslides, floods, and seismic phenomena (Kalvoda
and Rosenfeld Eds. 1998; Demek et al. 2006; Lang-
hammer Ed. 2008; Kalvoda and Novotna 2024).

The multidisciplinary study of tectonic move-
ments in the Bohemian Massif during the Quater-
nary, including current tectonic activity (e.g., Hejl et
al. 1997; §tépan(:1'kové etal. 2008, 2010, 2018, 2019,
2022; Stekla et al. 2017; Stemberk Jb. 2021), is a very
topical theme of geodynamic research of orogenetic
processes and phenomena in Central Europe. Var-
ious approaches to assessing the extent of tectonic
movements in the Bohemian Massif were described,
e.g., in earlier studies by Kopecky (1970a, 1970b,
1972, 1973, 1983, 1986, 1989a, 1989b, 1996), Vys-
kocil (1975, 1984, 1988), Kalvoda and Pasek (1975),
Kalvoda and Prasek (1987), Kalvoda and Zeman
(1979, 1982, 1983), Kalvoda et al. (1990, 1994).
Recent comprehensive approaches to the topic can
be demonstrated, for example, by papers of Mrlina
(2000), Bankwitz et al. (2003), Schenk et al. (2003),
Hartvich (2005), Balatka and Kalvoda (2006, 2008),
Stemberk et al. (2010, 2017) or Balatka et al. (2015,
2019).

The systematic efforts of expert teams to link
research on the long-term development of landforms
with current geomorphological processes and phe-
nomena is continuously applied in the identifica-
tion of geomorphological hazards and risks during
the construction and operation of large engineering
works (Kalvoda 1978, 1996a, 1996b, 1998a, 2007b;
Zvelebil 1989; Stemberk 1994; Kalvoda and Mercier
Eds. 1996; Demek et al. 2006; Kalvoda and Balat-
ka 2016). In this regard, geomorphological studies
focused on selected nuclear power plant sites in Cen-
tral Europe have become again highly relevant (e.g.,
Kalvoda and Demek 1991; Demek and Kalvoda 1991,
1992; Kalvoda 1992b; Kalvoda and Stemberk 1993).

Currently, thematic emphases in projects focused
on natural hazards are shifting from primary research
into risk processes, their detection, monitoring and
predicting (e.g., Stépancikova and Stemberk 2004;
Stépancikova et al. 2008; Raska and Emmer 2014)
toward efforts aimed at the controlled reduction or
even elimination of environmental hazards and risks.
This primarily involves prevention and development
of resilient society, creating expert early-warning sys-
tems and the rapid deployment of rescue capacities
when required. Furthermore, emphasis is placed on
the essential importance of controlled mitigation of
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cascading effects and understanding the variability of
long-term impacts of catastrophic events on society.

5. Conclusions

The morphogenetic diversity of fluvial relief types in
the Bohemian Massif (Fig. 2) is a consequence of the
synergy between differential tectonic uplift induced
by the continuing Alpine orogeny and the variability
of exogenous processes caused by pronounced climat-
ic changes during the Cenozoic. The extent of the ver-
tical component of tectonic movements of morpho-
structural units of the Bohemian Massif, determined
by means of fluvial relief types, reaches values in the
order of 101-103 m (Fig. 7). We consider these values
to be the lower limit of the extent of differential tec-
tonic uplift in the Bohemian Massif. The reason why
this estimation is only approximate is incomplete geo-
morphological record of the substantial erosion and
denudation of its georelief, including planation sur-
faces of different origin and age as well as fluvial sedi-
ments of river terrace systems, under the influence of
intensive climate-morphogenetic processes.

Geomorphological research in the central part of
the Bohemian Massif indicates that significant epige-
netic and antecedent deepening of river valleys took
place only from the late part of the Middle Pleisto-
cene (Table 2). The fluvial sediments of river terraces
[ and II of the main streams were deposited during
the Cromerian Complex period and river terrace III
during the Elsterian glaciation.

Substantial progress in methods of geomorpholog-
ical analysis, numerical and physical dating of land-
form evolution, and monitoring of the intensity and
causes of recent movements of the Earth’s surface pro-
vides a comprehensive knowledge for morphostrati-
graphical interpretations of the dynamic evolution of
the georelief in the Bohemian Massif. These regional
geomorphological investigations also offer effective
applications in determining serious natural hazards
and risks, including their link to ongoing changes in
the European landscape environment.
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In memory of RNDr. Bretislav Balatka, CSc.
(*11.1.1931 - 115. 2. 2025)
(Jan Kalvoda)

January 2026 marked 95 years since the birth of
the prominent Czech geographer RNDr. Bretislav
Balatka, CSc. He was born in BeneSov near Semily
on 11 January 1931, graduated with honours from
the grammar school in Plana near Marianské Lazné
(1950) and completed his university studies at the
Faculty of Geology and Geography (Natural Scienc-
es) of Charles University in Prague in 1954. Bretislav
Balatka then became a research assistant at the Geol-
ogy and Geography Section of the Czechoslovak Acad-
emy of Sciences, where his supervisor was Professor
RNDr. Josef Kunsky, DrSc., a corresponding member
of the Czechoslovak Academy of Sciences. From 1957,
Bretislav Balatka worked at the Geomorphological
Department of the Czechoslovak Academy of Sciences
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and in 1963 he became a researcher at the Institute of
Geography of the Czechoslovak Academy of Sciences,
where he worked for more than 30 years. He obtained
his Candidate of Geographical Sciences (CSc.) degree
(a PhD-equivalent academic research degree) in 1963
and in 1966 he received the title of Doctor of Natural
Sciences (RNDr.) at Charles University in Prague. In
1993, Bretislav Balatka became a senior researcher
and lecturer at the Department of Physical Geography
and Geoecology, Faculty of Science, Charles University.

A detailed biography and professional focus of
Bretislav Balatka was subject of an article by doc.
RNDr. Vaclav Pribyl, CSc., published on the occasion
of his seventieth birthday (Pribyl 2001). The article
also includes a list of Bretislav Balatka's works from
1956-2001. A selection of his publications from the
21st century is then presented in articles by Kalvoda
(2011, 2016). Lists of Bretislav Balatka’s publications
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include over 40 books, more than 80 original pro-
fessional articles, around 25 thematic maps and 90
research reports, as well as over 100 popular papers
and dozens of conference contributions and studies.
Moreover, his teaching, editing and reviewing activi-
ties were also very extensive.

Bretislav Balatka and his main collaborators, PhDr.
Jaroslav Sladek, CSc. and RNDr. Jaroslava Louckova,
CSc., are prominent researchers in Czech physical
geography and geomorphology. It was not possible to
freely implement their excellent professional work in
the international scientific context due to the unfor-
tunate (or, more accurately, tragic) history of Czech
society in the years 1948-1989. Therefore, they were
unable to systematically participate in addressing and
correlating geographical topics in the wider European
region.

From Bretislav Balatka's extensive geographical
work, it is particularly worth highlighting his geomor-
phological research focused on the development of
the river network and fluvial relief in the Czech lands,
as well as his physical-geographical work on select-
ed regions of the Bohemian Massif. His professional
experience in researching geomorphological, climatic,
and hydrological processes and phenomena, as well
as nature protection and natural hazards, allowed
Bretislav Balatka to deepen and update the solutions
to varied geomorphological problems in Czechia.

Bretislav Balatka’s encyclopaedic knowledge in
several Earth science disciplines and his extraordi-
nary teaching skills were put to good use in univer-
sity lectures, seminars, field excursions and during
the education of undergraduate and postgraduate
students. It should be noted that Bretislav Balatka,
in addition to the fluvial geomorphology of the Czech
lands, also investigated in detail the evolution of the
landforms of the Czech Cretaceous Table, including
its unique sandstone relief. He paid considerable
attention to the evolution of the Ohte (Eger) valley,
the main stages of which are associated with both
substantial changes in climatic and morphogenetic
processes and neotectonic activity in the Late Qua-
ternary. His other favourite topics were pseudokarst

phenomena on neovolcanic rocks and crystalline
rocks, as well as the significant phenomenon of slope
movements in the Czech landscape. Bietislav Balatka
and Jaroslav Sladek also focused on the very current
issue of precipitation and runoff conditions in rela-
tion to changes in the water content of Czech rivers,
including extraordinary events of this kind.

For a long time, Bretislav Balatka, together with
colleagues from the Institute of Geography of the
Czechoslovak Academy of Sciences, worked on the
concept of various methods of geomorphological
mapping, including the creation of their legends, as
well as updates to the orographic subdivisions and
the characteristics of historical-genetic types of geo-
relief of the Czech lands. In the first decade of the
21st century, this classic figure in Czech physical and
regional geography significantly contributed to the
successful work of the Center for Earth Dynamics
Research. Bretislav Balatka was a key member of the
expert team that dealt with dynamic and evolution-
ary geomorphology. Systematic measurements and
monitoring of geodynamic processes and phenomena
using geodetic, geological and geophysical methods,
including remote sensing, must be consistently inte-
grated with their geomorphological and physical-geo-
graphical interpretations. This methodologically and
knowledge-intensive comprehensive approach allows
to identify evolutionary features of Earth dynamics
in the palaeogeographical and/or prognostic con-
text of global and regional changes in the natural
environment.

Bretislav Balatka’s dedication to scientific and ped-
agogical work was combined with his refined intuition
for capturing the essential features of the observed
natural processes and phenomena and at the same
time with his creative ability to combine analytical
and comprehensive approaches to the geographical
topics he addressed. For these rare qualities, as well
as his admirable diligence, modesty and very kind
approach to colleagues and students, Dr. Bietislav
Balatka became a shining example of a noble person
and researcher for the current and upcoming genera-
tion of Czech geographers.



