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Abstract

Despite its intraplate tectonic setting, the Bohemian Massif underwent relatively intense tectonic
activity during the Cenozoic. This activity has significantly formed the terrain morphology and river
geometry, which can easily be observed from the present status of the streams and relief. Although
the effect of tectonics and climate on the terrain morphology has been already researched in previous
studies, the effect on the geometry of the river systems has not been surveyed complexly. The author’s
previous master thesis found two remarkable areas within the Bohemian Massif, where the effect of
climate and tectonics on the river system geometry and its changes is very probable — the area of
western Bohemia along the Marianské Lazné Fault and the area of the Novohradské hory Mountains

and their foothills.

The focus of this thesis is to study the mutual interactions between the tectonic activity and the
geometry of selected river systems in the Bohemian Massif. The goal is not only to prove the
connection but also to test and evaluate the set of methods that can be useful for localizing those

places with recent tectonic activity and which can be applied in similar areas in the future.

Both areas — along the Maridnské Lazné Fault and in the Novohradské hory Mts. and their foothills -
were surveyed by identical or similar methods in order to compare the results of particular areas to
each other and to evaluate the methods used and improve them for further use. The geomorphological
methods of remote sensing were used in this thesis (and in the individual papers, which are the
essential parts of it) — morphotectonic analysis, analyses of longitudinal stream profiles, stream
gradient, Stream-Length index, Hypsometric index, Basin asymmetry, Mountain-front sinuosity, Valley-
floor ratio and valley cross-sections. The results obtained were verified by aerial geophysics, field
applied geophysics and a field structural survey. Moreover, the localities of Miocene, Pliocene, and
Pleistocene fluvial deposits and river terraces, which could be used for to reconstruct the geometry of
the previous stream network, were mapped during the research. Therefore, the results obtained help
to evaluate the tectonic activity and also explain the evolution of the stream network in the late

Cenozoic in both study areas.

The results of this thesis have proved that the methods used make a useful working set which can be
applied in similar areas elsewhere. Their usefulness and reliability were proved by independent studies
focused on a geophysics survey applied in the field (ERT, DEMP) and palaeoseismology in the area of
the Maridnské Lazné Fault. The use of the geomorphological methods could also be reliable in the area
of the Novohradské hory Mts. Based on the results, it is suggested that both study areas have
undergone a significant tectonic uplift during the Late Pliocene, Pleistocene and probably - in the case

of the Marianské Lazné Fault — even Holocene. The tectonic activity did not take place in a single event,



instead it has been segmented activity along the Marianské Lazné Fault, or the uneven uplift of blocks
in the area of the Novohradské hory Mts. This segmented activity has made a significant impact on the
changes in water stream geometry and the evolution of the drainage network in general (river
capturing, etc.) The diversely located fluvial deposits of Pliocene and Pleistocene age act as evidence
of the drainage’s evolution. On the basis of the morphostratigraphical analysis and on the survey of
the relationship between fluvial deposits and tectonic structures, it is possible to reconstruct the
evolution of the river network. It appears that two main tectonically induced changes to the drainage
pattern have occurred in both study areas: first between the Late Miocene/Early Pliocene and the Late
Pliocene, and second between the Late Pliocene/Early Pleistocene and the Late Pleistocene or the
present. The exact timing of the processes is the subject of future research. This thesis helps to find

those localities that are suitable for future dating and palaeoseismological analysis.



Abstrakt

Pfesto, 7e je Cesky masiv vnitrodeskovym tzemim, v priibéhu pozdniho kenozoika se na jeho tUzemi
vyskytovala relativné intenzivni tektonicka aktivita. Tyto procesy vyznamné utvarely jak morfologii
terénu, tak geometrii vodnich tok(, coZz mGZeme v dnesni krajiné snadno pozorovat. Zatimco vliv
tektoniky a klimatu na utvareni morfologie terénu byl studovan a popisovan uz mnohokrat, vliv na
geometrii fiénich systém( nebyl dosud komplexné zkouman. Pfedchozi autorovy vyzkumy v ramci
diplomové prace lokalizovaly dvé perspektivni oblasti v Ceském masivu — okoli marianskoldzeriského
zlomu v zdpadnich Cechach a Novohradské hory a jejich podh(ii v jiznich Cechéch. V téchto oblastech
je vliv tektonickych pohyb( a klimatu na zmény geometrie vodnich tokd velmi pravdépodobny, a proto

jsou tyto oblasti vhodnym prostfedim pro vyzkum takovych interakci.

Tato prace je zaméfena na studium vzdjemnych interakci mezi tektonickou aktivitou a geometrii
(zm&nami geometrie) vybranych Fi¢nich systémd v Ceském masivu. Cilem neni pouze prokdzat
souvislost a vliv tektoniky na Fi¢ni systémy, ale také testovat a vyhodnotit pouZity soubor metod, které
mohou byt vhodné pro nalezeni lokalit s recentni tektonickou aktivitou a které jsou pouZitelné v

budoucnu i v jinych podobnych Uzemich.

Obé oblasti — podél marianskolazeriského zlomu a v Novohradskych horach a podhifi - byly zkoumany
pomoci stejnych metod, aby bylo mozné vysledky z obou oblasti navzdjem porovnavat a také, aby bylo
moZno pouzité metody vyhodnotit pro pfipadné dalsi vylepseni a poutziti v jinych podobnych oblastech.
Geomorfologické metody zalozené zejména na dalkovém prizkumu Zemé a vyhodnocovani digitalnich
modell reliéfu byly pouzity jak v této praci, tak v jednotlivych ¢lancich, které jsou pfiloZeny. Jednalo se
zejména o: morfotektonickou analyzu, analyzu podélnych profilli vodnich tok(i, méreni gradient
vodnich tokd, SL indexu, hypsometrického indexu, asymetrie povodi, sinuosity zlomového svahu, Sifky
udolniho dna, analyzu pticnych profilG adoli atd. Vysledky - a tedy pouZitelnost - téchto metod byly
zejména v oblasti marianskoldzernského zlomu ovérovany pomoci vysledkl letecké geofyziky, uzité
geofyziky (zejména geoelektrickych odporovych metod), terénnim vyzkumem zaméfenym na
strukturni geologii, ¢astec¢né téz paleoseismologickymi metodami. Na zdkladé pomérné dobré shody
mezi vysledky ziskanymi DPZ a vysledky nezdavislych metod bylo konstatovano, Zze geomorfologické

metody DPZ jsou pouzitelné a spolehlivé i v oblasti Novohradskych hor.

Vysledky naznacuji, Ze obé oblasti prosly vyraznym, tektonicky podminénym vyzdvihem v pribéhu
svrchniho Pliocénu, Pleistocénu a pravdépodobné - v pfipadé marianskolazeriského zlomu — ziejmé i
Holocénu. Tektonicka aktivita se nicméné zifejmé neodehravala v rdmci jedné udalosti, ale spiSe Slo o
Casové oddélenou aktivitu jednotlivych ¢asti maridanskolazeriského zlomu nebo pfipadné

nerovnomérny tektonicky vyzdvih jednotlivych blok( v oblasti Novohradskych hor a podhdfi. Tato



Casové a prostorové oddélena tektonicka aktivita méla vyznamny dopad na zmény geometrie vodnich
tokl a obecné na vyvoj Fi¢ni sité ve sledovanych oblastech (dochazelo k ficnimu piratstvi atd.) Bylo
zjisténo, Ze ve sledovanych oblastech nejsou Pliocenni a Pleistocenni ficni sedimenty rozmistény podle
stejného planu, coz svédci o zménach a vyvoji geometrie Ficni sité. Na zakladé morfostratigrafického
posouzeni vyskytu fluvidlnich sedimentl bylo moZné tento vyvoj alespon zhruba rekonstruovat.
V obou oblastech doslo ke dvéma hlavnim, tektonicky podminénym zméndm v geometrii ficni sité jako
celku. Prvni zménou bylo preruseni miocenniho sméru odvodnovani (tj. Chebsko-domazlicky prikop
k severu, jihoCeské panve k jihovychodu do alpsko-karpatské predhlubné apod.), druhou zménou byl
prechod ze svrchné pliocenniho/spodné pleistocenniho stavu do takového, ktery odpovida stfednimu
a svrchnimu Pleistocénu nebo dnesku. Pfesné datovani téchto procesi je predmétem dalsiho vyzkumu,
zaméreného na datovani kosmogennimi nuklidy a paleoseismologickou analyzu. Vhodné lokality pro
tento vyzkum pomobhla vybrat pravé tato prace. Absolutni datovani ziskané témito metodami pomuze

dale zpresnit Casoprostorové urceni vztahll mezi tektonickymi pohyby a geometrii fi¢nich siti.
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Introduction

Despite its intraplate tectonic setting, the Bohemian Massif underwent relatively intense tectonic
activity during the Cenozoic. This activity has significantly formed the terrain morphology and river
geometry, which can easily be observed from the present status of the streams and relief. Although
the effect of tectonics and climate on the terrain morphology has been researched many times in
previous studies, the effect on the geometry of the river systems has yet to be surveyed in detail. The
effect of tectonics on the river geometry have been mentioned in numerous studies (Malkovsky, 1975;
Cloetingh et al., 2006; Ziegler and Dézes, 2007; Bridgland and Westaway, 2008; Tyracek and Havli¢ek
2009; Balatka et al., 2015), however, often it has only been discussed as a result of the general uplift
of the area of the Bohemian Massif without any connection to the particular tectonic structures and

movements along them and their direct influence on the particular river systems and their geometry.

The author’s previous study (Flasar, 2012) has found some remarkable areas within the Bohemian
Massif, where the effect of climate and tectonics on the river system geometry and its changes is very
probable. The areas of southern Bohemia (the rivers Vitava, Malse and LuZznice), western Bohemia (the
rivers Mze, Radbuza, Uhlava and Uslava) and eastern Bohemia (the rivers Cidlina, Mrlina, Javorka and
Bystrice) were studied. The first hypotheses, supposing the lithology and tectonics had a significant
effect on the water streams under study, have been set based on analyses of the stream gradient, SL
index and stream sinuosity. In particular, the areas of southern and western Bohemia have shown
remarkable results. Based on the aforementioned results, the relatively poor knowledge of the
tectonics-rivers interactions, but strong indications of recent tectonic activity (Popotnig et al., 2013;
IPE, 2014; Spacek et al., 2017; Stépancikova et al., 2019), the areas of southern and western Bohemia
were selected for further, in-depth research within this study. Also, the study areas were delineated

more precisely.

In Western Bohemia, the research has focused on the area of the Marianské Lazné Fault and the
possible effect of its tectonic activity on the evolution and geometry of the adjacent river systems. In
Southern Bohemia, the study area was delineated as the catchment of the MalsSe River. This river
(together with its tributaries) showed the most interesting results in the author’s previous study.
Furthermore, this area contains many interesting tectonic structures that can be responsible for the
evolution of the local stream network, as previous results indicate. Finally, there are abundant
localities of Miocene, Pliocene, and Pleistocene fluvial deposits and river terraces, which could be used
to reconstruct the geometry of the previous stream network. Therefore, it can help to explain the

evolution of the stream network in the late Cenozoic.
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Both areas were surveyed using identical or similar methods (respecting the limitations due to the
character of the study area — e. g., the Marianské Lazné Fault is a single, but extremely long tectonic
structure) to be able to compare the results from particular areas with each other and evaluate the
methods used and improve them for future use. The area of the Marianské Lazné Fault has been
surveyed thoroughly in the past, however, methods regarding the geometry of the water stream were
only used in a limited part near the NW end of the fault. However, this part of the fault was also
surveyed by various methods of applied geophysics and palaeoseismology. This provides a great
opportunity to use the methods for studying river geometry along the rest of the fault, or in the other

study areas (e.g., Southern Bohemia), with the possibility of comparing and verifying the results.

Individual results from the study areas are presented and discussed in three chapters, as integral parts
of this thesis. Chapter 1 “Geomorphological evidence of tectonic activity of the Marianské Lazné
Fault (Czech Republic) and its influence on stream network evolution” is focused on the area of the
Marianské Lazné Fault. This study evaluates the geomorphological methods used and proposes the
evolution of the river network in the area with regard to the tectonic activity along the Marianské
Lazné Fault. The other two chapters are focused on the area of the Novohradské hory Mts. Chapter 2
»Neogene-Quaternary response of the Novohradské hory Mts. (Czech Republic) fluvial systems to
tectonics — morphotectonic, stream-length index and field structural analyses” is aims to study the
tectonic activity and its interactions with the fluvial systems in the area - which has not been detailly
studied yet — by various methods. Chapter 3 “Plio-Pleistocene paleodrainage reconstruction using
moldavite-bearing and morphostratigraphically related deposits (Southern Bohemia, Czech
Republic)” is focused on the reconstruction of the river network in the area with the respect to the

tectonic activity and it extends the results of the Chapter 2.

50°30°N —7

Karlovy Vary fj

—_—

Fig. 1: Localization of the study areas — the Maridnské Lazné Fault area and the Novohradské hory Mts. Area. For

detailed terrain and geological maps see Fig. 2ab and Fig. 3ab
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Geological and tectonic setting of the area of the Maridnské Ldazné Fault

The Marianské Lazné Fault limits several geological units which have often undergone different
geological processes. Therefore, its geological history and lithological structure are very variable. There
is the Saxothuringian unit in the NW, the Moldanubian unit in the W and S, the Tepla-Barrandian unit
in the eastern part of the study area and the Marianské Lazné complex between those units. Some of
these crystalline rocks can be overlaid by the Cenozoic sedimentary units of the Cheb basin (Ml¢och

and Skacelova, 2009).

The Saxothuringian crystalline rocks - paragneisses, schists, and orthogneisses - of Proterozoic and
Cambrian age, which were intensely metamorphosed during the Variscan orogeny, are the most
frequent rock types in this unit. In addition, less metamorphosed phyllites of Ordovician age can be
found (Chlupac et al., 2002). The Maridnské Lazné complex is composed of mafic and ultramafic rocks:
serpentinized peridotite in the basement and sets of amphibolites, eclogites and metagabbros (Chab
et al., 2008) as it has filled the suture between the two former microcontinents amalgamated during
the Variscan orogeny (Ml¢och and Konopdsek, 2010). The Tepla-Barrandian unit is less affected by
metamorphosis than the other units, phyllites, schists and paragneisses can be found along the fault
(Chlupac et al., 2002). The Moldanubian unit is composed mostly of Variscan metamorphosed rocks
like paragneisses, orthogneisses and migmatites. Granitic intrusions are also presented in the study
area of pre-Variscan or Variscan age (Chab et al., 2008). The Cheb Basin is infilled by sands, gravels and
clays of upper Eocene age overlaid by sets of coal seams, clays, sands and volcaniclastics of Oligocene
and Miocene age (Spi¢akova et al., 2000). The uppermost part of the basin infill is represented by the
Miocene Cypris Formation and the Pliocene VildStejn Formation. The latter formation is composed of
fluviolacustrine sands, gravels and clays and it is not present just in the Cheb basin, but also in several
relicts in the Cheb-DomaZlice Graben along the Marianské Lazné Fault (Pesek, 1972; Teodoridis et al.,

2017).

The tectonic structures of the study area are mainly represented by the extremely prominent
Maridnské Lazné Fault, which is 150 km long and has a general orientation NNW-SSE. Another
important structure is the Eger Graben of NE-SW orientation, which is bounded by faults on both sides,
however it is not a target structure of this study, just as the number of smaller faults that cross the

Marianské Lazné Fault in generally perpendicular direction (see Fig. 2a)
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Fig. 2: a) Geological map of the area of the Marianské Lazné Fault, b) Terrain map of the area. Note the occurrence
of Pliocene fluviolacustrine sediments and the configuration of the water streams (according to Flasar and

Stépancikova, 2022).

Geological and tectonic setting of the area of the Novohradské hory Mts.

The Novohradské hory Mountains and their foothills are composed mainly of metamorphic rocks from
the Moldanubian Unit and granites of the Moldanubian Batholith. The Moldanubian Unit is
represented here by its Monotonous Group, which is formed by biotitic, biotite-muscovitic and biotite-
cordieritic paragneisses and migmatites. In addition, biotite-muscovitic orthogneisses can be found
locally. Granites of Moldanubian Batholite are particularly represented by several granite types:
porphyritic biotite granite (Weinsberg type), muscovite-biotite granite (Mrakotin type), porphyritic
muscovite-biotite granite (Eisgarn type) and biotite granodiorite (Freistadt type) according to Misaf et
al. (1983) and Bankwitz et al. (2004).There are significant differences between granites of Moldanubian
Batholite, especially in the age of their origin. The Weinsberg and Eisgarn types were formed during
the main phase of batholite intrusion (328 Ma, respectively 324 Ma), whereas the Freistadt type was

formed in its late phase (303 Ma) (Bankwitz et al., 2004). This could play an important role in forming

13



the tectonic setting of the whole area. In addition, other types of granitic rocks can occur locally, but

mostly in the form of small bodies or dykes.

The Trebon and Budéjovice Basins are filled with Cretaceous and Cenozoic clastic sediments of
lacustrine and fluvial origin. The Cretaceous rocks are represented mostly by sandstones and
claystones from the Klikov Formation; clays and sands of Mydlovary, Domanin and Ledenice
Formations are typical for Cenozoic period (Chlupac et al., 2002; Pesek, 2010). There are also small
deposits of Neogene, probably Pliocene, lacustrine or fluviolacustrine sediments in the area of the
Kaplice Furrow (Fig. 3ab; Bfezinova et al., 1963; Bezvoda et al., 1983). The abundant fluvial sediments
and river terraces of Pliocene and Pleistocene age, which are scattered across the area, are described

in Chapter 3 (section 2.3).

There are several fault systems in the area of the Novohradské hory Mts. Their orientations are SSW-
NNE, ESE — WNW, SW-NE, SSE-NNW and E-W ( Slaby and Holdsek, 1992a; Slaby and Holasek, 1992b;
Vrana and Holdsek, 1992; Vrana and Novak, 1993) The faults with ESE-WNW orientation (parallel with
Danube fault system) are very significant are because they border the Trebor and Budéjovice Basins
and they are often visible in the present relief, probably due to their recent activity. The Kaplice Graben
is founded along the other distinctive fault system with SSW-NNE orientation (the Blanice-Rodl fault
system). There are also several smaller faults with E-W and S-N orientations in the study area. They do
not form distinctive fault systems, but they can be significant in the morphology, and recent activity

on these faults is also possible (see Fig. 3b).
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Fig. 3: a) Terrain map of the area of Novohradské hory Mts. and foothills. b) Geological map of the area. Note the

configuration of the water streams and faults systems.
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Aims and goals

The focus of this thesis is to study the mutual interactions between the tectonic activity and the geometry of
selected river systems in the Bohemian Massif. The goal is not only to prove a connection but also to test and
evaluate the set of methods that can be useful for localizing those places with recent tectonic activity and which

can be applied in similar areas in the future. The main questions of this study are:

- Is the shape of the drainage network, river section orientation, longitudinal profiles, etc. of the streams

within the areas of Southern and Western Bohemia influenced by tectonic activity?

- When did the tectonic activity take place? Could the Pleistocene uplift significantly affect the geometry of

water streams?
- Isit possible to reconstruct the evolution of the water stream network during the Pliocene-present period?

- Is the set of methods used robust enough to find the places with probable recent tectonic activity? Is it

possible to use these methods for e.g. seismic hazard assessment?

- Where are the best places for subsequent palaeoseismological research and dating analyses?

Reaction of fluvial systems to tectonics: examples from active

tectonics areas

The tectonic activity along the fault can significantly affect the general orientation of the water stream,
river network shape, or the course of the stream longitudinal profile. If the water stream crosses
(ideally in the perpendicular direction) the uplifting fault, a steepening on the longitudinal profile — a
knickpoint—is formed (Maroukian et al., 2008). The erosion effect of the water stream tends to smooth
its longitudinal profile, so the preserved knickpoint could be an important sign of recent active
tectonics (Carretier et al., 2006). Due to incision and backward erosion of the water streams, the
knickpoints can migrate up the stream —as much as 10 mm/year in active tectonic areas (Burbank and
Anderson, 2001). The knickpoints can migrate relatively easily up a stream in a short period of time
and they can recede from the tectonic fault (or lithological boundary) where they have originated
(Bishop et al., 2005). This effect can pose a difficulty for interpretating the feature’s origin and
evolution, and the rate of knickpoint migration in various lithological and tectonic conditions have not
been satisfactorily solved yet (Burbank and Anderson, 2001).

Local tectonic activity can be preserved in the knickpoints, but stream profiles can also say something
about the tectonics on larger scales. The typical longitudinal profile of mature, stable water streams
(so-called graded rivers) has a hyperbolic shape as a result of the long-term balance between erosion

and deposition. Any divergence of this shape is an indication of unstable conditions; however, there
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are many factors which could influence the shape: erosion base level, geological setting, hydrological
setting, climate, tectonics (Burbank and Anderson, 2001). If the longitudinal profile of a particular
stream is close to the ‘graded river shape’, there is a lower probability of disturbances by lithological,
tectonic, hydrological, and other influences during stream evolution. Theoretically, the profiles of older
streams should have been smoother and closer to ideal, because the possible knickpoints should have
been smoothed by erosion (Burbank and Anderson, 2001; Radoane et al., 2002). The profile itself
results from the influence of a combination of factors; however, studies Radoane et al. (2002) or
Carretier et al. (2006) suggest that the lithotectonic effect on the longitudinal profiles is stronger than
the other factors, even in the conditions of Central Europe.

The general shape of the longitudinal profile curve can be an indicator of regional uplift. If the curve
shape differs from the hyperbolic one and tends to a straight line, it could be a sign of a regional uplift
(Burbank and Anderson, 2001).

The pattern of the river network or its general shape can also be sensitive to regional uplift. Water
streams can tend to deflect their course from the areas of uplift or when the terrain is tilting. Classical
examples of water streams’ reaction to growing anticlines or tilting areas are described for the areas
of active orogeny (e.g., California) by Burbank and Anderson (2001). However, some authors have also
tried to find a similar process in the Bohemian Massif. Moschelesova (1930) and partially Kopecky
(1983) have offered the idea of the mega-anticlinal structure of the Sumava Mts. and the formation of
a relief and river network with respect to that tectonic structure. Chabera et al. (1985) has suggested
that the remarkable bend of the Vltava River on its middle part towards the west could be caused by
the gradual uplift of the Central Bohemian Hilly Land Some patterns that could suggest an uneven rate
of regional uplift were recorded in all study areas. In Chapter 3 (section 7.4), the eastward migration

of the MalSe River is discussed as a result of the uplift of the Novohradské hory Foothills.

Regional uplift can also influence the sinuosity (the ratio between the distance along the stream and
the straight distance) of the water streams. The changes in sinuosity along the water stream are
interlinked with changes in sedimentation, which can be affected by a change in the tectonically
induced stream gradient (Ouchi, 1985). The sinuosity increases if the stream crosses an uplifting area
and the stream gradient is lowered. On the other hand, if the uplift stops, or the longitudinal profile is
smoothed by erosion, sinuosity drops (and the meanders are shortened). The character and amount
of sediment influx is important; however, the resulting reactions of the water stream are similar
(Ouchi, 1985). Many rivers in the Bohemian Massif have, in fact, incised meanders, instead of free
ones, at least on a part of its course. However, the incised meanders themselves are the sign of regional

uplift and their shapes can be inherited from the previous free ones. Therefore, the existence,
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distribution, and shapes of the incised meanders can also be an important sign of tectonic uplift
(Harden, 1990).

Horizontal tectonic movements along faults can have a significant effect on the evolution of a stream’s
drainage pattern. A typical feature, it is called a ‘beheaded stream’ (Burbank and Anderson, 2001) or
an ‘off-set valley’ (Stépancikova et al., 2010). The best examples can be found in the areas with active
tectonics — South California (Huggett, 2003) or New Zealand (Little et al., 2009); however, signs of
similar features can be even found in intraplate areas like the Bohemian Massif (Stépancikova et al.,
2010; Stépancikova et al.,2019). Similarly, uneven uplift along the Maridnské Lazné Fault probably
significantly influenced the evolution of the local river network, which is further discussed in Chapter

1 (section 5.2).

In addition to active tectonics, the tectonic structure itself can play a role in the shape of the river
network and the orientation of the stream. Faults, shear zones, and joint systems act like
discontinuities in the rock massif, their surrounding is usually more erodible and therefore streams are
preferably oriented along such discontinuities, especially in hard crystalline rocks (Chorley et al., 1985).
The existence of a similar orientation of joints and fault systems and stream sections in a particular
area does not automatically mean that the stream is necessarily oriented along those tectonic
structures, however, usually it does so (Beavis, 2000). The streams of lower orders (Strahler) are
usually oriented more frequently along the tectonic structures than the streams of higher orders
because smaller streams are more easily influenced by lithologic and tectonic conditions, as their

discharge is lower (Ribolini and Spagnolo, 2007).

Distribution and origin of late Cenozoic fluvial deposits in the Bohemian Massif

There are many localities of late Cenozoic fluvial deposits in the Bohemian Massif. Various authors
(Balatka and Sladek, 1962; Tyracek, 2001; Tyracek et al., 2004; Tyracek and Havli¢ek, 2009; Balatka et
al., 2015; Balatka et al., 2019) assign them to the time period from the (Late) Pliocene to the Holocene.
Traditionally, these fluvial deposits are dated morphostratigraphically. Studies using methods of
chronometric dating (OSL, 1°Be) are very rare. Some studies (Homolova et al., 2012) agree with the
previous results for the morphostratigraphical dating of terraces; the results of others (Schaller et al.,
2016a; Schaller et al., 2016b; Stor et al., 2019) differ from the traditional setting. Generally, the issues
regarding the absolute dating of deposits are still a matter of discussion. The fluvial deposits naturally
provide an excellent archive for reconstructing river network evolution during the late Cenozoic. The
spatial distribution of Late Pliocene and Pleistocene fluvial deposits is in general agreement with the
present status and style of drainage - regarding the fact that the main change of the drainage direction
probably happened in the Early Pliocene (Malkovsky, 1975). Some changes in the orientation of the

stream sections could have occurred during the Pliocene-Pleistocene (e.g., the lateral migration of the
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Labe River, by several kilometres, near Rip or Vitetaty (Tyracek, 2001; Burda et al., 2021)); a change in
the stream orientation of the lower Ohte River caused by tectonics (Tyracek a Havli¢ek, 2009; Balatka
et al., 2015) or glacially driven changes of the Plou¢nice River (Stor et al., 2019). However, Tyracek
(2001) mentioned that no significant changes in gravel petrology (= no significant changes in the source
areas) have happened in general in the Bohemian Massif during the late Pliocene-Holocene. Generally,
the Pliocene-Pleistocene climate changes and tectonics have had an affect (with different intensity),

particularly on the longitudinal profiles of the streams.

Therefore, many past studies have highlighted the altitudinal distribution of particular river terraces
with respect to the current stream altitudinal level. The position is important for the
morphostratigraphical setting and also for interpreting the rate of and reasons for river incision. Most
rivers in the Bohemian Massif have a character similar to their terrace staircases — the oldest
documented terraces are located high above the present floodplain (100-150 m; Tyracek a Havlicek,
2009) and are often located on the Cenozoic peneplain. These high terraces are traditionally assigned
to the Pliocene (Balatka and Sladek, 1962; Novak, 1983). There is typically a terrace staircase on the
slopes of the incised valley of the river, one or two levels of terraces, and the present floodplain on the
valley floor. Together 11-15 levels of terraces (depending on the deposit’s preservation) can be found
along the rivers in the Bohemian Massif (Tyracek and Havlicek, 2009) as a result of repeated alternation
of down-cutting and aggradation phases. This configuration is not unique, and it can be found along
many other streams across Europe (Gibbard and Lewin, 2002; Bridgland and Westaway, 2008; Font el
al.,, 2010). According to Tyracek (1983), Bridgland (2000) and Westaway (2002) the alternation of
erosion and aggradation phases is driven by climate changes and the beginning of terrace formation
corresponds with the start of significant alternation of glacials and interglacials, which are typical for
the Quaternary era. Therefore, the formation of modern drainage patterns and the highest terraces
has always been correlated with the onset of the Quaternary or, at the oldest, with the Late Pliocene
(Tyracek and Havlicek, 2009).

However, various studies have still been resolving the main questions: what drives the river incision
(climate or tectonics) and when these processes happened ( = the age of particular river terraces).
Many authors have traditionally assigned (e.g. Balatka and Sladek, 1962) the uppermost terraces to
the Pliocene (see above); whilst some newer studies (Tyracéek and Havlicek, 2009; Balatka and Kalvoda,
2010) have preferred the early Pleistocene (which is, however, also caused by moving the Pliocene-
Pleistocene boundary to 2.58 Ma in 2009). Terraces located on the slopes of incised river valleys were
deposited in the periods that were suitable for sedimentation, but generally this part of the terrace
staircase is typical for the most intensive incision during the entire Pleistocene. Most current authors

(Tyracek 2001, Tyracek et al., 2004; Bridgland and Westaway, 2008; Schaler et al., 2016a; Schaller et
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al., 2016b) have connected the beginning of an intensive incision with the Mid-Pleistocene transition.
The change from the 41 ka cyclicity (Laplace period) to the 100 ka cyclicity (Milankovic period) during
the Mid-Pleistocene transition, associated with drastic climate changes typified by the latter and
relatively mild glacials during the former period; Tyracek and Havlicek, 2009) has also led to the
intensification of the incision.

Is the climate the main factor influencing the rate — or the variability of the rate — of incision? It may
seem that climate is the single driving agent, based on the remarkable change in the Middle
Pleistocene. Balatka and Kalvoda (2015) suggest that the incision of Bohemian rivers is mainly caused
by the regional uplift of the Bohemian Massif.Tyracek et al. (2004) also agreed and specified that the
main incision phase, caused by the uplift, began after MIS 22 and became even more intensive after
MIS 18 (= Lysolaje terrace). The trend of uplift is also known from other parts of Europe and, indeed,
worldwide, as an important factor in terrace formation (e.g.; Maddy, 1997; Bridgland, 2000;
Westaway, 2002; Bridgland and Westaway, 2008). Similarly, the increase in uplift rates, in particular
after ~0.9 Ma (Van den Berg and van Hoof, 2001; Westaway, 2001), is detectable in other parts of
Europe and shifts the start of the main terracing phase close to the Lower—Middle Pleistocene
boundary.

Many authors mention that both tectonics and climate have played their roles, or, respectively, that
both of these factors are intensively interlinked to each other during the Pleistocene. It is highly
probable that the climate change of (or after) the Mid-Pleistocene transition has led to changes not
only in glaciation, but also in hydrological regimes and erosion rates (Tyracek and Havlicek, 2009).
Bridgland and Westaway (2008) suggested that there is a reason to suggest that climate and uplift are
coupled through an isostatic response to changes in erosion rates. That could lead to the more
significant uplift and rise of the Bohemian Massif after the Mid-Pleistocene transition. The incision
itself is the result of the combined effect of progressive surface uplift and the cyclic climatic triggering

of fluvial activity (Bridgland and Westaway, 2008; Tyracek and Havlicek, 2009).

It is very probable that it is not possible to distinguish the effect of climate and tectonics on river
incision at a general scale. However, on the local scale, it is possible to evaluate the influence of
tectonic activity on the water streams in the case where there is an interaction between a particular
tectonic structure and a particular stream. The methods used in this study can significantly help this

evaluation.

There are many fluvial deposits and river terraces of various ages in the area of the Novohradské Hory
Mts. Moldavite-bearing sediments — Vrabce beds and Koroseky sand and gravel belong among them,
as well as other, probably Pliocene, fluvial deposits. Furthermore, all the main rivers (Vitava, MalSe

and Stropnice rivers) in the study area have developed a system of terrace staircases with a sequence
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finished by the present infill of a floodplain. All these deposits, their relationship to tectonics, their
mutual relationships, possible dating, etc. are described in detail in Chapter 3 (sections 2.3, 7.1, 7.2

and 7.3).

Furthermore, the area of the surroundings of the Marianské Lazné Fault provides many localities of
fluvial deposits because of a well-developed river network. The uppermost part of the sedimentary
infill of the Cheb Basin is represented by the Pliocene Vildstejn Formation of fluvio-lacustrine origin.
The probable equivalents of these layers can also be found in the Cheb-Domazlice Graben along the
Maridnské Lazné Fault (Pesek, 2010; Teodoridis et al., 2017). In addition, the biggest streams (Ohfte,
Mze, Kosovy, Hamersky, Radbuza rivers) in the area have built terrace staircases throughout the
Quaternary (Balatka and Sladek, 1962). It is not clear, whether the Pliocene sediments have had any
evolutionary relationship to the Pleistocene river terraces of the Ohfe, Mze and other rivers. However,
it seems, from their spatial relationship, that the interlink between the Pliocene, Pleistocene and
present river network has existed. The distribution of fluvial deposits, as well as the proposed evolution

of local river network, is further discussed in Chapter 1 (section 5.2).

Overview of late Cenozoic tectonic activity in the Bohemian Massif

The Bohemian Massif itself was amalgamated during the Variscan orogeny, when most of the present
tectonic faults (Fig. 4) were formed, often as a boundaries or sutures between particular units forming
the Bohemian Massif (Chlupdac¢ et al., 2002). The faults within the Bohemian Massif have typical
directions of NW-SE, SW-NE or NNE-SSW (Misaf et al., 1983). Many of these faults have been
reactivated several times since the Variscan orogeny and this process has played its role during the
evolution of the post-orogeny Bohemian Massif. In particular, the final Plio-Plestiocene reactivation of
faults, with mainly NW-SE and NNW-SSW orientation, has changed the appearance of the present relief
(Coubal et al., 2015). The gently undulated denudation (or planation) surface developed during a
prolonged period (most of the Mesozic; Malkovsky, 1975; Ziegler and Dezes, 2007) of tectonic
guiescence after the Variscan orogeny. The Cenozoic reactivation of Variscan origin faults due to the
incoming Alpine orogenetic phase is widely accepted by various authors (Malkovsky, 1975; Ziegler and
Dézes, 2007; Coubal et al.,, 2015). Several phases of reactivation in different stress regimes have
occurred since the late Cretaceous to recent (Coubal et al.,, 2015). Many of the abovementioned
reactivations have left traces in the geological record; however, the youngest tectonic events (Miocene

— recent) are the most significant regarding terrain morphology and river geometry.
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~— Faults assumed to be active in (Late) Cenozoic - Bohemian Massif limits
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Fig. 4: Main tectonic faults of the Bohemian Massif (according to Spacek, 2021) with the study areas highlighted
(see Fig. 1)

Despite the compressive events in its neighbourhood, the Bohemian Massif was subjected to extension
in the Early Miocene. This tectonic regime has been linked to the subsidence and sedimentation in the
Eger Graben and in the Tfebon and Budéjovice Basins. In addition, intensive volcanic activity has been
presented in the Ceské stfedhoti Uplands, which preceded the main phase of subsidence in the Eger
Graben (Coubal et al., 2015).

During the early Langhian (early Badenian, c. 16 — 15 Ma) temporary marine incursions advanced
northward from the Alpine—Carpathian foreland basin along river valleys into the Trebon and
Budéjovice basins. This is a sign of the existence of a flat terrain at a low altitude above sea level (Ziegler
and Dezes, 2007).

The western part of the Alpine foreland was governed by a NE-SW compression starting from the
earliest Miocene (Bergerat, 1987). However, this compression regime was restored as late as the
Middle Miocene in the Bohemian Massif. In the Western Carpathians, near the Bohemian Massif
margin, the stress state changed considerably with the onset of the NE-SW compression during the
Late Langhian (=14 Ma). Probably the only sedimentary record of the onset of this regional
compression in the Bohemian Massif is the change in the character of deposition in the South

Bohemian basins in the Late Badenian (=14 Ma), when the lacustrine deposition characteristic for the
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subsidence period (Mydlovary Fm.) was replaced by fluvially coarser clastics (Domanin Fm. or Vrabce
beds; Pesek, 2010; Coubal et al., 2015). The change from a tensional to a compressional paleostress
regime also resulted in the end of sedimentation in the basins of the Eger Graben (Coubal et al., 2015).
During the Pliocene and Pleistocene, the NE-SW-oriented compression was succeeded by a period
governed by a NW-SE compressional paleostress pattern, lasting until the present in the Alpine
foreland around the Bohemian Massif. The change in stress orientation has been dated mainly to the
latest Miocene (Coubal et al., 2015).

Despite the generally rising tendency of the Bohemian Massif in this period, the effects of uplift
stagnation or even subsidence are documented by the presence of late Pliocene lacustrine sediments
in the Cheb Basin (Vildstejn Fm.) and in the South Bohemian basins (Ledenice Fm.; Pesek, 2010; Coubal
et al., 2015). By the end of the Pliocene (Piacenzian, =3.6—2.6 Ma), lacustrine sedimentation in the
three abovementioned basins stopped due to the influx of coarse clastics (Koroseky sand and gravel in
the South Bohemian basins), which can be interpreted as a possible effect of accelerated uplift of the
Bohemian Massif (Bouska, 1992; Pesek, 2010). The uplift of the Bohemian Massif (Malkovsky, 1979;
Ziegler and Dézes, 2007), which has been related to the latest stress patterns (NW-SW and NW-SE) and
is reflected in various geomorphic features, such as disruption of the pre-existing peneplain, block-like
mountain building and the gradual development of its present physiographic relief (Ziegler and Dezes,
2007), enhanced river incision, the divergence of flights of fluvial terraces, river pattern changes etc.
(Coubal et al., 2015). The uplift was probably even accelerated during the Pleistocene - this change in
the uplift rates is interlinked by various authors (e.g. Tyracek and Havlicek, 2009) with the Mid-
Pleistocene transition (see section ‘Distribution and origin of late Cenozoic fluvial deposits in the
Bohemian Massif‘). The very recent, Holocene, tectonics in the Bohemian Massif is also governed by a
similar NNW-SSE/NW-SE stress pattern, as evidenced by focal mechanisms breakout analyses or as
inferred from monitoring micro-displacements on faults (Coubal et al., 2015 and references therein).
This agrees with the present-day plate-driven compression in Western Europe, where maximum stress
is subparallel to the direction of the relative plate motion between Africa and Europe (Miiller et al.,

1992; Ziegler and Dézes, 2007; Coubal et al., 2015).

Despite the general consensus regarding the Pliocene and Pleistocene uplift of the Bohemian Massif,
the detailed spatial and time localization of the tectonic movements is still a matter of discussion.
Based on the general terrain morphology, most authors assume a more intensive Pleistocene uplift in
the bounding mountainous areas of the Bohemian Massif (Krkono$e Mts., Krugné hory Mts., Sumava
Mts., Novohradské hory Mts.). This hypothesis was mentioned by Kopecky, 1983, Kopecky, 1970,
Kopecky and Vyskocil, 1969, Malkovsky, 1979, Chabera et al., 1985, Bouska, 1992, however, often only

in a general view without any relation to the particular tectonic structures.
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Only individual studies have investigated the possibility of Pleistocene or Holocene activity along
particular tectonic faults. Probably the most studied structure (Peterek et al., 2011; Fischer et al., 2012;
Blecha et al. 2018; Stépanc¢ikova et al., 2019) is the Marianské Lazné Fault, due to the intensive recent
tectonic activity and the mantle-derived CO2 emanations. The Sudetic Marginal Fault (Badura el al.,
2007; Stépancikova et al., 2008; Stépancikova et al., 2010; Stépancikova et al., 2012) or Hluboka fault
(Popoting et al., 2013; Spacek et al., 2017) have also been studied. On the basis of the independent
methods, both direct and indirect, the Pleistocene or Holocene tectonic activity along those faults has
been proven by the aforementioned studies. The uplift of the Bohemian Massif has been proven not
only by the measurements of river incision rates (Tyracek and Havlicek, 2009; Schaller et al., 2016b)
but also by direct geodetic measurements (Vyskocil, 1973). The latter study not only proved the
general uplift of the whole area, but also the relatively stronger uplift of the bounding mountains, e.g.
the Sumava Mts. and Novohradské hory Mts., compared with the interior of the Bohemian Massif.
Furthermore, the uplift (0.2 mm/year) of the N and NE edges of the Budé&jovice Basin was mentioned

by Vyskodil (1973) and Popoting et al. (2013).

The present tectonic activity is also proved by seismic measurements. Although the Bohemian Massif
is intraplate and therefore a relatively calm area regarding seismic activity, relatively strong
earthquakes can be found through the history of measurement. The areas of the Cheb Basin and NE
Bohemia (Hronov-Pofici fault) are the most active ones, with measured or estimated events of ML 5.0,
which corresponds approximately to Mw 4.3 (Jakoubkova et al., 2017). However, smaller earthquakes
were also recorded in the other areas of the Bohemian Massif (e.g. Mw 2.1-2.5 in the Sumava Mts.
(IPE, 2014)). The history of measured seismic events is rather short but the studies of Stépancikova et
al. (2010; 2019) suggest there were Holocene earthquakes with an intensity of Mw ~ 6.5 in the area of
the Cheb Basin and the Sudetic Marginal Fault. Therefore, rather strong earthquakes within the area
of the Bohemian massif cannot be ruled out even in the time period of the Holocene.

On the basis of the numerous studies , it can be expected that there was rather intensive reactivation
(in the stress regime of NW-SE compression) of the older faults during the Pleistocene and (locally)
Holocene and that the tectonic activity had a strong influence on the terrain morphology and river

network geometry.

Methods

The topic of interactions between fluvial systems and tectonic activity is widely studied throughout the
world. A number of methods have been developed for studying such relationships and processes.
However, many of those methods can only be used in areas with strong recent active tectonics

(California, Alpine-Himalayan orogenic belt). Furthermore, some areas provide an opportunity to
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observe the morphology of the terrain without anthropogenic or vegetational influence, due to climate
or remoteness. Unfortunately, the Bohemian Massif — due to its location in Central Europe - does not
provide either of these advantages. The set of methods, which can be used under the conditions of the
Bohemian Massif, has to be carefully selected (also based on the methods used in similar intraplate
study areas throughout Europe — Jordan et al., 2005; Stépancikova et al., 2008; Troiani et al., 2008;
Font et al., 2010; Sté&pancikova et al., 2019. In addition, there was a focus on those methods that are
not only used for evaluating the effects of tectonics on the river systems but also on those methods,
which can locate the proposed places of tectonic activity based on the changes in the rivers’ geometry.
This ‘inverse’ relationship is very useful in areas where recent tectonic activity is not frequent and is

easily visible.

Throughout this study, several types of primary data are used. The basic topographic information,
necessary for morphotectonic analysis as well as other geomorphologic analyses (SL index,
hypsometric index, basin asymmetry, valley-floor ratio, mountain front sinuosity) and the longitudinal
and perpendicular profiles of water streams or fluvial deposits were obtained from the digital elevation
model (DEM), which was based on the basic topographic maps 1: 10 000 (CUZK, 2015) or Lidar
surveying (CUZK, 2017). Information on lithology and tectonic structure was obtained from the basic
geological maps (mostly scales of 1:50 000 or 1:25 000) of the study areas (Zoubek et al., 1963; Vejnar
et al., 1978a; Vejnar et al., 1978b; Vejnar et al., 1980; Mahel et al., 1984; Slaby and Holasek, 1992a;
Slaby and Holdsek, 1992b; Vrana and Holdsek, 1992; Vrana and Novak, 1993; Miiller et al., 1998; Seifert
and Straka, 1998; Adamova et al., 2001; CGS, 2003; Geologische Bundesanstalt, 2012), and were locally
specified by field survey. For the morphotectonic analysis the airborne geophysical data - gravimetry,
radiometry, magnetometry - were also used (CGS, 2015). Historical sources were used to repair some
faults in topographic maps or to avoid the anthropogenic influence on water streams. The historical
maps (JEPU and ME, 2014) and historical aerial photographs (MGHO, 2014) were used for these

adjustments.

To gain the SL index values from the selected streams, it is important to select the right source of
elevation data. For the area of Novohradské hory Mts., the digital elevation model (DEM), based on a
basic topographical map (Zakladni mapa CR 1:10 000 (CUZK 2006)) was used. The resolution of 10 x 10
m per pixel is optimal for such an area, because it is detailed enough, especially regarding the stream
geometry. However, in the case of the area of the Maridnské Lazné Fault, a more detailed DEM was
needed in order to carry out a more localized study of shorter water streams: a DEM based on aerial

laser surveying and measurement: LiDAR — pixel resolution <1 m (CUZK, 2017) was used.
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Most of the streams in the study areas were distributed in 100 m long reaches, where the SL index was
calculated. In some cases (shorter streams in the area of the MLF), they were distributed to 10 m

reaches to detect even small changes in the stream gradient/SL index values.

Morphotectonic analysis

In the Novohradské hory Mts. area, morphotectonic analyses were performed to localize the faults
and other tectonic structures, such as the main fracture zones or shear zones. The goal of the analysis
was to interpret a number of linear indications that could represent tectonic structures. Compared to
the area of the Marianské Lazné Fault, this analysis was necessary, because of the rather poor previous
knowledge of the tectonic structures in the area mentioned. The results of the analysis were validated
by a field survey that aimed to study structural geology and brittle tectonic deformations. Data for
tectonic analysis were obtained from several independent sources: a) geological and tectonic maps of
the study area (Mahel et al., 1984; Slaby and Holasek, 1992; Vrana and Holasek, 1992; Vrana and
Novak, 1993) b) airborne geophysical data (gravimetric, radiometric, magnetic survey) (CGS, 2015) and

¢) morphotectonic analysis made from the digital elevation model.
Stream-length (SL) index

The stream-length (SL) index is a simple, but very strong tool for evaluating the influence of tectonics
on the geometry and fluvial style of river systems. It was first used by Hack (1973), but the main
progress in this method has been come in recent years due to the wider usage of modern methods

such as remote sensing and geographical information systems.
The SL index can be calculated by the equation
SL=(AH/AL)Ldm

where (AH/AL) is the stream gradient and Ldm is the length of the stream reach between the stream

source and the middle of the measured part (see Fig. 3).

The SL index values react very sensitively to gradient changes in the stream, including lithological,
tectonic, hydrological, and even anthropogenic influences. Therefore, using the SL index for
geomorphological analyses is more precise than using the simple stream gradient values or stream
gradient profile. The anomalous (usually higher) values of the SL indexes and, in particular, sudden
changes in the index values indicate changes in the stream gradient. The origin of these changes can
be evaluated with the help of other sources or analyses (e.g., geological maps or morphotectonic
analysis). Therefore, it is often possible to determine whether the gradient changes have been caused

by tectonic effects or by some other factors. The presence of morphologically prominent tectonic
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linear indications or even documented tectonic faults in a place with SL index anomalies can indicate
the influence of tectonic movements on stream gradient with a high probability. However, the
sensitivity of the SL index can also be a disadvantage - the peaks of the SL index curve are very sharp
and local maxima can follow local minima very suddenly. It can be useful to use some statistical
methods to obtain more robust results — such as a moving average when evaluating SL longitudinal
curves. If just one stream is of interest, the SL index values can be represented by a single curve alone.
If a larger area and its possible tectonic activity is of interest, it is very useful to obtain SL values from
several neighbouring streams and make a grid — as in this study. A grid made from raw values can be
unsuitable for gaining results from places lying further from the streams. The use of some statistical

methods, such as IDW or Kriging, is necessary for interpolating values.

In many cases the raw data was rather unsuitable for subsequent analyses. It was necessary to repair
some values in those places that had been heavily influenced by anthropogenic activities (millraces,
dams, weirs etc.). The historical maps and historical aerial photographs (see above) were used for
these adjustments.

In the area of the MLF, the SL index values were processed in the form of curves along the longitudinal
stream profiles. In the area of Novohradské hory Mts. the SL index values were represented by
individual points along the streams and the Kriging method was used for interpolating the values
between those calculated points to also obtain the planar image of the possible tectonic effects studied

by SL index analysis.

Hypsometric index

The hypsometric index (Hypsometric Integral or Elevation/Relief Ratio - Wood and Snell, 1960; Pike
and Wilson, 1971; Scheidegger, 1987) is a value, which describes the relationship between the mean
and maximum/minimum elevation of the catchment area. This index can evaluate the particular area’s
rate of denudation, tectonic uplift and relief maturity. According to (Cheng et al., 2012), hypsometric
index values below 0.3 represent a mature and tectonically stable relief, while values over 0.6 usually
represent young, unstable and uplifting catchments. Carefully use of this index is necessary, because

of the influence the geological, tectonic and climatic effects have on its value.
The hypsometric index is calculated thus:
HI = (Emean - Emin) / (Emax - Emin)

Where Emean represents mean elevation of a basin, Emin represents minimum elevation of a basin

(outlet) and Enmqx represents maximum elevation of a basin (Pike and Wilson, 1971).
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In this study, the HI index was used in the area of the Novohradské hory Mts. as a supplementary
analysis to the measurement of the SL index. The Hl index is calculated for the area (basin), so it is not
able to give a more precise location of possible tectonic movements. However, it could be used as a
proof of SL index analysis (with spatially interpolated values) because it describes the characteristics
of an entire, larger area of river catchment and not only the character of the water stream. Through a
combination of these methods it is possible to locate the areas where tectonics affect the water stream

geometry and terrain morphology.
Basin Asymmetry

Basin Asymmetry is used for detecting tilting in the particular basin due to tectonic movements (Keller

and Pinter, 2002; Badura et al., 2007; Gutierrez, 2013). It is defined as:
Af = 100 (Ar/At)

where Ar is the area of the basin on the right side of the main stream, At is the total area of the basin.
A value of 50 indicates stability, whereas deviations from 50 suggest tilting (Gutierrez, 2013).

Moreover, the asymmetry suggests the direction of tilting.

The basin asymmetry analyses were used differently in both study areas. The basins of shorter streams
flowing westward down the fault slope were studied in the area of the MLF in order to investigate the
segments with recent tectonic movements and possibly to localize the trends of tilting along the MLF.
Then the drainage basins of the rather larger, main streams (Mal$e, Cernd, Stropnice, Svinensky,
Klensky, Keblansky, Pasinovicky) were surveyed in the study area of Novohradské hory Mts. - to get a
regional insight of possible tilting and uplift, to compare the streams to each other and to get a better

understanding of the evolution of the drainage system.
Cross sections and Valley floor ratio

In the area of Novohradské hory Mts., 27 cross sections across the valleys of water streams were made
during the survey to clarify the evolution of their drainage and, with the help of the valley floor ratio,

to evaluate the possible effect of the tectonic uplift on the river geometry.

The valley floor ratio (Burbank and Anderson, 2001; Keller and Pinter, 2002), was calculated along

these profiles as:
Vi = 2Vsn/[(Eig-Esc)+(Era-Esc)],

where Vsis valley floor width-to-height ratio; Vs is width of the valley floor, Ei; and E.q are elevations

of the left and right valley divides, respectively, and E. is the elevation of the valley floor.
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This index differentiates between broad-floored canyons, with relatively high Vs values, and V-shaped
valleys, with relatively low values. High Vf values are associated with a low uplift rates, so that the
streams cut broad valleys. Low values reflect deep valleys with actively incising streams, commonly
associated with uplift. This index is often measured on a number of parallel valleys cross cutting a

mountain front and therefore is used for evaluating possible uplift (Keller and Pinter, 2002).
Mountain-front sinuosity

The mountain front sinuosity index (Smf) was used in the area of the MLF as it is a tool for evaluating
the age of the tectonic activity and the uplift on the fault (Bull and McFadden, 1977; Burbank and
Anderson, 2001; Bull, 2007). The main idea is to compare the length of the mountain front (Lmf) with

a straight line (Ls):
Smf= Lmf/Ls

If the uplift has happened recently, the mountain front is straighter (= the index is lower). When the
tectonic movements are inactive for a longer time, fluvial erosion produces a sinuous mountain front
(= the index is higher) (Gutierrez, 2013). This tool is ideal for evaluating the tectonic activity along a

single long fault, as the MLF is.

Longitudinal profiles and stream gradient

Longitudinal profile analysis is a classical method for detecting the tectonic effect on a water stream
(Wheeler, 1979; Burbank and Anderson, 2001). The typical longitudinal profile of a mature, stable
water stream (a so called graded river) has a hyperbolic shape. Any divergence from this shape is an
indication of unstable conditions, however there are many factors which could influence the shape:
erosion base level, geological setting, hydrological setting, climate, tectonics (Burbank and Anderson,
2001; Keller and Pinter, 2002; Willet, 2006; Sougnez and Vanacker, 2011). Therefore, it is very difficult
to uncover the ruling factor affecting the particular water stream. However, the longitudinal profiles
can be compared between each other and it could be a strong lead for evaluating the evolution of
water steams or a particular catchment. Measurement of the stream gradient could be an additional
tool. Values of stream gradient were calculated on 100 m long reaches of a stream according to Keller

and Pinter (2002) as:

(Sg = AH/AL)
where Sg is the stream gradient, AH is the height difference along the reach; AL is the length of the
reach (100 m).
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The courses of longitudinal profiles as well as the stream gradient values were compared with the
lithological composition (CGS, 2003) to find the possible knickpoints and other places of changing

water stream geometry and therefore the tectonic influence.

In this study, it was mainly the longer water streams that were analysed regarding their longitudinal
profiles for an evaluation of the catchment and terrain evolution at the regional scale. However, in the
area of the MLF, the analyses of the shorter streams flowing down the fault slope also helped to
delineate different segments of the MLF, in combination with other methods, such as mountain-front

sinuosity and basin asymmetry.

Fluvial deposits occurrences and longitudinal profiles

To get the first ideas about the evolution of the stream network and the possible effect of tectonics,
the occurrences of fluvial deposits were mapped in both study areas.

The outcrops of the various Neogene and Quaternary deposits were mapped using sources from
previous studies and maps (Mayer, 1959; Kratka, 1966; Brezinova et al., 1963; Puchta and Volsan, 1965;
Zebera, 1967; Chabera and Novak, 1975; Svéra, 1981; Novak, 1983; Bezvoda et al., 1983; Kroupa, 1984;
Mabhel et al., 1984; Bittman et al., 1985; Bouska and Konta, 1990; Slaby and Holasek, 1992a; Slaby and
Holasek, 1992b; Vrana and Holasek, 1992; Vrana and Novak, 1993; Nesrovnal et al., 1995; €GS, 2003;
Homolova et al., 2012) and locally extended and corrected by field survey.

The longitudinal profiles of fluvial deposits (especially in the area of the Novohradské hory Mts.) of
various ages were reconstructed on the base of DEM and were compared to each other
morphostratigraphically, based on their elevation above the current flood plain — using a similar
principle as in many other studies from the Bohemian Massif (Balatka and Sladek, 1962; Novak, 1983;
Tyracek, 2001; Tyracek et al., 2004; Balatka and Kalvoda, 2010).

Based on the morphostratigraphical position of the fluvial deposits, it is possible to reconstruct the
evolution of the river geometry through the Pliocene-Pleistocene. Dating these deposits is rather
difficult (range of methods, inappropriate condition of deposits, etc.). However, there are several
studies (Bfezinova et al., 1963; Sevcik et al., 2007; Homolova et al., 2012, Teodorodis et al., 2017;
Stépancikova et al., 2019) where proper dating was done by different methods and those dated

deposits can be fixed and assigned to others that are morphostratigraphically defined.
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Discussion and results

Evaluation of methods used

As was mentioned in the ‘Methods’ section, a set of independent techniques and methods was used
in both areas to study the interactions between water stream and tectonic activity. The applicability
of particular methods is discussed in detail in the individual chapters; however, it is necessary to
evaluate the methodical set as a whole and across both study areas. The particular methods were
selected to make an evaluation between each other and also for an evaluation by a field survey where

possible and necessary.

The first step was to delineate promising tectonic structures that can affect fluvial systems. The
situation was different in both study areas, because, in the Western Bohemia area, there was only one,
especially remarkable, distinct and previously mapped tectonic structure, the Maridnské Lazné Fault.
The area of the Novohradské hory Mts. had to be surveyed by morphotectonic analysis before
subsequent research, because this area was not mapped in detail. The results of morphotectonic
analysis were validated by a field structural survey and show a generally satisfactory fit. On the basis
of the field structural analysis, mapped faults, and remote sensing analysis, a significant concordance
in the orientation and frequency of faults and lineaments has been found. The combination of analyses
of remotely sensed data (DEM, airborne geophysics) is therefore a very robust and reliable way to
identify the brittle tectonic structures in areas with no previous survey. However, a thorough field
survey is necessary in order to eliminate linear structures in the rocks such as lithological boundaries,

fold axes, cleavage or foliation.

The SL index analysis was used in both study areas as an important indicator of tectonic activity (see
‘Methods’) as it can be more focused than other methods and is easily connected to a particular
tectonic indication or fault. As the characteristics of the water stream are different throughout both
study areas, the focus was on sudden and remarkable changes in SL index values, rather than its
absolute values. These sharp peaks in the SL index values can be found e. g. along the west flowing
short streams in the central part of the Marianské Lazné Fault (for details see Chapter 1, section 4.4.2)
and also along some bigger streams in the same area (Chapter 1, section 4.4.1) and in the area of the
Novohradské hory Mts. (Chapter 2, section 4.1). The results from the area of western Bohemia are a
good fit with the results of other methods used in the same area: the results of mountain-front

sinuosity, basin asymmetry and longitudinal profiles suggest the youngest tectonic activity is along the
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same segments and in the same areas along the Maridnské Lazné Fault. the results of the study by
Stépancikova et al. (2019) are also very important as they have directly interlinked the SL index
measurement with methods of applied geophysics, paleaoseismology and dating in the NW part of the
Maridnské Lazné Fault. The study proved the presence of recent active tectonics (as did e.g. Halpaap
et al., 2017; Svancara et al., 2008) and also proved the reliability of using the SL index analysis.
Therefore, the results of SL index analysis and also the analysis of mountain-front sinuosity, basin
asymmetry and longitudinal profiles performed along the Maridnské Lazné Fault as a part of this thesis
seem fairly reliable. The area of the Maridnské Lazné Fault is very valuable, because of the mentioned
possibility of testing various remote sensing geomorphological methods with relatively easy
verification based on the many previous studies focused on various topics of field survey.
Furthermore, similar methods — SL index or mountain-front asymmetry were also used by Badura et
al., (2007), Stépancikova et al., (2008), Tschegg and Decker (2013) or Popotnig et al. (2013) in the
various areas of the Bohemian Massif with very similar results. Therefore, a significant reliability of the
results obtained could also be expected in the area of the Novohradské hory Mts. Nevertheless, at
least a partial verification of the results from remote sensing geomorphological methods using a field
survey (e. g. applied geophysics, structural geology measurements) is crucial for a full understanding

of tectonic activity in the particular area.

The interconnection of results between the relatively well-known and well-surveyed area, Western
Bohemia, and the relatively unknown one, Southern Bohemia, shows that the set of methods used can
also be successfully applied in other similar areas in the Bohemian Massif and other intraplate areas.
It is possible to use the aforementioned methods for studies similar to this thesis, but also — at least
partially and at a rough scale — for seismic hazard assessment in those areas, where the other data
sources are limited, but where Pleistocene tectonic activity could be expected (actually large parts of

the Bohemian Massif area).

In the ideal case, the methods used could be complemented by some dating methods. The precise
dating can pinpoint the tectonic activity ,not only spatially, but also temporally. Unfortunately, many
dating methods cannot be used in intraplate areas like the Bohemian Massif (e.g. direct dating of the
active fault planes). Therefore, some of the indirect dating methods must be used. In the case of
Holocene tectonic activity, it is possible to use palaeoseismological methods (St&panéikova et al.,
2019). However, as concerns this study, the palaeoseismological methods are probably limited to the
area of the Maridnské Lazné Fault, as no significant Holocene tectonic activity is expected in the area
of the Novohradské hory Mts. Generally, any significant tectonic activity within the area of the
Bohemian Massif typically took place during the (late) Pliocene and Pleistocene (St&pancikova et al.,

2008; Tyracek and Havli¢ek, 2009; Balatka and Kalovoda, 2015; Spacek et al., 2017; Stépancikova et al.,
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2019). Thus, it is necessary to select another method than those aforementioned for this time period.
The dating of fluvial terraces appears to be a suitable method because it can clarify the details
regarding the stream networks’ evolution and the effect of tectonics. Although there are many suitable
deposits for dating within the two study areas - as well as within the entire Bohemian Massif — the
biggest issue is the age of these deposits’ origin. Many of them, as well as the proposed tectonic
movements which could have influenced them, originated in the late Pliocene or early Pleistocene.
This time period is beyond the range of many dating methods (e.g. OSL or *C). One possible solution
is to use cosmogenic nuclides dating methods (e. g. °Be), which can be used for similar localities and
deposits (although mostly significantly younger — Popotnig et al., 2013; Schaller et al., 2016a; Schaller
et al., 2016b; Stor et al., 2019). One of the goals of this study is the preselection of those localities

suitable for such dating and also for the subsequent palaeoseismological survey.
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results of the geoelectric methods (profiles P1 and P2 by ERT (Electrical resistivity tomography, square field by

the DEMP (Dipole ElectroMagnetical Profilation)) clearly shows the course of the fault.

The use of the aforementioned methods in this study can pinpoint a location for subsequent dating in
terms of the most suitable place regarding its position relative to tectonic structures. The planned
outputs of dating methods can make the results of this study more precise with respect to the
evolution of the stream network over time and their interactions with the tectonic processes. In the
area of the Marianské Lazné Fault, the very promising — but still poorly surveyed — locality of Nova

Hospoda (Fig. 5 and also see Chapter 1, section 4.4.2 and Figs. 11, 12 and 13) was selected. Based on
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the results obtained, recent — probably Holocene — tectonic activity is fairly probable. Currently, the

new geophysical research is taking place and the palaeoseismological trenching is being prepared.

Likewise, several localities for the future dating of fluvial deposits were selected in the area of the
Novohradské hory Mts. (Vrabce, Byriov, Trhové Sviny, Rychnov n/M and Rimov, for map see Chapter

3, Fig. 3).

Reaction of the fluvial systems to tectonics

The results of the individual chapters of this thesis suggest that the recent tectonics - Plio-Pleistocene
and probably Holocene - have had a significant impact on the fluvial systems and water stream
geometry (Chapter 1, sections 4.3, 4.4 and 5.2; Chapter 2, sections 4.1, 4.3, 5.1, 5.4; Chapter 3 sections
6 and 7.4). The methods used in this thesis for localizing possible localities or areas with tectonic
activity are partially based on the measurement of the river geometry changes; therefore, it must be
expected that a significant interlink between tectonic activity and fluvial systems exists in the study
areas. The effects of lithology, hydrology, and anthropogenic influence on the water streams cannot
be ruled out completely, but a combination of these factors with the influence of tectonic activity leads
to similar results in both study areas. Similar processes can also be expected in the other areas of the
Bohemian Massif because of the similar lithological composition, tectonic evolution and activity in the

late Cenozoic.

Naturally, the tectonic processes could not be identical across both study areas (and some other places
within the Bohemian Massif). Although having very similar lithotectonic conditions, there are certainly
some differences — at the very least caused by the presence of a single, large, prominent tectonic
structure in the area of Western Bohemia compared to the rather complex situation of several fault
systems in the area of Southern Bohemia. According to the results of Chapter 1 (section 4) and the
results of various previous studies (Peterek et al., 2011; Fischer et al., 2012; Halpaap et al., 2017;
Jakoubkova et al., 2017 Blecha et al., 2018; Stépancikova et al., 2019), the tectonic activity along the
Maridnské Lazné Fault has taken place more recently, and perhaps more intensively compared to the
situation in Southern Bohemia. Analyses of the SL index or longitudinal profiles of the water streams
and fluvial deposits (and partially the basin asymmetry analysis) suggest that a significant role was
played by tectonically induced uplift in both study areas. It could be hard to distinguish the effect of
local uplift connected to a particular tectonic structure (e.g. the Maridnské Lazné Fault) and the
regional uplift of the Bohemian Massif as a whole (as suggested by Vyskocil, 1973; Chabera, 1985;
Tyracek and Havlicek, 2009). Anomalies in the longitudinal profiles of particular streams (MZe, Kosovy,

Radbuza etc. (see Chapter 1, section 4.3.1) or in the SL index (see Chapter 1, section 4.4) in the area of
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Western Bohemia; MalSe, Svinensky, Stropnice etc. in the area of Southern Bohemia (see Chapter 3,
section 6.4 for profiles and Chapter 2 section 4.3 and 5.2 for SL index), however, suggest that both
areas have gone through an uneven uplift of the individual tectonic blocks during the Plio-Pleistocene.
In the area of Western Bohemia, the hilly areas of the Slavkovsky les Mts. And the Plaska pahorkatina
Hilly Land have been relatively uplifted along the Marianské Lazné Fault, compared to the relatively
flat subsiding Cheb Basin and Cheb-Domazlice Graben (Chapter 1, Fig. 2). Similarly, in the area of
Southern Bohemia, the ridges of the Novohradské hory Mts., Slepic¢i hory Mts., Poluska and LiSov Horst
have been relatively uplifted compared to the Ttebon and Budéjovice Basins and Kaplice Graben

(Chapter 3, Fig. 2).

Accepting the idea of a tectonic influence on the river systems and their geometries, it is also important
to realize that the tectonic activity has varied in its intensity, timing, and space during the Plio-
Pleistocene period. The signs of this variability can be seen from the results of Chapter 1 (sections 4
and 5.1), when an uneven uplift along the Marianské Lazné Fault is suggested. Furthermore, the
longitudinal profiles of fluvial deposits suggest uneven rates of tectonically induced river incision
(Chapter 1, section 4.3 or Chapter 3 section 6.4). It is very likely that the varying tectonic activity has

significantly influenced the shape and evolution of the river networks in both study areas.

Is it possible to reconstruct the Plio-Pleistocene evolution of particular river networks in the Bohemian
Massif? Naturally, it is very difficult without precise, absolute dating of the fluvial deposits (which are
often only poorly preserved) and the tectonic faults (which are often impossible to date in the
lithological, climatic, etc. conditions of the Bohemian Massif). However, it is possible to get at least a
general idea based on careful use of the morphostratigraphy of fluvial deposits and an analysis of the

river geometry-tectonic structures’ relationships.

Promising knickpoints, changes in stream gradient, SL index, and general stream orientation were
located in this study — such localities could be signs of important changes during the evolution of the
river network. In the area of the Novohradské hory Mts., the gradient and orientation changes of the
Malse River near Rychnov n/M and the Stropnice and Svinensky streams near Trhové Sviny, Jilovice
and Borovany were in focus (Chapter 2, section 4.2 and 5.3). In the area of Western Bohemia, the
whole river network of the MzZe River was in focus, especially the Kosovy, Hamersky and Mze stream
near their crossing with the Maridnské Lazné Fault (Chapter 2, sections 4.3 and 4.4). The changes of
geometry could be influenced by a number of individual factors (see above). However, those particular
localities lay on the crossing, or very near the crossing of a water stream and a prominent tectonic fault
—the Rychnov Fault, the Kaplice Fault, the Stropnice Fault (Chapter 2, Fig. 1 and Fig. 5) or the Marianské
Lazné Fault (Chapter 1, Fig. 1 and Fig.2), see also Spacek (2021). Therefore, it is highly likely that the
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geometry changes were induced by tectonic activity. Geomorphological analyses (see above
‘Evaluation of methods used’) have provided a strong indication of the existence of recent tectonic
activity, so its effect on the evolution of the river network during the Plio-Pleistocene is very probable.
It is not possible to date the particular tectonic movements that influenced the rivers’ geometries.
However, the results from the area of Western Bohemia, suggest that the movement (mainly uplift)
has not been a single tectonic event or gradual slow regional uplift, but rather a temporally segmented
tectonic activity along the Marianské Lazné Fault. This could have significantly affected the evolution
of the Mze River network (Chapter 1, section 5.2) as the particular streams have breached the fault
slope at different times. These events have led to a change in the geometry of the river network, which
is further supported by the occurrence of fluvial deposits of various age throughout the area (Balatka
and SLadek, 1962; Pesek, 1972; Teodoridis et al., 2017). According to many similarities in the
lithotectonic conditions and results, it can be expected there will be similar principles in the evolution
of the river network in the area of the Novohradské hory Mts., although the tectonic structure is much

more complex there (Chapter 3, section 7.4).

Generally, the results of this thesis suggest the Plio-Pleistocene tectonic activity had a strong influence
on the geometry and evolution of water streams in the study areas. Naturally, lithology and other
factors have certainly played their role, but it seems that the main factor, which affects the river

networks in their complexity, has been tectonic activity (mainly uplift).

However, to get an evolution of the overview of the river network’s evolution, it is necessary to also
add a time scale. The ideal way to solve the evolution of the river network is to date the fluvial deposits
(see section ‘Methods’). However there is a general lack of absolute dating for fluvial deposits in the
area of the Bohemian Massif (see section “Distribution and origin of late Cenozoic fluvial deposits in
the Bohemian Massif“). The morphostratigraphical relationship between particular fluvial deposits
was used in this thesis (as well as in many previous studies — Balatka and Sladek, 1962; Chabera and
Novdk, 1975; Novak, 1983; Tyracek and Havlicek, 2009; Balatka and Kalvoda, 2010; Balatka and Kalvoda
2019, Balatka et al., 2019). Although this method has its limits (see sections ‘Distribution and origin of
late Cenozoic fluvial deposits in the Bohemian Massif’ and ‘Methods’), it is often the only way to date,
at least generally, the steps in the evolution of a river network. The results obtained in individual
chapters (Chapter 1, section 5.2; Chapter 3, sections 6.3, 6.5) show a fair concordance with the
previous studies focused on morphostratigraphical dating (Balatka and SLadek, 1962; Chabera and
Novak, 1975; Novak, 1983; Havli¢ek and Tyracek, 2009; Popoting et al., 2013), but also with the studies
that dated the fluvial deposits absolutely (Bfezinova et al., 1963; Sev¢ik et al., 2007; Popotnig et al.,

2013; Spacek et al., 2017; Teodoridis et al., 2017). Therefore it is possible to come to a hypothesis
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regarding the river networks’ evolution over time, however, the final proof can only be done with

absolute dating.

The distribution pattern is different for the fluvial deposits from the mid- to late Pleistocene in both
study areas. Their localities differ in areal localization and also in the elevation above the present flood
plain. The occurrences in different places are signs of the changes in stream section orientation or
changes in the incision rate that have happened during the Pliocene-Pleistocene — also some previous
studies have suggested this (Novak 1983; Chabera et al., 1985; Bridgland and Westaway, 2008; Tyracek
and Havlicek, 2009 and others see above). The differences are clearly visible when comparing the
position of the Pliocene (e.g., Koroseky sand and gravel) and the fluvial deposits of the Middle and Late
Pleistocene along the MalSe River ( Chapter 3, sections 6.3, 6.5, 7.1, 7.2, 7.3), or the position of the
Pliocene VildStejn Fm. and the terraces of the Middle and Late Pleistocene along the Mze River
(Chapter 3, section 5.2). Still, there is an unanswered question: aren’t those deposits - traditionally
assigned to the Pliocene - actually younger, early Pleistocene? Many studies (Bouska, 1992; Tyracek
and Havlicek, 2009; Balatka and Kalvoda, 2010), have suggested that, however a final answer cannot

be given without detailed, spatial absolute dating.

Nevertheless, this thesis suggests that, in the period of the Middle Pleistocene or shortly before it, the
drainage pattern, water streams geometry, and incision rate changed significantly in both study areas;
also, it suggests that the main influencing factor was tectonic activity (mostly uplift). On the other
hand, the main change of the drainage direction in the area of the Bohemian Massif suggested by
Malkovsky (1975) and assigned to the Late Pliocene, had probably happened earlier (Early Pliocene?).
Malkovsky (1975) suggested Pliocene drainage through the Cheb-Domazlice Graben to the north, and
from the Budéjovice and Tfebor Basins to the south. Based on the occurrences of VildStejn Fm.
(Chapter 1, section 5.2) and Koroseky sand and gravel (Chapter 3, section 7.4), their longitudinal
profiles and their relationship to present water streams etc. It appears that the general drainage
direction in the late Pliocene was similar to the direction in the middle/late Pliocene or present. The
drainage suggested by Malkovsky (1975) could certainly exist, but since that time (Early Pliocene?) the
drainage pattern, water streams and their geometries have undergone significant changes to the Late
Pliocene/Early Pleistocene status and then to the Late Pleistocene/present status. Both changes have
probably been caused mainly by tectonic activity, as often mentioned by previous studies (Chabera et
al., 1985; Bridgland and Westaway, 2008; Tyracek and Havlic¢ek, 2009). It is not definitively a final proof
of this hypothesis. The thesis has aimed at making the dating of the tectonic processes and fluvial
changes more precise, and the results can be used for pinpointing the right localities for absolute
dating and finishing the puzzle. Also, it can be a hint for solving similar issues in other areas of the

Bohemian Massif.
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Abstract

The Marianské Lazné Fault (western Bohemia, CZE) is a morphologically, geologically and tectonically
prominent structure that is 150 km long with an NNW-SSE orientation. Its tectonic activity, especially
in the NW part and in the neighbouring Cheb basin, is well known and has been proven by present-day
earthquake swarms, mantle-derived CO, emanations, geophysical and paleoseismological research. It
seems that other parts of the MLF (especially segments of NNW-SSE and N-S orientation) might also
have been active during the Pleistocene, possible even in the Holocene. This study provides a robust
set of morphometric analyses — mountain-front sinuosity, basin asymmetry, longitudinal stream
profiles, SL-index, which assesses the possibility of recent tectonic activity. The results suggest that the
activity of the central and southern part of the MLF could have been very young. A reconstruction of
the evolution of the stream network of the MZe River, as a result of different timing of the activity of
particular segments of the MLF, is also put forward. The first ideas about the evolution of terrain
morphology and the stream network are proposed by this study, however subsequent field research
(geophysics, paleoseismology) could prove and date the tectonic activity. The delineation of segments

with young activity may also have a great implication for seismic hazard assessment.
Keywords: neotectonics, mountain front sinuosity, basin asymmetry, stream network, Bohemian Massif

1. Introduction

The Marianské Lazné Fault (MLF) is a structure in western Bohemia (Czech Republic), which is about
150 km long and has a prevailing orientation of NNW-SSE (see Fig. 1). Its prominence can be seen both
in the geology and terrain morphology (Fig. 1 and Fig. 2). The fault itself was formed during the Variscan
orogeny 380 - 300 Ma (Pitra et al., 1999) and it separates the main geological units building the
Bohemian Massif — Moldanubian, Saxothuringian and Tepla-Barrandian (Fig. 1). The fault was
reactivated several times during the Cenozoic, the last reactivation is of Neogene age and persists to
this day (Svancara et al., 2008; Fischer et al., 2012). It controls significant effects in the terrain

morphology such as a mountain front fault scarp that is up to 300 m high. The study area is also famous
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for its Pleistocene volcanic activity (Ulrych et al., 2011, 2013), mineral springs, mantle-derived CO;
emanations (Fischer et al.,, 2017) and the present-day earthquake swarm activity which are still
observed (Fischer et al., 2014; Jakoubkova et al., 2017; Sté&panéikova et al., 2019). Due to these
manifestations, the NW part of the MLF is considered to be the youngest as concerns tectonic activity
(Sté&panéikova et al., 2019). The age of tectonic activity along the rest of the MLF has not been studied

in detail yet, but it is considered to be of Miocene-Pliocene age (Spi¢akova et al., 2000).

In this study morphometric methods were used (mountain front sinuosity, basin asymmetry, water
stream longitudinal profiles, stream-length index) to evaluate the intensity and possible relative age
of the tectonic activity along the MLF. The results suggest that the activity could have been younger
than Miocene-Pliocene - possibly Pleistocene - and most intensive in the central part of the MLF. This
uneven tectonic activity, mainly uplift, in particular segments of the MLF could have influenced the
evolution of the local stream network. Here a possible reconstruction of the stream network evolution

is put forward.
2. Geological and geomorphological setting
2.1. Geological setting

The Maridnské Lazné Fault is a tectonic structure, which is located in the western part of the Bohemian
massif in the Czech Republic (for location see Fig. 2). The MLF limits several geological units which have
often undergone different geological processes. Therefore, their geological history and lithological
structure is very variable (see Fig. 1). There is the Saxothuringian unit in the NW, the Moldanubian unit
inthe W and S, the Tepla-Barrandian unit in the eastern part of the study area and the Marianské Lazné
complex between those units. Some of these crystalline rocks can be overlaid by the tertiary

sedimentary units of the Cheb basin (MI¢och and Skacelova, 2009).

The Saxothuringian crystalline rocks are present along the NW part of the MLF and they also underlay
the sedimentary infill of the Cheb basin. These rocks are originally of Proterozoic and Cambrian age;
however, they were intensively metamorphosed during the Variscan orogeny, 360 - 330 Ma (Ml¢och
and Konopasek, 2010). Paragneisses, schists and orthogneisses are the most frequent rock types in this
unit. However less metamorphosed phyllites of Ordovician age can also be found, especially along the
fault in the segments a and b of the MLF (Fig. 2; Chlupdc et al., 2002). The Marianské Lazné complex is
a specific lithological unit of highly metamorphosed rocks, which have probably infilled the suture
between the Saxothuringian unit and the Tepla-Barradian unit — the two former microcontinents
amalgamated during the Variscan orogeny (Ml¢och and Konopasek, 2010). It is composed of mafic and
ultramafic rocks: serpentinized peridotite on the basement and sets of amphibolites, eclogites and

metagabbros in the upper part (Chab et al., 2008).
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The Tepla-Barrandian unit is less affected by Variscan metamorphosis than the others, however, the
parts along the MLF are more intensively metamorphosed than the rest of this unit as the intensity of
metamorphosis rises towards the NW. Phyllites, schists and paragneisses can be found along the fault

(Chlupac et al., 2002).

The Moldanubian unit is composed mostly of Variscan metamorphosed rocks like paragneisses,
orthogneisses and migmatites. The granitic intrusions are also presented in the study area of pre-

Variscan or Variscan age (Chab et al., 2008).

The MLF bounds the Cheb Basin in the NW, which is a half-graben and originated on the crossing of
distinct tectonic features: the ENE trending Eger Rift and Cheb-Domazlice Graben (NNW-SSE). The
thickest sedimentary infill (up to 400 m) of the basin is located in its eastern part controlled by the
MLF. The oldest deposits in the basin involve sands, gravels and clays of upper Eocene age (the
Starosedelské and Novosedelské Formations) overlaid by sets of coal seams, clays, sands and
volcanoclastic (Oligocene and Miocene Sokolov formation; Spi¢akova et al., (2000)). The uppermost
part of the Miocene deposits is represented by the Cypris Formation, which contains typical greenish
clays and claystones (Chlupac et al., 2002). The Vildstejn formation of Pliocene/Pleistocene age is the
youngest member of the basin’s sedimentary infill. This formation is composed of fluviolacustrine
sands, gravels and clays and it is not present only in the Cheb basin, but also in several relicts in the

Cheb-Domatzlice Graben along the MLF (Pesek, 1972; Teodoridis et al., 2017).
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Fig. 1: Simplified geological map of the surroundings of the MLF (based on Zoubek, 1963; Vejnar et al., 1978;
Vejnar et al., 1978b; Vejnar et al., 1980; Mahel et al., 1984; Miller et al., 1998; Seifert et al., 1998 Adamova et
al., 2001).
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2.2. Geomorphological setting

The Marianské Lazné Fault (MLF) is a NNW-SSE trending, morphologically prominent structure, more
than 150 km in length (see Fig. 2). According to Pitra et al. (1999) the fault zone originated in the late-
Variscan (380—-300 Ma) as a normal fault with a dextral component. The normal character of the fault
zone controlled the formation of the Cheb basin from the late Eocene until the Pliocene (Spi¢akova et
al., 2000). However, the MLF is remarkable mainly due to its Quaternary activity. During the
Pleistocene, the wider area of the MLF also witnessed the latest volcanic processes in the Bohemian
Massif — the activity of the Komorni Hlirka and Zelezna Hiirka volcanoes and Mytina maar (e.g. Ulrych
et al.,, 2011, 2013). Balatka et al. (2019) inferred the tectonic uplift along the MLF (10-15 m) also from
the truncated Pleistocene fluvial terraces of the Ohte River in the Cheb Basin. The Holocene activity of
the MLF, even with surface rupturing, was documented by displaced sediments along the NW part of
the MLF (Stépancikova et al., 2019). The activity of this part of the MLF has continued until today and
it overlaps with the West Bohemia/Vogtland earthquake swarm region (Fischer et al.,, 2014;
Sté&pancikova et al., 2019). Earthquakes have been registered since the Middle Ages, the strongest one
in the instrumental era gives an upper magnitude estimate of the West Bohemia/Vogtland swarms of
M. 5.0, which corresponds approximately to Mw 4.3 (Jakoubkova et al., 2017). In addition, numerous
mineral springs and mantle-derived carbon-dioxide emanation were documented from the
surrounding of this part of the MLF (Weinlich et al., 1999; Brauer et al., 2005; Fischer et al., 2017). The
NW part of the MLF is probably the most and best studied area of recent tectonic activity in the
Bohemian Massif.

The morphological evidence of the MLF in the terrain can be traced for as long as 120 km. A well-
expressed escarpment, which is from 50 to 400 m high, is visible along almost the entire fault (Fischer
et al., 2012). The highest fault scarp can be found in the central part of the fault, near Lazné Kynzvart.
The fault became less morphologically distinct towards both ends, the north-western near Plauen (in
Germany) and the south-eastern near HorSovsky Tyn. However, the character of the fault escarpment
varies in different parts of the MLF, it is possible to observe different grades of tectonic facets
evolution, water stream erosion etc. This can indicate a complicated tectonic history and possibly the
difference in age and rate of the tectonic movements in the particular segments of the MLF (Badura
et al., 2007; Svancara et al., 2008). The MLF separates two distinct types of relief (Fischer et al., 2012):
higher terrain on the eastern side and lower on the western. The crossing of the MLF with the Eger Rift
is the only part of the fault where the relatively flat terrain is present on both sides of the MLF. The
lower relief is represented by the flat terrain of the Cheb basin, or by the gently hilly relief of the Cheb

- Domaizlice Graben. The uplifted eastern part is represented by the Krusné hory Mountains in the NW
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part of the fault, the very rugged terrain of the Slavkovsky les highland in the central part and the
rather gentle terrain of the Plaska hilly land (Balatka and Kalvoda, 2006; Bina and Demek, 2012).

A

‘ ,7'{ ¥

1 Water stream (see text)
% Town
f MLF segment (see caption)

j&
0 5 10 Km
L I

Fig. 2: Terrain overview map of the MLF. Names of the streams: 1 — Ohfe, 2 — Kosovy, 3 — Hamersky, 4 — Mze, 5
— Vyrovsky, 6 — Uhlavka, 7 — Radbuza. Please note the coding of the MLF segments by letters (further used
through the text).
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3. Data and methods

3.1. Data

Several types of primary data were used during this study. The basic topographic information for
calculating morphometric indices was obtained from the digital elevation model (DEM), which was
based on aerial laser surveying and measurement: LiDAR — resolution <1 m (CUZK, 2017). The
information about the lithology and tectonic structure was obtained from basic geological maps of the
area (Zoubek, 1963; Vejnar et al., 1978; Vejnar et al., 1978b; Vejnar et al., 1980; Mahel et al., 1984;
Miller et al., 1998; Seifert et al., 1998 Adamova et al., 2001), and were locally specified by field survey.
Historical sources were used for correcting some faults in topographic maps or for avoiding the
anthropogenic influence on water streams. The historical maps (JEPU and ME, 2014) and historical

aerial photographs (MGHO, 2014) were used for those adjustments.
3.2. Mountain-front sinuosity (Smf)

The mountain front sinuosity index (Smf) (Bull and McFadden, 1977; Burbank and Anderson, 2001;
Bull, 2006) is a tool for evaluating the maturity of the tectonic activity and uplift along the fault. The

main idea is to compare the length of the mountain foot (Lmf) with the straight line (Ls).
Smf= Lmf/Ls

When the uplift is a recent occurrence, the mountain front is straighter (= the index is lower). When
the tectonic movements are inactive for a longer time, the fluvial erosion produces the sinuous
mountain front (= the index is higher). However, other factors like rock resistance should be evaluated
as they can influenced the values of the Smf (Gutierrez, 2013). The MLF was divided to 17 segments,
based on the orientation of the fault and natural breaks in the fault slope (valleys of longer, east-
flowing streams). The measurement of the Smf also helped divide the MLF into the particular segments
based on the Smf values. These segments can be further compared to each other regarding Smf, but

also regarding the results of the other methods used.

3.3. Stream-length (SL) index

The SL index (Hack, 1973) can be calculated by the equation
SL=(AH/AL)Ldm,

where (AH/AL) is the stream gradient and Ldm is the length of the stream reach between the stream

source and the middle of the measured part (see Fig. 3).

The values of the SL index react very sensitively to gradient changes of the stream, including

lithological, tectonic, hydrological and even anthropogenic influences. However, the sensitivity of the
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SL index can also be a disadvantage — peaks of the SL index curve are very sharp and local maxima can
follow local minima very suddenly. It is useful to use some statistical methods to obtain robust results
—such as moving the average when evaluating the SL longitudinal curves, as was done here.

Drainage
divide Ldm
<

SL = (AH/AL) x Ldm

gndpomt

Stream mouth

—

Fig. 3: Calculation of SL index (according to Hack, 1973)

To successfully obtain the SL index values from the selected streames, it is important to select the right
source of elevation data. The digital elevation model (DEM) based on LiDAR data was used in this study.
The resolution of the DEM was 1 m, which is optimal for such a study, because it provides enough

detail, especially regarding the stream geometry.

The longer, east-flowing streams (Kosovy, Hamersky, Mze, Vyrovsky, Uhlavka, Radbuza, see Fig. 2)
were distributed to 100 m long reaches, where the SL index was calculated. The shorter, streams were
distributed to 10 m reaches in order to detect any of the small particular changes in the SL index at a
smaller scale. However, the raw data was rather unsuitable for the subsequent analyses. It was
necessary to modify some values in those places, which were influenced by anthropogenic activities
(millraces, dams, weirs etc.). The historical maps and historical aerial photographs (see section 3.1.)
were used for those adjustments.

The SL index values were represented by longitudinal curves along the stream profiles and were

smoothed by the moving average method (10 values).

The streams situated to the N from the Ohfe River were surveyed by previous studies of Stépancikova

et al. (2019), where the SL index values were obtained and the results were considered in this study.
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3.4. Basin Asymmetry (Af)

Basin Asymmetry is used to detect tilting in a particular basin due to tectonic movements (Badura et

al., 2007; Gutierrez, 2013):
Af = 100 (Ar/At)

Ar is the area of the basin of the right side of the main stream, At is the total area of the basin. A value
of 50 indicates stability, whereas deviations from 50 suggest tilting. Moreover, the asymmetry suggests
the direction of tilting, however the effect of lithology (strata dip) should be evaluated (Gutierrez,
2013). The asymmetry in the study area was surveyed in the drainage basins of the smaller, west-
flowing streams running down the fault slope. In all, 243 basins were tested in order to find a possible

regional trend of titling along the MLF.
3.5. Longitudinal profiles

Longitudinal profile analysis is a traditional method for detecting a tectonic effect on a water stream
(Wheeler, 1979; Burbank and Anderson, 2001). The typical longitudinal profile of a mature, stable
water stream (a so called graded river) has a smooth concave shape. Any divergence of this shape is
an indication of unstable conditions, however there are many factors which could influence the shape:
erosion base level, geological setting, hydrological setting, climate, tectonics (Burbank and Anderson,
2001; Keller and Pinter, 2002; Willet, 2006; Sougnez and Vanacker, 2011). Therefore, it is very difficult
to find out the ruling factor affecting a particular water stream. However, the longitudinal profiles can
be compared between each other and it could be a strong lead for evaluating the evolution of water

steams or a particular catchment.

In this study, two groups of water streams were investigated separately: longer, east-flowing streams,
which head towards the fault scarp where they cut it by antecedent valleys (Kosovy, Hamersky, Mze,
Vyrovsky, Uhlavka, Radbuza); and shorter streams (243 streams) up to 10 km long, flowing down the
fault slope, generally from E to W. The analyses of the longer streams were used to evaluate catchment
and terrain evolution at the regional scale, the analyses of the shorter streams helped to delineate
different segments of the MLF, in combination with other methods such as mountain-front sinuosity
and basin asymmetry. The Ohre River is one of the main streams crossing the fault from W to E, flowing
through the Cheb basin. Its evolution and tectonic control have been studied by e.g. Ctyroky, (1996)
and Balatka et al., (2019). As it is also influenced by tectonic processes in the Cheb basin and Eger

Graben, it is not comparable with the other streams mentioned and has not been used in this study.
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Fig. 4: Detailed map of the central part of the MLF. Area around Bor is enlarged on Fig. 11. Names of the streams:
1 — Cernosinsky, 2 — Kosovy, 3 — Hamersky, 4 — Mze, 5 — Sedliétsky, 6 — Uhlavka, 7 — Vyrovsky, 8 — Lukavicky, 9 —
Vesky, 10 — Sarka, 11 — Lomsky. Note the proposed past course of the Sedlistsky stream (see section 5.2, Fig. 8
and Fig. 14).
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4. Results

4.1. Mountain-front sinuosity

Mountain-front sinuosity varies significantly along the MLF (see Fig. 5). The range of values is between
1.06 to 1.63 (see Tab. 1). The highest values were recorded in the small, relatively isolated segments,
however, an interesting series of neighbouring segments with relatively high values can be found in
the area of Slavkovsky les (segments no. 4-8). The lowest values (1.06) were found in the NW part of
the MLF (segment no. 1). The low values are located (1.2 — 1.23) in the central part of the MLF
(segments no. 11-14). Those results might not be so surprising, as the most recent tectonic activity is

expected to be primarily in those parts of the MLF.

Segment | Lmf Ls Smf
no. (m) (m)

1 2664 | 2515 | 1.06
2 3375 | 2574 | 1.31
3 4537 | 4080 | 1.11
4 3543 | 2754 | 1.28
5 8146 | 5951 | 1.36
6 8182 | 6059 | 1.35
7 4387 | 3450 | 1.27
8 5462 | 4140 | 1.31
9 4089 | 2585 | 1.58
10 4860 | 3891 | 1.25
11 4118 | 2525 | 1.63
12 4546 | 3675 | 1.23
13 10747 | 8956 | 1.20
14 2064 | 1381 | 1.49
15 5578 | 4723 | 1.18
16 6363 | 4863 | 1.30
17 11885 | 9760 | 1.21
18 8191 | 5200 | 1.57

Tab. 1. Values of the mountain-front sinuosity (Smf). Lmf = length of mountain front, Ls = length of
straight line.
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Fig. 5. Mountain front sinuosity and delineation of the segments of the MLF in the study area. Lmf = length of
the mountain front, Ls = length of straight line. For evaluation of the influence of lithology see Fig.1
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4.2. Basin Asymmetry

The values of basin asymmetry are variable along the MLF (see Fig. 6a). Out of 243, there are 121 basins
with higher symmetry (Af = 50-60), 69 basins with a value Af between 60 and 70, and 53 basins with
an Af between 70 and 100 (see Tab. 2 — supplementary file, attached as “asym.xIs”). No obvious spatial
trend of basin asymmetry values along the MLF was found. However, some segments containing basins
with higher asymmetry could be located. Segments a and b contain 8 basins with an Af higher than 70.
In addition, the segments e, fand g show a higher number of asymmetric basins (out of 90 basins there
are 9 x Af>80, 15x Af>70, 30x Af>60). On the other hand, the parts of the MLF which bend towards the
W (segments d or h) seem to have more symmetric basins compared to those mentioned above (see

Fig. 2 and Fig. 6a for the position of particular segments).

Another expression of tectonic control in the basins could also be the direction of the basin asymmetry
(see Fig. 6b and 6c). The movement of the trunk stream to the north part of the basin could be a result
of the basin tilting to the north and the uplift of its southern part. This could be a trace of regional
tilting, which can be found along some segments of the MLF, however the results are not very strong
and the fact that there is no particular spatial trend indicate that the effect of strata dip may well play
its role (see section 5.1.). The segment a has signs of tilting to the north. Tilting to the north also could
be present in the very southern end of the studied part of the MLF (segment i) and also in segments f
and g in the central part of the MLF (see Fig. 6b). Less distinctive tilting to the south was found in the

central and southern part, segment h (see Fig. 2 and Fig. 6c).

Basin asymmetry (Af value]
Te0-0 N 3 : ‘
O eew = | Jeo-7a E - . | “Jeo-70
[ ro-50 [ 70- 20 o~ ) £ [ 7050
.o E 50100 o I 20100

Basin tilted Lo norlh (Af value) | “ ~ [Basin tilted to south (AT value)

Fig 6.a) Basin asymmetry values along the MLF, b) Basins tilted to the north, c) Basins tilted to the south
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4.3. Longitudinal profiles and stream gradient
4.3.1. East-flowing streams

The longer, older streams flowing towards the MLF-related fault scarp, where they cut it by antecedent
valleys, show signs of maturity. However, there are parts on the streams which diverge significantly

from the ideal profile, which might be a possible result of tectonic activity.

The steepest section (or knickpoint) on the MZe River is located roughly between 35 and 40 km from
the source: Fig. 8 and Fig. 10. It lays down the stream from the crossing of the MLF, so a direct effect
of the fault could be excluded. The steepening of the gradient (7-10 %.) could be a combination of

bedrock resistance, headward erosion and regional uplift.

The Kosovy stream has a very interesting course with two rectangular bends, which might indicate a
stream capture (Fig. 4). These changes in course orientation can also be partially detected in the
changes of the stream gradient. The section between 25 and 30 km (see Fig. 7) shows a gentle rise in
the stream gradient (from 2%o to 10 %.). This section lays directly down the stream from the
rectangular bend where the Kosovy stream changes its direction from WSW-ENE to NNW-SSE (see Fig.
4). These gradient changes could be correlated with the processes of stream capturing (Demek and
Czudek, 1957). The most interesting knickpoint on the Kosovy stream lies between 35 and 39 km. This
section has an untypically high stream gradient (locally over 20 %o), incomparable with similar streams
in the area. It could partially be controlled by bedrock resistance, however, a tectonic effect cannot be
ruled out. The neighbouring Mze River also has a similarly steep section (see Fig. 7), however it seems
that its origin differs in time and/or cause, because of differences in the steepness, exact localization

etc.

The Hamersky stream has quite a mature longitudinal profile, however, with an untypical, steep
section near the confluence with the Mze River (Fig. 4. Fig. 7, Fig. 10; over 10%. gradient) which is
related to the valley section being deeply incised through the fault slope. The origin of these features

is probably caused by headward erosion from the incising main stream of the Mze River.
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Fig 7. Comparison of the longitudinal profiles of the MzZe River and its tributaries. Hor

form the source of the Kosovy stream. Note the crossings with the MLF. For the topographical position of the

crossing see Fig. 4

The Uhlavka River is a right-sided tributary of the Mze River. Its longitudinal profile is more mature,

compared to other streams in the area (see Fig. 8 and 9). However, its tribut

has a stepped profile with several knickpoints (locally a 25-30 %o gradient).

The lower part of the Vyrovsky stream (respectively its tributary the Lukavecky stream) is almost an
ideal continuation of the upper parts of the Uhlavka River and the Sedli$tsky stream considering the
shape of the longitudinal profile. This relation between longitudinal profiles as well as geographical

relations, suggests that stream capturing here was very probable (see section 5.2, Fig. 4, Fig. 8 and Fig.

14).
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Fig 8. Comparison of the longitudinal profiles of the MzZe River and its tributaries. Note the almost ideal possible
former connection between the upper part of the Sedlistsky stream and the lower part of the Lukavicky stream
(see section 5.2., Fig. 4 and Fig. 14). Horizontal distance is measured from the source of the Mze River. Note the
crossings with the MLF. For the topographical position of the crossing see Fig. 4

The tributaries of the Mze River, which are located between the Kosovy stream and the Uhlavka River
(Sarka, Vesky, Lomsky and Cernoinsky streams — see Fig. 4 and 9), have very steep longitudinal profiles
(3-10 %0 along the majority of their length). They are very similar to each other, however they are quite
different from the other streams mentioned above, which have more mature, hyperbolic profiles.
None of them cross the MLF, their profiles seem to be undisturbed by distinctive knickpoints and their

steep profile should be a results of intensive incision of the trunk stream, the Mze.

The longitudinal profile of the Radbuza River has a similar shape as that of the MZe River (see Fig. 10).
There are several smaller knickpoints (21 km and 45 km — 10 and 8 %o) along the course, but they can
be more likely interpreted as a result of changes in the lithological composition. The most interesting
part is the low gradient (max 3 %.) section between 3 and 8 km. The sharp change to a higher gradient
part down the stream (over 10 %) is linked with the stream’s sudden change of direction in from S-N

to W-E. Past stream capturing is very probable here.
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Fig 9. Comparison of the longitudinal profiles of the MZe River and its tributaries. Horizontal distance is measured
from the source of the Mze River. Note the crossings with the MLF. For the topographical position of the crossing
see Fig. 4
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Fig. 10. Longitudinal profiles of the east flowing streams + SL index curves
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4.3.2. West-flowing streams

The longitudinal profiles of the W-flowing streams show great variability. However, there are streams
with similar profiles near to each other, so the study area can be classified into several clusters or
segments. Concave longitudinal profiles (graded profiles) can be found in the area of Slavkovsky les
and also between the Vyrovsky and Uhlavka streams (Fig. 4). This probably means a longer period of
erosion activity (compared with the relatively low basin asymmetry within those parts of the MLF- Fig.
6). On the other hand, a higher number of convex profiles can be found in particular areas: in the SE
near HorSovsky Tyn, in the NW between Kynsperk n/O and the Czech-German border, and, especially,
in the central part between Plana and Bor (where the values of basin asymmetry are relatively higher
— Fig. 6). The central part of the MLF was investigated in detail, as the most promising area for
subsequent field research of recent tectonic activity. There are 20 west-flowing streams in segments f
and g of the MLF (Fig. 2, Fig. 12). In particular, the area 5 km N from Bor (see Fig. 11) shows 8 streams
(Pustina, U Andéla, Pod Lobatinem, U Kaolinky, Za Rozhlednou, Malovicky les, Malovicky vrch, Mezi
Malovickym vrchem) with particularly convex profiles (see underlined stream names in Fig. 12). It is
also possible to find the morphologically very prominent course of the MLF fault slope foot and the
stream valleys, which are significantly offset, in this part of the MLF (see Fig. 11). This situation is very
similar to the NW part of the MLF (Stépancikova et al., 2019). Therefore, young tectonic activity with
both vertical and horizonal component of movements can also be expected and it should be a subject

for further research.

Pustina

U Andéla

— Pod Lobatinem

e =

offset valleys

U Kaolinky

Za rozhlednou
Malovicky les
~ Mezi Malovickym vrchem

Malovicky vrch

N 0 0.5 1 Kilometers
A

Fig. 11: Segment of the MLF to the north from the town of Bor with west-flowing streams with highly convex
longitudinal profiles (see Fig. 13). Note also the significant course of the fault slope foot and the offset valleys
(particularly “Mezi Malovickym vrchem”, “Pod Lobatinem” and “Pustina”).
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4.4. SL index
4.4.1. East-flowing streams

The values of the SL indices were smoothed by the moving average tool to obtain a better view of the
regional trends of values. No strong anomalies of SL index values were measured near the crossings of
the streams and the MLF. Instead, a rise of SL index values (up to 300) was measured in the whole area
that lays down the stream from the MLF crossing. Still, differences between particular streams can be
observed, which could be caused by different lithology, an uneven rate or age of the uplift or other
effects (see section 3). The Mze River (see Fig. 10) has two main increases (220 and 100) in the SL index
value: around 15 km and 40 km. The first one is linked to the knickpoint following the flat section on
the upper part of the stream. A more important peak in high SL index values lies at 40 km (5 km down
the stream from the MLF crossing). The Kosovy stream has the most interesting changes in its SL values
on its lower course: a gentle rise in SL index values between 26 km and 35 km (SL = 50) and, in
particular, a very prominent peak of values between 36 km and 39 km (SL= 180). Compared to the Mze
River and Kosovy stream, the Hamersky stream does not have any prominent peaks in its SL index
values. There is only a gentle rise of values (SL= 100) by the crossing of the fault. The Vyrovsky stream
is remarkable due to its two knickpoints (12-15 km and 20-22 km, SL= 160 and 260) down the stream
from the MLF. The SL index values on the Uhlavka River show a gradual rise downstream from the MLF
crossing (SL = 40-130), but the main peak is located near its mouth to the Mze River (SL= 280; see Fig.
10). The Radbuza River has different SL index values along its course, compared to other streams in

the area. A rise in the values is located several kilometres down the stream from the crossing; the
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values are untypically low here (SL= 100). A remarkable rise in the SL index values is located around 80

km (SL= 250).
4.4.2. West-flowing streams

The SL indices measured on the consequent W-flowing streams span from 0 to 1000. Due to the
difficulty of comparing the SL indices between the streams, sudden changes in values on particular
streams were investigated rather than comparing the absolute values. The high values and sudden
changes in SL index are located on the slopes of Slavkovsky les, in segment d of the MLF. The high SL
index values are linked with the high stream gradient in the area, where the upper parts of the streams
are flat and then very steep in the middle part. Segment i is the other area that has sudden changes in
SL index values. Remarkable results were obtained by St&panéikova et al., (2019) in segment a, where
several fault segments were marked as active based on the SL-index values. Despite the distinctive
fault scarp morphology and suspected valley offsets in segment g of the MLF (Fig. 2 and enlarged on
Fig. 11), no high SL index values were obtained from this central part of the MLF. This might be caused
by the lower relief and lower water discharge in the area, so the valleys are young and undeveloped.
The streams Pod Lobatinem, U Kaolinky, Za Rozhlednou a Malovicky les showed very similar

longitudinal curves (Fig. 13). The peaks of SL index values correlated with the foot of the fault slope,

and therefore young MLF activity is probable.
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5. Discussion

5.1. Segmentation of the MLF and evaluation of the methods used

The delineation of the MLF to the particular segments was based on the values of mountain front
sinuosity and its strike. Nevertheless, the results of the other methods used— mainly the basin
asymmetry and partially the longitudinal profiles analyses — led to a very similar delineation. The
results of these different methods suggest that the tectonic activity occurred at different times and/or
with variable intensity along the MLF. The NW part — segments a and b - (orientation NNW-SSE), the
central part — segments f and g - (orientation N-S), and the southern part — segment i - (orientation
NNW-SSE) are the segments, where the activity probably occurred most recently. On the other hand,
the bended segments — d or h - (orientation NW-SE to NNW-SSE), are probably the ones which

experienced uplift for a longer time.

The methods used in this study were also applied in several studies from different parts of the
Bohemian Massif (Badura et al., 2007; Stépancikova et al., 2008). The lithological and tectonic setting
there is similar to the study area along the MLF. Particularly, the study by Badura et al. (2007) of the
Sudetic Marginal Fault showed very similar results. The methods of mountain front sinuosity and basin
asymmetry could provide quite valuable results for assessing tectonic activity at the regional scale,
especially where possible lithological control can be ruled out. For example, the mountain front
sinuosity values can be strongly affected by the bedrock’s resistance to erosion (softer rocks, e.g.
sediments, can show higher values of sinuosity), nevertheless, the lowest values of mountain front
sinuosity can be found in the softer rocks (phyllites, shales) along the MLF. So, it is assumed that the
effect of tectonics overrules the effects of lithology in this case. The other issue is the orientation of
the rock structures (e.g. strata dip) which could influence the geomorphological indices as well. In
particular, the values of basin asymmetry and the direction of basin tilt could be strongly affected. The
dip of the phyllites and schists (CGS, 2003) in segments a and b is N or NNW, which is in concordance
with the proposed tilt of basins in this area. Therefore, it can be expected there is a strong lithological
influence here, but it is possible to find basins with a similar tilt in segment ¢, where a granite basement
without any specified dip is located. However, the basin tilt direction cannot be used as a strong proof

of tectonic evolution along the MLF because of the aforementioned reasons.

The results of the longitudinal profile analyses of the shorter west-flowing streams are concordant to
the results of mountain front sinuosity and basin asymmetry and they suggest more recent tectonic
activity on the same segments (segments a and b, segment g; see section 4.1., 4.2., 4.3. and figures
therein). However, the hydrological and lithological conditions might also have controlled the results

in some parts, since these conditions vary regionally.
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Moreover, the results of SL indices on the west-flowing streams show a similar pattern as the results
of mountain front sinuosity, basin asymmetry and longitudinal profiles. The highest SL index values can
be found in segment d of the MLF (Fig. 2), where the stream gradient and elevation differences are
high. However, interesting SL index values — the sudden changes indicating young tectonic activity —
can be found on the streams in segments a and b (for details see Stépanéikova et al., 2019) or segment
i and particularly in the central part of the fault (segments fand g): “Pod Lobatinem”, “U Kaolinky”, “Za
Rozhlednou” and “Malovicky les streams”. Those streams also have significantly offset valleys, which
suggest horizontal movement along the MLF, which is in concordance with the kinematics proposed
by Spi¢dkova et al. (2000). In addition, the morphology of the very recent fault scarp, similar to
segments a and b (where the neotectonic activity was proved by paleoseismic survey by Stépancikova
et al., 2019) in this area supports the hypothesis of quite young tectonic activity in this segment of the

MLF.

In contrast, the of SL index values measured on the longer, east-flowing streams are not significant for
any MLF segmentation. The peaks in the SL index, which would suggest the effect of vertical tectonic
movements, can be found on some of them. The higher values of gradient and, therefore, also the SL
index on the Mze River (around 15 km from the source) could be caused by the general uplift of the
Cesky les mountains. The most significant peaks in the SL index values are, however, located
downstream from the MLF crossing - MZe (40 km), Hamersky (30 km), Vyrovsky, Kosovy, Uhlavka,
Radbuza. Those can be interpreted as a result of uplifting of the whole block to the west from the MLF
and therefore induced backwards incision, or — in the case of the Vyrovsky stream (peak at 12-15 km)
— as a result of lithological change (granites vs. metapelites). The peak of values on the Radbuza River
(80 km), which differs from the other streams, may be caused by lithological change or by the different
uplift rate of a separated tectonic block. The remarkable peaks in SL index values on the lowest parts
of the Kosovy (36-39 km), Uhlavka (36 km) and Vyrovsky (20-22 km) streams can be explained as the
result of an incision of the trunk stream (the Mze River), which led to the formation of knickpoints on
tributaries, and was probably caused by the final (Plio-Pleistocene?) phase of the regional uplift (Fig.
10), suggested by relief character and sedimentation in the Cheb-DomatZlice Graben. This situation

further supports the hypothesis about the evolution of the local stream network (see section 5.2.).

The division into particular segments based on varying fault strike and geology is distinct and in strong
correlation with the results of the morphometric methods applied, so it supports the hypothesis of
variable tectonic activity along the MLF. It is proposed that segments g, b, ¢, f, g and i were the more
active ones in recent history (Pleistocene — Holocene?). Unfortunately, only segments a and b have
been previously studied by palaeoseismology or detailed geophysics so far (Prochazkova et al., 1998;

Svancara et al., 2008; Fischer et al., 2012, Halpaap et al., 2017, Blecha et al., 2018; Stépan¢ikova et al.,
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2019). These studies agree on that the youngest tectonic activity occurred in this NW part of the MLF.
Svancara et al. (2008) calculated the relative reactivation potential for faults in the area of western
Bohemia. He suggested that the particular segments of the MLF with orientation from NNW-SSE to N-
S are oriented favourably to reactivation, which are exactly the segments mentioned above. So recent

tectonic activity along these segments is very probable.
5.2. Effect of the uneven uplift on the evolution of the stream network

The evaluation of longitudinal profiles as well the analysis of the SL indices of the streams flowing to
the east toward the fault scarp is much more complex due to the varying hydrological situation and
the evolution of the streams. The shapes of the profiles could be a hint to the regional terrain and river
network evolution, but it is not the definitive final prove of the following proposal for stream network

evolution.

Traditionally, anomalies in the longitudinal profiles of the main rivers in the Bohemian Massif were
linked to climatically controlled changes of the erosion base-level. However, the profile anomalies in
the area of the MLF could also have different causes (i.e., tectonic uplift, lithological changes). If the
wave of the headward erosion has moved up the streams simultaneously from the trunk stream to its
tributaries, the present location of knickpoints could be comparable (Bishop et al., 2005). However,
the location of knickpoints on the trunk stream of the Mze River differ from their location on its
tributaries. Therefore, their origin could be linked to tectonic activity. Moreover, the shorter tributaries
of the Mze (Cernosinsky, Sarka, Vesky, Lomsky) that are not crossing the MLF, do not express any
distinctive knickpoints. This suggests that they have been affected by the general uplift of the area of
the Plaskd pahorkatina hillyland and their steep profiles originated in the incision of the trunk stream
- the MZe River (Fig. 9). Therefore, it is assumed that the different locations of the knickpoints along
the streams (Kosovy, Hamersky, Uhlavka, Vyrovsky, Mze) are caused by uneven uplift along the MLF,
which might possibly have occurred in a few chronologically separated events. The tectonic activity of
particular segments of the MLF - and thus the incision of streams - could have varied in time. In that
case, incision through the fault slope by the particular streams and capturing the catchment to the
west from the MLF could also have happened at different times. The traces of such a process can be
seen in the present shape of the stream network (direction changes, stream capturing). A hypothesis

of the subsequent evolution of the present-day morphology is presented here (see Fig. 14):

Stage a) might have taken place in the Pliocene: The Cheb-DomaZlice Graben was an area of fluvial and
fluviolacustrine sedimentation (dated by Teodoridis et al., 2017). The MLF scarp formed a barrier, so
shallow lakes could have originated, however, drainage to the west was probably still possible by the

wide, flat valleys of the predecessors of the present Mze River and Kosovy stream.
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Stage b) early Pliocene or late Pleistocene: The uplift along the MLF increases, gently around the
current Uhlavka River and more intensively in the central part of the MLF. Due to incision caused by
uplift, the Kosovy stream and the MZe formed an antecedent valley. The area could also have been
drained through the Uhlavka River (or its predecessor). Due to uplift, the upper parts of the Kosovy,
Hamersky and Uhlavka streams were diverted to the south and continued eastwards through the

incised valleys.

Stage c) lower Pleistocene: The uplift along the MLF was continuing in segments fand g around Plan3,
the Mze River was further incising and developing its catchment within the Cheb-DomaZzlice Graben.
The evolution of the Hamersky stream is not clear - it was either still going along the fault slope and
not breaching it (Balatka and Sladek, 1962) or it may have begun to form its antecedent valley
(preserved to the present). The Vyrovsky stream also breached the slope due to incision (though less

intensive).

Stage d) middle Pleistocene until the Holocene: a strong final phase of uplift along the MLF in the area
between Pland and Bor (segments fand g). The Mze River was incising intensively and creating its deep
canyon through the Plaska pahorkatina hilly land. Due to this incision, knickpoints on the Mze and
Kosovy streams were created near their confluence. Also, the knickpoints on the Uhlavka and Vyrovsky
streams originated as a reaction to the incision of the trunk stream. Finally, Sedlistsky stream was
captured by the MzZe River (previously it was connected to the upper part of the Vyrovsky stream; see
Fig. 4, Fig. 8 and Fig. 14) and the Hamersky stream breached the fault slope due to strong incision or it
may has further deepened its canyon. Also, the tributaries of the Vyrovsky stream underwent minor
changes (sharp 90° bends to the west from the fault) due to the incision of the Vyrovsky stream (Fig.

14).
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Fig. 14. Proposed evolution of the stream network. For a description of a particular stage (a, b, c, d) see text.

Names of the present streams: 1 — Cernosinsky, 2 — Kosovy, 3 — Hamersky, 4 — Mze, 5 — Sedliétsky, 6 — Uhlavka,
7 — Vyrovsky.

67



The possible timing of the above proposed events is only approximate due to a lack of dating. The
fluviolacustrine sediments in the Cheb-DomaZlice Graben have been palynologically dated to the
Pliocene (Teodoridis et al., 2017). It is also possible to find two levels of river terraces along the Mze
River (upstream from the MLF). The upper level, which follows almost the entire river, was
morphostratigraphically set to “Giinz” or “Pregilinz”. The lower level has been dated to “Riss” (Balatka
and Sladek, 1962). This setting should be evaluated carefully, unfortunately more precise data are not
available in the area. Based on the data, the present course of the Mze River through the fault slope
of the MLF has existed at least since the lower Pleistocene, however it might have been older, draining
the lakes in the Graben to the east. Based on these data, the stages are a) to the upper Pliocene, b)
and ¢) to the lower Pleistocene and d) to the middle Pliocene (see Fig. 14). An important factor for the
proposed order of the events is also the position and elevation of the depositional relicts of the
Pliocene fluviolacustrine sediments (Teodoridis et al., 2017). The highest elevation known from the
Cheb-DomafZlice Graben is 560 m a.s.l. (near Marianské Lazné). The elevation decreases towards the
south: 480 m (Plana), 430 m (Uhlavka), 400 m (Horovsky Tyn), see Fig. 2. This situation can be a sign
of the proposed drainage towards S along the graben or towards SW by the predecessor of the Uhlavka
River. Some of the deposit remnants were recorded to the east from the MLF. Some of them, closer to
the fault (along the MZe River), are at a higher elevation than those in the Cheb-DomatZlice graben
(about 30 m height difference), which would suggest their uplift. Occurrences of deposits in the Plzen
basin (further to the east, near the mouth of the MzZe River) are on the same level or lower, compared
to the deposits in the Cheb-DomaZzlice Graben. They can be remnants of the Pliocene Mze River (or its
predecessor), whose existence has been proven by Pliocene terraces in the Plzer basin (Balatka and
Sladek, 1962). This is in accordance with the proposed uplift (or tilt) of the Plaska pahorkatina hilly land
and the gradual incision of the MZe River (and tributaries) during the Pleistocene. Future work focused
to sediments dating would be desirable for a final clarification of the evolution of the local stream

network and the tectonic movements along the MLF.
6. Conclusions

The combination of morphometric methods used in this study (mountain-front sinuosity, basin
asymmetry, stream longitudinal profiles, SL index) appeared to be an useful way to evaluate tectonic
activity along the 150 km long Marianské Lazné fault (MLF) and to compare its variable intensity. The
results show that the tectonic activity has not occurred along the whole structure at the same periods,
rather, particular MLF segments were active in different periods with different intensity, which is
supported by the concordance of the results from the several methods used. This segmented activity
of the MLF leads to significant changes in the drainage pattern in the study area, including several

stream captures. Based on the scarce dated fluvial deposits, a reconstruction of the river network was
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suggested as was the estimated timing of its evolution from the late Pliocene until the middle
Pleistocene (possibly until the Holocene). The finding from Stépanéikova et al. (2019) that the youngest
tectonic activity can be located in segments a and b around Novy Kostel in the northwest is in
concordance with morphometric results of this study and similar signs of recent (Pleistocene —
Holocene) tectonic activity have been recognised in the central part of the MLF: segments f and g
(Plana-Bor) and in the southeast, segment i (HorSovsky Tyn). However, the final answer about the
timing of tectonic activity should be proved by e.g. paleoseismological research and proper fluvial

deposits dating.
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Chapter 2: Neogene-Quaternary response of the Novohradské hory
Mts. (Czech Republic) fluvial systems to tectonics — morphotectonic,
stream-length index and field structural analyses.
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Abstract

In intraplate setting, using conventional methods is limited when studying active tectonics due to
indistinct expressions of tectonics in terrain morphology. To study the effects of Alpine collision in the
terrain evolution of the Bohemian Massif, the Novohradské hory Mts. were selected for notable
changes in river geometry, well-known bedrock lithology and structural geology. Previous authors
accept that some of the local faults were reactivated in the Cenozoic. However, the localization, scale
and dating of tectonic processes is still poorly understood. This study focuses on bringing new
morphotectonic and fluvial geomorphology data combined with field structural mapping to better
understand the evolution of this relatively stable intraplate area. Prominent linear indications revealed
by morphotectonic analysis were validated by geological maps, airborne geophysics (magnetometry,
gravimetry, radiometry) and a field structural survey to indicate possible Neogene-Quaternary
reactivation of these structures. Stream gradient and stream-gradient length (SL) index were analysed
along dozens of streams. Sudden changes of SL index values located the places with young tectonic
movements. The influence of lithology, hydrology and anthropogenic activities were carefully
evaluated. Assuming a reactivation of faults under the recent stress-field (Sumax=146°) a kinematic
model is proposed. When Symax is horizontal in the “NNW-SSE direction, the “NE(NNE)-SW(SSW) faults
would reveal a sinistral strike-slip to reverse oblique-slip movement. Subvertical “NW(WNW)-SE(ESE)

faults could be reactivated in a dextral strike-slip regime or as reverse oblique-slip faults.

Keywords: neotectonics, fluvial systems, SL index, morphotectonic, Bohemian Massif

1. Introduction

The Bohemian Massif is part of the stable European platform in the northern foreland of the Alpine—
Carpathian fold—thrust belt, which has traditionally (Kopecky 1970) been regarded as a tectonically
stable intracontinental region. This view was based on the low level of historical seismicity (ACORN

2004; Lenhardt et al. 2007) in most parts of the region and GPS studies considering the massif as part
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of Stable Europe (Bus et al. 2009). However, it is generally believed, that some areas — particularly the
bordering mountains — went through massive tectonic uplift in the Cenozoic and older fault systems
were rejuvenated (Kopecky and Vyskocil 1969; Kopecky 1970; Chabera 1982; Coubal et al. 2015;

Sté&pancikova et al. 2019).

Post-Variscan tectonics in this crystalline basement complex were thought to have been restricted to
the reactivation of Paleozoic fault systems (e.g. Donau (NW-SE), Elbe (NW-SE), Blanice-Rodl (NNE-SSW)
or Ohte fault system (WSW-ENE)) (Brandmayr et al. 1995, 1997) in Cretaceous and Neogene times due
to compression in the foreland of the Carpathian—East-Alpine orogeny (Ziegler and Dezes 2007). There
are many studies identifying significant differential tectonic movements within the Bohemian Massif
(Vyskocil 1969; Pribyl 1995; Schenk et al. 2001), by recent geomorphological and paleoseismological
analyses of reactivated Paleozoic faults (Badura et al. 2007; Stépancikova et al. 2008, Stépancikova et
al. 2019) and by regional geomorphological and geodetic studies indicating the ongoing large-scale

uplift of the Bohemian Massif as a whole (Kopecky and Vyskocil 1969; Legrain et al. 2014).

The working hypothesis suggests — in accordance with the above studies and further with Tyracek et
al. (2004), Cloething et al. (2006), and Stépancikova et al. (2019) - that the tectonic activity was present
even until the late Quaternary in the Bohemian Massif. The area of interest of this study is situated in
the southern part of the Bohemian Massif, in Novohradské hory Mountains and their foothills (Fig.
1a,b). Older studies (Chabera 1982) mentioned that the tectonic activity along local faults was very
significant during the formation of the present relief. In addition, it is believed, that the tectonic
movements were very rapid and happened in the youngest part of the Tertiary and probably in the
Quaternary (Chabera 1982; Kopecky 1983). Kopecky and Vyskocil (1969) and Vyskocil (1973) suggested
the ongoing vertical movement on the bounding faults of the Budé&jovice Basin, not far from the
Novohradské hory Mts. Study of Popotnig et al. (2013) led to similar conclusions, using morphometric
analyses. However, similar studies, as well as the exact localization, evaluation and timing of the

tectonic movements, are still missing in the Novohradské hory Mts.

The goal of this study is a) to test the influence of local tectonic movements on changes in terrain
morphology and river geometry and b) find the indications of recent/Quaternary/Neogene movement
on local faults and c) to test the suitability of the various numerical geoinformation methods, such as

calculations of SL index and hypsometric index, for solving such issues.

Morphotectonic analysis based on a digital elevation model, as well as data from geological maps and
from field structural mapping, were used in this study to obtain possible locations of active faults. The
probability of these faults being active in Quaternary was tested by various geoinformation methods,

including measuring the stream gradient profile, stream-length index (SL index) or hypsometric index
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(Hack 1973; Willgoose and Hancock 1998). The outcomes of these analyses were combined together
in order to indicate the localities, where the Quaternary and perhaps recent tectonic movements were
highly probable. This approach, integrating remote sensing, geomorphology, Quaternary geology,
tectonic geomorphology and geoinformation techniques, has rarely been used in the Bohemian Massif
and is very promising with regard to solving questions about the Quaternary tectonic development of
the Novohradské hory Mountains and other areas with weak tectonic activity where conventional
geomorphic parameters may not indicate tectonic uplifts. An indication of active faults combined with
the knowledge of present-day stress orientation in the study area enabled a kinematic model to be put

forward to explain the observed geomorphology and stream gradient changes.

2. Geology, geomorphology and hydrology of the study area
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Fig.1: (a) Geomorphological map of the study area with linear indications and the areas discussed in detail in text,
1 — Bukovsky hrbet Ridge, 2,3 — Kaplice Furrow, 4 — Novohradské hory Mts., 5 — Stropnicka vrchovina Highlands,
6 — Trebon Basin, 7 — Slepi¢i hory Mts.; (b) Location of the study area within the Czech Republic; (c) Simplified
geological map of the study area - catchment of the MalSe River. Mapped faults (solid line) and assumed faults
(dashed line) adopted from geological maps (Mahel et al. 1984; Slaby and Holasek 1992a, Slaby and Holasek,
1992b; Vrana and Holasek 1992; Vrana and Novak 1993).

2.1. Geomorphological setting

The study area, defined by a catchment of the MalSe River, is quite variable in its geological and
geomorphological structure. The ridges of the Novohradské hory Mountains occupy the largest part of
the study area. This area is quite rugged, and it was primarily shaped by fluvial and periglacial
processes. However, the traces of recent tectonic activity are still visible in some places of the local
relief (Fig. 1a). The altitude of the terrain varies between 500 m (valley of the MalsSe River) to 1100 m
a. s. l. An elongated depression — Kaplice Furrow -, lies in the western part of the study area. This area

is bounded by tectonic faults and it generally has a gentler relief than the surrounding highlands. The
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north-eastern part of the area is occupied by the flat terrain of the Tfebon Basin. It is also tectonically
bordered, particularly on its western and southwestern edge, where it is adjacent to the Novohradské

hory Mountains (Balatka and Kalvoda 2006).

2.2. Hydrological setting

The MalsSe River and its tributaries drain the majority of the selected area. However, a small part lies
in the catchment of the LuZnice River (mainly on the Austrian side of the Novohradské hory Mts.) and
some areas have small streams draining southwards, to the basin of the Danube River. The MalSe River
is the longest watercourse in the study area; it is 101 km long from source to its mouth into the VlItava
River and it has a catchment area of 971 km? (Balatka and Slddek 1962; VI¢ek 1984). This river is atypical
for its unusual style - a broad, flat valley is present in the upper part of the stream and a narrow, V-
shaped valley is more frequent in the lower part of the stream. The MalSe River is particularly
important for the study due to the sudden changes of gradient and river style close to the tectonic
faults in its upper part. The general orientation of some parts of the MalSe River (Rychnov-Kaplice) is
parallel with the fault system of the Kaplice Furrow (Fig. 1). It could be connected with the vertical
movements in the Kaplice Furrow, or with the orientation of the original free-meandering river at the

bottom of the furrow.

The Stropnice River is the longest tributary of the MalSe River and it drains the eastern part of the
study area. The middle part of this stream crosses or sometimes follows the tectonic border between
the Moldanubian rocks of the Novohradské hory Mountains and the Cretaceous sediments of the
Trebon Basin. Also, the gradient conditions, fluvial styles and relief types vary quite often along this
stream and it is possible to make a valuable comparison to the Mal$e River. The Cerna River, drains the
central part of the study area and is a typical mountain stream with a high gradient and a narrow, deep
valley (Balatka and Sladek 1962; Vi¢ek 1984). This stream crosses several tectonic and lithological

borders, therefore it is essential for this study (Fig. 1).

2.3. Geological and tectonic setting

The Novohradské Hory area (Fig. 1c) comprises of (a) migmatites and migmatized paragneisses of the
Monotonous Group belonging to the Moldanubian Zone, referred as the Variscan orogenic root
domain and post-collisional granitoids of the Moldanubian Batholith (e.g. Franke 2000; Schulmann et
al. 2009; 74k et al. 2014). These metamorphic rocks underwent several geodynamic events during the
Variscan Orogeny (Stampfli and Borel 2002; Schulmann et al. 2009 and references therein). The oldest
episode was characterized by ca. 360 to 346 Ma continental collision and synchronous HP-MP/MT-LT
metamorphism, followed by rapid exhumation and the partial melting of deep-seated rocks (ca. 345

to 335 Ma) and post-collisional HT metamorphic overprint (ca. 334 to 320 Ma) overlapping with
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emplacement of numerous post-collisional granitoids of the Moldanubian Batholith (e.g. Weinsberg,
Eisgarn and Freistadt types) at ca. 330 to 305 Ma (for details see Holub et al. 1997; Janousek et al.
2010; Zak et al. 2005; Schulmann et al. 2009; 73k et al. 2014). The later stages of Variscan orogeny
were associated with wrench tectonics along ductile to brittle-ductile WNW(NW)-ESE(SE) and
NNE(NE)-SSV(SV) shear or fault zones (e.g. Pfahl, Danube and Kaplice-Rodl shear zones; Brandmayr
1995; Pitra et al. 1999; Edel et al. 2003). Post-Variscan tectonic phases during the Permian to Oligocene
related to polyphase reactivation of regional shear / fault zones in various kinematic pattern, uplift,

erosion and origin of the land surface topography (Fig. 1c).

The orientation lithological boundaries of the rock lithologies and units are defined by a regional
metamorphic foliation or by intrusive contacts of granitoid bodies, partly modified by younger
~NNE(NE)-SSW(SW) or NW(WNW)-SE(ESE) trending faults. In the metamorphic rocks, the relatively
older compositional banding dipping steeply to moderately to N(NNE) were heterogeneously
reworked to flat-lying foliation. Granites predominantly form several steep, predominantly ca. E-W
trending sheets cropping out in the central part of the studied area and several larger intrusions
(plutons) in southeastern part (Fig. 1c). A relatively older margin-parallel magmatic foliation (defined
by the shape-preferred orientation of K-feldspar phenocrysts and mafic minerals) was identified. This
foliation dips steeply and strikes ~E-W to “WNW-ESE and is associated with a magmatic lineation
plunging to the ~“ENE to ~NE. Higher up within the sheets, this magmatic fabric becomes pervasively
overprinted by a high-temperature solid-state fabric, characterized by subhorizontal foliation and
WSW-ENE trending lineation. Furthermore, studied rocks was affected by polyphase, late-Variscan to
post-Variscan brittle-ductile to brittle “NW(NNW)-SE(ESE) and NE(NNE)-SW(SSW) trending shear /
faults zones (e.g. Brandmayr et al. 1995; Bittner 2007; Siebel et al. 2008; Verner et al. 2009; Pitra et

al. 1999). These structures have been heterogeneously reactivated in the post-Variscan era.

In the studied area, faults and shear joints reveal two principal orientational maxima evenly distributed
in granites and metamorphic rocks. Predominant faults dip steeply to the WNW or ESE bearing fault
lineations (slickensides) which plunge gently to NNE or SSW (Fig. 2a). These structures also contain a
mineral infill composed of quartz, chlorite and Fe-oxides (up to 1 cm). Kinematic indicators here show
a prevailing left-lateral and subordinate right-lateral sense of movement parallel to the fault lineation.
Subordinate NW-SE trending faults (Fig. 2b) dip steeply to moderately to the NE bearing two
generations of fault lineations. A relatively older generation reveals mostly subhorizontal lineations
with evidence of right-lateral shearing. Younger reactivation was mainly associated with normal
movement. Extensional joints are mostly subvertical and largely lack mineral infill. Two significant sets

of orthogonal extensional joints were identified evenly in all lithologies. The predominant trend in the
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orientation of subvertical extensional joints is WNW—ESE with an average frequency ~70 centimeters.
A subordinate set of extensional joints trending NNE-SSW reveal an average frequency of ~110
centimeters. However, these extension joints reveal gentle variability in their orientation and intensity
across the studied area. In the northern part “N-S trending joints form the predominant brittle
anisotropy of the rocks. In contrast, “NNE-SSW trending joints form the most distinctive brittle
anisotropy of rocks in the central and western part of the area. In the southern part approximately

equal “~E-W and ~N-S trending joints were identified.

Fig. 2. Field photographs of regional brittle structures (Kaplice Quarry): (a) Fault plane dipping steeply to the

WNW associated with fault lineations (slickensides) plunging gently to SSW (Kaplice Quarry); (b) Fault plane
dipping steeply to the NE bearing evidence of younger reactivation in a normal kinematic pattern.

The Trebon Basin is filled with Cretaceous and Tertiary clastic sediments of lacustrine and fluvial origin.
The Cretaceous rocks are represented mostly by the sandstones and claystones of the Klikov
Formation; clays and sands of Mydlovary Formation are typical for the Tertiary period (Chlupac et al.
2002, Pesek 2010). There are also local deposits of Neogene and Pleistocene lacustrine and fluvial
sediments in the area of the Kaplice Furrow outside of the Trebor Basin (Bezvoda et al. 1983). These
deposits are located in the flat terrain of the Kaplice Furrow floor and they are probably remnants of
shallow lakes and meandering water streams, dated to the younger Pliocene (Bfezinova et al. 1965).
These sediments occur roughly 50 m above the present flood plain of the MalSe River. It is very
probable, that tectonic movements, which led to the partial uplift of the terrain, the incision of the

Malse River and the formation of the deep river valley, is younger than those late Pliocene deposits.

It is generally believed that the gentle relief of most of the Bohemian Massif was formed during the
erosive phase following the Variscan orogeny. However, this type of relief was uplifted as a result of

increased radial tectonic pressure induced by the development of the nearby Alpine system and also
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consequently formed, in particular, by fluvial erosion (Chdbera et al. 1985; Ziegler and Dezes 2007;
Hartvich and Valenta 2013). Older studies (Chabera 1982; Kopecky 1983) suggest that these tectonic
movements and deformations were mostly ductile and complicated systems of anticlines and synclines
were created. Modern studies from the Bohemian Massif (Stépancikova et al. 2008; Coubal et al. 2015;
Stépancikova et al. 2019) prefer the brittle tectonic models with movements along tectonic faults.
However, the character of the tectonic deformation as well as the proper dating of these processes
hasn’t been satisfactorily cleared yet. Studies focused on the neotectonic in the area of the
Novohradské hory Mts. have yet to be made, but some work was done in the neighboring areas of the
Sumava Mts. (Hartvich and Valenta 2013) or the Budé&jovice Basin (Popotnig et al. 2013). These works

suggest the reactivation of Variscan faults in the late Cenozoic or Quaternary.
3. Data and methods
3.1. Data

The basic topographic information for the morphotectonic analysis and analyses of the SL index and
hypsometric index was obtained from the digital elevation model (DEM), which was based on LiDAR
remote sensing (Digitalni model reliéfu Ceské republiky 4. generace/Digital Terrain Model of the Czech
Republic of the 4™ generation (DEM 4G)), vertical resolution 1 m (CUZK, 2017). The information about
lithology and tectonic structure was obtained from basic geological maps of the area (Mahel et al.
1984; Slaby and Holdsek 1992a; Slaby and Holasek 1992b; Vrana and Holdsek 1992; Vrana and Novak
1993). The coverage of adopted tectonic data is rather inhomogeneous, due to variable geology (basin
infill vs. crystalline rocks), the uneven distribution of previous geological studies and the area’s
remoteness. Therefore, remote sensing based morphotectonic analyses were done in the study area
to complement the tectonic data where needed. Airborne geophysical data - gravimetry, radiometry,
magnetometry (CGS 2015), were used for further complement and validate the morphotectonic
analysis. Historical sources were used for repairing some faults in the topographic maps or for avoiding
the anthropogenic influence on water streams. The historical maps (UJEP and MZP 2014) and historical
aerial photographs (VGHMUF 2014) were used for these adjustments. Finally, a number of field survey
measurements, as well as brittle tectonics data were used for validating the results of the

morphotectonic analysis.
3.2. Morphotectonic analysis

An important step in the study was to localize the faults and other tectonic structures, such as the main
fracture zones or shear zones. The goal of the analysis was to interpret a number of linear indications,
which could represent tectonic structures. The results of the analysis were validated by a field survey

aimed at the structural geology and brittle tectonic deformations. Data for the tectonic analysis were
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obtained from several independent sources: a) geological and tectonic maps of the study area (Mahel
et al. 1984; Slaby and Holasek, 1992a; Slaby & Holdsek 1992b; Vrana and Holdsek 1992; Vrdna and
Novdak 1993) b) airborne geophysical data (gravimetric, radiometric, magnetic survey) (CGS 2015) and
c) two methods of morphotectonic analysis made from the digital elevation model. In order to obtain
the best results, two separated methods for extracting the tectonic structures from hillshaded reliefs
were used. 1) the simple visual interpretation method and 2) the semi-automatic method based on
Jordan et al. (2005) and Kopackova et al. (2011), who also used her method in the Bohemian Massif.
Method of Kopackova et al. (2011) was originally developed for extracting the lineaments from radar
and Landsat data. However, the initial part of extracting can be also used for DEM processing. So, an
attempt was made to apply Kopackova’s method to this study in order to obtain more precise results
from DEM and to have an opportunity to compare it with the results from the visual extraction to
obtain the best outcome. Both visual and semi-automatic methods were applied to four illumination

directions of the hillshaded relief (0°, 45°, 90° and 315°) — Fig. 4a.

All of these results were integrated in the workspace of ArcGIS software focusing on areas, where two
or more linear indications interpreted from different datasets were conforming (see Fig. 5). Different
weights were assigned to the results of particular methods (Tab. 1). The methods with deep reach
(gravimetry) or geographical prominence (long linear indications) or proved by field survey (faults from

geological maps) were assigned a higher weight.

Table 1. Overview of methods used for linear indications evaluation with assigned weights used in this study.

Data and methods weight
Morphotectonic analysis (semi-automatic method)

Morphotectonic analysis (manual method) — short linear indications
Morphotectonic analysis (manual method) — long (more than 5 km) linear
Airborne Geophysics — magnetic survey

Airborne Geophysics - gravimetry

N[RN[Rk

Only those linear indications, where the sum of the weights was equal or higher than 2, were
interpreted as important features of possible tectonic origin and used for the subsequent study (e.g.
comparing with the results of the field survey), and the term ‘tectonic linear indication’ is used in the
succeeding text (Fig. 5). The results of radiometry were removed from the evaluation as its results
show no concordance with any other method, therefore this method was not used and nor is it

mentioned in Tab. 1

It is very important to compare the results of several independent methods to avoid misinterpretation

of possible tectonic features. Some of the extracted structures were eliminated due to their non-
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tectonic origin (e. g. morphologically distinctive lithological boundaries) after comparison with a
geological and tectonic map (Mahel et al. 1984; Slaby and Holasek 1992a; Slaby and Holasek, 1992b;
Vrana and Holasek 1992; Vrana and Novak 1993).

3.3. Stream-length (SL) index

Stream-length (SL) index is a simple, but very strong tool to evaluate the influence of tectonics on the
geometry and fluvial style of river systems. It was first used by Hack (1973) but the main progress in
this method has been done recently, due to the wider usage of modern remote sensing methods and

geographical information systems. The SL index can be calculated by the equation
SL=(AH/AL)Ldm

where (AH/AL) means the stream gradient and Ldm means the length of stream reach between stream
source and the middle of the measured part (Fig. 3). The values of SL index react very sensitively to
gradient changes in the stream, including lithological, tectonic, hydrological and even anthropogenic
influences. The anomalous (usually higher) values of SL indexes and particularly sudden changes of the
index values indicate changes in the stream gradient. The origin of these changes can be evaluated
with the help of other sources or analyses (e.g. geological maps or morphotectonic analysis). The
presence of the morphologically prominent tectonic linear indications or even documented tectonic
faults in those places with SL index anomalies can indicate the influence of tectonic movements on
stream gradient with a high probability. However, the sensitivity of SL index can be also a disadvantage
— the peaks of the SL index curve are very sharp and local maxima can follow local minima very
suddenly. It can be useful to use some statistical methods to obtain robust results. Being interested in
larger area and its possible tectonic activity, it its very useful to obtain SL values from several
neighboring streams and make a grid (Font et al. 2010). Some statistical methods, like IDW or Kriging,

are necessary for interpolating values.

Drainage
divide Ldm
<

SL = (AH/AL) x Ldm

ﬂid point Stream mouth

>

according to Hack (1973)

Fig. 3: Calculation of SL index (according to Hack 1973)
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The digital elevation model (DEM), based on based on LiDAR remote sensing), was used in this study

as an elevation data source (see section 3.1. for details).

The selected streams were divided into 100 m long reaches, where the SL index was calculated. The
result was about 1800 values of SL indexes in the study area. It was necessary to repair some values in
those places, which were seriously influenced by anthropogenic activities (millraces, dams, weirs etc.).
The historical maps and historical aerial photographs (see section 3.a.) were used for these

adjustments.

Values of SL index were represented by individual points along the streams and the Kriging method
was used for interpolating values between those calculated points. The Kriging was used via the
Statistic Analyst extension of the ArcGIS software, and its parameters were optimized to obtain the
best representation of the studied values. The spherical Kriging was used, with values of 9.14 for partial

sill, 5.03 for range, and 100 for lag.
3.4. Hypsometric index

The hypsometric index (Scheidegger 1987), or Hypsometric Integral or Elevation/Relief Ratio (Wood
and Snell 1960; Pike and Wilson 1971) is a value, which describes the relationship between the mean
and maximum/minimum elevation of the catchment area. It is very useful for comparing several basins
(Willgoose and Hancock 1998). This index can help to evaluate the effects of denudation, tectonic uplift
and relief maturity in the selected basin. It can be a suitable complement to the SL index, because the
hypsometric index describes the characteristics of the whole larger area of a river catchment and not
only the character of the water stream. According to (Cheng et al. 2012), values of hypsometric index
below 0.3 represent a mature and tectonically stable relief, while values over 0.6 usually represent
young, unstable and uplifting catchments. Willgoose and Hancock (1998) put this border at 0.5.
However, one must be very careful, when using this hypsometric index, because various basins formed
by various processes (geological, tectonic, climatic etc.) can have very similar or identical HI index

values.
The hypsometric index for a basin or simply for the study area is calculated using:
HI = (Emean - Emin) / (Emax - Emin)

Where Enmean represents the mean elevation of a basin, Enin represents the minimum elevation of a basin
(outlet) and Enax represents the maximum elevation of a basin (Pike and Wilson 1971). In this study, a
HI index combined with the SL index was used. It could be used as proof of an SL index analysis and to

select the areas, where the SL index is possibly influenced by tectonics. For gaining the elevation data,
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the same DEM was used as that for calculating the SL index (see section 3.c.). The distribution of river
catchments created by the VUV TGM (2016) was used, which often divides the catchments of larger

streams into several smaller areas.
3.5. Field structural geology

Brittle structures (faults, shear and extensional joints) were measured at 119 rock outcrops through
the majority of the study area and in total 400 structures were identified. The strike (trend) of brittle
structure was the most important value for the subsequent comparison with the results from the
remote sensing methods. The results from the field survey as well as the results of the remote sensing

methods were represented by rose diagrams (Fig. 7).

The archive of seismic events (IPE 2014) in the area was studied in order to get some proof of active
tectonic movements. It was planned to get a map of the hypocenters of seismic events and to compare
it with the results of the morphotectonic analyses. However, it was found out that the area of the
Novohradské hory is a tectonically stable region, at least in the most recent part of the Holocene, when
instrumental seismic measurement was available (1900-2015). Only one hypocenter from a weak
seismic event (2.7 Mag.) from the year 2001 was found near Rychnov nad Malsi, and it could probably

be connected with tectonic activity on the prominent fault north of the village.

4. Results
4.1. Morphotectonic analysis and evaluation of airborne geophysical data

During morphotectonic analysis, several very promising lineaments of probable tectonic origin were
localized. However, in the study area, there are many tectonic faults (located by conventional
geological mapping), which are not morphologically distinct and - on the other hand - there are
morphologically noticeable linear geomorphological features, which have no documented tectonic
origin so far. Often, the mapped tectonic faults continue as linear indications in the study area. For the
subsequent survey, the focus was on those areas, where linear indications were located by analyses of

the DEM and their presence was proved by at least one other method (see section 3.b., Fig. 4a, b).

Among the independent methods, the airborne gravimetry survey was the most reliable one, as in it
can detect significant and deeply founded tectonic structures (Sedlak et al., 2011). The whole area of
interest belongs to the negative field of the Bouguer anomalies ranging from —60 to —30 mGal (Fig.
4b). The most significant relatively negative anomalies can be found to the N of Nové Hrady, to the
Trebon Basin; and in the S of the study area around Cetviny (Fig. 1b). The relatively positive

anomalies can be found in the E of the study area and in the centre, around Bene$ov n/C. Both of
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these anomalies are connected with the occurrence of metamorphic rocks and relatively high
altitudes (Fig. 5). The remarkable gradient between relatively high and low values of the Bouguer
anomalies can be found especially between Rychnov n/M, Kaplice and Chlum, where a significant
tectonic structure is probably located. The parallel situation can be found to the east from Rychnov
n/M or in the surroundings of Nové Hrady. All of these steep gradients were interpreted as tectonic
structures with remarkable geomorphological manifestation, however, some of them also represent

the lithological boundaries (most of them of tectonic origin, Fig. 5).

One of the most distinct linear indications lies to the north from Rychnov nad Malsi (Fig. 5) and it is
partially documented as a fault (Fig. 1c). This structure can be followed for 15 km, where it is visible in
the terrain, but the fault itself is probably much longer. It has a WNW-ESE orientation, which is typical
for this part of the study area. The fault is very prominent, because it separates two very different
terrain styles: To the south of the fault, there is the very gentle landscape of the Kaplice Furrow (Fig.
5, Fig. 1a) while a more rugged and elevated terrain occurs to the north. In addition, the faults
bounding the Treborn Basin (WNW-ESE and WSW-ENE orientation) near Nové Hrady are very distinct.
The major bounding fault of the Budéjovice Basin (NNE-SSW orientation) near the confluence of Malse
and Stropnice rivers is partially visible, but most of its length lies out of the study area. There is a major
fault system associated with the Kaplice Furrow in the western part of the study area. This tectonic
structure is very deep and prominent and clearly visible by a gravimetry survey (Fig. 4b). However, the
terrain morphology of this fault system is not very distinctive. Several parts of the Malse River valley
are situated along this fault system (e.g. between Rychnov nad Malsi and Chlum), but the typical

straight parts of river valleys following the faults are usually missing here.

Very promising results were also obtained from the central part of the study area, where a fault of
WNW-ESE orientation is located between Kaplice and Bene$ov nad Cernou and there are also several

faults of a NE-SW orientation east of Benesov (Fig. 5, Fig. 1c).

The field survey and brittle tectonic measurement (Fig 2a, 2b) were used for proving the results of
morphotectonic analysis. To give a better comparison, rose diagrams were used as a representation of
the direction values obtained by different methods (Fig. 7). It is assumed that the longer linear indices
more probably represent a tectonic fault than the shorter ones. So, the rose diagrams are weighted by
the tectonic indication length (each tectonic indication was multiplied by its own length, giving 8114
entries of direction) with the help of OATools, an extension of the ArcGIS software. The prevailing NNE-
SSW and WNW-ESE orientations of the tectonic indications can be seen in the summarizing rose

diagram, representing the whole study area.
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Fig.4: (a) Map of the density of microlineaments extracted from DEM with interpreted linear indications; (b) Map
of the Bouguer gravity anomalies
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Fig. 5: Simplified geological map (Mahel et al. 1984; Slaby and Holasek, 1992a; Slaby and Holasek, 1992b; Vréna
and Holdsek 1992; Vrdna and Novak 1993) with the results of morphotectonic analysis — weighted linear
indications (see Tab 1.)
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Fig. 6 Stream gradient profile of Cerna, Mal3e and Stropnice rivers with simplified lithology and localization of
tectonic faults and tectonic linear indications (for definition see section 3.b.). Note that the orientation and
character of lithological boundaries is not considered due to the simplified and schematic illustration.

4.2. Field structural geology

In the western part of the studied area (see Fig. 1c), a strong population of extensional joints of NW-
SE orientation was obtained, as were two smaller populations of NNE-SSW and NE-SW orientation. The
direction of NNW-SSE dominates in the central part of the study area (gneisses and migmatites, various
types of granites) a perpendicular WNW-ESE direction is also present. In the north (equigranular
Eisgarn type granites), the N-S direction is strongly dominating, together with the much less present
direction of NW-SE. Finally, the south (Weinsberg + Freistadt type granites) contains various directions

of extensional joints, however, N-S and WSW-ENE are the strongest populations.
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Fig 7. Field structural measurements and morphotectonic analysis (rose diagrams of strike directions): (a)
mapped faults; (b) measured faults; (c) linear indications; (d) extensional joints.
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4.3. SL index

The main focus was on those places, where the values change rapidly and, on those areas, where the
stream crosses a tectonic indication or faults obtained from previous analysis (see sections 2.c., 4.a.

and Fig. 1c, 5).

Very interesting results were gained from the MalSe River, where the SL index changes take place near
a crossing with a tectonic indication, particularly near Cetviny, Rychnov nad Malsi, Kaplice and Chlum
(Fig. 8a). The Stropnice River has a gentler stream gradient profile then the MalSe River and also its SL
index values are often lower, especially in the middle part (flat terrain of the Trebon Basin) of the
stream (Fig. 6, Fig. 8a). However, the SL index can reach very high values near the boundaries of the
Trebon Basin (near Nové Hrady), where the Stropnice River crosses tectonic indications and faults or
in lower part of the stream (Fig. 6, Fig. 8a). There is also remarkable locality on the Cerna River NE from
Kaplice and in the surroundings of Beneov nad Cernou. The tectonic situation in the Beneov area is
not completely clear, but in the area NE from Kaplice there are several very prominent tectonic

indications, which are possibly connected with changes in index values.

There are also many other interesting localities in the study area: the upper part of the Cernd River
and the area to the south from Benesov n/C seemed to be very promising. Also, the morphotectonic
analyses showed tectonic indications in this part of the study area (Fig. 5). In the northern part of the
study area, there are several minor areas of sudden changes in the SL index values, particularly on
Zarsky potok Creek near Hradek (area 1 on Fig. 8a), Svinensky potok Creek near Zumberk (area 2 on
Fig. 8a) and on Klensky potok Creek in the area of Trhové Sviny (area 3 on Fig. 8a). However, these
localities are probably connected with N-S tectonic indications parallel to streams, so the direct
tectonic influence is not very clear. However, in the area of Hradek, a N-S tectonic indication crosses

the prominent fault system (bounding the Trebon Basin) of a NW-SE orientation (Fig. 5).
4.4. Hypsometric index (Hl)

No areas with high values (over 0,7) of HI were found in the study area. Such values can be found in
the active mountain belts or similarly tectonic active areas. The Novohradské hory Mountains are a
tectonically and morphologically less active area, but still some marks of Quaternary tectonic activity
can be found here. Several catchments of the smaller water streams (Pohofsky potok Creek (1),
Mladoriovsky potok Creek (2), Klensky potok Creek (3), see Fig. 8b) showed relatively high values of HI
(0,4 — 0,6) in comparison to neighboring basins. In addition, some parts of the MalSe River show
similarly high Hl values. There are several nice examples of differences in HI between neighboring areas
on the MalSe River, e.g. between Kaplice and Chlum. The particular areas are separated by tectonic

indications and the values of HI change quite remarkably. Interesting results were obtained from the
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Stropnice River. The upper part of the stream shows higher values of Hl, there are low values in the
middle part, in the flat relief of the Tfebon Basin, and again higher values are present in the lower part
of the Stropnice River. There are quite high values of HI in the surroundings of Nové Hrady. This part
of the Stropnice River is separated by a tectonic indication from another, lower part of the stream,

where the values of Hl are remarkably low.
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Fig.8: (a) Interpolated values of SL index. (b) Values of hypsometric index in particular watersheds (see section
4.d. for areas of interest)

5. Discussion

The methods used in this study are widely used in the tectonically active areas throughout the world
to understand active tectonics (Ferranti et al. 2009; Allanic et al. 2013; Rothis et al. 2019). However,
several studies exist which also take place in intraplate regions with weak tectonics (St&panéikova et
al. 2008; Font et al. 2010, Stépanéikova et al. 2019). The surveys in the tectonically active areas can
often be validated by an analysis of seismic activity, or by the field observations of the extensive
uncovered fault planes. Neither of these can be used in this study area due to weak recent seismic
activity and due to a poorly exposed area — only small, scattered localities exposing fault planes are

available.
5.1. Morphotectonic analysis

The results of morphotectonic analysis and the field structural survey show a generally satisfactory fit

(Fig. 7). Based on the field structural analysis, mapped faults and remote sensing analysis, a significant

88



concordance in orientation and frequency of faults and lineaments has been found (Fig. 1b, 5, 7). The
morphological features have been predominantly affected by the occurrence and polyphase
reactivation of orthogonal sets of subvertical faults and joints originally trending “NNE-SSW and
~WNW)(NW)-WSE(SE). The rock anisotropy defined by the preferred orientation of rock-forming
minerals has no significant influence on the recent morphology. In many cases, the strongest
population of extensional joints was found, which have a different orientation than the main tectonic
indications lines. This could be caused by the high number of S- joints in granite, which are not often
parallel to the faults (Twidale 1982; Bankwitz et al. 2004). It is almost impossible to identify the long,
regional structures, visible from morphotectonic analysis, on the particular rock outcrop, especially in
the area of metamorphous rocks with only small, scattered outcrops. It was found that the
combination of analyses of remotely sensed data (DEM, airborne geophysics) used is a very robust and
reliable way to identify the brittle tectonic structures. However, a thorough field survey is necessary in
order to eliminate linear structures in the rocks like lithological boundaries, fold axes, cleavage or

foliation.
5.2. SL and hypsometric indices

The SL index was used as the second main indicator of tectonic activity in this study. The SL index can
be more focused than other methods and easily connected with a particular tectonic indication or
fault. On the other hand, the hypsometricindex represents the entire catchment of a particular stream,
so it could be evaluated only on a bigger, regional scale or as a simple analysis of terrain morphology.
The results of hypsometry analysis do not respect lithology and also the differences in the area of a
particular catchments could have played a significant role, so the results were only used as supporting
characteristics. Still, it was found that a combination of both methods can be a very robust and easy

way to analyze possible tectonic activity on a complex scale.

The areas with sudden changes in the SL index were compared with the tectonic, morphotectonic and
geological data. In some places lithological boundaries can significantly affect the values of the SL
index, more than tectonic or morphotectonic structures. Many promising localities with a sudden
change in the SL index were found in the study area. In fact, many of them are lying on or near the
lithological boundary of paragneisses/granites. There is high probability of a lithological influence on
the SL index values in those areas. Plus, if no tectonic indication is found in the vicinity of such an area,
there is an even higher probability that local values of SL indexes are heavily influenced by variable
rock resistance against stream erosion. Those places were omitted from the final evaluation. However,
it is not possible to simply rule out the possibility of tectonic influence, because there still might exist

tectonic faults on lithological boundaries, which have not been detected yet.
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Many localities were identified that are lying in lithologically uniform area (so the effect of lithological
variability is negligible) and where the SL index values show sudden changes. Nevertheless, there are
also numerous areas, where there is no documented fault or tectonic indication in neighborhoods and
where sudden changes in the SL index are documented (e.g. Klensky potok Creek near Trhové Sviny,
Fig. 8a). It is not easy to explain changes in SL index values in such cases. It may be caused, for example,
by a different level of weathering of bedrock or small local changes in lithology. This could be verified
only by very detailed field mapping. Therefore, it is necessary to interpret such areas very carefully and

to rather eliminate them from final conclusions in order to avoid unreliable results.

Even if we locate some faults or linear tectonic indication in the neighborhoods of an area with
promising SL index values, it is not clear that it is caused by tectonic activity. Linear indications can also
show inactive faults, joints, or shear zones (e.g. gravity anomalies). The bedrock properties (rock
strength) can considerably change at such places and the SL index can be heavily influenced. On those
places, the results can only be used as an indication and a subsequent field survey for verifying the

existence or activity of faults is necessary (e.g. the area of Cetviny).

Localities, where there was the presence of tectonic fault indicated by the analyses, are the most
auspicious and we can expect Neogene-Quaternary tectonic activity here. Those places have helped
pinpoint active faults with a high probability and use them for final kinematic analysis (see section 5.c.).
The rapid change of SL index values on the MalSe River near Rychnov (Fig. 8a.) is very remarkable. The
MalSe River crosses a very prominent fault. Also, the values of the Hypsometric Index are relatively
high in the current basin (Fig. 8b.), which can really indicate the presence of Quaternary tectonic
movement on the ‘Rychnov Fault’. A similar situation of SL and Hypsometric index values was observed
on the Mal3e River near Chlum, where there are high values again, and local faults have been proven
by a field survey. On the Stropnice River, such a locality can be found near Nové Hrady, where the
stream crosses the bounding faults of the Trebon Basin. It can be said, that there is high probability of
recent tectonic movements at those localities. There is also very promising place on the Cerna River
near Bene3ov nad Cernou. The values of the SL index change at almost exactly the same place as where
the stream crosses the tectonic fault. However, the hypsometric index is quite low in the basin of the
Cernd River, so the tectonic activity in this area could be lower, or the fault could be inactive.
Unfortunately, there are very few proven tectonic faults in the area to the south of Benesov n/C. The
values of the SL and Hypsometric indexes are very high, but only tectonic indications obtained by
morphotectonic analysis and an analysis of airborne geophysics are known. The field mapping and
dating of fluvial sediments of selected streams should follow this study to set the timing of tectonic

movements.
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Fig. 9: (a) Simplified geological map; (b) Faults obtained from geological maps with interpreted active faults based
on values of the SL index and geomorphology, (c) DEM with results of morphotectonic analysis, (d) Linear
indications with interpreted active indications considered as faults, based on the values of the SL index and
terrain morphology.

5.3. Tectonics and fault activity

Based on the field structural analysis (Fig. 2, Fig. 7), in combination with a re-interpretation of the
mapped faults (Fig. 1c, Fig. 9a - CGS 2003), morphotectonic analysis (Fig. 6, Fig. 9¢) and SL index
calculation (Fig. 8a), a set of fault structures (Fig. 9b, Fig. 9d ) with possible Neogene-Quaternary
reactivation were identified in the studied area and their kinematics were interpreted under the
current stress-field (Griinthal and Stromeyer 1994; Heidbach et al. 2018) (Fig. 10). The prominent faults
are mostly steep, trending (a) “"NNE(NE) to ~SSW(SW) and belong to the ‘Kaplice-Rodl fault zone’ and
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(b) “NW(WNW) to ~SE(ESE) as part of the ‘Pfahl fault zone’ (e.g. Brandmayr et al. 1995). A scenario
showing the overall visualization of the brittle fabric pattern of the Novohradské Hory Mts. (southern

Moldanubian Zone) is given below.

The fault anisotropy, in combination with the heterogeneous lithological composition and the
thickness of the individual rock types, affect the temperature distribution and also the overall stability
of the rock environment according to the orientation, character and intensity of a recent stress-field.
The recent stress field is controlled by several factors such as the North Atlantic seafloor spreading,
the northward motion of the African and the Arabian plate, and the increased stiffness of the
Bohemian Massif (Griinthal and Stromeyer 1992, 1994; Stampfli and Borel 2004). The recent maximum
horizontal stress (Sumax) is considered to be in a “"NNW(NW)-SSE(SE) direction (azimuth 146 °) for the
Bohemian Massif (Griinthal and Stromeyer 1994). In addition, the World Stress Map (Heidbach et al.
2018) provides two stress measurements of maximum compression axis at a distance of about 50 km
based on borehole breakouts (in azimuth 121° and 131°) revealing an average maximum compression

axis in the “"WNW-ESE direction (azimuth 126 °).

The possible reactivation of individual faults (Fig. 10) is assumed under the recent stress-field (Simax =
146 °). If Sumax is horizontal in the “NNW=SSE direction (azimuth 146 °) and Sumax > Sv > Sumin (‘strike-slip
faulting regime’; Heidbach et al. 2018) the prevailing “NE(NNE)-SW(SSW) trending faults would mostly
reveal a sinistral strike-slip to weak reverse oblique-slip movement. A second set of subvertical
~NW(WNW)-SE(ESE) faults could be predominantly reactivated in a dextral strike-slip regime or as
gentle reverse oblique-slip faults. In both cases, the oblique slip angle increases with the changing

orientation of the fault plane to the direction perpendicular to Symax.
5.4. Tectonic activity and terrain evolution

If the results of morphotectonic and SL index analyses (Fig. 9) are compared with the proposed
reactivation of faults (Fig. 10) and overall topography (Fig. 1a), it is possible to find areas, which were
probably affected by young tectonics, particularly by uplift. It would be possible to find several
indications of tectonic uplift of the whole region of the Bukovsky hibet Ridge (area 1 on Fig. 1a),
compared to the flat terrain of the Kaplice Furrow (areas 2 and 3 of Fig. 1a). The change from the wide
valley of the MalSe River south of Rychnov (area 2 on Fig. 1a) to a deep valley with incised meanders
north of Rychnov (area 3 on Fig. 1a) is also visible. Another morphologically remarkable situation can
be found in the eastern part of the study area, in the surroundings of Nové Hrady. Here the high
mountainous terrain of the Novohradské hory Mts. can be seen rising above the lower level of the
Stropnicka vrchovina Highlands (area 5 on Fig. 1a) and the lowest level of the Tfebor Basin (area 6 on

Fig. 1a) with a very low and flat terrain. Faults separate these morphologically distinctive units from
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each other (see Fig. 8a, 9c and 9d). A major uplift of area 4 (on Fig. 1a) and a moderate uplift of area 5
(on Fig. 1a) is fairly possible here. The rather hilly terrain of the Slepici hory Mts. (area 7 on Fig. 1a)
differs significantly from the flat valley of the Cerna River between Kaplice and Bene$ov nad Cernou.
The uplift of the Slepi¢i hory and Novohradské hory, separated from each other by the lower terrain
of the Cernd River valley, is very probable. Besides the facts mentioned above, the gravimetric data
(Fig. 4b) also show significant differences in areas 1, 4, 7 and 2, 3, 5 and 6. It can be interpreted that
the whole area of the Novohradské hory Mts. was uplifted along the bounding faults. This is in
agreement with other studies, which suspected an uplift of the Novohradské hory Mountains area

(Chabera 1982; Kopecky 1983; Popotnig at al. 2013).

The flat, wide valley of the MalSe River near Rychnov nad Malsi, so untypical on an upper part of water
streams and so noticeable in the surrounding hilly terrain, could also be a sign of tectonic movements.
The existence of such a valley could be explained as a Tertiary remnant of the valley of an old stream
(‘Paleo-Malse River valley’) existing before the tectonic activity in the area. Many authors also noticed
this striking terrain feature, changes of fluvial style, river geometry and river orientation (Balatka and
Sladek 1962; Malkovsky 1975) and they suggested Miocene drainage of the upper part of MalSe and
Vltava rivers to the south, towards Alpine-Carpathian foredeep, and the subsequent change of
drainage northwards. The fluvial and fluvial-lacustrine sediments found in the Kaplice Furrow are very
probably of Pliocene age (Bfezinova et al. 1965; Novak 1983; Bezvoda et al. 1983). This is not in
contradiction with the theory of drainage direction change, but it suggests that the change happened
later, probably during the (upper) Pliocene. The distribution of the Pliocene fluvial deposits in the
Kaplice Furrow suggest the migration of the MalSe River towards the east during the Pliocene-
Pleistocene, probably due to the uplift of the mountainous area of Poluska (Chabera 1982). Also, the
same changes of the river network geometry may have happened due to tectonic uplift in the foothills
of Novohradské hory Mts., which is discussed in detail by Fladar and Stépanéikova (2022). Regardless,
the effect of tectonic activity on rivers is apparent in this study area. However, the exact dating of
drainage direction changes is a matter for future debate and research, and also the exact dating of
fluvial sediments is necessary to prove some of the proposed hypotheses as well for a more complete

tectonic and palaeogeographic reconstruction of the study area.
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Fig. 10. Schematic map showing a possible reactivation of individual faults under the recent stress-field (SHmax
= 146°) including topographic profiles with the supposed dip of faults. Active faults/linear indications were
adopted from Fig. 9b and 9d.

6. Conclusions

The integration of morphotectonic analysis with an SL index calculation and airborne geophysical
measurements, and validation with field geological and structural data, is a powerful tool for
understanding Quaternary-Neogene active tectonics in intraplate areas with low deformation rates.

This study reveals these particular conclusions:

- The combination of morphotectonic analysis and airborne geophysics is a very fast and relatively easy

way to find indications of tectonic faults possibly active in the Neogene - Quaternary.
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- Analysis of the SL index can be used for pinpointing the possible localities of active tectonics; however

it has to be used carefully with respect to lithology, hydrology and anthropogenic influence.

- The hypsometric index can only be used as a complementary analysis at the regional scale, because

its results are too rough to get detailed conclusions on particular faults.

- The analyses of remotely sensed data (DEM and airborne geophysics) combined with numerical
geomorphology (SL and hypsometric indices calculations) were validated with field geological and

structural mapping showing a good fit for both datasets.

- It is assumed there is a possible reactivation of individual faults under the recent stress-field (Sumax =
146°). If Symax is horizontal in the “NNW-SSE direction, the prevailing “NE(NNE)-SW/(SSW) trending
faults would mostly reveal a sinistral strike-slip to weak reverse oblique-slip movement. A second set
of subvertical "NW(WNW)-SE(ESE) faults could be predominantly reactivated in a dextral strike-slip
regime or as gentle reverse oblique-slip faults. The minor steeply dipping faults perpendicular to the

Sumax = 146° are not active.

- Based on these results it is assumed that the whole region of the Novohradské hory Mountains
experienced a significant uplift, compared to the neighboring areas of the Kaplice Furrow and the
Ttrebon Basin. The most significant features of this uplift can be found near Rychnov nad Malsi, and on
the tectonic border between the Kaplice Furrow and the Bukovsky hrbet Ridge, respectively. This uplift
took place probably in the late Pliocene and Pleistocene, after the sedimentation of lacustrine

sediments in the Kaplice Furrow.

- Although the combination of GIS, morphotectonic and geophysical analyses with a validation by field
structural data do not provide the final proof of young tectonic activity, it was found that there was a
strong indication of Neogene-Quaternary reactivation of several faults in the study area, which was

not indicated by previous studies.

- It can be supposed that many areas in the Alpine Foreland and Bohemian Massif underwent similar

tectonic evolution, but further research is necessary to prove it.
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Abstract

The area of Southern Bohemia between Novohradské hory Mountains and the Trebon and Budéjovice
Basins — the Novohradské Foothills (in the south of the Czech Republic) is known for the occurrence of
moldavites. These tektites are abundant in fluvial Koroseky sands and gravels. This study focuses on
reconstructing the paleostreams, which deposited the moldavite-bearing sediments, and their
relationship to present streams. Based on a review of the deposits’ occurrences, a connection between
moldavite-bearing sediments and deposits of the present watercourses, Vitava, MalSe, Stropnice and
Svinensky, is proposed. The link between moldavite-bearing deposits and the current streams were
further supported by analyses of river geometry (longitudinal profiles, stream gradient) and terrain
morphology (valley floor ratio, basin asymmetry). It is suggested that the moldavite-bearing deposits
were sedimented during the Pliocene or Pleistocene by predecessors of the present streams. The
occurrences of particular fluvial deposits and changes in terrain morphology and river geometry can be
traces of changes in the river network and the dynamic evolution of local relief induced by tectonic

activity during the Pliocene and Pleistocene.

Keywords: tektite, moldavite, fluvial deposits, river network changes, Late Pliocene, Pleistocene, Novohradské

hory Mts., MalSe River
1. Introduction

The fall of moldavites (Central European tektites) 14.8 Ma ago induced by the Ries impact (Di Vincenzo
and Skala 2009; Buchner et al. 2010; Schwarz and Lippolt 2014) was a significant event for the area of
what is now Central Europe. The deposits containing moldavites can be found mainly in the Czech
Republic, but also in Germany, Poland and Austria. Their age is generally unknown and have been given
a wide range - from 14.8 Ma to Pleistocene — by various authors (Zebera, 1967; Bouska and Konta,
1990; Seveik et al., 2007; Welser et al., 2020). In the studied area — the area of Novohradské Foothills
between Tfebon and Budéjovice in the north and the ridges of the Novohradské hory Mountains in the

south (Southern Bohemia in the south of the Czech Republic) — there are the largest occurrences of
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moldavite-bearing deposits. They, known as Koroseky sands and gravels or Vrabce beds have been
traditionally dated to the Miocene, which was suggested due to deposits from unspecified streams,
which differed from the Pleistocene or current stream network (Zebera, 1967; Trnka and Houzar,
2002). There are also many Pliocene and Pleistocene fluvial sediments along the current Vltava, Malse
and Stropnice Rivers (Puchta and VolSan, 1965; Chabera and Novak, 1975; Novak, 1983; Pribyl, 1999)
and significant changes in river geometry were suggested as a result of the mainly Plio-Pleistocene
tectonic uplift of the surrounding mountains (Malkovsky 1979; Chabera, 1982). Therefore, this area is

ideal for the proposed paleodrainage reconstruction.

Since it appears that the moldavite-bearing deposits and younger Pleistocene fluvial deposits are
morphostratigraphically very close to each other, the traditional consideration of a Miocene age for
the Koroseky sands and gravels could be put in doubt. Based on their morphostratigraphical position,
many studies (Bouska and Konta, 1990; Bouska, 1992; Sev¢ik et al., 2007; Pesek, 2010) suggest that
they can be significantly younger, Pliocene or early Pleistocene. However, a detailed study of the
spatial and morphostratigraphical relationship between moldavite-bearing deposits and other,

younger fluvial sediments has not been made yet.

This study reviews the age and morphostratigraphical position of all those sediments. This new view
on the issue is not based solely on combining older data, but also on selecting the reliable ones
regarding the morphostratigraphical position of the fluvial deposits. Using moldavite-bearing deposits
as a stratigraphic marker is a new approach in the area of Southern Bohemia and such a complex view
(e.g., a detailed evaluation of the moldavite-bearing sediments in longitudinal profiles) has not been
used so far. The information obtained from previous studies was complemented by new analyses of
morphometric indicators based on DEM from LiDAR data. The study puts forward a reconstruction of
the Pliocene paleo-drainage and its possible evolution through the Pleistocene to the present and
endeavours to map the most significant palaeogeographical changes. The results cannot answer all
guestions about the complex palaeogeographical evolution of the area of SouthernBohemia, but they
can specify the localities needed for further research, such as dating the sediments or
paleoseismological survey to reconstruct the tectonic movements resulting in the drainage changes
etc. Similar approach can be used not only in central Europe, where the moldavite-bearing sediments
are located, but also in other areas, where the fluvial and tectonic history is complex and not

completely solved yet.
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2. Geological setting
2.1. Crystalline basement and Cretaceous-Pliocene deposits

The Novohradské hory Mts. and their foothills are composed mainly of metamorphic rocks of the
Moldanubian Unit and granites of the Moldanubian Batholith (see Fig. 1 for detailed composition). The
post-Variscan tectonics in this crystalline basement complex were thought to have been restricted to
the Mesozoic and Cenozoic reactivation of Palaeozoic fault systems (e.g., Donau (NW-SE) and Blanice-
Rodl (NNE-SSW; Brandmayr et al., 1995, 1997). The late reactivation of these faults has been described
by various authors (Kopecky a Vyskocil, 1969; Kopecky 1970; Vyskocil, 1973; Malkovsky 1979; Kopecky,
1983; Popotnig et al., 2013). They supposed the most intensive reactivation to have been at the end
of Pliocene, however with the continuation of the uplift (geodetically measured) until the present

(Kopecky and Vyskocil, 1969).

There are two main sedimentary basins in Southern Bohemia: the Budéjovice Basin and the Trfebon
Basin. Both have a common geological history from the upper Cretaceous until the Pliocene. The origin
of the basins is Cretaceous when the Bohemian Massif reacted to the ongoing Alpine Orogeny
(Malkovsky, 1979). The main faults of NW-SE orientation and subsidiary ones of NNW-SSE and N-S
orientation were formed or reactivated during these processes and sedimentary basins were formed
along them (see Fig. 1). The basin infill is mainly formed by the lacustrine sediments of the Upper
Cretaceous (sandstones and claystones from the Klikov formation) and Tertiary, however several
marine ingressions were documented during the Tertiary (Chlupac et al., 2002). The Tertiary infill
begins with sandstones and sands from the Lipnice formation, probably from the Eocene. After a long
hiatus, it is followed by lower Miocene Zliv formation made of clays, sandstones and conglomerates.
The largest area of the basins is covered by the Mydlovary formation, which is composed of clayish
sands and conglomerates on the base, green clays with a coal seam in the middle and greenish clays
and diatomites in its upper part. The Mydlovary formation is dated to the lower or middle Miocene
and it is followed by the Domanin Formation, which has a rather similar character of sediments —
greenish diatomite clays (Malkovsky, 1975). The most important thing is that the Domanin Formation
is the first recorded layer with the occurrence of moldavites as the Vrabce beds are put to the Domanin
Fm. by some authors (e.g., Bouska (1992), see Fig. 4). The upper Miocene rocks are not preserved in
the basins. The Ledenice formation follows after a long hiatus and it is of a Pliocene age. It is formed
by grey and green sands and clays, and it is similar to the VildStejn formation in the Cheb Basin
(Teodoridis et al., 2017), however it contains no moldavites. The Ledenice formation is the last member
of a sedimentary infill, and it can be found in both basins (Pesek, 2010). After its sedimentation, the

tectonic activity was strongly reactivated in the whole Bohemian Massif. The Budéjovice Basin was
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separated from the Trebon Basin by the uplifting of LiSov Horst, the Novohradské hory Mts. were
significantly elevated (several hundreds of metres) and the erosion and sediment transportation
processes became stronger. The deposition of moldavite-bearing gravels is set to this period (Chabera

and Novak, 1975; Chabera, 1982; Bouska, 1992;  Chlupac ).
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Fig. 1: Location of the study area and the basic geological situation (according to Malkovsky, 1979; Misar et al.,
1983; Chlupac et al., 2002; €GS, 2003; Pavli¢ek, 2004 and Bankwitz et al., 2004). Note the Blanice-Rodl fault
system (between Rychnov n/M and Chlum) and bounding faults of the Tfebor Basin. Elevation data source -
DEM 4G (CUZK, 2017). Note that the coordinate system S-JTSK is used, also for other figures.
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2.2. Moldavites

Moldavites (named after the Moldau/VItava River), or Central European tektites, known for their
attractive deep-green colour were formed from the uppermost sedimentary rocks layer during the Ries
impact event in Miocene (Skdla et al., 2016; Buchner et al., 2020). The best estimates of the moldavite
age as well as that of the Ries crater (Bavaria, Germany), corrected for most recently suggested *°K
decay constants, (Jourdan et al. 2012 in Skala et al., 2016) currently vary between 14.74 + 0.20 Ma and
14.83 + 0.15 Ma (Di Vincenzo and Skala 2009; Buchner et al. 2010; Schwarz and Lippolt 2014;
Schmieder et al., 2018). The moldavite tektites were formed by an early ejection of surficial impact
melt or from condensates of vaporized surficial sediments, Oligocene and Miocene fluviatile-lacustrine
sediments (mainly sands and limestones of up to 50 m total thickness; see Stofler et al., 2013 and
references therein). For a further overview regarding the impact itself and the preimpact geology see
Artemieva et al., 2002; Sturm et al., 2015; Buchner et al., 2020). Moldavites are known from their
strewn fields (see Fig. 2a) in Southern Bohemia, Western Moravia, the Cheb Basin in the Czech
Republic; Lusatia in Germany, Waldviertel in Austria (Trnka and Houzar, 2002) and Lower Silesia in
Poland (Skdla and al., 2016; Brachaniec, 2019).

Despite the long-lasting scientific interest in moldavites and their known age of origin, the age of

younger deposits containing them as reworked pebbles is still a matter of discussion (see Fig. 4).
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Fig. 2a: Map showing the Ries crater and the Moldavite strewn field (Artemieva et al., 2002); Fig. 2b: Mesozoic
and Late Cenozoic deposits with the localities of moldavites in the area of Southern Bohemia, modified after
Bouska, 1992 (BB — Budé&jovice Basin, TB — Trebori Basin, CB — Ceské Budéjovice; rivers: 1 — Vltava, 2 — Malse, 3 —
Cerna, 4 — Stropnice, 5 — LuZnice, 6 — Nezarka, 7 — Blanice, 8 — Otava).
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2.3. Fluvial deposits and moldavite-bearing sediments in the area

There are many localities of lacustrine, fluviolacustrine or fluvial deposits of Neogene age in Southern
Bohemia. Their proper age is a subject of discussion and various authors set their age into the period
from the upper Miocene to the lower Pleistocene. The largest extent of these Neogene deposits can
be found as an uppermost layer in these two sedimentary basins (PeSek, 2010). However, their
occurrence outside the basins on the crystalline basement is more interesting for reconstructing the
paleodrainage. Many scattered occurrences of these deposits can be found along the southern edges
of the Budéjovice and Tfebon Basins in a 40 km long belt of NW-SW orientation. Other abundant
occurrences can be found further to the south in the Kaplice Furrow and along the Malse River (Bouska,
1992; CGS, 2003). Also, scattered deposits can be found along the Vltava River, Stropnice River (and its
tributaries) and in an isolated locality near Horni Dvoristé (see Fig. 2b and Fig. 3).

However, among the deposits outside the sedimentary basins, the equivalents of the Mydlovary
formation can be found (probably the locality of Horni Dvofisté; Bezvoda at al., 1983), the Ledenice
formation (deposits in the Kaplice Furrow; Bfezinova et al., 1963) and almost certainly also the younger
Pliocene or Pleistocene deposits, which can often contain moldavites (Bouska and Konta, 1990;
Bouska, 1992). Moldavite-bearing deposits are called Vrabce beds (VB hereinafter) and Koroseky sands

and gravels (KSG hereinafter) in the area of Southern Bohemia. They have been traditionally classified

to the Middle Miocene (Zebera, 1967; Trnka and Houzar, 2002), however the exact dating of these
sediments has not been solved properly yet and many authors (see section 4) put at least part of them
to the Pliocene/Pleistocene period. According to Zebera (1967, 1977), they were formed in different
depositional environments in the neighbourhood of the shores of receding lakes.

The VB are deposited on crystalline rocks or on the Middle Miocene sediments of the Mydlovary
Formation. They are considered as lateral part of Domanin Fm. by some authors (Zebera, 1967, Bouska
1992). Most of the sediments are colluvial-fluvial sandy clays and/or clayey sands with an admixture
of angular psephitic material. They fill stream depressions, ravines or form dejection cones. The
thickness of these sediments is usually several metres (Trnka and Houzar, 2002). The psephitic material
is composed mainly of quartz, angular clasts of crystalline rocks (mostly Moldanubian metamorphites
or granites) from the near surroundings (Bouska and Konta, 1990; Nesrovnal, 1992) and deeply
corroded angular moldavites. According to Bouska (1992), the heavy mineral association of the VB
from the locality of Besednice indicates local source of material: mainly composed from andalusite
16.84 %, tourmaline 8.66%, and disthen 8.57%. All of the parameters suggest that the material of the
VB had not been transported for a long distance (Zebera, 1967; Bouska and Konta, 1990, Bouska; 1992;
Nesrovnal, 1992). Moldavites within the VB are traditionally described by various authors (Zebera,

1967; Bouska, 1992) as “moldavites of a strewn-field”. They are typical due to their surface, shaped by
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corrosive furrows and pits formed by the long-term chemical action of underground water (Bouska,
1992).

The KSG represent fluvial, fluviolacustrine or sometimes deltaic facies. In contrast to the VB, the KSG
are coarser. The usual size of pebbles is 1-2 cm, up to 10 cm at the most. The thickness of the
sediments can reach up to 25 m. The main component of these gravels and sands are quartz and
feldspars (Trnka and Houzar, 2002). Very often they contain moldavites, however there are bodies
within the KSG without any moldavites (Bouska, 1992). The KSG can also often contain bodies of clays,
which originated in the Ledenice Fm., Domanin Fm. or the VB and were redeposited to the KSG
(Bouska, 1992). According to Bouska (1992), the heavy mineral association of the KSG (locality of
Chlum) represents a slightly wider source area of sedimentary material (zircon 11.86%, rutile 1.32%,
leukoxen 0.54%, disthen 0.51%). A similar situation can also be found at the other localities of KSG/VB
in the area, there are no significant spatial differences in the heavy mineral associations (Bouska,
1992). The moldavites themselves in the KSG also differ from the moldavites in the VB. They are more
rounded, as the other pebbles in the sediment (Zebera, 1967; Bougka and Konta, 1990; Bougka, 1992,
Nesrovnal 1992). The moldavites from the KSG localities in the southern part of Southern Bohemia
(e.g., Chlum) seem to be less rounded than those from the northern part (e.g., Koroseky). Also, the
ratio of rounded pebbles to angular ones rises roughly in direction from S to N or NW (Bouska and
Konta, 1990). Moreover, the weight of moldavite pebbles differs in the VB/KSG and at particular
localities. The typical weight of moldavites in the VB is around 2 g (Bouska, 1992), the weight of
moldavites in the KSG are typically higher, because of better resistance and sediment sorting during
transport (Bouska and Konta, 1990; Bouska, 1992). Those characteristics are explained by the
aforementioned authors as a sign of longer transport than in the case of the VB. The total length of
moldavites’ transport in the VB from the place of their fall is estimated at about 1 km at the most.
Therefore, the VB are marked as strewn-field sediments. Moldavites underwent a longer transport,
usually of a few kilometres, in KSG (Bouska, 1992). The VB and the KSG can sometimes be found in one
locality. The KSG can be found in a superposition over the VB (Bouska, 1992; Nesrovnal, 1992) and also
differences in the roundness of moldavites can help to distinguish those layers.

According to Zebera (1967, 1977), the KSG are the lateral equivalent of the VB. However, according to
other authors (Bouska and Konta, 1990; Bouska, 1992; Sev¢ik et al., 2007; Pe$ek, 2010) they are much
younger than the VB, Pliocene or Pleistocene. In any case, the KSG are very probably a polygenetic
formation, which includes deposits of various origin and perhaps even various ages. The main problem
is the varying angularity of the quartz pebbles in particular places, from angular to oval, caused by the

sediment’s different transport distance at a particular locality (Welser, 2020).
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This study assumes the age of the KSG to be Pliocene and they are compared with the other fluvial
deposits based on the many similarities of their morphostratigraphic position in the terrain and along
the streams, and on the similarity of their sedimentological and petrological characteristics (Novak,
1983; Bouska and Konta, 1990; Nesrovnal, 1992). We cannot rule out that these deposits were actually
formed during the same events. However, no authors have discussed that possibility yet. There are
many localities of such deposits to the south of the Budéjovice and Trebon Basins and they are dated
by various authors to the Pliocene (Novak, 1983; Bezvoda et al., 1983; Pribyl, 1999; CGS, 2003). As they
occur along the present flows of the MalSe River, Vltava River or Stropnice River, they are often
described as the oldest, Pliocene, fluvial terraces of these rivers (Novak, 1983; Pribyl, 1999) according
to the classical setting known from other parts of Czech rivers (Balatka and Sladek, 1962; Tyracek and
Havlicek, 2009, Balatka et al., 2015). Novak (1983) morphostratigraphically delineates five levels of
Pliocene terraces (named Terrace 1-5) along the MalSe River. This nomenclature is further used in this
study because of its general overview of the study area and the fair concordance with other studies
(Chabera, 1965, Popotnig et al., 2013). The terraces along other streams in the study area have not
been surveyed so thoroughly, therefore the general term “Pliocene terrace/deposits” or “Pleistocene
terrace/deposits” was used in this study. The delineation between Pliocene and Pleistocene
terraces/deposits is based mostly on their morphostratigraphical position, due to the lack of other
usable methods. The main difference between them is their position above or below the incised valley
edge, following the preceding delineation used by Gibbard and Lewin (2009) and Tyracek and Havicek
(2009).

The topographical, morphological and chronological connections between fluvial sediments with and

without moldavites are not clear yet and are a subject of this study.

All the main rivers (Vltava, Malse and Stropnice) in the study area have developed a system of
Quaternary river terraces. However, the proper description, dating and mapping (Puchta and Volsan,
1965; Novak, 1983; Pribyl, 1999; Homolova et al., 2012) of those terraces have only been carried out
on the lower part of the streams in the surroundings of the Budéjovice and Tfebon Basins due to the
very sparse occurrences of fluvial deposits on the upper parts of the streams. However, these terrace
systems are complex enough to compare them with the course of the present water stream and also
with the possible Pliocene deposits (see Fig. 3 for occurrences in the area and Fig. 10 for the
Pliocene/Pleistocene terraces of the Malse). Note, that the Pleistocene terraces in the Bohemian
Massif are traditionally dated by Alpine glaciation chronology. According to van Husen and Reitner
(2001), the terrace levels can be assigned as: Wiirm - MIS 2-4, Riss — MIS 6, Mindel — MIS 12, Giinz -
MIS 16, Donau — MIS 22. Tschegg and Decker (2013) studied the Pleistocene terraces of the Vitava

River in the Budéjovice Basin. They found that the heavy mineral association differs in the (middle)
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Pleistocene and pre-Pleistocene deposits, mostly due to a higher presence of amphibolites in the
Pleistocene deposits. Unfortunately, they did not study the KSG and other Pliocene fluvial deposits,
however, according to them and Bouska (1992), the delineation between the Pleistocene and older
deposits can be clearly done since the source rocks and area remain similar through time.

Itis not possible to obtain the same spatial resolution for the position of the Pliocene deposits -
because of their limited preservation - as in the case of reconstructing the Pleistocene terraces and
their levels. It is possible to delineate some of the deposit levels, roughly at the scale described by
Novak (1983), thus giving at least a division of the younger- and middle Pleistocene terraces from the
older ones. This resolution is, however, sufficient to make a robust morphostratigraphical link to other
Tertiary deposits in the study area and it can enlighten the major changes in stream network geometry
from the Miocene until the present (supposed by Zebera, 1967; Malkovsky, 1979). Zebera (1967),
Malkovsky (1979) and later also Tyracek (2001); Tyracek et al. (2004) and Ziegler and Dézes (2007)
proposed Southern Bohemia drained to the Alpine Foredeep in the Miocene-Late Pliocene time period.
Pribyl (1999) investigated the possibility of southward Pliocene drainage of PaleoVltava by survey of
the fluvial deposits (probably Pliocene — Bezvoda et al. (1983) and CGS (2003)) near Horni Dvofité (see
Fig. 3), however he rather disagreed with the hypothesis. Chlupac et al., (2002) and Bouska (1992)
supposed the rejuvenation of the relief after sedimentation of Ledenice Fm. (see Fig. 4), the uplift of
the Novohradské hory Mts. and LiSovsky Horst and a change in drainage direction. All the studies are
in concordance in principle about the succession of events leading to the change in drainage direction,

however they differ from each other in the proper dating of the process.
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I:l Younger Pleistocene river terr.

Pliocene terraces of
MalSe river (Novak, 1983)

- Terrace 1
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Fig. 3: Tertiary (Miocene and younger) sediments in the study area (1 — Pasinovicky Stream, 2 — Keblansky Stream,
3 - Klensky Stream, 4 — Zarsky Stream, 5 — Zborovsky Stream). Elevation data source - DEM 4G (CUZK, 2017).
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Epoch/Stage Regional Stage Formations Deposits description/
age (Ma) (Paratethys) and sedimentary deposits tectonic processes
Holocene actual floodplain rounded moldavites in the sediment
. fluvial terraces L .
Pleistocene and slope deposits rounded moldavites in the sediment
2.6 continuing uplift with erosion
Piacenzian Romanian Koroseky sands and gravels rusty sandy gravels
36 (thickness up to 12 m) with frequent moldavites
g ' uplift of the Novohradské hory Mts.
S and Sumava Mts.
=
Zanclean Dacian Ledenice Formation blueish and gray sandy clays
(thickness 25 m) without any documented moldavites
5.3
o erosion (?)
Messinian
7.0 — Pontian
Tortonian
Panonian slow subsidence in Trebori
and Budéjovice basins
}—11 6—
|
I
I Sarmatian
Serravallian
AV aVa Ve Ve VeV aYa Ve Ve VavaTs
c]c.) ________
g Domanin Formation - the oldest deposits with moldavites,
S Vrabecske layers greenish and gray sandy clays
(thickness 30 m)
Badenian
| ] moldavite fall (14.8 Ma)
Langhian AN~ | weathered surface of crystalline
rocks and Mydlovary Fm.
Mydlovary Formation
(thickness 130 m)

Fig. 4: Stratigraphical chart of the Tertiary deposits in the study area (Bouska, 1992).
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3. Geomorphological and hydrological setting

A large part of the study area (see Fig. 3) is occupied by the ridges of the Novohradské hory Mts.
(Gratzener Bergland/Weinsberger Wald). They were shaped by tectonic, fluvial and particularly
periglacial processes (Rypl et al., 2017; Rypl et al., 2020). The Novohradské hory Mts. transform into
the foothills (Rypl, 2004), with morphologically prominent Sobénovska Highlands (its highest part is
locally known as Slepici hory Mountains). Tectonically bounded, an elongated depression with a gentle
relief - the Kaplice Furrow - separates the Novohradské hory Mts. and Slepici hory Mts. from Poluska
(part of the Sumava Foothills; Rypl, 2004). The north and north-eastern part of the area is occupied by
the flat terrain of the Budéjovice and Trebon Basins. They are bounded by faults of NW-SE and NNE-
SSW orientation, and they are tectonically separated from each other by LiSov Horst (Balatka and
Kalvoda, 2006). Many water streams in the study area have formed deeply incised valleys, typical for
areas with a young uplift regime. Most of the selected area is drained by the MalSe River and its
tributaries to the catchment of the Vitava River (Moldau in German), the main river for this part of the
Bohemian Massif. However, a significant part lays in the catchment of the Luznice River (Tfebor Basin)
and some small areas are drained by small streams southwards, to the catchment of the Danube River

(see Fig. 2b and Fig. 3 for the location of streams).

The Malse River is typical for its broad, flat valley in the upper part of the stream and a narrow, V-
shaped valley in the lower part of the stream (Lett, 2004). This river style can also be found in the other
mountainous regions throughout Bohemian Massif and it is a sign of the recent tectonic rejuvenation
of these areas (Balatka a Kalvoda, 2006). Gradient conditions and fluvial styles vary quite often along
the Stropnice River: from a mountainous stream in the upper part, through the meandering, low
gradient part in the middle, to the deeply incised valley in the lower part (Lett, 2004). The Svinensky
Stream is interesting for its significant course changes, as well as for the asymmetric catchment.
Another important feature is the flat wide valley of the lower part, untypical for a low order (Strahler)
stream in such a hilly terrain (Lett, 2004). The Cerna River is a typical mountain stream with a high
gradient and a narrow, deep valley (Balatka and Sladek, 1962; T. G. Masaryk Water Research Institute,
2021).

The Vltava River is not a key part of this study. Its course, longitudinal profiles and fluvial deposits are
mainly used for comparing with those of the MalSe and other streams and for an overall reconstruction
of the palaeogeographical situation. For a more detailed understanding of the ViItava River see Chabera

and Novak (1975); Pribyl (1999); Tyracek (2001); Tyracek et al. (2004); Balatka et al. (2015).
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4. Critical review

The outcrops of various Tertiary and Quaternary deposits in the study area were mapped by many
previous studies and maps (Mayer, 1959; Kratka, 1966; Bfezinova et al., 1963; Puchta and Volsan, 1965;
Zebera, 1967; Chabera and Novak, 1975; Svéra, 1981; Novak, 1983; Bezvoda et al., 1983; Kroupa, 1984;
Mahel et al., 1984; Bittman et al., 1985; Bouska and Konta, 1990; Slaby and Holasek, 1992; Vrana and
Holasek, 1992; Vrana and Novak, 1993; Nesrovnal et al., 1995; CGS, 2003; Homolova et al., 2012). The
localization and extent of the sedimentary bodies can be considered as reliable, as many of these
studies are in concordance. Studies by Chabera (1965), Zebera (1967), Konta (1972), Novak (1982),
Bouska and Konta (1990), Bouska (1992), Nesrovnal (1992), Trnka and Houzar (2002), Tschegg and
Decker (2013), Welser et al. (2020) give a very detailed description of the petrological,
sedimentological and other parameters of fluvial deposits, particularly the KSG and Pleistocene river
terraces. Many of the aforementioned studies also try to find the correct time the various fluvial
deposits originated. Only a few of them (BFezinova et al., 1963; Sev¢ik et al., 2007; Homolova et al.,
2012) use absolute dating methods (because of a lack of suitable methods and datable materials in the
fluvial deposits). Studies by Chabera (1965), Chabera and Novak (1975), Novak (1983), Bouska and
Konta (1990) try to date the fluvial deposits morphostratigraphically. These methods cannot be
precise, however, many publications from the Bohemian Massif (Tyracek, 2001; Tyracek et al., 2004;
Tyracek and Havlicek, 2009; Balatka and Kalvoda; 2010; Balatka et al., 2015) show, that they can work,
especially combined with modern methods (e.g., LIDAR DEM). Chabera (1965) and Novak (1983) did
very precise work and their results can be directly compared with radiometrically dated Pleistocene
deposits by Homolova et al. (2012). Therefore, these studies and their approach are essential for
further research. Unfortunately, some studies, Zebera (1967), partially Malkovsky (1979) or Welser et
al. (2020) - despite their other contributions — underestimate the importance of the
morphostratigraphical position of fluvial deposits and therefore these studies cannot be fully used in
a study like this. The evaluation of the morphostratigraphical position of the deposits can be easily
improved by using morphometric analysis (e.g., basin asymmetry, valley floor ratio, stream gradient).
Many studies around the world show that the morphostratigraphic relations is important sources of
information regarding terrain and stream network evolution (e.g., Burbank and Anderson, 2001; Keller
and Pinter, 2002; Guttierrez, 2013).

One of the biggest issues is the correct dating of the moldavite-bearing deposits, especially KSG.
According to Zebera (1967), who assigns the KSG to the middle or upper Miocene (as well as the VB),
they contain iron oxides, as evidence of the warm and humid climate of the Miocene. Similarly, Novak
(1983) dated the “oldest” fluvial terraces of the Malse River to “Tertiary”, probably Pliocene, or upper

|II

Miocene. However, Bouska (1992) suggests the redeposition of the “red soil” into much younger

sediments (of Pliocene or Pleistocene age) and he further proves the younger age of them by the
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presence of non-weathered feldspars (so they must have originated in a colder climate). Also, other
studies by Chabera (1965); Konta (1972); Chabera and Novak (1975); Bouska (1992); Shrbeny et al.
(1994); Seveik et al. (2007); Skala et al. (2016) put the KSG in the Pliocene or even Pleistocene (see Fig.
4). They agree that the KSG are separated at least by the Ledenice formation from the VB and therefore
are much younger. It could be proved by the palynological dating made by Sev¢ik et al. (2007) and the
superposition of the KSG over the Ledenice formation described by Bouska (1992). The Ledenice
formation is traditionally dated to the Pliocene (Bfezinova et al., 1963; PeSek, 2010). It is then much
younger than the moldavite fall (ca 14.8 Ma), the Domanin formation and possibly the VB. However, it
contains no moldavites (Bouska, 1992). The deposits of the Kaplice Furrow, which were dated to the
late Pliocene (Brezinova et al., 1963) and possibly are a lateral equivalent of the Ledenice formation,
also do not contain any moldavites. Nevertheless, deposits of the Ledenice formation or those in the
Kaplice Furrow are quite often accompanied or overlaid by the KSG which do contain moldavites and
they are probably younger. This was proven by Bouska (1992), when he described the superposition
of moldavite-bearing gravels over the Ledenice formation in the clay-pit in Borovany. This situation can
be explained by the higher erosive activity during the Pliocene, which followed the deposition of the
Ledenice formation and was caused by a significant tectonic uplift. This resulted in exposure of older
deposits with moldavites (probably the Domanin formation and similar), their erosion, transport and
formation of fluvial moldavite-bearing KSG above the Ledenice formation.

Welser et al. (2020) describe an outcrop in the KSG with a possible, lateral transition to the VB near
Chlum, which is in contrast with Bouska (1992). However, this situation can be also interpreted by later
(Pliocene) erosive activity and exposure of the older formations (see above). Moreover, this
discrepancy can be explained by the polygenetic character of the KSG when deposits from particular
places can actually originate in different ages.

Nevertheless, moldavite-bearing gravels can be found of both Miocene and Pliocene-Pleistocene age,
but, according to their morphostratigraphic position, it seems that most of them are the younger ones.
In this study, it is assumed the KSG is Pliocene. This could be rather problematic and in contrast with
the traditional view of Zebera (1967), Trnka and Houzar (2002), Welser et al. (2020) and others (see
above). However, this question has been discussed for many years and the precise analysis of previous
studies has discovered that many authors put the KSG to the Pliocene as well (e.g., Bouska and Konta,
1990; Bouska, 1992; Nesrovnal, 1992) and others (see above).

Most of the authors (e.g., Kopecky and Vyskocil, 1969; Malkovsky, 1979; Chabera, 1982; Bouska, 1992;
Tyracek et al., 2004; Popotnig et al., 2013) are in concordance that the area of the Novohradské hory
Mts. and its foothills underwent a significant uplift, which have affected the terrain morphology and

stream geometry. They proposed that these events happened during the Pliocene or Pleistocene
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(Chabera, 1982). Despite the lack of a more precise dating, these are the only available studies it is

possible to rely on.

5. Data and methods

5.1. Basin Asymmetry, Valley floor ratio, Stream gradient and longitudinal profiles

Simple geomorphological methods were used to assess the evolution of the relief and stream network

(see Tab. 1, particularly for references).

Tab. 1: Geomorphological methods used during the study

Method

Equation

Details

References

Af = 100 (Ar/At)

Ar = the area of the
basin of the right
side of the main

Keller and
Pinter, 2002;
Badura et al.,

width-to-height
ratio

Basin asymmetry stream 2007;
Gutierrez,
At =the total area of | 2013
the basin.
Vi = valley floor | Keller and

Pinter 2002;
Burbank and

reach (100 m)

Anderson
Viw = width of the | 2001,
valley floor Hamdouni et
Valley floor ratio Vi= 21/ [(Bio-Bsc)+(Ero-Esc] al., 2008;
Ei E.4 = elevations | Bull, 2007,
of the left and right | Stépancikova
valley divides et al., 2008
Es. = the elevation of
the valley floor
Sg = stream | Wheeler,
gradient 1979;
Burbank and
. AH = height | Anderson,
Stream gradient | Sg = AH/AL )
difference along the | 2001; Keller
reach and Pinter,
2002; Willet,
AL length of the | 2006
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Basin Asymmetry is used for detecting the tilting of a particular basin due to tectonic movements. A
value of 50 indicates stability, whereas deviations from 50 suggest recent tectonic influence on the
catchment Also, the asymmetry suggests the direction of tilting. Typically, smaller catchments are used
for this analysis, however some studies (Dhanya, 2014; Baioni, 2016) show that basin asymmetry can
be used even at a larger scale or along particular streams in order to study the evolution of the basin
itself. The asymmetry in the study area was surveyed on the main streams - (Mal3e, Cerna, Stropnice,
Svinensky, Klensky, Keblansky, Pasinovicky). The left/right - directed asymmetry is not the main aim of
this analysis, as we studied the catchments in larger scale to get a regional insight into possible uplift,

and for a better understanding of the drainage system’s evolution.

The Valley floor ratio differentiates between broad-floored canyons, with relatively high values of V¢,
and V-shaped valleys, with relatively low values. Studies from active tectonic regions suggest that Vf
values lower than 1 indicate active uplift whereas higher values indicate a steady state (e.g., Hamdouni
et al., 2008). However, in regions like the Bohemian Massif rather higher values are obtained and the
tool itself is better for a relative comparison within the study area. High values of V¢ (typically >3 in the
study area) are associated with low uplift rates, so that streams cut broad valleys. Low values (typically
<2 in the study area)reflect deep valleys with actively incising streams, commonly associated with
uplift. 27 cross sections across the valleys of water streams were made during the survey.

Stream gradient is usually expressed in %o, because the values are typically in the scale of m/km.
Related longitudinal profiles of the water streams (Vltava, Mal3e, Cerna, Stropnice, Svinensky, Klensky,
Keblansky, Pasinovicky) were made based on the DEM. Rivers that are not tectonically perturbed
typically develop a smoothly changing, concave longitudinal profile. Departures of the river gradient
from this ideal smooth shape may reflect variations in the lithology of the riverbed, or variations in the
rock uplift rate of the riverbed. The courses of longitudinal profiles as well as values of stream gradient
were compared with the lithological composition (CGS, 2003) to find the possible knickpoints and other

places of changing water stream geometry and therefore of tectonic influence.

5.2. Occurrences of fluvial deposits and their longitudinal profiles

The basic topographic information, necessary for the morphostratigraphical correlation and placing of
fluvial deposits, was obtained from the digital elevation model (DEM), which was based on LiDAR
remote sensing (Digitalni model reliéfu Ceské republiky 4. generace/Digital Terrain Model of the Czech
Republic of the 4™ generation (DEM 4G)), vertical resolution 1 m (CUZK, 2017). The information about
lithology, fluvial deposits and moldavite-bearing sediments was obtained from basic geological maps
of the area (Mahel et al., 1984; Vrana and Novak, 1993; Slaby and Holasek, 1992a; Slaby and Holasek,
1992b; Vrana and Holdsek, 1992), borehole documentation (Mayer, 1959; Kratkd, 1966; Svara, 1981;
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Kroupa, 1984; Bittman et al., 1985; Nesrovnal et al., 1995) as well as from many previous studies
(BFezinovd et al., 1963; Puchta and Vol$an, 1965; Zebera, 1967; Chabera and Novak, 1975;Novak, 1983;
Bezvoda et al., 1983; Bouska and Konta, 1990; Homolova et al., 2012). The occurrence and extent of
the fluvial deposits and moldavite-bearing sediments described in the studies above was extended and
locally specified by a simple field survey focused on the basic character and composition of the
sediment (e.g., the location of pits for illegal moldavite mining were used to extend previously mapped
deposits). On the other hand, it was found that many previously described localities of KSG or VB are
Pleistocene alluvium or even anthropogenic layers created during gold mining (Ernée et al., 2014).
Historical sources were used for correcting some faults in the topographic maps or for avoiding the
anthropogenic influence on water streams. The historical maps (2" military Survey, Austrian State
Archive/Military Archive Vienna and UJEP and MZP, 2014) and historical aerial photographs (VGHMU,

2014) were used for these adjustments.

The longitudinal profiles of the fluvial deposits were constructed along the watercourses Vitava, Malse,
Stropnice, Svinensky Stream and several tributaries. Unfortunately, other streams in the area (e.g.,
Cerné River) do not have fluvial deposits complex enough to reconstruct the profile.

It cannot be ruled out that there are significant effects from solifluction and other soil and rock
movements linked to the climate changes during the Pleistocene. When re-evaluating, the altitude
relationship between particular fluvial deposits, only those occurrences of deposits where the slope

inclination was up to 2° were used and where the possible effect of solifluction is insignificant.

6. New results

6.1. Basin Asymmetry

The basin asymmetry was studied in the basins of the watercourses Mal$e, Cernd, Stropnice, Svinensky,
Klensky, Keblansky, Pasinovicky (Fig. 5). It is thought there is possible stream capturing through the
evolution of basins and the overall shapes of the basins are often remarkable. For that reason and for
a better comparison between parts of the basins, the MalSe, Stropnice and Svinensky basins were also
divided into several sub-basins (lower/upper part of the stream). The basins of the Stropnice and
Svinensky streams show an indication of basin tilting towards NE, possibly due to uplift of the main
mountain massif of the Novohradské hory Mts. (Fig. 5). If the streams are assessed separately, the
asymmetry is even more conspicuous.

Rather asymmetric basins can be found in the study area, with the Af values between 23 - 37. However,
the remarkable feature is that the upper parts (of approx. S-N orientation) of the MalSe, Stropnice and
Svinensky Stream basins (Af = 34 - 46) are more symmetrical than the lower parts or the basin as a

whole (Af = 23 - 33). Therefore, it could be a sign of a different evolution of those particular parts. The
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upper part of the Stropnice River is still rather asymmetrical, a possible capture of part of its basin by

the Zarsky stream can’t be ruled out.

T T
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% MalSe (middle+upper)
E MalSe (upper)

:| Stropnice

M Stropnice (upper)

Svinensky

10 @ Svinensky (upper)
| Cerna

=
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Fig. 5: Basins of the particular streams, where Basin Asymmetry (Af) was calculated (see Tab. 2). Elevation data
source - DEM 4G (CUZzK, 2017).
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Table 2: The streams’ basin asymmetry values (stream length and basin area obtained from T. G. Masaryk Water
Research Institute, 2021)

Water stream Af | Stream | Basin
length | area
(km) | (km?)
Cerna 31 | 293 148
Klensky 37 | 14.2 23.7
Keblansky 28 | 9.6 29.7
Pasinovicky 33 | 10.2 18
Stropnice 34 |54 402.4
Stropnice (upper part) 34 |20 105.5
Svinensky 23 | 30 129.4
Svinensky (upper part) 42 | 18 50
Malse 33 | 96 979.1
MalSe (middle+upper part) | 46 | 80.3 650.1
MalSe (upper part) 43 | 60 244

6.2. Valley floor ratio

Various Vf values can be found throughout the study area (see Tab. 3). The most interesting are the
changes in values within the particular streams. The upper part of Svinensky stream has lower values
(profiles no. 4-6, values 1.3-2.2), which differ significantly from values from the lower part and its wide
valley (profiles no. 1-3, values 3.2 — 4.8), which is rather untypical for such a small stream in hilly terrain
(see profiles 2 and 3 on the Fig. 6). In contrast, the lower part of the Stropnice River has low values
(profiles no. 7-10; values 0.85-1.4) due to its deeply incised valley (see profile 9 and 3 on the Fig. 6).
The wide, shallow valley of the river flowing through the Trebon Basin (profiles no. 11-13) has values
of 4.17 — 15.8 and the upper part (profile no. 14) has values under 1, which is typical for streams in
mountainous terrain. Most of the course of the MalSe River is in an incised valley (profiles no. 16-19,
values 1-2.7). However, its lower part, in the Budéjovice Basin (profile no. 15), has high values (13.81)
due to flat terrain, as well as the upper part above Rychnov nad Malsi (profile no. 20, value 6.22),
where the terrain is untypically flat and is a possible remnant of a Neogene peneplain (Balatka and
Kalvoda, 2006). A similar pattern can be observed on the Vlitava River, with a wide flat valley (now
flooded by the Lipno dam lake) on the upper part and a deeply incised valley (profiles no. 26-27, values

0.55-0.62) towards the Budéjovice Basin.
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Fig. 6: Location of cross sections, for value of the Valley floor ratio (Vf) see Tab. 3. Note very different cross
sections on the particular parts of the streams (see section 6.2). Elevation data source - DEM 4G (CUZK, 2017).
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Table 3: Values of the valley floor ratio (Vf) on profiles. The cross sections of the selected (underlined) profiles

can be seen on Fig. 6

no. of

profile | Stream — profile location %4

1 Svinensky — Komatice 4.72
2 Svinensky — Stradov 4.41
3 Svinensky — mouth of Klensky 3.36
4 Svinensky — Trhove Sviny 2.16
5 Svinensky — Péncin 1.33
6 Svinensky — Kamennd 1.37
7 Stropnice - confluence with Malse 0.85
8 Stropnice - Komafice 1.10
9 Stropnice - Jedovary 1.90
10 Stropnice - Borovany 1.40
11 Stropnice - Dvorec 9.90
12 Stropnice - Petfikov 15.79
13 Stropnice - Stipon 4.17
14 Stropnice - Teréino tdoli 0.88
15 Malse - Véelna 13.81
16 Malse - Doudleby 1.02
17 Mal3e - mouth of Stropnice 2.35
18 Malse - Kaplice 5.41
19 Mal3e - Nazidla 2.71
20 Mal3e - Dolni Dvoftisté 6.22
21 Pasinovicky - Sedlo 1.38
22 Keblansky - Lnisté 0.82
23 Klensky - Lnisté 1.08
24 Zarsky - Ole$nice 3.02
25 Zarsky - Hradek 0.80
26 Vltava - Hrudkov 0.55
27 Vltava - Jamné 0.62

6.3. Spatial distribution of fluvial deposits along streams

The number of Pliocene fluvial deposits occurring along the MalSe River were recorded. Most of them
are located on the left bank (see Fig. 3). Their occurrences generally follow the direction of the present

course of the MalSe and Vltava.

There is a significant asymmetry in the location of the Pliocene and Pleistocene terraces along the
Malse River. In the section between Dolni Dvofisté and Chlum, the deposits are only on the left (west)
bank of the river. However, in the lower part of the stream, the terraces (Mindel and younger) were
located rather symmetrically on both banks. This could be a sign of stream migration from W to E in
that particular section of the stream, possibly caused by the gently inclining left bank. It could also be
explained by the strong uplift of the eastern bank along the faults of the Blanice-Rodl system
(Novohradské hory Mts. and Slepic¢i hory Mts.) and the subsequent intensive erosion, which destroyed
the fluvial deposits. The left bank (Kaplice Furrow) could have been relatively stable (however

inclining), or even subsiding, and fluvial deposits were preserved there. This phenomenon is also
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accordingly described by Novak (1983). In contrast, the Vltava River terraces of various ages can be
found on both its banks, where the processes of uplift and erosion were probably different.

The Pliocene and Pleistocene fluvial deposits can also be found along the Stropnice River and the
Svinensky Stream. Due to the mountainous terrain, these deposits remained mainly in the gentle relief
of the Trebon Basin (middle part of the stream), where the Pleistocene and Pliocene terraces are
located. Also, the middle part of the Svinensky stream is typical for its abundance of KSG outcrops. An
interesting distribution of deposits can be found along those streams. There are very few documented
localities of Pliocene deposits along Stropnice River in the section between its confluence with the
Svinensky Stream and lJilovice; in this section only younger, Pleistocene terraces were recorded.
However, many of the Pliocene deposits (KSG) are well preserved in the section between Jilovice and
Bynov and the deposits can be found even on the flat watershed between the Stropnice River and the
Svinensky Stream in the surroundings of Bukvice. Remarkably, numerous outcrops of KSG can be found
along the central lower part of Svinensky Stream (see Fig 2.). Younger Pliocene terraces are
documented scarcely in this section of the stream, in contrast to the situation on the lower section of

the Stropnice River. This could be one sign of stream capturing (see section 7.).

6.4. River longitudinal profiles

Generally, the longitudinal river profiles have a higher stream gradient in the upper parts and are
gentler in the lower parts, however, a significant steepening of the gradient can be observed in
particular sections of each stream. This can be an effect of lithology or, more probably, a tectonic uplift.
The remarkable sections (see Fig. 8) can be found on the Stropnice River. Significant steepening (up to
15 %o) can be found near Nové Hrady (15 km from the stream source) on the edge of the Trebor Basin
(see point a) in Fig. 8 and Fig. 11). It is caused by backward erosion, which could have been induced by
the uplift of the foothills or subsidence of the basin, respectively. The untypical steepening of the
gradient (4 %o) can also be found on the lower part of the stream (see point c) in Fig. 8), compared to
the central part (1 %o, see point b) in Fig. 8 and Fig. 11) or to its tributary — the lower part of the
Svinensky Stream (1-2%o). The Svinensky Stream itself has a complex profile, with several steepening
sections and a low gradient on the lower part, which are not present on other streams in the area. This
can suggest a complex evolution for the stream, affected by multiple phases of uplift and possible
stream capture in the area between lJilovice and Trhové Sviny (see Fig. 11 and Fig. 8 for the profile).
The section with an exceptionally low gradient on the upper stream is also on the MalSe River (1.8 %o)
near Rychnov (see point a) in Fig. 7 and Fig. 11), possibly as an intact remnant of a pre-uplift valley

from the Miocene/older Pliocene (see Fig. 7).
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6.5. Longitudinal profiles of Pliocene fluvial deposits

6.5.1. Malse

The KSG and Pliocene terraces 1-5 described by Novak (1983) are very abundant along the MalSe River
and significantly separated from the younger Pleistocene terraces below the edge of the incised valley.
This study shows that the occurrences of KSG (as traditionally delineated) fit best to terrace levels 2 or
3 as they were defined by Novak (1983; see Fig. 7). The occurrences of KSG between Chlum and Trhové
Sviny (57-66 km) (see Fig. 3) can also be seen, where they have a significantly steeper profile, which is
probably caused by Pleistocene redeposition along shorter tributaries of the Svinensky Stream — the
Klensky, Keblansky and Pasinovicky streams (see Fig. 7). The altitude of deposits is decreasing from 650
to 460 m a.s.l. along the Malse River. The deposits lay between 15 m and 90 m, but mostly around 50
m above the flood plain (for the altitude of particular terraces, see Fig. 7). Comparably, the Pliocene
terraces along the neighbouring Vitava River lie in a similar altitude range, however significantly higher
above the present flood plain (110 -55 m) due to more intense incision during the Pleistocene. The
morphostratigraphical position of the palynologically dated Pliocene lacustrine sediments in the
Kaplice Furrow (Brezinova et al., 1963) underlying some of the terrace levels also suggest a younger

age for the KSG.

6.5.2. Stropnice

Pliocene deposits along the Stropnice River are much less complex. Most of the terraces of Pliocene or
Pleistocene age are in the central part of the stream. The valley is very shallow and wide without
distinct valley edges. The deposits along the Stropnice River can be found at an altitude of 510 — 445
m a. s. |. and 50-20 m above the present flood plain (see Fig. 8 and 7). The altitude difference between
deposits and the present flood plain as well as absolute altitude is much lower than along the Malse
and Vltava Rivers. In contrast, the altitudinal position is very similar to the deposits’ position along the
Svinensky Stream. Because of this smaller relative height of the deposits, it is difficult to delineate
more than two Pliocene levels. However, they can be clearly morphostratigraphically distinguished
from the younger Pleistocene deposits, which show at least two levels as well (probably one from Riss

and the older one).

6.5.3. Svinensky Stream and its tributaries

The occurrence of fluvial deposits along the Svinensky stream have a very similar character as along
the Stropnice River: 490 — 445 m a. s. |. and 30-15 m above the present flood plain (see Fig. 9). Also,
the longitudinal profile of deposits is similar to the current stream profile within its upper and central

part.
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A significant steepening in the longitudinal profile of the KSG can be seen in the area between Chlum
(Besednice) and Trhové Sviny along the tributaries of the Svinensky (Klensky, Keblansky, Pasinovicky
streams) (Fig. 3 and 7). The deposits are in a wide range of altitudes: 580 - 455 m a. s. |., however very
often only 20-15 m above the present flood plain. The longitudinal profiles of gravels are in fair
concordance with the longitudinal profiles of present streams. The whole situation differs significantly
from the profiles along the Svinensky Stream and along the Stropnice and MalSe Rivers. This is probably
caused by the intensive uplift of the mountainous area of Slepic¢i hory Mts. and the associated strong

denudation and redeposition of the sediments during the Pleistocene.

7. Discussion
As the many issues - regarding the age of the deposits, their spatial relationship, effect of tectonics etc.
- rise from the previous parts of this study, it is necessary to divide the Discussion to several sections

for better clarity.

7.1. General issues of dating and relationships between the fluvial deposits.

Generally, the connections between fluvial deposits in the study area is problematic due to a lack of
absolute dating. Therefore, this study must proceed very carefully when using morphostratigraphical
relationships and scarce dated deposits (Bfezinova et al., 1963; Homolova et al., 2012); and carefully
reassess the results from older studies (see section 4. Critical review).

The classification of the older fluvial deposits at a higher relative position (above the upper edge of the
incised valley slopes) is much disunited and it differs in published studies (see section 4. Critical review).
Many of the deposits can actually be younger or older than is currently suggested in the studies. Some
authors put the deposits laying close to each other, on the same level, i.e., to “Glinz”, some to
“Pliocene” (e.g., difference between Novak (1983) and the Geological map 1:50 000 (CGS, 2003). In
this study, it is assumed, in concordance with Novak (1983) and Tyracek and Havlicek (2009) that

deposits laying above the incised valley are minimally of older Pleistocene age or Pliocene age.

There are many occurrences of fluvial deposits that are mentioned and dated in the older studies in
the study area that raise issues (too high, or don’t fit in the longitudinal profiles). It is caused by a lack
of instrumental dating and by the strong visual, sedimentological and partially petrological similarity
of the deposits. It is for these reasons that it is difficult to delineate which deposits in some parts of
study area are of Pleistocene, Pliocene, or even Cretaceous age (e.g., the weathered rocks of Klikov
Fm.).

Many terraces are actually Pliocene rather than Pleistocene, according to their elevation level (e.g.,

the surroundings of Lhotka, Bukvice (Virt, 2009)). The occurrence of the moldavite-bearing gravels at
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an elevation higher than 600 m a. s. . is very rare and it can be explained by the significant Pleistocene
uplift also described by Chdbera (1982). Many of the moldavite-bearing gravels were eroded during
the Pleistocene uplift, but they can be preserved in rare cases. However, the majority of the
occurrences have been located on parts of the terrain that are relatively subsiding or along the water

streams, where they could have been redeposited during the Pleistocene.

7.2. Relationship between moldavite-bearing sediments and other fluvial deposits and directions of
paleostreams

The other issue is the relationship between deposits that bear moldavites and with those which do not
contain any of them. Traditionally, these two types of deposits have not been compared to each other.
However, the relation can be easily explained by the position on the longitudinal profiles, the character
of the moldavite strewn field and by the character (roundness etc.) of the sediments.

This study is focused on the morphostratigraphic relationship of deposits. Many occurrences of the
fluvial deposits were re-evaluated during this study and a spatial-temporal relation between the KSG
and other fluvial deposits is proposed.

In most cases, the KSG fit strongly to the morphostratigraphical positions or profiles of other Pliocene
fluvial deposits, described by Novak (1983) or Chabera and Novak (1975). The best way to relate the
deposits with no moldavites to KSG, can be explained by Bouska (1992). He described cases, where the
roundness and shapes of moldavites don’t corelate with the other (quartz or feldspar) clasts in the
sediment; moldavites are often less rounded. This could be caused by later incorporation of the
moldavites into the transported sediment —the water stream could erode a moldavite-free basement
on its upper part and deposits with moldavites on its middle or lower part. This situation can be found
in the Novohradské hory Mts. — the “Tertiary” river terraces of the MalSe River on the upper stream
(Novak, 1983) are moldavite-free, but they contain moldavites downstream (around Kaplice). There
are only a few localities of moldavite-bearing gravels in the northern parts of the Budéjovice and
Trebon basins and further (Bouska, 1992; Skala et al., 2016). It can be explained by the limited transport
resistance of moldavites (several tens of kilometres), which is well proved from the Czech Republic or
Poland (Zebera, 1967; Brachaniec, 2018; Brachaniec, 2019). Similarly, there is no known occurrence of
moldavite south of the Besednice (Bouska, 1992), e.g., in the terraces of the upper part of the Malse
River. This may have been caused by the character of the strewn field (Artemieva et al., 2002). It is
probable, that the strewn field of moldavites is not a continuous area, but several separated regions
(see Fig. 2a) This can be caused by the mechanism of the moldavites origins (the character, speed,
angle and orientation of the extra-terrestrial impactor, the lithological conditions in the place of impact

etc.) and it is in accordance with models from Artemieva et al. (2002).
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The mechanism mentioned above could also be an explanation of a longstanding problem, why there
are no known findings of moldavites south of the Novohradské hory Mts. and in the gaps between
particular regions. Naturally, if the upper Miocene-Pliocene water streams would have drained this
way, the moldavites must have been localized to the south of the Novohradské hory Mts. They could
have been destructed during the transport, however there are no documented occurrences of
moldavites in the Mihlviertel and other nearby regions of Austria in the MalSe source area (Bouska,
1992). Due to this, the traditionally proposed drainage direction towards the south until the Pliocene

(Zebera, 1967; Malkovsky; 1979) seems rather improbable.

This is further supported by the spatial distribution of moldavite-bearing deposits and the moldavites
themselves.

It can be hard to find a trend in the distribution of both types of sediments (VB, KSG) and therefore
both types of moldavites (“strewn-field”, “rounded”, see section 2.3.). However, in this rather rough
view, the “strewn-field”, angular moldavites are present more in the southern part of the study area
at higher altitudes and the rounded moldavites are present in the lower parts of the terrain in the
north, towards the Budéjovice and Tfebon basins. Also, the roundness and weight of moldavites within
the KSG are rising towards the north (see section 2.3.). Similar results were obtained by Trnka and
Houzar (1991) Houzar (1992) from the Western Moravian moldavite-rich area (for location see Fig. 2a).
The “strewn-field” moldavites are mostly missing in the Moravian area, however, there are more
rounded moldavites, often with higher weight than in the Southern Bohemia area (also mentioned by
Bouska, 1992). The roundness of Moravian moldavites, as well as their weight and the petrographic
maturity of the hosting fluvial deposits, increases from NW to SE, therefore the authors suppose the
transport of moldavites was in this direction. This is further supported by the altitudinal distribution of
moldavite-bearing deposits, which are also decreasing to the SE. The age of the fluvial deposits is set
by the authors to the Pliocene or Pleistocene, however it does have a significant rate of uncertainty.
Finally, the largely missing strewn-field moldavites and their deposits is explained by the effect of the
tectonic uplift on the area to the W and NW from the moldavite-rich area. If the results of Trnka and
Houzar (1991) and Houzar (1992) are applied in the area of Southern Bohemia, based on many
similarities, it can be expected that the prevailing transport direction of moldavite-bearing sediments
is towards the north from their original place of fall (see Fig. 2a, 2b and Fig. 3). Also, missing moldavite-
bearing deposits in the hilly land in the southern part of the study area can be explained by tectonic
uplift of this relief.

Itis also necessary to address the issue of why no moldavites have been found in the layers of Ledenice
Fm., which certainly sedimented after the fall of moldavites and very probably between the

sedimentation of the VB and KSG (see Fig. 4). This could be explained by the sedimentation of Ledenice
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Fm. in a tectonically calm period during the Pliocene, which is proposed by Bouska (1992), Chlupac et
al. (2002) and Pesek (2010). In that time, moldavites were still deposited within the VB or similar
sediments of the strewn-field and were not redeposited to other layers. Following the significant uplift
of the Novohradské hory Mts. and LiSov Horst, also expected by the aforementioned authors, the
erosion of the VB, Ledenice Fm. and the redeposition of those layers and moldavites to e.g., KSG can
be induced. This process of redepositing the VB to the KSG is clearly described by Nesrovnal (1992) and
Bouska (1992). It can be also an explanation for the existence of Pliocene fluvial deposits or KSG

without any moldavites, which can originate from the moldavite-free layers of Ledenice Fm.

7.3. Longitudinal profiles of the fluvial deposits and their possible relationship to tectonics

Accepting the linkage between KSG and other fluvial deposits and accepting their Pliocene age, it is
also necessary to face other issues.

Two different distributions of Pliocene fluvial deposits can be observed: 650 — 460 m a. s. |. along the
MalsSe and Vltava Rivers (110-55 m or 90-15 m respectively, above the present flood plain of the Vltava
River and the MalSe River) and mostly above the valley edge — see Fig. 3 and Fig. 9), and at 510 — 445
m a. s. |. along the Stropnice and Svinensky watercourses (50-20 m above the present flood plain) —
see Fig. 3 and Fig. 8.

Two theories can explain this situation: the different age of the particular series of deposits or the
effect of tectonics and river incision. If it is assumed, that the deposits along the Malse (+ Vitava) and
Stropnice (+ Svinensky) differ in age based on their relative height above the streams, those along the
Stropnice would be much younger than the first group, and certainly the Pleistocene. However, all of
the deposits have a similar character and composition (Konta, 1972; Bouska, 1992 and others in section
2.3), therefore this theory of different age is rather improbable. The uplift of the Sumava Mountains
and the Novohradské hory Mts. could have resulted in placing the Pliocene deposits at a higher altitude
and in the subsequent significant incision of the VItava and MalSe rivers. On the contrary, the area of
the Tfebon Basin and the foothills of the Novohradské hory Mts. along the Stropnice and Svinensky
watercourses underwent much weaker uplift, if any. However, some traces of uplift for the LiSov Horst
and Slepi¢i hory Mts. can be found along the tributaries of the Stropnice and Svinensky streams
(Zborovsky, Pasinovicky, Klensky, Keblansky streams). Those tributaries are significantly incised, as is
the lower part of the Stropnice River in comparison with the Svinensky Stream (see section 6.4 and
Figs. 8 and 9).

The position of all levels of the fluvial deposits diverges from the source towards the mouth. There are
Pleistocene fluvial deposits in the Budéjovice basin, which are 0-50 m (in the case of Pliocene deposits
up to 100 m) above the present flood plain (Chabera, 1965; Novak, 1983). However, deposits only 10

m above the present stream of the MalSe River can be found on its upper part (near Rychnov nad
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Malsi) (Novak, 1983). Similarly, 3 levels of river terraces of the VlItava River are only within 5 m high
above the floodplain in its upper part, now flooded by the Lipno dam lake (near Cernd v Podumavi)
(Zaruba et al., 1967; Lozek, 1973). This can be a proof of the preservation of an ancient (“Tertiary”)
section of the river on its upper parts and it is possible to observe the huge effect of backward erosion
and the Quaternary deepening of the middle parts of the valleys (upwards from the Budéjovice Basin).
It is worth mentioning that the deepening is more significant on the Vltava River, which can be caused
by hydrological effects (the Vlitava is the river with the highest discharge in the study area) in
combination with the stronger uplift in the western part of the study area.

Some interesting features can be found on the Male River between Plav and Rimov. There is an incised
cut-off meander on the confluence of the MalSe River with the Zborovsky stream and a similar
structure, probably also a cut-off meander, 1 km to the north from Rimov. According to Novék (1983)
and CGS (2003), the abandoned parts of meanders are infilled with fluvial deposits of Riss age.

This would mean that the incision and the cut off meander is younger than approx. 130 Ka. According
to Ouchi (1985) and Harvey (2007), the incision (and formation of the meanders) may be linked to
uplift (high to moderate). Also, the stream gradient of the MalSe River steepens (up to 1%) higher
upstream from the northern meander (and the confluence with the Zborovsky stream. The incision
and backward erosion of the Zborovsky stream certainly helped with forming the meander and,
according to Popotnig et al., 2013, it is significantly incised due to the uplift of the LiSov Horst.
Generally, this situation can be proof that the uplift of the LiSov Horst could still be significant relatively

recently.

7.4. Reconstruction of the Pliocene-older Pleistocene paleostream spatial pattern

Based on the results obtained and an awareness of the above issues (such as the discussion regarding
the age of the KSG, possible tectonic influence, etc.), it is possible to discuss the probable geometry of
the Pliocene river network and its differences from the present status.

Generally, the paleostream direction of particular sections cannot be obtained from most fluvial
deposits of older ages. They are composed mainly of rough gravels with isolated pebbles and the
occurrence of crossbedding in sandy deposits are very rare. Therefore, the reconstruction must be
based on the morphostratigraphic relationship and other signs (changes in stream gradient, valley floor
ratio, basin asymmetry etc.).

The paleostream of the MalSe River can be traced by the deposits roughly following the current stream.
Terrace 2 and Terrace 3 (Novak, 1983) fit strongly to the upper part of the longitudinal profile of the
Malse River. This unusually flat valley at km 15-30 (Fig. 7) is traditionally described as a remnant of a
Tertiary river valley. (Malkovsky, 1979; Chabera, 1982). Terraces 2 and 3 have a similarly gentle

longitudinal profile (along the entire course of the Malse River), as the flat valley at km 15-30. Those
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terraces can therefore represent a stream with a gentler profile (Fig. 7 and 8) which existed before the
main uplift of the Novohradské hory Mts. or in the early phases of the uplift when the incision of the
stream had not been so intensive yet — the evolution of relief also suggested by Bougka (1992). Zebera
(1967) and Malkovsky (1979) suggest of the MalSe River had a S-N course (and the subsequent
continuation of the paleostream through the Budéjovice Basin and then turning to the east to the
Trebon Basin and southwards to the Alpine-Carpathian foredeep) already in the Miocene, certainly
before the uplift of the Novohradské hory Mts. However, the superposition of some terraces over the
Pliocene lacustrine sediments near Kaplice (Bfezinova et al., 1963), suggest an upper Pliocene or lower
Pleistocene age for the terraces, which is also proposed by Novak (1983). The watercourse of the Malse
was migrating eastwards during the continuing uplift of the Poluska massif and the Novohradské hory
Mts. (see Fig. 11). In the area close to the Budéjovice Basin edge, the situation is not clear. There are
many occurrences of KSG in this flat terrain of the water divide and it is not clear if the deposits used
to belong to the Vltava River, the MalsSe River or their tributaries.

A strikingly flat area can be found near the confluence of the MalSe and Stropnice Rivers (between
Pasinovice and Plav), which lies 30-60 m above the current stream level and which host Pliocene and
lower Pleistocene fluvial deposits. Their current location is a result of the complex uplift of the
Novohradské hory Mts. and its foothills, combined with subsidence of the basin respectively, during
the Pleistocene. This effect can also be seen on the diverging Pleistocene terraces towards the basin
(see Fig. 10), which is most visible on the levels of Glinz, Mindel and Riss.

An interesting phenomenon can be observed on the lower parts of the Stropnice and Svinensky
Stream. The Stropnice River, as a trunk stream, has a much deeper and narrower valley than its
tributary, Svinensky Stream (see section 6.2, and Fig. 3 for a map). The narrow floor of the Stropnice
River valley, with a very narrow flood plain, is even at a higher elevation than the wide flood plain of
Svinensky Stream in some places (see section 6.4). The Stropnice River has a deeply incised valley,
typical for resistant crystalline rocks. Its lower part is a wide and shallow valley in the softer rocks of
the Tfebon Basin on its middle part. However, a very untypical wide and shallow valley can be found
on the lower part of Svinensky Stream, where it goes through a Moldanubian gneisses or even granites.
Both the Stropnice River and Svinensky Stream have increased levels of stream gradient (see Fig. 8 and
Fig. 11) in their lower parts, which is not very typical for a stream with a balanced longitudinal profile
(Burbank and Anderson, 2001). It could be caused by the higher erosive activity of the MalSe River as
a trunk stream. Or it can be a sign of an uplift in the whole region, which can be proven by the incised
valley of the Stropnice as well as the increased sinuosity on the lower part of the Svinensky Stream.
However, it is not easy to find the real cause, as the whole Bohemian Massif has been significantly

uplifted.
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Generally, the lower part of the Svinensky Stream gives the impression of an old trunk stream, instead
of a tributary. Therefore, it is put forward that the Svinensky Stream may have played the role of a
trunk stream in the past. Its tributary, the Stropnice, has been massively deepened and it has caught
an upper part of a catchment in the Trebon Basin.

This theory can be supported by the occurrence of Pliocene fluvial deposits along the lower part of the
Svinensky Stream (see Fig. 3). In contrast, older (Pliocene) deposits cannot be found, but only river
terraces of Riss age and younger along the lower part of the Stropnice River (see Fig. 3 and 7). The
intense erosion of those deposits cannot be supposed, because of the flat and subsiding terrain of the
Trebon Basin, moreover many of these deposits are well preserved in the section between Byriov and
Jilovice. Also, many of the Pliocene deposits can be found on the flat watershed between the Stropnice
River and Svinensky stream in the surroundings of Bukvice (Fig. 3).

The levels of Pliocene deposits along the Stropnice River fit to the longitudinal profile of the current
upper and central part of the stream, but they differ from the higher gradient profile in the lower part
(see Fig. 8 and Fig. 11). This situation is caused by stronger incision in the lower part of the stream
during the Pleistocene. This and the complicated altitudinal relationship in the central part of the
stream (32-37 km from the source - unclear delineation between Pleistocene and Pliocene deposits)
can be a sign of stream capturing between the Stropnice River and the Svinensky stream and that the
Pliocene stream of the Stropnice followed the path towards today’s Svinensky stream.

The values of basin asymmetry and the general shape of the river basins further support this theory. If
the Svinensky stream would have been the trunk stream (instead of being a tributary to the Stropnice
River) the lower part of the stream (with its remarkably developed valley) lies almost in the perfect
axis of the combined present basins of the Stropnice and Svinensky (see Fig. 3).

Several interesting changes of orientation in the current streams can be observed, however most of
them can be located on their upper parts. The tectonic predisposition regarding the orientation of
fissure systems in granites (Rypl et al., 2016; Rypl and Kirchner, 2017) is likely there. The remarkable
feature is the change of direction in the Svinensky Stream and the Stropnice River from a general S-N
orientation to SE-NW, towards the Budéjovice Basin. It seems, that the strong incision of the Malse
and Stropnice respectively (caused locally by the uplift of the LiSov Horst) could have led to the change
in stream direction and the possible capturing of the upper parts of those streams. However, the
heading of the streams towards the north, to the Trebon Basin, at some point in history of their
evolution cannot be ruled out. According to Bouska (1992), the Trebon Basin drained northwards in
the Pliocene. This can be further supported by the S-N direction of the Pliocene fluvial and the
lacustrine sediments in the basin, which is different from the Miocene and older deposits. Bouska
(1992) also speculated about the longer existence of a lake in the Tfeborn Basin compared to the

Budéjovice Basin. He supports it with the lack of moldavite-bearing sediments in the Tfebon Basin on
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the surface while they are buried by lake sediments (Ledenice Fm.), however it could also be explained
by the character of the moldavite strewn field (see above) and therefore the question about where

both basins emptied remains unsolved.

Generally, this theory about the Pliocene fluvial network is not in contradiction with Bouska (1992). He
also suggests the area of the Novohradské hory Mts. drained northwards to the Budéjovice Basin,
without any connection to the Alpine-Carpathian foredeep when the KSG originated. He links the uplift
of the Novohradské hory Mts. with the beginning of the northwards draining and with the intensive
incision of the water streams into older moldavite-bearing sediments and their redeposition in the

form of Pliocene river terraces.

8. Conclusions

The real age of the Koroseky sands and gravels and other moldavite bearing sediments as well as the
proposed Pliocene fluvial deposits along the rivers in the study area is not clear yet. Many of the
previous studies and the results of this study, however, assume at least the Pliocene age, or even
younger. This study suggests a new idea for the reconstruction of the paleostream network based on
the occurrence Koroseky sands and gravels and their linkage to other Pliocene or Pleistocene fluvial

deposits.

The reconstruction of the paleostream network on the basis of the occurrences of fluvial deposits,
shape and weight of moldavite pebbles, stream geometry and terrain morphology provides the first
ideas for the rather dynamic evolution of the river network from the Miocene to the present. The
uneven uplift of the Novohradské hory Mts., Sumava Mts., and Liov Horst has led to multiple stream
capturing and changes in stream direction. It is probable, that the stream of the MalsSe River has
migrated to the E. The trunk stream of the NE part of the study area could have used the valley of the
present lower Svinensky stream and had an upper part similar to the present-day Stropnice River.
Generally, it appears that the distinct changes of the river geometry induced by tectonics may be

younger (Pliocene or Pleistocene) than previously proposed.
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The study itself provides a solid base for subsequent research: it is possible to pinpoint important
localities, where 1°Be dating (or other using of cosmogenic nuclides, alternatively OSL dating) of the
deposits can be done (with respect to the deposits’ character) and are highly desirable — Byriov and
Bukvice (Pliocene or Pleistocene deposits of Stropnice River); Chlum (Pliocene deposits); surroundings
of Trhové Sviny (Pliocene deposits); Kaplice — Rychnov n/M (Pliocene deposits); Koroseky (Pliocene
deposits). After obtaining those data, at least from some of the localities, the tectonic evolution as well
as the development of the river network in the area will be even clearer. The geomorphological and
morphostratigraphical methods used in this study can also be applied to the other areas in the
Bohemian Massif. Tectonic activity during the Pliocene and Pleistocene was widely present, however
its proper dating, scale and effect on the river geometry and terrain morphology has not been entirely
clear yet. Many deposits of Late Cenozoic, without proper dating, can be found also in the other areas
through the world. This study can show the approach, how to reconstruct the palaeodrainage and the
effects of tectonics on it.
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Concluding remarks

- The geomorphological methods used in this thesis - longitudinal profiles of water streams, stream
gradient analysis, SL index analysis, hypsometric index analysis, mountain front sinuosity analysis,
basin asymmetry analysis, morphotectonic analysis — make a useful working set, which can be
applied in similar areas for investigating the relationship between tectonic activity and the
geometry and evolution of the fluvial systems.

- The verification of these methods was done by aerial geophysical survey, field applied geophysics
survey, field structural survey and palaeoseismological methods. All these methods, as was the
case in many previous studies, have shown a satisfactory fit to the results and the usefulness of
geomorphological methods for indications of tectonic activity.

- Based on the results of the aforementioned methods, it is suggested that both study areas (the
surroundings of the Marianské Lazné Fault and the Novohradské hory Mts. and their foothills)
have undergone a significant tectonic uplift during the Late Pliocene, Pleistocene, and probably -
in the case of the area of the Maridnské Lazné Fault — even the Holocene.

- The tectonic activity did not take place in a single event, it has been a rather segmented activity
along the Marianské Lazné Fault, or the uneven uplift of blocks in the area of the Novohradské
hory Mts.

- This segmented activity has made a significant impact on the changes of water stream geometry
and the evolution of the drainage network (river capturing, etc.) in general.

- The diversely located fluvial deposits of Pliocene and Pleistocene age act as evidence of drainage
evolution. Based on the morphostratigraphic analysis and on the survey of the relationship
between fluvial deposits and tectonic structures, it is possible to reconstruct the evolution of the
river network.

- The Pliocene deposits in both study areas (e.g., VildStejn Formation and Koroseky Sand and
Gravel) probably show a drainage direction similar to the present, although the rivers that have
deposited them existed in a rather flat terrain.

- It appears that the two main tectonically induced changes in the drainage pattern happened in
both study areas: first between the Late Miocene/Early Pliocene and the Late Pliocene, second
between the Late Pliocene/Early Pleistocene and the Late Pleistocene or the present.

- The exact timing of the processes is the subject of future research; this thesis helps to find suitable
localities for dating, palaeoseismological analysis, etc.
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