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Abstract: The study focuses on the upper Miocene colluvial to alluvial fan deposits of the Modrova Mb., which accumulated
on the marginal blocks of the Povazsky Inovec Mts., transitional to surrounding depressions of the Danube Basin. These
blocks are delimited tectonically according to the geophysical evidence, and the late Miocene normal faulting produced fault
scarps causing rapid sediment supply. However, the supply of coarse clastics composed mostly of Mesozoic dolomites was
of intensity sufficient only to fill the accommodation of the marginal blocks. The sediment input to the surrounding Danube
Basin is on the both sides of the Povazsky Inovec Mts. not traceable, probably due to an overwhelming alluvial redistribution.
Facies analysis of the Modrova Mb. implies an environment of colluvial fans with prevalence of cohesive debris flow deposi-
tion, associated with less frequent rockfall, grain flow and sheetwash processes on the western side of the mountains in the
area of Modrova village. In contrary, the easterly situated area of Tesare village exhibits dominance of debris flow deposition
with more than one third of the succession deposited by channelized and unchannelized shallow traction currents, indicating
sedimentary environment of an alluvial fan close to its transition to colluvial sediment-feeder system. Petrographical and
geochemical study showed extremely low content of siliciclastic component in the colluvial deposits of the Modrova area.
Dolomite clasts form a major part of the sediment and are covered by a coating of clay minerals. The coatings and sediment
matrix contain iron oxides possibly derived by fersiallitic weathering and by oxidation of pyrite scattered within the matrix.
Geochemistry of muddy layers in the Tesére succession implies either cold or dry weathering conditions. However, weathering
proxies are considered to be biased due to the rapid denudation in the colluvial to alluvial fan environment, since observed
facies and published regional studies imply rather warm and humid climate. Several examples of simultaneous comparable
depositional settings in the broader region imply, that these colluvial to alluvial fan successions could be related to a mild
phase of regional tectonic activity at ~8 Ma.
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1.INTRODUCTION
Achievement of a precise palaeogeographic reconstruction
is typically complicated in terrestrial environments of active
orogens, where frequent periods of erosion or non-deposition
cause scarcity of depositional record. River terrace systems are
widely used for palaeotopographic and surface uplift histories,
but more elevated topographies commonly lack fluvial accu-
mulations (Merritts et al., 1994). These areas might comprise
planation surfaces more resistant to denudation in comparison
to river terraces, which are, however, complicated for dating
(Ruszkiczay-Riidiger et al,, 2011; Wagner et al., 2011).
Specific conditions of subaerial exposure and stable local
erosional base in a hilly relief is favourable for accumulation of
colluvial deposits, especially in the case of slopes predisposed
by active faulting (e.g., Swan, 1988; Nelson, 1992). Colluvial
fans or gravity flow-dominated alluvial fans are an example of
such successions (Blikra & Nemec, 1998). Their areal distribu-
tion, facies and composition could point to palaeotopographic
state and palaeoclimatic evolution of a specific area (Nemec &
Kazanci, 1999; Sanders et al., 2018).
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The Western Carpathians represent an Alpine orogenic belt
with uplift tendencies evolving to the present times (Minar et
al., 2011). Their neotectonic uplift history is complex and not
yet described in detail (e.g., Danigik et al., 2004; Kralikova et
al., 2016; Kova¢ et al., 2017). This study focuses on the upper
Miocene colluvial to alluvial fan successions of the Modrova
Member, which was deposited on the marginal parts of the
Povazsky Inovec Mts. The aim of the study is to investigate the
palaeogeographic and palaecoenvironmental significance of the
studied deposits, and especially to examine the role, which played
the horst exposed on the margins of the Western Carpathians
asasource of sediment supply and also as a barrier for drainage
network during the late Miocene.

2. GEOLOGICAL SETTING

The Western Carpathians were formed to their present shape by
the Alpine orogenesis during the Late Jurassic to recent times
(Hok et al., 2014; Kova¢ et al., 2017; Plasienka et al., 2020).
The framework of horsts and basins resulted from extension
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related to subduction processes in the forearc area during the
Miocene (Kova¢ et al., 2018°). The extensional tectonics was
followed by domatic uplift of the mountain chain during the
neotectonic period, which is possibly related to the inversion
of the Pannonian Basin System (PBS) starting at ~6 Ma (Hor-
véth et al., 2006; Balazs et al., 2016; Sujan et al., 2021). The
basin system borders with the Western Carpathians on their
southern side (Fig. 1B).

The Povazsky Inovec Mts. (PI Mts.) locates on the western
margin of exposed Western Carpathian massifs and is surround-
ed by the Blatné and Risiiovce depressions (sub-basins) of the
Danube Basin (Fig. 1), which is the northernmost depocenter of
PBS (Kovag, 2000). The oldest and structurally lowermost part
of PI Mts. is represented by the pre-Alpine (Variscan) crystal-
line basement of the Tatric tectonic unit. In the central part of
the mountain range, where the investigated area is located, the
crystalline basement is composed of granitic and metamorphic
rocks (Fig. 2). The Tatric crystalline basement rocks are overlain
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Fig. 1A: Location of the study area in Central Europe. B: Situation of the Danube Basin and western margin of the Western Carpathians. C: Detailed position of the
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by the Permian to Upper Cretaceous (Cenomanian-Turonian)
sedimentary cover succession, which is overridden Mesozoic
nappes of Fatric and Hronic units with prevailing carbonate
lithology (Ivani¢ka et al., 2007, 2011, Prokegov4 et al., 2012,
Havrila, 2011). The formations of the Hronic Unit are usually
unconformably overlain by the Paleogene and Neogene sedi-
ments (Ivani¢ka et al., 2011).

PI Mts. has undergone diverse exhumation which is docu-
mented by the zircon (ZFT) and apatite fission-track (AFT)
data, as well as the sedimentary record and geological mapping.
AFT dataindicates that exhumation was gradual and lasted since

the middle to late Eocene (approx. 40 Ma) in the southern part
of PI Mts., to the early Miocene (~20 Ma) in the central part of
the mountains up to the late middle Miocene (~13 Ma) in the
northern part of the mountains (Kova¢ et al., 1994; Danisik et
al., 2004; Krélikov4 et al., 2016).

The Blatné and Risnovce depressions started to be filled dur-
ing the syn-rift stage of the PBS dated in the area from the early
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study area in the Povazsky Inovec Mts. Location of major faults active during the latest Cenozoic from Bielik et al. (2002), Lenhardt et al. (2007), Beidinger & Decker
(2011) and Kluciar et al. (2016). Fault names: C - Cifer Fault, DVF - Dobra Voda Fault, G - Galanta Fault, HDL - Hurbanovo-Di6sjend Fault, K - Kolarovo Fault, Ka -
Katlovce Fault, MK - Malé Karpaty Fault, P - Povazie Fault, R - Ripfany Fault, S - Surany Fault, VBTF - Vienna Basin Transfer Fault, ZD - Zavada-Dubodiel Fault.
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Fig. 2A: Generalized tectonic map of the studied part of the Povazsky Inovec Mts. and adjacent areas (modified from Ivanicka et al., 2007). B: Geological
map of the Modrova area with occurrence of the Modrova Mb. C: Geological map of the Tesare area with occurrence of the Modrova Mb.
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Badenian (Langhian, after ~15.2 Ma). The last rifting phase
took place at ~11.6-9.5 Ma and the area experienced post-rift
conditions after its cessation during the following period of
~9.5-6.0 Ma (Sujan et al., 2021). Some parts of the mountains
were covered by the alluvial deposits of the Volkovce Fm. due to
the overall base level rise (Sujan et al., 2017). However, analysis
of the Volkovce Fm. alluvial sequence showed negligible input
of clastic material directly from the mountain horst, because the
gravelly Piestany Mb. (Fig. 3) contains dominantly quartz and
quartzite material indicating distant source located probably in
the Central Western Carpathians (Sujan et al., 2017).
Following basin inversion after ~6 Ma led to interruption of
the Volkovce Fm. deposition and to denudation. Nevertheless,
the authigenic '’Be/’Be dating from the southern parts of the
mountains near Hlohovec with ages around 6.5 Ma imply that
only few tens of meters of upper Miocene sediment were eroded
there (Sujan etal., 2016). More significant surface uplift appeared
until the Early Pleistocene, as evidenced by formation of river
terraces on the foothills of the mountains (Sarinové & Maglay,
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Fig. 3: Lithostratigraphic scheme of the upper Miocene deposits of the
studied area according to Sujan et al. (2021). Palaeoenvironment is modi-
fied according to Fordinal & Elecko (2000), Vass (2002), Rybar et al. (2016),
Sztano et al. (2016) and Sujan et al. (2016). Timing of Central Paratethys
stage boundaries according to Vasiliev et al. (2010) and Kovaé et al. (2018").
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2002; §ujan etal.,,2016), by more pronounced fault activity and
speleogenesis in the region (Putiska et al., 2014; Brixové et al.,
20187 La¢ny etal., 2019; 2020; Kusnirak et al., 2020), as well
as by increase of crystalline rocks supply from the mountains
to the basin fill (Sujan et al., 2018).

The studied deposits of the Modrové Mb. are present in mar-
ginal parts of the Povazsky Inovec Mts. Detailed geological
mapping revealed a lateral transition between the Modrova Mb.
beds and freshwater limestones of the Hlavina Mb. (Fordinél
in Ivani¢ka et al., 2007), which have been dated to ~8 Ma by
rodent biostratigraphy (Fig 3) (Kova¢ etal., 2011*). Hence, the
Modrova Mb. accumulated synchronously with the Volkovce
Fm. The Ducové Mb. is probably another lateral equivalent of
the Volkovce Fm. on the foothills of the Povazsky Inovec Mts.
However, lack of outcrops hampers identification of its detailed
stratigraphic position and relations to other lithostratigraphic
units. It is worth to mention that the Modrovéd Mb. is not yet a
formally defined lithostratigraphic unit.

3.METHODS

The facies were described standardly according to the grain
size, structure and texture, geometry and size of the strata and
visualized in sedimentological logs. Depositional processes
were interpreted based on observed association of the facies.
The studied deposits exhibit various degree of lithification,
what affected the level on which the outcrops could be cleaned
and thus the precision of facies recognition. Palaeocurrent
orientation measurement was possible in the case of the Tesare
outcrop, where cross-stratified beds were present. Six gravelly
samples from the Modrové-2 locality and five samples from the
Tesare locality were analysed for granulometry using sieving.
Lithified samples were cross-cut and scanned to observe the
internal structure.

3.2 Geochemistry

Fine fraction (< 0.064 mm) from eight granulometric samples
underwent analysis of major and trace elements. This comprise
matrix of four gravelly samples from the Modrova-2 locality
(Mod-3, Mod-4, Mod-S and Mod-6) and another four samples
from sandy strata of the Tesare locality (Tes-1, Tes-2, Tes-3 and
Tes-4), separated from the coarser fractions by sedimentation
in a water column. The samples were pulverised, dissolved by
Lithium Borate Fusion and analysed by ICP-ES (major oxides)
ICP-MS (trace elements) in Bureau Veritas mineral laboratories
(Canada, Vancouver). Content of C and S was analysed by LECO
Carbon-Sulphur analyser.

Thin sections of lithified gravel from the Luka-2 locality were
prepared in order to investigate composition of its cement, which
was the subject of microprobe analysis by Cameca SX 100 (State
Geological Institute of Dionyz Stir). Minerals were measured
using WDS analysis with accelerating voltage 15 keV, probe
current 10 nA.
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4. RESULTS

4.1 Modrova area outcrops — colluvial fan facies
association

4.1.1 Description

The Modrova area includes several outcrops on the western mar-

gin of PIMts. (coordinates in Suppl. Table 1). The Modrové Mb.

is exposed in stream gorges, for example on the Lika-1 locality

(Fig. 4), where it constitutes ill-sorted chaotic gravel with angu-

lar to sub-angular clasts composed of dolomite and sandstone.

Another example of natural exposure could be observed on the

Modrové-1 site (Fig. 5), where dolomitic gravel with angular

clasts forms faintly bedded bodies on a cliff.

Quaternary soil:

Fig. 5: Natural exposure of ill-sorted angular gravel with faint bedding on
the Modrova-1 locality. Facies are not interpreted due to small exposure.

See Fig. 2B for location.

Fig. 4: Example of the
Modrova Mb. exposure
in a stream gorge on
the Luka-1 local-

ity, which comprise
chaoticill-sorted gravel
of sandstone and
dolomite. Facies are
not interpreted due

to small exposure. See

Fig. 2B for location.

Tab. 1: Description and interpretation of the lithofacies observed on the Modrova Mb. outcrops.

Facies
Code Lithofacies description Lithofacies geometry Depositional process o,
association
matrix-supported angular gravel, massive, laterally extensive as well as narrow lenti- luvial
colluvial as
ill-sorted, large clasts occasionally oriented cular bodies 20-120 cm thick, com-monly cohesive subaerial debris flow (Nemec "
well as
parallel to the base, matrix mostly sandy mud, amalgamated, non-erosive base, boundaries & Steel, 1984; Mulder & Alexander, 2001) lluvial £
alluvial fan
less muddy sand,  0.4-10 cm poorly defined, inclined up to 20°
S muddy sand with presence of floating laterally extensive bodies 10-30 cm thick, cohesive subaerial debris flow (Nemec lluvial £
m colluvial fan
9 granules and pebbles, massive sharply bounded & Steel, 1984; Mulder & Alexander, 2001)
clast-supported angular gravel, massive narrow lenticular, less laterally extensive Kfall
rockfa
Gkr to normally-graded, ill-sorted, matrix bodies 20-60 cm thick, commonly deposit- . colluvial fan
. . (Blikra & Nemec, 1998)
muddy sand to sandy mud, ¢ 0.4-6 cm ed above erosional base, inclined up to 20°
clast-supported angular gravel, laterally extensive as well as narrow lenticu- X .
. . . . subaerial grainflow
massive- or reverse-graded, poorly- to lar bodies few centimeters to 35 cm thick, .
Gkg . . . (Lowe, 1976; Nemec & Steel, 1984; Mulder  colluvial fan
moderately-sorted, matrix is absent or commonly deposited above erosional base,
. o & Alexander, 2001)
present in low amount, @ 0.4-4 cm inclined up to 20°
sandy angular gravel, faintly horizontally sheetflow - shallow poorly confined tract-  colluvial as
Gkh bedded, moderately-sorted, matrix composed ~ amalgamated laterally extensive bodies  ion current redistributing colluvial sediment well as
of muddy sand on a short distance (Blikra & Nemec, 1998)  alluvial fan
angular gravel forming faint planar . . . channelized traction current, deposition
. . laterally extensive bodies 20-50 cm thick, . .
Gp cross-stratification, ill- to moderately-sorted, . . on a shallow bar (Bridge & Lunt, 2006; alluvial fan
. with sharp erosional base and top X
matrix muddy sand Reesink, 2018)
angular gravel alternating with laminated . ) X channelized traction current with periodical
. o laterally extensive bodies 15-40 cm thick, . .
Gsi muddy sand, moderately-sorted, forming in- variation in the stream competence, alluvial fan
. o . sharply bounded »
clined layers or lenses within tabular bodies deposition on a shallow bar
. ) ) ) X sheetflow - shallow poorly confined
muddy sand with granules, faintly- to laterally extensive bodies 5-25 cm thick, ) .
Sgl . traction current alluvial fan
well-laminated sharply bounded .
(Blikra & Nemec, 1998)
shallow and slow traction current, silty rip-
muddy sand to sandy mud, faintly- to tabular bodies 2-15 cm thick, sharply yrip .
sl ples migrating in low sedimentation rate  alluvial fan

well-laminated

bounded

(Yawar & Schieber, 2017)
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Fig. 6: Sedimentological log and photo documentation of the outcrop in abandoned quarry in the Modrova-2 site with location of samples analysed for
granulometry and geochemistry. The nature of the outcrop allowed cleaning and recognition of four lithofacies. Degree numbers on B indicate strike orien-
tation of the outcrop wall. For codes of lithofacies see Tab. 1 and for location see Fig. 2B.
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Fig. 7: Cumulative frequency of grain size fraction of the samples taken

from localities of Modrova (Mod) and Tesare (Tes).

Unlike the mentioned localities, the Modrové-2 locality com-
prises an abandoned quarry exposing >10 m thick loose to lithi-
fied dolomitic gravel, what allowed cleaning and detailed facies
observations (Fig. 6). The outcrop consists of three lithofacies.
The most common are laterally continuous as well as narrow
lenticular bodies of matrix-supported angular ill-sorted chaotic
gravel (code Gm), which comprise 66.4 % of the sedimentologi-
callog (Fig. 6C-G). Matrix is composed of reddish sandy mud.
Some of the bodies exhibit matrix- to clast-supported structure.
The Gm lithofacies are commonly amalgamated and their base
is non-erosive and poorly defined. Thickness of an individual
unit reaches 20-120 cm, with an average of 45 cm. Cumulative
grain size distribution of three samples on Fig. 7 illustrates the
low level of sorting of the lithofacies Gm, as well as relatively
high content of fine fraction below 0.062 mm reaching 12 % of a
sample weight. The sorting coeflicient according to Folk & Ward
(1957) reaches values of 2.41-2.6S implying very poor sorting.

The second most abundant lithofacies (22.8 % of the log)
comprise clast-supported angular ill-sorted gravel (code Gkr),
which is massive or normally graded (Fig. 6D, E, G). Matrix is
composed of reddish muddy sand to sandy mud. The lithofacies
form mostly narrow lenticular bodies with erosive concave base
(Fig. 6D), laterally continuous bodies are less common. The ero-
sional origin of boundaries is interpreted based on their irregular
shape, truncation of the below lying facies, sharp transition and
dip of a boundary commonly exceeding 45°. Thickness attains
20-60 cm with an average value of 38 cm. Grain size distribution
of one analysed sample indicates that sorting of Gkr is with the
value of 2.08 according to Folk & Ward (1957) poor to very poor,
hence comparable to the lithofacies Gm, however, consisting only
half of the fraction below 0.062 mm (<7 %) (Fig. 7).

The lowest abundance of 10.8 % of the sedimentological log
attains clast-supported poorly- to moderately-sorted, massive-
to reverse-graded gravel with low content or absence of matrix
(Gkg, Fig. 6C, D). The lithofacies form 5-35 cm thick (12 cm in
average) laterally continuous as well as narrow lenticular bodies,
mostly with poorly defined base and its erosional nature is seldom.
The cumulative frequency of grain size of two analysed samples
show poor to moderate sorting with values of 1.14 and 1.28 (Folk

—~ Gk

F Gk? | of their lateral correlation. Moreover, it ex-

- Gm poses only 2D view on the stratal bounda-

- Gp 120 .

7 G5 ries. Nevertheless, other exposures clearly

- - show notable inclination of the strata. The
0 Modrovka locality provides a good example

e i :
Fig. 8A,B: Example of the exposure of the Modrova Mb. with inclined bedding
on the Modrovka locality. C: The matrix-supported rock is significantly lithified.



34

with inclination of massive matrix-supported gravel beds reach-
ing ~25° and dip direction of 250° (Fig. 8). The gravel is signifi-
cantly lithified (Fig. 8C).

Another outcrop showing dip of bedding was documented
on the Litka-2 locality (Fig. 9). Major portion of the section is
composed of matrix-supported chaotic ill-sorted angular gravel
(Gm). Ill-sorted massive angular clast-supported gravel is less
common (Gkr). This lithofacies contain 1-3 cm thick horizons
with increased sorting and lack of matrix (Fig. 9C,D). Upper part
of the outcrop consists of faintly horizontally-bedded moderate-
ly-sorted clast-supported angular gravel (Gkh).

of lithofacies see Tab. 1 and for location see Fig. 2B.

Fig. 9: Photo documentation and sedimentological log of the Luka-2 locality. Degree numbers on B indicate strike orientation of the outcrop wall. For codes
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The appearance of lithified angular conglomerates of the
lithofacies Gkr is illustrated by Fig. 10A. A reader can observe
obvious visual difference of the Modrova Mb. conglomerate from
rounded and moderately-sorted conglomerate of the Ducové
Mb. on Fig. 10B, as well as from the well-sorted conglomerates
with well-rounded clasts of the Paleogene Borové Fm. (Fig. 10C)
present in the Modrové area (Fig. 2B).

4.1.2 Interpretation
The observations and interpretations of the facies are included in
Table. 1. The deposits of lithofacies named as Gm are considered
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to be formed by cohesive subaerial debris flows with moderately
high viscosity (Nemec & Steel, 1984; Blikra & Nemec, 1998;
Mulder & Alexander, 2001). Their deposition is characteristic
by a lack of erosion on their base, in agreement with observed
poorly defined boundaries. Fine-grained fraction of matrix reach-
ingup to 12 % of a unit mass served as a source of cohesion and
viscous behaviour of a flow. The nature of the flow causes linear
movement and prevents sorting, what leads to overall chaotic
texture (Costa, 1988; Iverson, 1997).

Lithofacies Gkr exhibits common normal grading with largest
pebbles or cobbles on the base of a unit, indicating that clasts
were freely segregated during their rolling in a rockfall transport
mechanism (Blikra & Nemec, 1998). Locally increased content
of matrix might be caused by coeval slope wash of muddy Gm
lithofacies (Nemec & Kazanci, 1999).

The moderate to good sorting of Gkg gravel and low content
of matrix, their relative thin bedded appearance and occasional
reverse grading indicate that collisional stresses of gravel clasts
were responsible for transport until frictional freezing of a grain
flow (Lowe, 1976; Nemec & Steel, 1984; Nemec, 1990; Mulder
& Alexander, 2001). Despite the depositional process comprise
linear flow, dissipative stress and kinematic sorting leads to re-
verse grading of a grain flow if the flow reaches sufficient thick-
ness (Bagnold, 1954; Sallenger, 1979; Legros, 2002).

Facies Gkh consisting of faintly horizontally-bedded clast-
supported gravel indicates deposition of an unconfined traction
current, which could be attributed to the sheetflow processes
(Blikra & Nemec, 1998). Despite the facies was observed only
on the Luka-2 locality of the Modrovd area, it reached >1 m of
total thickness there.

The described depositional processes allow to classify the
studied successions as a facies association of colluvial fans. The
common presence of erosional base below rockfall and grain
flow deposits imply that erosion preceded deposition in those
cases. However, Gkg and Gkr facies represent highly sediment-
concentrated gravity flows, hence the erosion on the base of such
flow is negligible and the flows mostly cover the pre-existing
topography (e.g., Nemec & Steel, 1984). Colluvial fans are com-
monly the most proximal depositional forms sourcing more
distally situated alluvial fan environments, where depositional
processes related to water traction current prevail (e.g., Blair &
McPherson, 1994; Longhitano et al., 2015). Highly sediment-
concentrated gravity flows accumulate positive forms with ir-
regular shape, which tend to confine water runoff into gullies
(Valentin etal., 2005). It is possible to assume that water runoff
might cause gully erosion on the surface of a colluvial fan, but the
flow was only erosional in this zone and formed accumulations in
amore distal position, which is not preserved within the studied
sections. The relief incised by gullies would be then covered by
rockfall and grain flow deposits, similarly, as documented by
Nemec & Kazanci (1999).

Evidence for a wash out of matrix from rockfall deposit by
slope wash was observed on the Liika-2 site (Fig. 9D). The epi-
sodic effect of a slope wash can be attributed to variation in
depositional processes on the Modrové-2 locality (de Haas et
al., 2014). When active, the slope wash would induce washing
out of fine-grained fraction from intergranular space of debris
flow deposits. The loss of matrix would cause slope instability
and initiates redeposition of material by rockfall and grain flow,
which cover the erosional surface formed by slope wash.

Fig. 10: Cross-cut
lithified rock ex-
amples. A: Modrova
Mb. conglomerate,
Modrova-2 locality
(Fig. 2B); B: Ducové
Mb. conglomerate
sampled in the vicin-
ity of Ducové village

(Fig. 2B); C: Paleogene

conglomerate from
the Modrova area.
Note the differences

in clast roundness.
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Although the high observed inclination of beds reaching ~25°
is considered as primary and resulting from high sediment supply
in a colluvial environment, contribution of effects of preexist-
ing topography and post-depositional tilting on the primary
geometry couldn’t be excluded.

4.2 Tesare area outcrop - alluvial fan facies
association
4.2.1 Description
Lack of more suitable outcrops on the eastern margin of PI Mts.
allowed to study the Modrova Mb. only on the outcrop near
Tesé4re (Suppl. Table 1). The strata are exposed in an abandoned
quarry with the wall reaching height >6.5 m (Fig. 11). A fault
zone separates the outcrop to two successions, which do not
exhibit comparable depositional record, hence the offset attains
more than 6 m. Therefore, the depositional record is shown in
two separate sedimentological logs (Fig. 12). The strata are ori-
ented sub-horizontally in contrary to the settings observed in
the Modrovd area.

The first group of facies were observed also in the Modrové
area. The most frequent facies, attaining 31.8 % of the strata
thickness, comprise again ill-sorted chaotic matrix-supported
gravel (Gm). However, the matrix composition varies from
sandy mud up to muddy sand. Sharp erosive base is much more
common in comparison to the Modrova area (Fig. 12E-G),
marked mainly by truncation of below lying units. Thickness
of a sedimentary unit ranges in 20-130 cm with an average
of 54 cm. The second most common lithofacies consisting of
clast-supported poorly- to moderately-sorted angular gravel
with low content of matrix (Gkg) form 15.6 % of the studied
section. The thickness of the individual strata reaches 4-60 cm
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with an average of 15 cm. The strata exhibit common reverse
grading (Fig. 12D,E) and sometimes form lenticular bodies
(Fig. 12E). Comparable abundance of 14.1 % attains lithofa-
cies Gkh forming ca. 10 cm thick cycles of faintly horizontally
bedded angular gravel with clast-supported texture. Nature
of Gkh facies is well observable on Fig. 11B. Lithofacies Gkr
with ill-sorted angular clast-supported gravel showing com-
mon normal grading forms 10.5 % of the studied succession
(Fig. 12B).

Facies unrecognized in the Modrové area form 28 % of the
Tesdre outcrop succession. The most common is faintly planar
cross-stratified angular moderately-sorted gravel with sandy
matrix (Gp, Fig. 12G). The lithofacies form laterally continuous
units 15-64 cm thick and 11.3 % of the outcrop section. Cu-
mulative grain size distribution of one sample of the lithofacies
Gp on Fig. 7 depicts slightly better sorting, higher proportion
of sand and lower content of mud comparing to lithofacies Gm
and Gkr. Abundance of 5.9 % is reached by massive chaotic
muddy sand with floating angular gravel clasts with thickness
7-20 cm (SGm, Fig. 12B). Relatively unusual is planar cross-
stratified gravel with presence of lenses of muddy sand within
the stratification (GSi; Fig. 12C, F). The gravel layers on foresets
are commonly normally graded (Fig. 12C). Thickness of each
unit varies up to 30 cm since it covers irregular erosive surface.
The last observed lithofacies comprise laminated muddy sand to
sandy mud, which form layers 2-10 cm thick (4.4 cm in average)
(SL, Fig. 12C,D). The lithofacies Slis commonly eroded by the
overlying unit, hence continuous layers are sparse. Grain-size
distribution of the three analysed samples of Sl implies that
the content of silt and clay reaches 60-95 % of a sample mass
and the rest is formed mostly by fine-grained sand (Fig. 7).
The sample Tes-4 was taken from the muddy sand lens of the

60°

vegetation

240

215/45

Fig. 11: General scheme of the Tesare outcrop. Degree numbers on A indicate strike orientation of the outcrop wall. For codes of lithofacies see Tab. 1 and

for location see Fig. 2B. C: Rose diagram of palaeocurrent measurements.
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lithofacies GSi and exhibit comparable grain size composition
to the Sllithofacies. All mentioned samples show moderate to
moderately well sorting (0.66-0.84), (Folk & Ward, 1957).

4.2.2 Interpretation
The depositional processes of the Gm lithofacies are inter-
preted analogously to the Modrova area as subaerial cohesive

= » R
Log1 z.235%8
0T
oIt
TTG
!
Gi eIl Gkh
SRS
qufa%‘gcéﬁg
SS o5
ASTIEN
sGmB)
kr
Si
Gkg
Gkr
Sl
Gkg
Gm
3SGm
- Gkr
GSiC
8l
Gk
Sl
G
Gkg 2o o
B2 8 T
sl | ao%oggy%%"?“%%‘g
SaGl
leg D
gleg
Sleg
Ckg 6+
N erosional base - truncation
of below lying units
[ lithified horizon
V A upward coarsening / fining cycles
I muddy matrix, minor sand admixture  ©
[ ] sandy matrix, minor mud admixture «{ ] sample position

Fig. 12: Sedimentological log and photo documentation of the outcrop in abandoned quarry in the Tesare locality with location of samples for granulom-

etry and geochemistry. The nature of the outcrop allowed cleaning and recognition of eight lithofacies. Position of the logs is indicated on Fig. 11. For codes

of lithofacies see Tab. 1 and for location see Fig. 2C.
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debris flows with moderately high viscosity, or with low vis-
cosity in the case of sand-dominated matrix (Nemec & Steel,
1984; Blikra & Nemec, 1998; Mulder & Alexander, 2001). The
lithofacies SGm was most probably formed similarly by a low
viscosity debris flow, considering its texture and sorting. The
lithofacies Gkg is also analogously explained as a grain flow
deposits with dominance of collisional stresses between grains
as a motion factor (Lowe, 1976; Nemec & Steel, 1984; Nemec,
1990; Mulder & Alexander, 2001) and Gkr is considered as a
rockfall deposit (Blikra & Nemec, 1998).

More than one third of the Tesdre outcrop succession (facies
Gkh, Gp, GSi and Sl) is formed by traction current. The Gkh
gravel with faint planar bedding is associated to unconfined
sheetflow (Blikra & Nemec, 1998), which was potentially ac-
cumulated as upper-stage plane beds (Iseya & Ikeda, 1987;
Cartigny et al., 2014).

The faintly planar cross-stratified moderately sorted gravel
(Gp) is considered as a deposit of channelized traction current on
aunit bar foreset (Bridge & Lunt, 2006; Reesink, 2018). Hence, its
height between 15 and 64 cm should be equivalent to a channel
depth, despite the uppermost part of a bar was probably eroded
after its deposition. The facies exhibit slightly better sorting com-
paring to gravity flow deposits due to turbulence of traction cur-
rent (e.g., Leclair, 2002; Baas et al., 2019). A similarity could
be seen between the Gp facies and antidunes (e.g., Slootman
& Cartigny, 2020). However, the palaeocurrent directions are
generally oriented downslope from PI Mts. (Fig. 11C), implying
progradation downstream. The lithofacies GSiis also considered
asabar deposits, but in a peripheral minor channel with increased
variability in flow strength leading to cyclic deposition of gravelly
normally graded strata and sandy mud lenses on the bar foreset
(Miall, 2006). Nevertheless, this facies is not a common feature in
an alluvial or colluvial fan environment and alternative explana-
tion of its depositional process might exist.

Planarlaminated muddy sand to sandy mud (SI) was deposited
by relatively slow traction current, implied by the high content
of fine-grained fraction (Fig. 7). The deposit might be formed as
drapes of migrating silty and sandy ripples in flow speed 0.3-0.5
m-s” under low sedimentation rate conditions (Yawar & Schie-
ber, 2017).

Frequent presence of erosive surfaces is related to increased
appearance of lithofacies deposited by traction currents. The tur-
bulent flows with low concentration of sediment in comparison
to debris flows or grain flows are prone to behave erosional. These
flows were often in a bypass regime, forming only an erosional
surface covered later by gravity flow deposits.

Several contradictory definitions of alluvial fan facies as-
sociation were published, spanning from purely gravity flow
dominated to purely alluvial environments (summarised in
Plink-Bjorklund, 2021). This paper relies on the definition of
colluvial fan as gravity flow dominated, alluvial fan as com-
prising both channelised traction current and gravity flow
facies, and fluvial fan as an environment with dominance of
channelized and overbank alluvial deposition. Hence, the depo-
sitional environment of the Tesdre outcrop is interpreted as
an alluvial fan close to the transition towards a colluvial fan
feeder of sediment (Blikra & Nemec, 1998). The gravity flow
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processes constitute approximately two thirds of the succes-
sion, while the rest is produced by redeposition of the debris
flow, grain flow and rockfall deposits by a shallow braided river
and sheetflow currents. As the term alluvial fan is used here to
describe a facies association and not a morphological feature,
evidence for a fan shape is not essential.

4.3 Petrography and geochemistry

The petrography of clasts of the Modrové Mb. is usually mo-
notonous, depending on the composition of the nearby exposed
pre-Cenozoic massifs. The Modrova area outcrops exhibit dolo-
mitic composition (e.g., Modrova-1, 2 and Modrovka localities),
or alteration of dolomitic and sandstone composition of gravel
clasts (Luka-1, 2 localities). The clast petrography indicates that
provenance did not underwent significant change during the last
~8 Ma, since the same lithotypes could be find in close vicinity
of the outcrops of colluvial fans. Mesoscopic observations of the
Tesare outcrop gravel material confirmed its dolomitic composi-
tion as well. A typical feature of the Modrova Mb. outcrops is
the reddish colour of the muddy matrix.

4.3.1 Geochemistry of the gravel matrix from the
Modrova-2 locality

Results of geochemistry applied to the fine-grained matrix
(< 0.062 mm) of the Mod-3, Mod-4, Mod-5 and Mod-6 samples
are included in the Tab. 2. The content of CaO (27-29 wt. %),
MgO (19-20 wt. %), total carbon (11.8-12.6 wt. %) and CaO/
MgO molar ratio (1.01-1.03) indicates presence of dolomite.
This result is confirmed by the loss of volatile components (LOI
43-46%), which point to the presence of Ca-Mg carbonate (do-
lomite) instead to Ca-Mg oxide. After recalculation, dolomite
form approximately 89-95 % of samples; the remaining oxides
increase upwards from 4 wt. % (Mod-3) to 10 wt. % (Mod-6). They
represent admixture of silicate minerals. Content of molar CaO,
MgO and CO, implies that some carbonates contain also iron (ca.
0.7-1.7 %). Presence of organic carbon content is an alternative
explanation, however, not favoured by the subaerial gravity flow
origin of the studied sequence. Based on the described data, the
groundmass of gravel is formed by detritic grains of dolomite
with a small admixture of clay minerals (Fig. 13b).

The remarkable low content of terrigenous components prevents
utilization of standard indexes used as palaeoclimatic and weath-
ering proxies. Nevertheless, the calculated CIA index (Nesbitt &
Young, 1982) after its simplification by McLennan (1993) pro-
vides values between 80-84; except for the sample Mod-3 (CIA
=42) (Fig. 13A; Tab. 2). The values indicate transition between
moderate and intense degree of weathering. The sample Mod-3 is
considered as an outlier due to extremely low CIA value, resulted
likely from very low overall content of the analysed oxides. The
enrichment factors (U, Fe, V, P) and Th/U ratio between 1-2
indicates redox conditions during deposition, but the assumption
could be affected by the tendency of these elements to bound on
carbonates. Therefore, they probably describe the depositional
conditions of the primary carbonates and not the environment
of colluvial fans. Other proxies could not be assessed due to the
content of remaining oxides below the measurement limits.
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Fig. 13A: Plot of the CIA values for the matrix of samples from
Modrova-2 and Tesare localities in A-CN-K diagram (after Nesbitt &
Young, 1984; Fedo et al. 1995). B: Diagram showing major components

of matrix (after Brumsack 1989).

4.3.2 Geochemistry of the matrix of muddy sand
samples from the Tesare locality

Unlikely to the Modrové locality, analysis of the Tesdre sam-
ples showed lower content of carbonate documented by the
LOl values ranging in 30-36% (Tab. 2). Presence of dolomite
isindicated by content of CaO (16-21 wt. %), MgO (12-15
wt. %), total carbon (7-9 %) and values of CaO/MgO molar
ratio in the range of 0.96-1.00. After recalculation, the low-
est content of dolomite (53-59 wt. %) is established for the
samples Tes-1 and Tes-2. The molar concentration of CaO
and MgO of these samples corresponds to the molar con-
centration of CO,. The remaining samples Tes-3 and Tes-4
contains approximately 68-70 wt. % of dolomite, but their
molar concentration of CaO and MgO is lower comparing
to the molar concentration of CO,. This observation allows
to assume that ~0.5 wt. % of the carbonates include Fe, oran
unlikely option is presence of organic carbon in the sediment.
Remaining oxides representing silicate minerals ranging
from 27.5 to 36.6 wt. %, which allows for classification as
clayey carbonate. Based on these results, the groundmass
of studied gravel is formed by detritic grains of dolomite
together with silicate minerals (Fig. 13B).

The SiO,/Al, O, ratio attaining values of 3.1-3.2 indicates
clay admixture. The CIA index (Nesbitt & Young, 1982)

Tab. 2: Main bulk-rock geochemistry features of the samples from Modrova-2
and Tesare localities. Enrichment factors were calculated as (X, mpie/Alsampre)/
(Xycc/Alycc). UCC after McLennan (2001). N.D. - sample under detection limite);
* all Fe was measured as Fe,0;; + dolomite - CaO and MgO recalculated as
CaMg(CO,),; + rem. oxide - sum of oxides except CaO and MgO.

Tes-1 Tes-2 Tes-5 Tes-6 Mod-3 Mod-4 Mod-5 Mod-6

Sio, % 2373 2684 1922 1809 165 257 374 514
Tio, % 032 036 024 026 003 007 0.0 0.15
Al,0, % 755 851 598 555 087 148 217 3.06
*Fe,0, % 332 377 26 233 029 059 073 1.03
Cr,0, % 0.009 0.009 0.005 0.005 n.d. nd. 0.003 0.003
MgO % 1319 1212 1476 1523 2037 2023 19.83 192
MnO % 0.01 004 001 nd. nd nd nd nd

CaO % 1791 1638 20.56 21.24 2931 2885 28.03 27.16
Na,O % 007 009 008 009 031 003 004 003
K,0 % 1.59 160 107 1.01 017 021 035 044
P,0, % 009 026 030 021 070 002 002 0.03
LOI % 319 297 349 357 460 456 446 434
Sum % 99.72 99.72 99.69 99.69 99.65 99.63 99.65 99.65
Total C % 773 696 887 911 1263 1240 1203 11.79
Total/s % nd. nd nd nd nd nd nd nd

Co ppm 35 4.4 29 24 0.7 0.9 1.2 1.9

Ga ppm 7.8 83 4.8 5.2 nd. 1.2 1.6 2.7

Hf ppm 2.5 2.8 24 1.9 0.2 0.4 0.6 0.7

Rb ppm 69.1 794 522 579 6.6 109 171 258
Sr ppm 740 702 699 711 666 724 716 752
Ba ppm 1250 2080 920 930 140 310 470 61.0
Th ppm 5.6 7.1 4.2 3.9 0.7 0.9 13 2.1

ppm 27 26 17 17 06 05 07 09

ppm 690 740 53.0 530 90 200 240 360

zr ppm 906 1119 880 690 83 148 206 28.1
co, Wt% 3862 3477 4432 4552 63.10 6195 60.11 5891
co, mol% 064 058 074 076 105 103 100 098
cao mol% 032 029 037 038 052 051 050 048
MgO mol% 033 030 037 038 051 051 050 048
Ca0/MgO ::(') 097 096 099 100 103 102 101 101

dolomite % 5934 5343 6758 69.78 95.18 94.00 91.63 88.76

othercarb. % 000 0.00 051 015 177 119 072 175

CIA 79.36 80.64 80.64 79.80 40.89 81.71 80.75 84.06
SiO,/Al,0, 314 315 321 326 190 174 172 168
Ga/Rb 0.11 070 009 009 000 0.1 009 0.10
K,0/Al,0, 021 0.9 018 0.8 020 0.4 0.16 0.14
Th/U 207 273 247 229 117 180 186 233
U 194 166 154 166 374 183 175 160
Cog; 041 046 043 039 072 054 049 055
Fege 133 134 132 127 101 121 1.02 1.02
Ve 130 123 126 136 147 192 157 167
P 113 289 475 358 7620 128 087 093
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after its simplification by McLennan (1993) varies in the range
79-80, implying that the feldspar weathering intensity reached
the upper part of the moderate weathering zone. Production of
illite during weathering is indicated by the K,0/Al, O, ratio of
~0.2 and Ga/Rb ratio of ~0.1, what supports either cold or dry
climate. Illite production by weathering could be established
also by visualization of values in the CIA plot (Fig. 13A; Tab.
2). Redox palaeoenvironmental conditions are implied by the
enrichment factors (U, Fe, V, P) and by the U/Th ratio values
of 2-3. As was mentioned earlier, this fact can be explained by
binding of these elements to carbonate, since all Tesare samples
were deposited from traction current of a shallow stream.

4.3.3 Study of thin sections from the Luka-2 locality
Alithified gravel sample taken from the Luka-2 locality served
for preparation of thin sections. Rounded gravel clasts of recrys-
tallized, originally micritic carbonates and sparitic carbonates,
occasionally with dispersed pyrite are the main detritic compo-
nent (Fig. 14). Groundmass consists of detritic silt- to sand-sized
grains composed mostly of quartz, carbonate grains, feldspar,
chert, and mica (muscovite and biotite). Fragments of granitoids
or gneiss are less frequent. The grains are cemented mainly by
calcitic sparite; poikilitic calcite is less frequent, as shown by
microprobe analysis (Fig. 15; Tab. 3, analyses 1,2 and 4). Within
sparite, dispersed crystals of dolomite are present (Tab. 3, analy-
sis 6). Reddish colour of the groundmass implies the presence of
iron oxides. Some of the clasts exhibit less distinct boundary to
the cement and their colouring is more pronounced. It remains
questionable if they comprise remnants of primary matrix or
encompass a less stable clast type. The surface of some clasts is
covered by clayey rim, which is formed probably by mixed-layer
of montmorillonite/illite (Tab. 3, analyses 3 and 5).

S.STRUCTURAL POSITION OF THE
MODROVA MB. ACCUMULATIONS

The geological mapping indicated that the occurrences of the
Modrové Mb. are bound to marginal blocks of P Mts. separated
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Tab. 3: Results of electron probe analysis of cement present in the thin section.
Carbonate analyses are recalculated to molecular wt. %.* - analyses of clay
rims are recalculated based on 24 anions and normalised to 44 cation charge.

analyse an1 an2 an4 ané *an3 *an5
material cement cement cement dol. clay rims
crystal
Sio, 0.02 0.00 0.02 0.04 SiO, 3237 2639
Al,0, 0.02 0.00 0.00 0.05 TiO, 0.27 0.07
FeO 0.01 0.00 0.00 0.02  AlLO, 12.66 1438
MgO 0.17 0.39 0.20 2031 Cr,0, 0.00 0.01
MnO 0.04 0.02 0.00 0.02 FeO 2.96 3.18
Cao 5450 5458 5536 3227 MgO 3.10 1.81
Ssro 0.01 0.00 0.04 0.01  MnO 0.00 0.00
SO, 0.03 0.03 0.03 0.01 NiO 0.00 0.00
Total 5478 5503 5565 5273 CaO 4.80 6.43
FeCO, 0.01 0.01 0.00 0.03 K,0 3.98 2.70
MgCo, 0.35 0.82 0.42 4249 Na,0 0.07 0.11
MnCO, 0.06 0.03 0.00 003 dl 0.30 0.58
CaCo, 97.27 9742 9880 5760 F 0.00 0.00
SrCo, 0.01 0.00 0.05 0.02  Total 60.51  55.66
Sio, 0.02 0.00 0.02 0.04 Si 6.956  6.283
Al,0, 0.04 0.00 0.00 0.10 Al 1.044 1717
S 0.01 0.02 0.01 0.00 Sum 8.000  8.000
Sum 97.77 9830 9932 10031 Al 2163 2319
Ti 0.043  0.013
Fe** 0.532  0.633
Mg 0.993  0.641
Mn 0.000  0.000
Cr 0.000  0.003
Ni 0.000  0.000
sum 3732 3610
Ca 1105  1.641
K 1.092 0819
Na 0.029  0.049
sum 2226  2.509

Fig. 14: Thin
section images
from the Lika-2
locality showing
detritic grains
and matrix. Upper
photos represent
plane polarised
light, lower
photos cross
polarised light.
Abbreviations:
Qtz - quartz; Bt -
biotite; carb. - de-
tritic carbonate.
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Fig. 15: Positions of the electron probe analyses within a thin section from the Lika-2 locality. Dol - dolomite; Spar - calcitic sparite.

from the central one by faults (Ivanicka et al., 2007). Despite the
exact fault-slip data are not available, the geophysical data shows
that PI Mts. horst is markedly bounded by normal faults (Bielik
etal,2002; Bezék etal., 2014; Marko et al., 2017; Pasteka et al.,
2017). Large-scale Cenozoic normal faults are evident also in
the internal structure of the horst, e.g. displacing structurally
lowermost Tatric crystalline basement to the proximity of the
structurally higher Fatric and Hronic sequences (Fig. 2A).

Geological and geophysical evidence of blocks with an uplift
history different from the main (central) block of the mountain
range are relatively well seen in the area between the Hradok
and Hubina villages on the western flank of PI Mts. (Modrové
area). Especially the Bouger anomaly horizontal gravity gradi-
ent and “tilt” derivation transformed map (Fig. 7 in Marko et
al., 2017) show strong N-S linear anomalies following fault
contact of the Mesozoic and/or Paleogene formations with the
Miocene sediments (Fig. 16). Strong NE-SW anomalies in the
derived Bouguer gravity map as well as the distribution of the
Modrovi, Ducové and Hlavina members located between the
Ducové and Modrova villages (Fig. 2B) suggest that this block
experienced different uplift history than the main block of the
mountain range during the late Miocene.

Similar situation is seen in the area of Tesare village, how-
ever, not such clear as in the area of Modrovd. It is caused by

the more complicated Miocene tectonic history, that involves
the existence of repeatedly uplifted and buried Zavada-Bielice
Rise (Fig. 1 and 16) (Vass et al., 2002) which is roughly perpen-
dicular to the Povazsky Inovec Mts. horst. The interpretation
of the geophysical signal (Fig. 16) (Marko et al., 2017) is not
straightforward. Nevertheless, it can be stated that the younger
NNE-SSW (to E-W) normal fault interferes with the older
faults of NN'W-SSE trend.

The geological section on the Fig. 17 located on the western
margin of the mountains depicts the general structure of the
Modrova area in relation to the central block of PI Mts. and to
the Blatné depression. The block, which comprise the northern
part of the Blatné depression contains the succession of lower
Miocene deposits covered by the Quaternary alluvial gravel. It
could be assumed that the upper Miocene deposits were eroded
from this area by the V4h River during Quaternary.

6. PALAEOENVIRONMENTAL AND PALAEO-
GEOGRAPHICINTERPRETATION

The accumulation of the colluvial and alluvial fans of the

Modrovéa Mb. clearly indicate the presence of exposed slopes

consisting of Mesozoic dolomites and Paleogene siliciclastics.
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The blocky structure of the marginal parts of PI Mts. (where
Modrova Mb. appears) provide an explanation of these slopes
as scarps of marginal faults. Differential movements must have
been appeared around 8 Ma. These fault movements were in the
order of tens of meters and most likely did not exceed ~ 100 m.
The tentative estimation of fault-slip is supported by the overall
low thickness of the Modrové Mb. (first tens of meters) and by
the absence of dolomite and sandstone clasts (material of the
Modrové Mb.) in contemporaneous deposits of the Piestany
Mb. in the Blatné depression, as well as in the alluvial fill of the
Risnovce depression (Sujan etal., 2017). Higher scarps between
the central and marginal blocks would cause supply of coarse-
grained clastics, which would be recognised in the depositional
record of surrounding basins.

The Modrova area comprised mostly colluvial fans, which
were supplied enough just to fill the accommodation above the
marginal tectonic block (Fig. 18). The transition to alluvial fan
depositional processes was probably located on the margin to the
Blatné depression, where alluvial redistribution by the palaeo-
Vahriver dominated. The colluvial fans coexisted with deposition
of the terrestrial carbonates of the Hlavina Mb. and its feeder
system was bounded to the active faults. Active tectonics com-
monly causes synchronous deposition of colluvial and freshwater
limestone (travertine) facies, as was shown for example in Croci
etal. (2016) and Wang et al. (2016).

The depositional record of alluvial fan facies was document-
ed in the Tesdre area, close to the transition to the Risfiovce
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Fig. 16: Bouger anomaly
horizontal gravity gradi-
ent and “tilt” derivation
transformed map (modi-
fied from Marko et al.,
2017) with indication of
interpreted faults, which
serve as an evidence for
the blocky structure of
Banovce the Modrova and Tesére
areas separated from
depression the main block of the
Povazsky Inovec Mts.
Grey polygons represent

towns.

depression. The occurrence of more distal facies association in
comparison to the Modrova area leads to assumption, that the
accommodation was more spatially extensive to allow preser-
vation of more distal facies on this marginal block of PI Mts. It
might be caused by more gentle slopes, higher distance to the
marginal faults, or simply by a position of the studied succession
in awatershed of a permanent stream (Blikra & Nemec, 1998).
Transition towards more distal depositional environment of a
stream with larger provenance area is illustrated by the shift of
position between Modrova-2 and Tesédre samples on the plot of
major matrix components on Fig. 13B.

Mean annual precipitation (MAP) decreased in the region

Nw SE
Blatné depression Modrova area PovaZsky Inovec Mts.

Late Miocene A~~~ unconformity
] Ducové Mb., fluvial gravels k2
E Early Miocene, undivided

Paleogene, siliciclastics

|:| Hlavina Mb., terrestrial carbonates @ Mesozoic, mostly carbonates

Quaternary, fluvial gravels

Modrova Mb., subaerial
gravity flow gravels

Fig. 17: Generalised geological section across the Modrova area. For loca-
tion see Fig. 2 and 16.
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debris flow
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I:l palaeo-Vah braided river facies association

Fig. 18: Palaecogeographic scheme of the Modrova area at ~8 Ma with depositional environment of the Modrova Mb. and sedimentological logs showing

characteristic lithofacies and depositional processes. For location see Fig. 2 or Fig. 16.

from “washhouse” climate around 10 Ma with values of 1000—
1500 mm (Béhme et al., 2008; 2011; Kovacova et al., 2011) to
500-1000 mm (Bohme et al., 2011) or ~800 mm (van Dam,
2006) around 8 Ma. It was suggested that the decrease in pre-
cipitation might be related to the regression of Lake Pannon
(Utescher et al., 2017), since distance to its water masses would
strongly affect precipitation intensity. Mean annual temperature
(MAT) at ~8 Mareached 15-17 °C (Prista et al., 2015). Hence,
the regional palaeoclimate during the deposition of the Modrova
Mb. was of similar humidity and with higher MAT in compari-
son to the recent conditions reaching MAP of 500-600 mm and
MAT of 9-11°C (Mello et al., 2007; 2013).

Geochemical proxies of the Modrovéd Mb. implied either cold
or dry conditions, what contradicts to the published estimates for
the region and time period. However, the geochemical proxies
were analysed in this study on a minor siliciclastic fraction of
the sediments dominated by carbonates (Fig. 13B). Moreover,
the colluvial to alluvial fan facies were accumulated rapidly from
the exposed and weathered rock massifs. Hence, it could be as-
sumed that the degree of weathering to illite is caused mostly by
rapid denudation conditions, what biased the informative value
of palaeoclimatic proxies in the studied samples.

The dominance of the debris flow facies within gravity flow
deposits and common presence of sheet flow processes also

indicate humid conditions (Blikra & Nemec, 1998; Nemec
& Kazanci, 1999). The reddish colour of the matrix is associ-
ated with presence of iron oxides and clay coatings around
the clastic grains, what might be related to fersiallitic weath-
ering typical for warm and humid climate with dry seasons
(Duchaufour, 1977). The oxidation of pyrite, which is scat-
tered within the matrix of clastic carbonates, contributed to
formation of the reddish colouring of the matrix and rims of
the detritic grains.

A comparable facies association of alluvial fan to braided river
conglomerates with reddish matrix was documented as the upper
Miocene Rohrbach Fm. in the southwestern tip of the Vienna
Basin, eastern Austria (Koukal & Wagreich, 2009). The Dids
Fm. is another succession with similar facies of subaerial gravity
flow and braided river origin, present in the Keszthely Mts. north
of Lake Balaton in the western Hungary (Budai et al., 1999). It
accumulated mostly as alluvial fans preceding the transgression
of Lake Pannon, which appeared in the area at ca. 8.8-8.5 Ma
(Sztané et al., 2013). The sediment supply from slopes was pre-
disposed by scarps of active faults (Csillag et al., 2010). Colluvial
deposits with comparable lithology and of the supposed late
Miocene age were identified in the Turiec Basin in the Central
Western Carpathians (Kov4¢ et al., 2011b). The simultaneous
appearance of such successions across the Western Carpathian
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realm might point to a mild regional phase of tectonic activity,
which could be explored in detail by future studies focused on
the margins of the mountains towards the surrounding basins
elsewhere in the region.

On the basis of regional conditions and characteristics of
the studied deposits, described facies associations of collu-
vial and alluvial fans point to active tectonics in a warm and
humid climate. The study aims to emphasize the potential of
colluvial and alluvial fan sediments as indicators of palaeoen-
vironmental and palaeogeographic conditions in terrestrial
environments.

7. CONCLUSIONS

The marginal blocks of the Povazsky Inovec Mts. (PI Mts.),
which are separated from the main mountain horst by faults,
accommodated coarse clastics of the Modrova Mb. The strata
were deposited around 8 Ma according to their lateral transitions
with freshwater limestones of the Hlavina Mb., dated in previous
studies by rodent biostratigraphy (e.g., Kova¢ etal., 2011a). Facies
analysis revealed a colluvial fan origin of the studied deposits
in the western margin of PI Mts., with prevalence of cohesive
debris flow facies and occurrence of rockfall, grain flow and sheet
flow processes. The Tesdre area located on the eastern margin
of the mountains comprise alluvial fan deposits accumulated
by debris flows, by traction currents in a shallow braided river
and sheet flow processes.

Fault activity on the margins of the tectonic blocks caused
sediment supply capable of filling the accommodation on the
blocks. However, its relatively low intensity led to the domi-
nance of alluvial redeposition of the sediment delivered to the
surrounding Blatné and Ri$novce depressions of the Danube
Basin, as was observed in Sujan et al. (2017). Hence, a tentative
estimate for fault-slip between the marginal blocks and the main
horst of PI Mts. is in the range of tens of meters.

The deposit is dominated by dolomite clastics, as documented
by thin section study, geochemistry and probe analysis. Geo-
chemical proxies applied to the matrix of clastic sediment implied
either cold or dry climate, what contradicts to the data published
for the region and time period (e.g., BShme et al., 2011; Prista
etal,, 2015). The weathering to illite is explained as a result of
rapid denudation, which limits the application of these proxies.
Facies associations imply a humid climate with surficial runoft
caused by heavy rains. The presence of clay coatings of sediment
grains and iron oxides in the matrix is interpreted as a result of
fersiallitic weathering and oxidation of pyrite dispersed in the
matrix, what fits well to a humid and warm climate.

Several comparable successions were described in the region,
e.g., in the southwestern Vienna Basin (Rohrbach Fm., Koukal
& Wagreich, 2009), in the Transdanubian Range (Dis Fm.,
Budai et al., 1999; Csillag et al., 2010) and also in the Turiec
Basin (Kové4¢ et al., 2011b). It remains questionable, if com-
parable accumulations are present also on transitions of other
morphostructural elevations towards neighboring basins of the
Western Carpathians, what might point to a mild but regional
phase of fault activity.
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Supplementary Table 1: Coordinates of the studied outcrops.

Locality Lon Lat
Luka-1 48.67322 17.88189
Lika-2 48.67778 17.88273
Modrova-1 48.64726 17.88539
Modrova-2 48.64179 17.89518
Modrovka 48.65202 17.88911
Tesare 48.61503 18.07290




