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Postglacial deformation history of sackungen
on the southern slope of Mount Chabenec,
Nizke Tatry Mts., Slovakia
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Abstract: A series of distinct antislope scarps crosses the southern slope of the Mt. Chabenec in the Nizke Tatry
Mountain range. Previous studies assumed that the deep-seated deformation with features of creep movement
developed slowly towards the Lomnista dolina Valley in the south-east direction. The field exploration comprised
four exploration trenches across the antislope scarps, which have revealed conspicuous mylonite zones dipping at
50° towards the North. Trenches across the troughs adjacent to the antislope scarps all contained colluvial wedges,
fissure fills, fault truncations, and angular unconformities. These structures and 20 '*C-ages on trough sediments
and buried soils indicate the scarps were formed by episodic displacements over the past 9.6 ka. The most recent
displacement event (MRE) on all three scarps overlaps in age between 1,410 to 1,860 cal years BP (2-sigma range).
The Nizke Tatry Mountains do have a historic record of earthquake shaking, so the MRE at Mount Chabenec could

have been triggered by similar ground motions.

Key words: sackungen, slope stability, gravitational spreading, seismicity, Nizke Tatry Mts.,

Graphical abstract

Introduction

Mt. Chabenec (48.94°N, 19.49°E; elevation 1,959 m)
is situated in the Low Tatras (Nizke Tatry) Mountains,
Central Slovakia (Fig. 1), in Nizke Tatry National Park.
The marked feature of Mt. Chabenec is a series of parallel
antislope scarps on its southern slope, which descends
to the Lomnista Valley floor (1,300 m elevation). These
antislope scarps were described decades ago by Jahn

Highlights

Paleoseizmic trenching techniques were applied in
four trenches dug in 1997 across three antislope scarps
of deep seated slope deformation on the south ridge of
Mount Chabenec, Nizke Tatry Mts.

 Structure and stratigraphy exposed in the trenches are
consistent with episodic slip on the sackungen faults
coupled with episodic deposition and soil formation in
the adjacent troughs.

Radiocarbon ages indicate that in all four trenches, there
was a displacement event in the late Holocene (shortly
after 1,410 to 1,860 cal yrs BP).

(1964), Nemcok (1972), and Mahr and Nemcéok (1977).
The Chabenec deformation is part of a longer belt of similar
deformations developed between Chopok and Prasiva
Hills (a distance of 25 km) within the granitoid massifs
forming the main ridge of the Low Tatras Mountains
(Nemcok, 1982). Approximately 38 % of the mountain
ridge is affected by such deformation. The scarps are easy
to see because most of the ridge lies above the tree line at
~1,400 m.
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Fig. 1. Location map of the study site. A — shaded relief map of Slovak Republic and adjacent areas, dominated by the Carpathian
Mountains. B — topographic map of the western part of the Nizke Tatry Mountains centered on Mt. Chabenec; thick contour interval is

50 m. Study site (box) occupies the southern slope of Mt. Chabenec.

This paper describes the results of a trenching study
performed by the State Geological Institute of Dionyz
Star (SGIDS) (formerly Geological Survey of the Slovak
Republic), and the University of Colorado, USA. The
study goal was to determine if paleoseismic trenching
techniques could reconstruct the timing and rates of move-
ments on these classic sackungen scarps. Prior to our 1997
field work few sackungen scarps had been trenched (e.g.,
Beget, 1985; McCalpin and Irvine, 1995; Thompson et al.,
1997). However, in the past 20 years a steadily-increasing
number of trenching investigations have been performed
on sackungen (e.g., McCalpin and Hart, 2003; Tibaldi
et al., 2004; Gutierrez et al., 2005, 2008; Agliardi et al.,
2009; McCalpin et al., 2011; Panek et al., 2011; Moro et
al., 2012; Carbonel et al., 2013; Gori et al., 2014; Onida
et al., 2016; Mariotto and Tibaldi, 2016) including in the
Czech and Slovak Republics (Panek et al., 2017).

Geological Setting

According to the geologic-geomorphologic division of
Western Carpathians (Mazur and Luknis, 1980), Mt. Cha-
benec belongs to the Dumbier part of the Nizke Tatry Mts.
This mountain range represents a core mountain and is
a part of the Tatricum Unit. This unit is built of crystalline
basement rocks and Late Palacozoic and Mesozoic cover
sedimentary rocks.The Mt. Chabenec site is underlain by
crystalline rocks. It consists of two parts (Fig. 2):

The northern part of the slope up to the peak is compo-
sed of medium-grained biotitic granodiorites to tonalites
of the Dumbier type. On the southern rim of this part a
narrow contact zone is developed, in which hybrid granito-
ids, as well as remains of the mantle (the biotitic gneisses,
mainly) can be observed. In the NE part of this zone relati-

vely thin bodies of leucocratic granitoids crop out. Accor-
ding to the latest radiometric dating the intrusive activity
took place at about the Devonian-Carboniferous boundary.

The southern part of the slope (the head of the
Lomnista Valley) is built of banded augengneisses with
porphyroblasts of K-feldspars several cm in diameter. The
orthogneiss with layers of paragneiss and amphibolites
prevails. A re-markable feature of these rocks are ductile
deformation structures (foliation, folds).

The contact of the gneiss complex and granitoids
follows the direction of the main ridge. Its cropping out
in the field is due to relatively extensive Quaternary cover
rather indiscernible. We suppose that this is a tectonic
contact, with the general strike E-W. The tectonic
juxtaposition of both complexes likely took place in the
Hercynian orogeny, but the important tectonic failures of
the crystalline developed during the Alpine tectogenesis
stage, mainly. In this stage mylonite zones originated,
following older structures or new fault structures. They
are mostly of the NE-SW direction with a medium to
steep strike towards SE. In most cases they are overthrusts
and strike-slip faults. The transversal brittle NW-SE and
N-W faults, normal faults mostly, do not show large
displacement amplitude.

Methods

Trenching: We excavated four trenches with picks and
shovels across sackungen troughs in the central part of the
southern slope, between 1,625 and 1,750 m elevation (Fig.
3). Trenches were roughly 60 cm wide, 4.5 to 7.3 m long,
and 2.0 to 2.7 m deep. The eastern wall of each trench
was cleaned and gridded with string, after which we drew
a subjective field trench log on graph paper at a scale of
1:15 using the manual method (McCalpin, 2013). Those
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Fig. 2. Geologic map of the southeastern slope of Mt. Chabenec (Biely et al., 1992, modified, on DMR compiled by P. Paudits). The
antislope scarps are located relatively high on the southern slope of the mountain, on a subsidiary ridge flanked by two colluvium-filled
valleys. Vertical relief between Mt. Chabenec and the Lomnista dolina Valley is 660 m.

logs were then digitized for this paper. Unconsolidated
stratigraphic units were defined based on color, texture,
and sedimentary structures. Soil horizons developed on
deposits (parent materials) were also identified and labeled
according to the A/B/C horizon terminology used in the
USA (e.g., Soil Survey Staff, 2014).

Geochronology: The three trenches were located in
parts of sackungen troughs that were closed (or nearly
closed) topographic depressions, in hopes that fine-grained
trough sediments would contain organics amenable to
radiocarbon dating. Each trench did contain both datable
organics, and carbon from the finer-grained deposits (e.g.,
sag-pond silts and clays) yielded age sequences in correct
stratigraphic order. However, carbon found in coarser-
grained deposits, in scarp-derived colluvium, and in shear
zones often yielded ages out of stratigraphic order, as
described under Trenches 2, 3, and 4. All samples were
dated by accelerator mass spectrometry (AMS) at the
National Science Foundation Accelerator Dating Facility
at the University of Arizona. The calibration curve of
Reimer et al. (2013) was used to convert radiocarbon years
to calendar years.

Results
Geomorphology of Slope Deformation

The antislope scarps on the upper southern slope of
Mt. Chabenec run approximately parallel to contours
and range from 300-600 m long. We numbered the most
prominent scarps 1 (downslope) through 8 (upslope) and
studied scarps 2, 4, 6, and 7 (Fig. 3), which have lengths
of 600 m, 350 m, 300 m, and 300 m, respectively. The
vertical surface offset of the hillslope across these major
scarps varies from about 1 m to as much as 10 m (Fig. 4).
Scarps 1-8 all lie downslope of an arcuate downslope-fa-
cing scarp (Scarp 9). Scarp 9 appears to be the head of
a detached slab that contains all the antislope scarps. Scarp
9 can be traced easily down the west flank of Chabenec’s
south ridge to about Scarp 6. Between Scarps 6 and 4 the
scarp becomes a faint vegetation lineament; below Scarp
4 it projects to a gully that appears structurally controlled.
If Scarp 9 defines the western edge of the slab that slid
downslope and gave rise to the antislope scarps, the slab
may be significantly thinner than inferred by Mahr (1977).
For example, Scarp 9 outcrops only 55 m below the ridge
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nose at Scarp 8, 65 m below the nose at Scarp 7, and 80 m
below the nose at Scarp 6. If the slab has a planar bottom,
then it is much thinner than the deep-seated gravitatio-
nal slope deformation (DSGSD) mass inferred by Mahr
(1977), which was inferred to be 135 m, 210 m, and 280 m
thick at those same locations. If the slab is spoon-shaped
then its thickness would be somewhat greater along its axis

From Pos: 4389847.656, 5424302.711

1875m

1750 m

1625m

1500m |- — == —sm— e

1375mf-m-mmmem e e e e A

than at the edges. For example, given that the slab is only
600 m wide at Scarp 6, for its bottom to be 200 m deeper
along its axis than at its edges only 300 m away would
require the failure plane to be very deeply spoon-shaped in
cross-section, sloping toward the axis at an average angle
of 34°. An angle that steep would be more consistent with
a wedge failure than with a slab failure.

To Pos: 4389847.656, 5422566.383

Lomnista
dolina

Fig. 3. Profile views of the southern slope of Mt. Chabenec. A — north-south topographic profile from the 30 m DEM (Shuttle Radar
Topography Mission) that passes through scarps 1 - 9. No vertical exaggeration. The slope angle at Scarp 4 is 24°. The deep circular
failure plane (dashed gray line, radius = 1,250 m) is that of Mahr, 1977 (see Discussion). The gray dotted line shows the elevation of
Scarp 9 as it descends the west flank of the ridge, which forms a minimum depth estimate for the failed slab. B — oblique view from
Google Earth (satellite imagery draped over the DEM) looking slightly north of east, showing antislope scarps 1 - 8, downslope-facing

scarp 9, and the locations of our four trenches.
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Fig. 4a. Photograph of the geomorphic components of a typical
antislope scarp and its adjacent trough (Scarp 4, looking west).
The slope uphill of the trough is mantled with normal residuum
and colluvium, the latter of which is subject to downslope creep
and slopewash erosion. Trenches 2 and 3 are visible in the mid-
dle ground; note people at Trench 2 for scale.

—
5.2m

TRENCH 2

7.3m
TRENCH 3

Fig. 4b. Topographic profiles across Scarp 4 at the locations
of trenches 2 and 3. Dashed lines show the projection of the
lower slope across the trough. Vertical surface offset across
the antislope scarp ranges from 4.7-5.0 m, but is somewhat
dependent on the slope angle projected and on exactly where the
vertical offset is measured along the slope profile.

Trench 1 on Scarp 2

Scarp 2 is the longest (600 m) and tallest scarp at Mt.
Chabenec (Figs. 3, 5). West of Trench 1 the trough has a

low gradient to the west, with a near-horizontal depression
at Trench 1. However, east of Trench 1 the scarp ascends
diagonally upslope so the trough has a considerable
westward gradient. Despite this gradient and the large slo-

Fig. 5. Photographs of Scarp 2 and Trench 1. 4bove, looking
west down the scarp. Trench 1 is at center. Note persons at center
standing above and below the scarp. Above right, close-up of the
east wall of Trench 1 where it cuts into the scarp face. Note the
steep angle of the scarp face. Below right, view of main fault
zone on the east wall. String lines are 50 cm apart. Light area at
right is the granodiorite footwall of the main fault. Overlying it
is a 20-30 cm-thick shear zone of decomposed granodiorite and
grayish-green, clayey fault gouge (units 2a and 2b on the trench
log, Fig. 6). The shear zone dips 57°N.
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pe area that drains to the trough, there is no sign of erosion
or channel development in the axis of the trough. We inter-
pret this to mean that the scarp 4 is fairly young.

The scarp face is mantled with a tundra-like mat of
turf grass, the top of which slopes 60 — 70° N at Trench
1. This slope angle is well above the angle of repose for
unconsolidated deposits, so prior to trenching we assumed
the grass was growing on a bedrock fault plane. However,
no bedrock was exposed anywhere on the scarp face.
Trenching later showed that the grass is growing on a fine-
-grained sag pond deposit that had been tilted up to 50° by
drag on the fault.

Stratigraphy and Soils

On the east trench wall we define 9 major units which
were further subdivided into 18 subunits (Fig. 6). Unit 1 is
the non-weathered granodiorite of the main fault footwall,
and units 2a and 2b are decomposed granodiorite and fault
gouge in the main shear zone, respectively. The oldest
unconsolidated deposit (unit 3a) appears in the fault zone
as a fault-bounded sliver. It is a yellow-brown silty clay
interpreted as a sag-pond deposit from a closed depression.
Later faulting dragged part of the deposit upward into the
fault zone from some stratigraphic position beneath the

trench floor. The remainder of the unconsolidated deposits
and soils (units 3b through Oi) form a vertical sequence
of subhorizontal strata. Unit 3b is the oldest layer in this
sequence and is a gravelly silty sand, and appears to be
a coarser channel deposit related to unit 3a. Unconformably
overlying unit 3b are a sequence of much coarser deposits
(4a, 4b) containing angular clasts of fresh granodiorite.
Clast long axes plunge away from the fault, suggesting
they were deposited as colluvium shed from a bedrock free
face. In the northern part of the trench a correlative unit
(4c) has a similar texture. Units 4a and 4b are overlain by
unit 5B, the most laterally extensive deposit in the trough.
This unit is red-brown sandy clay interpreted as a soil
textural B-horizon developed in a sag pond deposit. The
B-horizon is overlain by an A-horizon (unit 6Abl; black
silt). The sequence 4a-4b-5B-6Ab1 appears to be a single
fining-upward sequence ranging from a basal colluvium to
fine sag pond deposits, then topped by a well-developed
soil profile; it comprises 1.0 m of the 1.5 m-thick trough
deposits exposed in the trench. The soil is unconformably
overlain by unit 7, a brown silty sand with some gravel
that we interpret as a channel deposited in the trough axis.
Unit 7 is overlain by a thin organic soil composed of an
A-horizon (unit Oa) and either a peat layer in the graben
(unit Oc) or a grass mat on the scarp face (unit O1).

3
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Structure

The trench exposes only a single fault zone, a 25 cm
thick bedrock shear zone that lies beneath the scarp face and
extends to the bottom of the trench. The zone as a whole,
and the individual fault planes within it, dip 55— 60° N. The
fault footwall is composed of non-weathered granodiorite.
The shear zone is composed of fault- and fracture bounded
blocks of two materials: (1) decomposed granodiorite,
and (2) grayish-green clay containing slickensides (fault
gouge). There are two major fault planes within the shear
zone, one centered in the 25 cm-thick zone, and another
at the northern boundary of the shear zone. The fault in
the center is undulatory with a wavelength of 0.5 — 1 m
and an amplitude of ~10 cm. The northern boundary fault
is straighter. On the east wall the northern fault bounds
a sliver of hanging wall unit 3a, an old sag pond silty clay.
On the west wall the northern fault contains at least 8 short

faults that splay off at steeper dips and displace hanging
wall deposits. The highest of these splay faults also appears
on the east wall, where it underlies the fissure filled with
unit 8. This splay fault contains the only evidence for most
recent displacement event (Event Z on Fig. 6). On the west
trench wall the splay fault displaces units 5B and 6Abl,
but not unit 7 or soil horizon Oa. On the east wall the splay
fault also displaces units 5B and 6Abl, but the overlying
fissure disrupts soil horizon Oa. However, there is no net
vertical offset of horizon Oa across the fissure, so it looks
like a block of soil may have been plucked out of Oa,
possibly by man-made action.

The structural relationships of the trough deposits/soils
(listed from oldest to youngest) can be summarized as fol-
lows:

— unit 3a is a fault sliver within the main fault zone,

dragged upward from a stratigraphic level beneath
the trench floor;

Tab 1.

Radiocarbon ages from trenches on Mt. Chabenec. Sample locations are shown on the trench logs (Figs. 6, 8, 10, and 12).
= =
E q E" .| Lab No.! Material ;;CP ?ge_! or icllililégsg(ésigig (llel'e):tl]?:;)es, 2
= 2 e 2 o L) sigma range?
1 1 AA27851 | Organic silt 1,065+45 835 (960) 1,168
1 3 AA27852 | Silty clay 6,735+55 7,505 (7,540) 7,679
1 4 AA27853 | Organic silt 2,530460 2,380 (2,720) 2,755
1 5 AA27854 | Organic silt 925+45 744 (830) 927
1 6 AA27855 | Peaty silt 1,905+50 1,715 (1,860) 1,968
2 1 AA27856 | Charcoal in black mud matrix of angular gravel® | 485+50 335 (520) 640
2 3 AA27857 | Organic silt 1,170+45 970 (1,060) 1,229
2 4 AA27858 | Organic silt 4215455 4,577 (4,740) 4,364
2 5 AA27859 | Organic silt 1,825+45 1,625 (1,720) 1,870
2 6 AA27860 | Organic silt 467+50 331 (510) 631
2 8 AA27861 Mud coatings in black-stained gravel® 4,965+55 5,594 (5,670, 5,690, 5,710) 5,890
2 9 AA27862 Smeared black organic silt in shear zone* 3,320+50 3,446 (3,490, 3,510, 3,550) 3,690
3 1 AA27863 | Organic silt 1,880+45 1,711 (1,820) 1,924
3 2 AA27864 Detrital charcoal in sandy channel deposit 8,485+90 9,280 (9,450) 9,662
3 3 AA27865 Charcoal in organic clay smeared in shear zone* | 2,640+75 2,491 (2,750) 2,945
3 4 AA27866 | Detrital charcoal in gravelly channel deposit® 8,230+90 9,010 (9,210) 9,434
4 1 AA27867 | Detrital charcoal in gravelly channel deposit 7,600+140 8,049 (8,370) 8,725
4 3 AA27868 | Organic silt 1,565+55 1,343 (1,410) 1,563
4 5 AA27869 | Organic silt 1,225450 1,009 (1,160) 1,279
4 6 AA27870 | Organic silt 945+50 742 (840) 937

' All analyses were made at the NSF Arizona AMS Facility at the University of Arizona, Tucson.

2 Calendar-year Calibration from OxCal 4.3 (2017), using the IntCal13 calibration data set; Reimer et al., 2013.

3 Radiocarbon- & calendar-age is considered to be younger than the true age of the deposit, because the dated carbonaceous coatings on gravel clasts
may have been transported downward by infiltrating water from higher, younger deposits.

4 Radiocarbon samples from the main shear zone may include carbon from more than one stratigraphic unit that was dragged up and smeared along the
shear zone. Thus, the radiocarbon age does not necessary date the age of a faulting event, but the weighted average age of the carbon-bearing deposits

dragged up in the fault zone.

’ Radiocarbon samples from scarp-derived colluvial wedges may contain significant carbon derived from the erosion of older deposits exposed in the
scarp free face. In this case, the sample’s radiocarbon age will not date the deposition of the colluvial wedge, but rather the age of carbon in the deposit

exposed in the free face, which could be much older than the wedge.
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— units 3b through 4b are in fault contact with the
shear zone;

— units 5B and 6ADbI1 are dragged upward onto the
scarp face and faulted by the splay fault beneath the
toe of the scarp;

— unit 7 is undeformed (i.e., post-dates sackungen
movement).

The Petrography Laboratory at SGIDS described the

shear zone material as follows:

“Clay gouge... distinct slickensides sloping to the
North. The common accompanying features of these tecto-
nic planes were well-developed mylonite zones with tecto-
nic gouges. Tectonic gouges in the faults are known from
civil engineering practice from various sites throughout
Slovakia. ... with clayey fillings of fault zones consisting
of illite-montmorillonite, with less kaolinite, palygorski-
te-sepiolite and carbonates....petrographical analysis
of the tectonic gouge from the Chabenec site defined ar-
gillitized and weathered granodiorite. In the separated
clayey fraction Dr. Zakové from SGIDS identified in 2001
the presence of illite and quartz, with admixture of highly
dispersed feldspars using Roentgen Diffraction Analysis.”
Analytical data are reported in Appendix 1.

Geochronology

In the graben, the surface soil (unit Oa) dates at
744-927 cal BP and the underlying buried soil (6Abl)
dates slightly older at 835 to 1,168 cal BP (Table 1).
However, horizon Oa on the scarp face dates older than
either of the above ages at 1,715 to 1,968 cal BP, which

presents a contradiction. Note that on the east wall horizons
Oa and 6Abl merge at the toe of the scarp. This suggests
that the A-horizon organic material (peat) on the scarp face
must be time-equivalent to both A-horizons in the graben.
That is, the scarp face A-horizon continued to develop
and accumulate carbon during the deposition of multiple
soils and deposits in the graben. The scarp-face soil would
thus be a relict soil. The fact that the scarp face Oa sample
yielded an age even older than 6Ab1 indicates it contains
a mixture of even older carbon. Where could such older
carbon have come from? One possible source is from older
Holocene units deposited in the trough, which were then
dragged up onto the footwall by faulting, and then eroded/
redeposited on the scarp face directly beneath Oa, in a unit
such as 5b. We know that carbon-bearing sediments have
been dragged up the fault zone in the past because fault
sliver 3a, dragged at least 1 m upward, contains carbon
dated at 2,380 to 2,755 cal BP, which is even older than the
age from scarp face Oa.

Interpretation

Based on stratigraphic superposition, cross-cutting
relationships, and the occurrence of two paleosols, we
interpret a sequence of at least three (possibly four)
Holocene deformation events at Trench 1, with two more
questionable events (Table 2). Age control for deformation
events comes from radiocarbon dates of sediments
deposited in structural depressions (Table 1). This approach
to dating deformation events derives from paleoseismic
studies of normal faults (e.g. McCalpin, 2009, Chapter 3).

Tab. 2.
Inferred sequence of depositional, pedogenic, and deformational events affecting Trench 1.

Event (oldest at bottom) Evidence

8-Deformation EVENT Z?

A fracture forms at the scarp toe in soil horizon Oa and fills with fissure-fill unit 8. The fracture
correlates with a similar splay fault on the west trench wall; however, there is no corresponding
fissure on that wall. The fissure may possibly result from some human or animal disturbance,
which plucked a root ball out of the ground.

7-Develop soil horizons Oa and

Weak modern soil develops on unit 7 alluvium, with a possible loess component. Base of Oa
Oi horizon on scarp face 1,715 to 1,968 cal BP; horizon Oa in graben, 744 to 927 cal BP.

6-Deposit unit 7

Unit 7 deposited as alluvium in the newly-deepened trough.

5-Deformation EVENT Y

Unit 3a is faulted against units 3b, 4a, 4b; Units 5B and 6Ab]1 are faulted and dragged up onto
scarp face. Trough deepens by ~0.5 m.

4-Deposit units 4-5-6

Scarp-derived colluvium (units 4a, 4b) deposited from the south. Coeval slope colluvium (unit
4c) deposited from the north (7,505 to 7,679 cal BP). Over a long time, silt (acolian?) washed
into the trough, depositing unit 5 which fills in a broad trough. Soil horizons 5B and 6Abl1 then
form (soil top, 835 to 1,168 cal BP).

3-Deformation EVENT X

Trough deepens due to faulting.

2-Deposit units 3a, 3b

Yellow-brown silty clay accumulates in standing water in a closed depression (unit 3a; 2,380 to
2,755 cal BP). Later streamflow brings coarser alluvium into depression (unit 3b). Unit 3a now
preserved only in a fault-bounded sliver.

1-Deformation EVENT W

Normal faulting creates the initial topographic trough.
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Scarp 4 (Trenches 2 and 3)

Scarp 4 is 350 long with a vertical surface offset of ~5 m
(Fig. 4). Scarp 4 is nearly parallel to contours, so the trough
axis has a low gradient (Fig. 3). East of the trench site the
scarp crest is composed of granodiorite of the sackungen
footwall (Fig. 7, left). Elsewhere the scarp face is mantled
with a tundra-like mat of turf grass, which slopes N at greater
than 35 — 45°. We located Trenches 2 and 3 in the center
of the scarp where the trough axis was nearly horizontal
(Fig. 9). The scarp here was relatively low (vertical surface
offset of 4.7 — 5 m), the trough axis was horizontal, the
trough was a recent depocenter, and thus the lower part of
the scarp had been buried by recent sedimentation (Fig. 7,
right). We inferred that this site would have a thick record
of post-sackungen sedimentation. Farther east (Fig. 7, left)
the trough axis had a steeper gradient, was more erosional
than depositional, so the scarp was accordingly higher and
steeper. Although the scarp was more impressive there, we
inferred it would have thinner or less complete records of
trough sedimentation, making it less suitable for trenching.

A second feature of the trench site was complexity of
the scarps. As shown in Fig. 7-right the trough contained
a secondary scarp (Scarp 4B) parallel to the main scarp. At
Trench 3 Scarp 4B is the higher of the two, but it becomes
smaller westward and dies out between Trenches 2 and 3.
The modern drainage follows the base of the Scarp 4B,
but once Scarp 4B dies out the channel turns 45° and
southward to the base of Scarp 4A. We felt that having
two parallel sackungen faults bounding an intermediate
structural block would permit better differentiating of
displacement events via cross-cutting relationships. So we
excavated Trench 3 across both scarps and Trench 2 across
the main scarp past where the secondary fault had died

out at the surface. The secondary fault was also exposed
in Trench 2.

Trench 2, Stratigraphy and Soils

On the east trench wall 14 major units were defined
which were further subdivided into 44 subunits (Fig. 8).
Units 1-3 are bedrock and shear zone units and will be
described in the next section. The oldest unconsolidated
deposits (units 4, 4a) are sandy and silty gravels that overlie
weathered granodiorite bedrock (unit 3). Unit 4 is overlain
by unit 5a, a well-sorted fine gravel that is clearly alluvial,
so it may have been deposited by runoff in the sackungen
trough after trough formation (5,594 to 5,890 cal BP). It is
unclear if the unit 4 — 4a gravel is a trough alluvium (po-
stdates trough creation) or a slope colluvium that predates
trough formation.

The log shows the former interpretation (i.e., the Event
X horizon underlies units 4 and 4a). Units 6, 7, and 8 are
well-sorted fine gravels interpreted as trough alluvium.
On both sides of the main fault zone unit 8 is overlain by
a lens-shaped body of colluvium (units 9a, 9b) which we
interpret as scarp-derived colluvial wedges. Unit 10 is
a 0.8 m-thick stack of talus deposits, solifluction deposits,
and colluvium. The upper subunits (10d, 10e) thin toward
the scarp, suggesting that they (and perhaps the rest of
unit 10) were derived from the hillslope upslope of the
trough. Unit 10 is overlain by a significant change in the
type and pattern of sedimentation, to that of fine-grained
(sag pond) deposits in the trough (units 11a, 11b, 12a) and
small wedges of scarp-derived colluvium (unit 11¢) on the
trough margins. This rapid change suggests reactivated
displacement on the sackungen scarp and deepening of the
trough. Overlying unit 12 is unit 13 (composed of massive
silts interpreted as loess) and well-sorted sands and fine
gravels (alluvium). A soil A-horizon then developed

Fig. 7. Left — photograph of Scarp 4 about 50 m east of Trenches 2 and 3 (visible at far right center). Note outcrops of granodiorite along
the scarp crest (center to left edge). Right — photograph of Scarp 4 looking southwest, with Trench 3 (7.3 m long) at left and Trench 2
(5.2 m long) at right. Trenches are 21 m apart. A group of trench diggers sits/stands on Block I. Lomnista dolina Valley in background.
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Log of Trench 2, East walll
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NOTES:
Radiocarbon ages are in calendar years B.P.;
sample numbers refer to Table 1.

Trench excavated 6-9 Aug. 1997.

_2 ________________ Trench logged 11-13 Aug. 1997 by J.P. McCalpin
and Pavel Liscak.
Explanation of Trench Units
Oa [ peay organic A horizon; SOIL 11a == yellow- brown silty clay; SAG POND DEPOSIT 54 black-stained fine gravel; ALLUVIUM
14A [T Ahonzondevelopedonumt 4;S0IL memmmmmmms EVENT Z =m=msmma= A 359:;-’890@:1% |
331631 cal BP 10e EEEE yellow- brown sity clay; SAG POND DEPOSIT ard brown sify grave
14¢ welksoted gravely sand ALLUVIALCHANNEL -+ e anguar rok ragment nbrown sandy mat; SOLIFLUCTION 4a hard brown sity gravel
14b B wel- sorted gravelly sand; ALLUVIAL CHANNEL DEPOSIT? 3h EEFE  crushed chunk of granodiorite
14a EEEE wel-sored fine gravel ALLUVIALCHANNEL  10C simiartount 106~ ‘ 3 fod. hard brown-yellow clay with anastomozing
13A WINND A horizon developed on unit 13; SOIL 10b angular rock fragments in black mud matrix; SOLIFLUCTION J fractures FAULT
! DEPOSIT 335640 cal BP 3 BEE sameas2c COUGE
13d brown sity sand; LOESS 10a EEmE  anular rock fragmens with brownstained wellsorted granule mottled green-gray grity claywith small pieces
13c [F=E  fine gravel; ALLUVIUM matrix; TALUS 4577-4864 calBP 3e of granodiorite
13b EEEH  brown sand: ALLUVIUM 9b @IS stony coluvium vith downsiope fabric; SCARP COLLUVIUM 3d orange and green grity clay
13a EZE  massive brown sitty sand; LOESS? 3? ‘Sofz’:! g;anvdel wrlgzlslrog\lzg SSI[‘J%IET]::EXL SCARP COLLUVIUM 3c mottled orange-yellow-green gritty clay
12b EZES  smalllenses of sandy fine gravel, ALLUVIUM - e )’é VENT Y smmmmmmnn 3b soft yellow and white sandy clay
122 = mottled silty clay; SAG POND DEPOSIT 3 ftvell d white sandy cl
a 970-1229 cal BP c very clean fine gravel, ALLUVIUM a k5% soft yellow and white sandy clay
11d [eZe  well-sorted fine gravel: ALLUVIAL CHANNEL 8b ﬁ very clean fine gravel; ALLUVIUM mmmmmams EVENT X=umumman
1e B Sml angulargravel COLLUVIAL WEDGE 8a very clean fne grave ALUVIUM 2 brown decomposed granodiorite?
C Ead 46251870 cal 7 clean fine gravel of decomposed granodiorite BEDROCK | 1b hard, unosidized granodioite
11b same as 11a, but contains fine gravel; 6 B3 hard brown silty gravel IN-SITU e o
SAG POND DEPOSIT 5b [EZ&]  smeared black organic silt IN FAULT ZONE 3446-3690 calBP 1a yellow, oxidized, decomposed granodiorite

Fig. 8. Log of Trench 2. Three displacements events (from youngest to oldest, Events Z, Y, and X) are interpreted from colluvial wed-
ges, upward fault terminations, and abrupt changes in sedimentology (see text for details). The graben structure at left does not reach
the ground surface and has no topographic expression; it is probably the subsurface continuation of the fault beneath Scarp 4B (exposed

in Trench 3).

on unit 13 (unit 13A). At the foot of the scarp units 13a
and 13A have been eroded out by a younger channel
containing units 14a-b-c. A younger A-horizon (unit 14A)
then developed on unit 14, followed by the formation of
a peaty organic soil horizon (unit Oa) over the entire scarp
and trough.

Trench 2, Structure

The trench exposes two fault zones. The main fault
zone is a 50 cm-thick shear zone in bedrock that lies bene-
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ath the Scarp 4A face and dips 55 — 60°N, and is exposed
down ~1.5 m to the floor of the trench. The fault footwall
is composed of granodiorite fractured by four joint sets
(Fig. 9, left). Set 1 strikes perpendicular to the trench with
fractures spaced 15 — 30 cm apart. Set 2 strikes parallel
to the trench on al0 — 15 cm spacing. Sets 3 and 4 form
a 30°/60° conjugate pattern on the plane of the footwall.
The four joint sets break the footwall granodiorite into
angular blocks 5 — 10 cm in diameter. There is oxidation
along all joints but it does not penetrate the center of the
joint-bounded blocks.
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Fig. 9. Photographs of the main fault zone in Tench 2. Left — fractured granodiorite of the fault footwall at lower right. Shear zone is
visible below lower string line. Right — closeup of shear zone. String lines are 50 cm apart.

The 50 cm-thick shear zone contains 5 to 6 discrete
fault planes (Fig. 8). The outermost fault planes are long
and relatively planar whereas the inner faults have a more
anastomosing or en-echelon pattern. This pattern creates
numerous fault-bounded slivers and lenses of contrasting
color and texture (units 2a through 2h; see Fig. 12, right).
All subunits are basically fault gouge with textures
ranging from clay to sandy clay to gritty clay, and colors
ranging from white, yellow, yellow-brown, orange, and
green. The coarsest units (2¢, 2¢) contain visible angular
pieces of unweathered granodiorite within the clay matrix,
presumably ripped off the footwall and rolled into the
gouge during rapid slip events. The northern margin fault
has dragged up and smeared a thin layer of black organic
silt into the fault zone (unit 5b). This disturbed layer
appears to be derived from unit 5a and perhaps unit 4 in the
trough sequence. The main shear zone does not extend to
the ground surface, but is overlain on the upthrown side by
a series of unconsolidated deposits. These beds resemble
units 5a, 6, and 8a/8c on the downthrown side of the fault.
If this correlation is correct, we can measure a vertical
displacement of 2.0 m across the shear zone, based on the
net offset of the base of unit 6. Faults in the shear zone
displace units as young as 11d but do not displace unit 14.

A second fault zone is exposed 1.5 m north of the main
shear zone, beneath the sackungen trough, composed of
two subvertical faults (F1, F2) with a downdropped block
between them. Fault F1 terminates into F2, indicating that
F2 is the master fault. F2 also has evidence of greater ver-
tical displacement, since it drops bedrock (units 1a, 3) and
the older alluvial units (4, 5a, 6) down below the floor of
the trench. The fault juxtaposes these units against a thick
unit 7, which has no counterpart south of the fault. Higher
on the F2 fault plane units 8 and 10 exist on both sides of
the fault and are displaced about 10 cm down-to-the-north.
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From these relationships we can infer that: (1) F2 forms the
northern margin of a structural block floored by bedrock,
(2) F2 had large vertical displacement of units 1a through
6 prior to the deposition of unit 8, and (3) since deposition
of unit 8 there has only been a minor 10 cm of reactivated
movement on F2. The net vertical displacement across F1
and F2 since unit 8 time is negligible, indicating the faults
mainly accommodate a small amount of horizontal exten-
sion. Faults F1 and F2 displace units as young as 10e, but
are overlain by units 11a and younger.

Trench 2, Geochronology

Trench 2 yielded seven radiocarbon dates, the most
from four trenches. Overall the dates indicate that trough
sedimentation on the structural block began prior to 5.7 ka
(unit 5a) and continued episodically through the latest
Holocene. However, units 5a and 10a are matrix-free fine
gravels where all the clasts are stained black or brown,
and it is this stain (actually thin silt films on talus clasts)
which was dated. It is not clear whether the black stains
are primary depositional features, or younger illuviated
components deposited by organic-rich groundwater. In
other trenches, radiocarbon dates from these black-stained
gravels have yielded anomalous ages compared to dates
from less porous/permeable deposits. A second problem
with the dates in Trench 2 is age reversals. For example,
unit 10b yielded an abnormally young age (335 — 640 cal
BP) compared to older ages from higher units. In fact, the
date from unit 10b is nearly identical to that from the sur-
face soil 14A (331 to 631 cal BP). The most likely expla-
nation for this correspondence is that the carbon sampled
in unit 10b was contaminated with intrusive carbon from
unit 14A. The third-oldest date from the trench (3,446 to
3,690 cal BP) came from unit 5b in the shear zone. As
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in Trench 1, it is difficult to interpret this date, given the
opportunities for physical mixing of carbon-bearing mate-
rials in the shear zone. The texture of unit 5b and its phy-
sical continuity with unit 5a near the bottom of the trench
indicate it is mostly derived from units 4 and 5a. But unit
5b dates 2,200 years younger than in-situ unit 5a. To at-
tain its present high position in the shear zone, the dated
sample from unit 5b had to be dragged up the fault past
units 6 through 10b. Notably, unit 10b contains very young
carbon (as described above), so that is one possible source
for mixing younger carbon into unit 5b.

Trench 2, Interpretation

We interpret a sequence of at least three (possibly
four) Holocene deformation events at Trench 2 (Table 3).
Age control comes from seven radiocarbon dates from
sediments exposed in the trench walls (Table 1).

If this correlation of units 6 — 8 across the shear zone
is correct, it implies that prior to deposition of unit 5a,
erosion had removed all scarp relief at this site, as it has
in the modern landscape where large swales cross the
antislope scarps. Local alluviation then overfilled the
trough and entirely buried the antislope scarp during unit
5 — 8 time. Later, during deformation Events Y and Z, the
main fault reactivated, dropping units 5 — 8 two meters
down in the trough.

Trench 3, Stratigraphy and Soils

On the east trench wall we define 14 major units which
were further subdivided into 33 subunits (Fig. 10).

Units 1 — 3 are bedrock and shear zone units and will
be described in the next section. The oldest unconsolidated
deposits (unit 4a, 4b) are gravelly sand and silty sand that
overlie weathered granodiorite bedrock (unit 2). Unit
4b is interpreted as a sag pond deposit, indicating it was
deposited in an early sackungen depression. The overlying
unit 5 coarsens upward, from gravelly sand (unit Sa,
colluvium) to unit 5b (talus). Unit 5 is unconformably
overlain by unit 6, which has a small alluvial channel fill
(unit 6a) at its base but is mostly composed of unit 6b,
a gravelly sand (colluvium). Unit 6b is overlain by a 40 —
50 cm-thick lobe of compact silty sand full of angular rock
fragments (unit 7). Because this unit pinches out toward
the Scarp 4A and contains rock fragments typical of the
slope above the trough, we interpret it as a solifluction
lobe. Overlying unit 7 near scarp 4A is unit 8, a finer
alluvium that hosts three soil horizons (A, AB, and B). The
B-horizon contains the most pedogenic development as
judged by color (red-brown) and clay content, qualifying
as a textural B-horizon. Unit 8 thins northward away from
Scarp 4A. This geometry may reflect the original deposit
shape, as a channel fill deposited against the scarp. Or it

Tab. 3.
Inferred sequence of depositional, pedogenic, and deformational events affecting Trench 2.

Event (oldest at bottom) Evidence

8-Erode channel at toe of scarp
and deposit unit 14

Streamflow down trough axis erodes a 0.4 m-deep channel at toe of scarp, followed by
deposition of alluvial gravel and sand (units 14a-b-c). Soil 14A develops on unit 14 (331 to 631
cal BP). Later the entire trough floor is covered by a peaty organic A-horizon (unit Oa).

7-Deposit units 12a-13d
unit 13 (13A).

A thin sag pond deposit (12a; 970 to 1,229 cal BP) is laid down over the whole trough floor,
followed by thin alluviums (12b, 13b-13c) and two loesses (13a, 13d). A soil A-horizon forms on

6-Deposit units 11a-11d

Unit 11c is a scarp-derived colluvial wedge (1,625 to 1,870 cal BP). Coeval trough axis facies
(sag pond deposits 11a, 11b) are deposited.

5-Deformation EVENT Z

Units 1a through 8c? faulted on main shear zone ~1.2 m.

5-Deposit units 10c-10e

Continued alluviation in trough.

4-Deposit unit 9a

Scarp-derived colluvium (unit 9a) deposited in trough; possibly coeval colluvium 9b deposited
on scarp face. Coeval alluvium (unit 10a) deposited in trench axis (4,577 to 4,864 cal BP).

3-Deformation EVENT Y

Displacement on main shear zone of ~0.8 m.

2-Deposit units Sa through 8b

Alluvial units 5a (5,594 to 5,890 cal BP) through 8b are deposited in the sackungen trough.

1-Deformation EVENT X

Normal faulting creates the initial topographic trough; main fault displaces units 1 (bedrock) and
possibly 4 (if it is the pre-faulting colluvium on the slope).




J. P. McCalpin et al.: Postglacial deformation history of sackungen on the southern slope of Mount Chabenec, Nizke Tatry Mts., Slovakia

' 6ém 5

®

Log of Trench 3, East walll
Mt. Chabenec Sackung Investigation|:

Chab 3-4
9010-9434 calBP

[[11]]
RN

1 ;

'4I4

\F ) Symbols
racture
) Fault
............. cf- crack fill 1\1' 0 2 meters
/ 1 Fracture Fault or L ! ! 1
H Fracture NOTES:
. !(Obscu.re) F1Zone Descr- Radiocarbon ages are in calendar years B.P.;
i i rom the rizona ating Facility.
2 buried  ipedin Text from the NSF Arizona AMS Dating Facil
) ] free face ~ Granite Trench excavated 8-10 Aug. 199
. C - g. 7.
& krotovina clasts

youngest

Explanation of Trench Units

Trench logged 13-15 Aug. 1997 by M.E.
Bentley, N. Santacana, and J.P. McCalpin.

Oi @& peat and tundra mat

0a2 ] peaty organic-rich soil horizon
dark brown gravelly sandy silt; A HORIZON unit 14;
14A m 9010-9434 cal BP
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Fig. 10. Log of the east wall of Trench 3.

may represent erosion of a more laterally-extensive deposit
that was tilted up-to-the-north by block faulting. Both units
7 and 8 are capped by a peaty, organic soil A-horizon (unit
Oal) that contains very rare clasts. This unit parallels the
modern ground surface so is in angular unconformity with
underlying tilted units 7 and 8. However, the horizon thins
drastically as it goes over the face of Scarp 4B, as if it were
stretched by faulting.

None of the trough deposits described above exist north
of Scarp 4B and fault F2. Instead, the northern trough is
underlain by much thicker, massive gravel deposits. Unit
10 is sandy gravel interpreted as colluvium, while unit 11
is finer (gravelly sand) interpreted as a slopewash deposit.
Unit 12 is a yellow-brown rocky sandy gravel interpreted
as colluvium sourced from the north. Between faults F1
and F2 all clasts in units 11 and 12 have been stained
black. We infer this is some type of groundwater staining
mechanism. Unit 12 is unconformably overlain by a clayey
sag pond deposit (unit 14b), a small gravel channel (unit
14c), and an A-horizon developed on younger sandy silt
(unit 14A). Unit 14 is overlain by peaty soil horizon Oa2,
a thinner and younger version of unit Oal.
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In Trench 3, the Quaternary strata on Block 1 (units 4
through 8) represent only the early record of deposition in
the trough, prior to the development of Scarp 4B. These
four units comprise a 1.1 m-thick sequence of older trough
sediments that overlie crystalline bedrock, and which
correlate with the older half of the trough fill exposed
in Trench 2 (units 4 through 10a, also ~1 m thick). After
uplift of Block I in the mid-Holocene, trough deposition
at Trench 3 shifted to the north of Block I and Scarp 4B,
and units 10 — 14 were deposited. The correlative beds in
Trench 2 are units 10b — 14A, which comprise the upper
half of Quaternary deposits there.

4.3.6 Trench 3, Structure

Based on the sharpness of scarps at the surface (Scarp
4B younger than Scarp 4A), and on cross-cutting rela-
tionships in the trench wall, fault movement has general-
ly progressed in time from the main shear zone (F4), to
faults F3, then F2 and F1. For example, the oldest trough
fill (unit 4a) lies against the main shear zone (F4), indi-
cating that movement on F4 created the initial trough.
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Those thin units (4a, 5a) are no longer horizontal but are
backtilted strongly toward F4, which requires movement
on another normal fault farther north (F3). Movement on
F3 is also required to drag/tilt units 2h-4b-5b down-to-the-
north. These tilted strata are truncated by F2; slip on F2
is also required to tilt units 6-7-8 down-to-the-south. So
the progression of movement from F4 to F3 to F2 is well
documented by cross-cutting. Fault F1 appears to be the
youngest structure, being an antithetic fracture growing
upward from F2 which has not yet accumulated significant
vertical displacement.

Trench 3, Geochronology

At first glance the radiocarbon ages from Trench 3
seem too old and too inconsistent compared to those in
nearby Trench 2. Two samples very close to the modern
ground surface yielded anomalously old early Holocene
ages (Chab 3 — 4, only 10 cm below the surface, 9,010
to 9,434 cal BP; Chab 3 — 2, 25 cm below the surface,
9,280 to 9,662 cal BP). By comparison, sample Chab 3 — 1
(15 cm below the surface, and only 10 cm higher than Chab
3 —2) yielded an age of 1,711 to 1,924 cal BP. This age is
reasonable compared to ages from Trench 2. One reason
for this inconsistency is that there has been no trough
sedimentation on Block I since faulting Event X (see Fig.
10). Since Block I was abandoned by active deposition,
a moderately strong soil profile (§A-AB-B-horizons) has
formed, which has subsequently been tilted south and the
north halves removed by erosion. The soil development
alone suggests that unit 8AB (site of the 9.4 ka sample
Chab 3 — 2) is probably at least early Holocene in age.

However, this line of reasoning cannot explain the early
Holocene age of sample Chab 3 — 4 (9.2 ka), which is not
on Block I and overlies much younger trough deposits.
Our tentative interpretation is that the carbon sampled in
sample Chab 3 — 4 was partly derived from erosion of units
8A or 8AB when they were exposed in a free face of Scarp
4B. If sample Chab 3 — 4 contained an intact colluvial
chunk or block of horizon 8A, which was then overprinted
by younger A-horizon 14A, it might have been difficult for
trench loggers to distinguish the two A-horizons. Notably,
sample Chab 3 — 4’s age (9,010 to 9,434 cal BP) overlaps
the age of in-situ unit 8AB (9,280 to 9,662 cal BP) at two
sigma, suggesting they are related.

The late Holocene age of carbon in the main shear zone
(Chab 3 — 3, 2,491 to 2,945 cal BP) is also problematic.
Recall that in Trench 2 a similar shear-zone sample (Chab
2-9) yielded an age of 3,446 to 3,690 cal BP. That age was
midway between radiocarbon ages at the bottom (5.6 ka)
and top (1-1.8 ka) of the trough stratigraphic sequence,
and we speculated that older and younger carbon had
been smeared along the fault zone and physically mixed,
yielding an intermediate age. That argument cannot apply
to the sample from the Trench 3 shear zone, because all
possible source beds for smeared-upward carbon (units
4a, 5a, 6b) are older than ~9.5 ka, so smearing them
together should never yield an age of ~2.7 ka. The only
way to explain such a young age is to argue that younger
carbon was somehow introduced into the shear zone from
above, from sources such as the crack fill at the top of
fault F4 (labeled “cf” on Fig. 13). That fissure displaces
carbon-bearing units 8A and Oal, and could possibly have
opened deep enough along the fault plane to allow some

Tab. 4.

Inferred sequence of depositional, pedogenic, and deformational events affecting Trench 3.

Event (oldest at bottom)

Evidence

Deposit unit 14

Unit 14 deposited in closed depression. Downwarped soil Oal continues to develop and
accumulate carbon, but is slightly eroded by the modern drainage channel.

Deformation EVENT Z

Small displacement on F4 displaces units 8A and 8 AB 25 cm down-to-north. Larger displacement
(~0.5 m) occurs on F2, displaces soil Oal. This movement also tilts unit 13 to near-vertical.
Brings Scarp 4B to its present height.

Deposit units 10-13

Unit 13 deposited as a small scarp-derived colluvial wedge. Thick units 10 through 12 are
deposited in the new trough created by faults F1 and F2 (~2.5 m thick). Soil horizon Oal forms
across surface (basal age of 1,711 to 1,924 cal BP).

Deformation EVENT Y

Much larger displacement occurs on F2 displacing units 4b through 7 down-to-the-north below
the trench floor (minimum of 2.8 m). Units 4a through 8A are tilted more down-to-south, to their
present dip angle. Later erosion planes off the northern halves of 8AB and 8A.

Deposit unit 6-8

Units 6, 7, and 8 are deposited. A strong soil profile (A-AB-B-horizons) develops on unit 8. Base
of unit 8AB dates at 9,280 to 9,662 cal BP.

Deformation EVENT X

Fault F3 develops, creating Block I. Block I deposits between F3 and F4 are tilted down-to-
south by domino-style normal faulting, to roughly half their present dip. Movement on F3 also
tilts and downdrops units 4b and 5b.

Deposit units 4 and 5

Units 4a and 5a were deposited in trough at base of main shear zone, sourced from the south;
coeval units 4b and 5b have different lithology, so presumably sourced from north.

Deformation EVENT W

Initial sackungen displacement occurs on main shear zone (F4).

14
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Fig. 11. Photographs of Trench 4 on Scarp 6. Left — looking southeast with Scarp 6 in the middle ground and the unnamed NW-trending
scarp coming in from the lower left corner. Trench 4 is behind the light-colored spoil pile. Right — Trench 4 looking southwest.

late Holocene carbon to infiltrate down to the depth of
sample Chab 3 — 3. In summary, half of the four samples
collected yielded ages that cannot be reconciled with
the physical stratigraphy, and must be explained away
by some complicated movement/intrusion of younger or
older carbon.

Trench 3, Interpretation

Based on stratigraphic superposition, cross-cutting
relationships, and the existence of a strong paleosol, we
interpret a sequence of four deformation events at Trench
3, the latest three of which are Holocene (Table 4).

Scarp 6 and Trench 4

Scarp 6 is roughly 300 m long and lies about 90 m
north of and parallel to Scarp 4. The ambient slope of the
ridge at Trench 4 is gentler than at Trenches 1 — 3 farther
downslope (Fig. 11, left). The Trench 4 site is somewhat
unique because it was sited where Scarp 6 was intersected
by another antislope scarp coming in from the NW. The
intersection of the two antislope scarps created a triple-
-junction occupied by a closed depression. The scarp faces
here are relatively low and gentle, mantled with a tundra-
-like mat of turf grass.

Trench 4, Stratigraphy and Soils

On the west trench wall we define 10 major units
further subdivided into 22 subunits (Fig. 12).

Unit 1 is in-situ crystalline bedrock of the main fault
footwall, and unit 2 is the oldest Quaternary deposit
(a sag-pond silt) overlying bedrock. The silt is exposed
only on the footwall and is unconformably overlain by
a series of thick talus deposits (units 3a, 4a; 1.4 m thick)
which dip 10 — 15°S. This dip is similar to that of the
slope gradient north of the trench, so we presume it is the
original depositional dip. Similar thick talus units (4b, 4c,
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4d; 1.4 m exposed thickness) exist on the hanging wall of
the main fault. We tentatively correlate these talus units,
acknowledging that: (1) the contact of talus (unit 4) over
sag pond silt (unit 2) is not exposed on the hanging wall,
(2) the stony character of unit 3a is not reproduced in
units 4b or 4c, and (3) the 3a-4a contact is not recognized
between hanging-wall units 4b-4d, possibly due to the
black (groundwater) staining of unit 4c. The presence of
thick talus on both sides of the main fault indicate that
no sackungen scarp existed here when units 3 and 4 were
deposited, even though a trough must have existed earlier
(unit 2). Within the main shear zone, unit 3b appears to be
a fault sliver derived from units 3a and 4a, whereas unit
4e appears to be a sliver derived from hanging wall units
4b-4d. Overlying unit 4 is a non-talus unit 5, interpreted as
colluvium. Unit 5b abuts the main fault and has the shape
of a colluvial wedge. Units 5c and 5d are fault slivers that
share the texture of units 5a-5b and do not contain angular
talus clasts, so are younger counterparts of fault slivers
4e and 3b. Unit 5a thins slightly away from the fault and
does not exist on the footwall, thus appears to have been
deposited only in a sackungen trough created by movement
on the main fault zone.

The style of sedimentation changes after unit 5, to
a series of thin trough channel and sag pond deposits.
Units 6, 7a, and 7b were deposited in channels that flowed
down the trough axis. Unit 7c¢ is a scarp-derived colluvial
wedge contemporaneous with unit 7b. Units 7b and 7c are
overlain by sag pond silty clay (unit 8), indicating a closed
depression. Deposits coarsen upward to unit 9, another
channel deposit, upon which a modern soil horizon has
developed (units 9A and 10).

Trench 4, Structure
Trench 4 exposes a series of about 12 north-dipping

normal faults which we group into six fault groups. Faults
F3 to F6 are individual faults in the main shear zone that
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Fig. 12. Log of west wall of Trench 4.

underlies the surface scarp, whereas Faults F1 and F2 lie
in the footwall of the main shear zone. On these faults we
observe the same age progression of faulting as seen in
other trenches. The earliest fault is not expressed in sur-
face morphology, but must lie south of Trench 4, because
even the upthrown side of the present scarp was a trough
at that time (unit 2 deposition). Faults F1 and its secondary
strands (F2) affect only the older units. For example, the
three northern strands of F2 displace bedrock but not unit
2; the three southern strands displace unit 2 but not unit 3.
F1 displaces units 2 — 4, but the total vertical displacement
of unit 2 across F1 and F2 is only 30 cm.

Most of the displacement exposed in the trench has
occurred on the main shear zone (faults F3 to F6). Faults
F5 and F6 splay upward off Faults F3 and F4 and displace
younger hanging-wall deposits. Units 6 and 7a are displaced
by both F5 and F6, whereas unit 7b unconformably overlies
both faults and is not displaced. This relationship, and the
existence of scarp-derived colluvial wedge 7c, indicates
the latest fault movement occurred after unit 7a but before
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unit 7b and 7c. An older event seems to be indicated by
the fact that a fissure fill (unit cf1) was deposited near the
top of fault F6, then was overlain by alluvial unit 6, after
which unit 6 was faulted again.

Trench 4, Geochronology

Four radiocarbon samples were collected, two from
the younger, well-stratified alluvial-sag pond section
(units 7 — 8), and two from the older massive colluvium-
talus deposits (units 4 and 5). The only age that appears
reasonable, compared to those from other trenches, is that
of the youngest sample (Chab 4 — 6 from sag pond unit
8), which dated at 742 to 937 cal BP. The next deepest
sample (Chab 4 — 1) also comes from a thin stratified unit
(alluvial unit 7a) but yields a much older age (8,049 to
8,725 cal BP). If this age was correct, then there would
have to be a hiatus of 8,000 years between faulted unit
7a and unfaulted units 7b and 8. A comparable hiatus was
exposed in Trench 3 (~7.7 ka), but there a well-developed
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soil profile consisting of an A, AB, and textural B-horizon
had developed during the hiatus, as expected. In contrast,
in Trench 4 there is no soil development whatsoever in the
faulted units (7a and older), which would be an unlikely
occurrence in a 8 ka hiatus. Sample Chab 4 — 1 was one
of three detrital charcoal samples from gravelly alluvium
in our set of 20 radiocarbon samples (Table 1). All three
samples yielded anomalously old ages. Our tentative
interpretation is that erosion somewhere upstream exposed
old charcoal which was then transported down the trough
axis and redeposited in the closed depression that we
trenched. The underlying two radiocarbon ages are also
problematic. Sample Chab 4-5 (unit 5a) lies nearly a meter
below sample Chab 4 — 3 (unit 4c), yet yields a younger
age (1,009 to 1,279 cal BP vs 1,343 to1,563 cal BP). In
fact, unit 4c’s radiocarbon age nearly overlaps at 2-sigma
with unit 8’s age, despite the fact that it is 1.5 m deeper in
the section.

Trench 4, Interpretation

Based on stratigraphic superposition, cross-cutting
relationships, and angular unconformities, we interpret
a sequence of at least three deformation events at Trench 4
(Table 5 and Fig. 13).

Event Z has the best evidence of rapid vertical displa-
cement and creation of a scarp free face (upward fault
truncation at an angular unconformity, scarp-derived col-
luvial wedge). Its displacement is estimated as 20 cm on
F6 (from the offset of unit 6) and 50 cm on F3 (twice the
maximum thickness of colluvial wedge unit 7c; McCalpin,
2009). Event Y also has good evidence via the truncation
of units 5a — 5b and their presence as deformed slivers in
the main fault zone (units 5S¢ — 5d). However, given Event
Y’s estimated net slip of 2 m, it should have generated

a colluvial wedge deposit roughly 1 m thick. As shown
in Stage 5 of Fig. 13, the most proximal part of units 5c
and 5d may in fact be this colluvial wedge, shed from the
Event Y free face, but later so sheared by displacement in
Event Z (50 cm) that it became unrecognizable as a col-
luvial wedge.

Discussion

Due to the fine scale at which four trenches were
logged, our observations on deposit sedimentology
and soil formation are detailed enough to define several
discrete depositional environments. In vertical section
these depositional environments can change, sometimes
rather abruptly. The most abrupt changes are usually
associated with displacement events on the sackungen
faults, recognized by the common indicators used in
paleoseismic trenching (upward terminations of faults,
colluvial wedges, angular unconformities, block tilting).
Below a general model of sedimentation in sackungen
troughs is described.

Sedimentation in Sackungen Troughs

Sackungen troughs are sediment traps affected by both
climate changes and surface faulting. Due to the low axial
slope of most troughs, minor changes in hillslope processes
above the trough can change the style of sedimentation in
the trough. For example, parts of the trough when initially
formed may be closed depressions, filled by temporary
ponds. Over time colluvial and slopewash sediments
will selectively fill the closed depressions and eventually
a through-flowing stream may develop in the trough. Such
an evolution is represented in trough stratigraphy by fine-
grained sag pond sediments directly overlying the bedrock,
and grading upward into fluvial sediments. Conversely, if

Tab. S.

Inferred sequence of depositional, pedogenic, and deformational events affecting Trench 4.

Event (oldest at bottom)

Evidence

Deposit units 7b-9, develop
modern soil (horizons 9A, 10)

Alluvium (unit 7b) fills the deepened trough axis, while scarp-derived colluvium (unit 7¢)
covers the eroded F3-F4 free face. Thin colluvium (unit 8; 742-937 cal BP) and more alluvium
(unit 9) are deposited in trough. The modern soil A-horizon (unit 9A) and peat layer form.

Deformation EVENT Z

Renewed normal faulting on F3-F6 displaces units 5, 6, and 7a, and deepens the sackungen
trough.

Deposit units 5-7a

Unit 5 is deposited as colluvium from the north. Then a small stream flows down the trough
axis, depositing units 6 and 7a.

Deformation EVENT Y

Normal faulting on the main fault zone (F3-F6) displaces unit 4 at least 3 m down-to-north.
Units on both footwall and hanging wall are rotated down-to-south from sub horizontal to 10-
15° south dip. This suggests domino-style faulting.

Deposit units 2-4

Displacement creates a closed depression at the site of Trench 4, after which unit 2 is deposited
in a shallow sag pond. Later, talus from upslope (north) fills the sag pond (units 3, 4). All units
are subhorizontal.

Deformation EVENT X

Initial sackungen displacement occurs south of Trench 4.
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the axial slope of the trough is very low, increased colluvial
deposition at any point can form a small dam in the
trough, which also creates a closed depression. In such a
depression the trough stratigraphy would show colluvium
directly overlying the bedrock, and being overlain in turn
by sag pond sediments.

A second cause of abrupt changes in trough sedimen-
tation is renewed displacement on the sackungen fault,
which creates (or deepens) closed depressions and exposes
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deposition of unit
4, because the ol-
der units (1, 2, and
3 in Stages 6 and
7) are not exposed
on both sides of
the fault.

on the HW, their thicknesses and displacement
(pre-Event Y) are unknown. There must be at least
one slip event older than Event Y on the
unexposed fault south of the trench (gray, dashed
line) to account for deposition of sag pond unit 2.

fresh bedrock on the scarp face. Trough stratigraphy will
record the abrupt appearance of closed-depression facies
(fine-grained sag pond deposits) in areas where previous
deposition was colluvial or fluvial. As with tectonic normal
faults, fault reactivation results in scarp-derived colluvial
wedges near the fault. However, these wedges are smaller
than those on tectonic fault scarps, for two reasons: (1)
the exposed fault plane is usually bedrock which erodes
slowly, compared to a free face in unconsolidated depo-
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sits, and (2) trough sediments are derived mainly from
upslope or from upgradient in the trough axis, not from the
scarp face. Accordingly, sackungen reactivation episodes
are more commonly identified by: (1) upward termination
of faults at different stratigraphic levels; (2) angular un-
conformities; (3) abrupt changes in the sedimentology of
trough deposits; and (4) burial of soil profiles in the trough
(developed during deposition hiatus) by renewed clastic
sedimentation.

The climatic and ‘tectonic’ controls act independently
yet synchronously on the scarp-trough system, making
it challenging to determine which control is responsible
for changes in trough sedimentation. Climate-driven de-
position can range from slow and continuous, to episodic
separated by hiatuses (soil formation). Likewise, surface
displacement can range from slow creep to episodic surfa-
ce-rupturing events. These two controls form four possible
geometries for trough sediments (Fig. 14):

a) continuous deposition and continuous creep, which
results in progressively more deformation down
section in the trough sediments but a lack of pa-
leosols,

d) episodic deposition combined with episodic dis-
placement, which creates packages of strata and
paleosols, but soils can appear anywhere within
a package, because the two controls operate
independently.

All of our trenches show evidence of episodic displace-

ments, and most have buried soils in the trough sediments,
so they correspond to Fig. 14d, as follows:

Trench 1: contains independent evidence of rapid
displacements: (1) splay faulting cuts unit 5b and 6AB,;
(2) large granite clasts occur in colluvium (units 4a, 4b),
in a much finer matrix, suggesting derivation from a scarp
free face; and (3) there is a sudden change from soil for-
mation (6AB) to sag pond conditions (unit 7). By itself the
sudden change could be climatic (Fig. 14c), but since it
coincides with an upward fault termination, it more likely
represents episodic displacement (Fig. 14d).

Trench 2: shows a rapid change from coarse deposition
(unit 10d, solifluction) to sag pond deposition (units 11a,
11b, 12). This disconformity could be caused by tectonic
causes (i.e., reactivated faulting creates a closed depres-

b) continuous deposition combined with episodic  sion) or by climatic causes. However, the disconformity
fault displacement, which creates “packages” of  also has a scarp-derived colluvial wedge sitting directly on
trough strata bounded by angular unconformities, it (unit 11c) at the main fault, and it forms the upward ter-
but without paleosols, mination of two faults (F1, F2). Those two features cannot

¢) episodic deposition and continuous creep, which  be created by climate changes.
result in packages of strata bounded by angular un- Trench 3: contains structural indicators of episodic
conformities, but each package is topped by a pa-  displacement. Between faults F2 and F3 units 2h, 4b,
leosol that represents a long hiatus during which ~ and 5b were rotated from subhorizontal (4b is a sag pond
creep continued to deform the underlying package, deposit) to a northward dip of 30°. All three units have

Episodic
Contin eep
Uous Cr Displacement Fig. 14. Hypothetical cross-sections through a sedi-
ment-filled trough (at left) adjacent to a sackung scarp
(at upper right). In the trough, thin lines indicate bed-
ding, short vertical lines indicate soils. (a) Continuous
Continuous creep and continuous deposition create a pattern of in-
Deposition Z creasing folding (drag) with depth; no buried paleosols
are present. (b) Episodic displacement and continuous
deposition result several “packages” of strata bounded
by angular unconformities; no buried paleosols are
present. The angular unconformities are “event hori-
a b. zons” in the terminology used by paleoseismologists.
) (c) Continuous creep and episodic deposition yield
several unconformity-bounded packages of strata.
: Each package is topped by a paleosol, the upper parts
Episodic of which have been eroded nearest the sackung fault
Deposition plane. The upper contact of each paleosol is an event
horizon. (d) Episodic displacement and episodic depo-
Z sition yield discrete unconformity-bounded packages
of strata, but paleosols may be found at any position
within the stratigraphic sequence. In this scenario, the
angular unconformities are event horizons, which do
d not coincide with the paleosols. From McCalpin, 2003.
Cl *
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been rotated the same amount despite their difference in
age, which is incompatible with creep displacement. The
overlying units Sb and 6b are horizontal, forming a strong
angular unconformity. There cannot be significant age
difference between the youngest rotated stratum (Sb)
and the oldest unrotated stratum (6a), because closer to
the main fault (F4) their correlatives (units 5a, 6b) lie
conformably atop each other. Thus, the rotation of units
2h-4b-5b must have taken place in a very short time. There
has been no movement on F3 since that time, which rules
out fault creep.

Trench 4: has indicators of episodic displacement si-
milar to Trench 2. There is a disconformity between units
5d-6-7a and units 7b-7¢. Both units 7a and 7b are alluvium,
so it could be argued that the disconformity was climati-
cally induced. However, the disconformity also truncates
faults F3, F4, F5, and F6 and has a colluvial wedge (unit
7c¢) sitting directly on it. Those features suggest the discon-
formity is tectonic.

Radiocarbon Dating of Sackungen

Table 1 (footnotes 3, 4, and 5) and the geochronology
section for each trench describe some of the ambiguities
in radiocarbon dating of sackungen trough sediments. We
observed problems with three types of samples, described
below.

Radiocarbon samples from shear zones

We dated carbon samples from shear zones in Trench 1
(Chab 1-4), Trench 2 (Chab 2-9), Trench 3 (Chab 3-3). This
followed the practice from the early days of paleoseismic
trenching, of dating any carbon found in a trench, espe-
cially near the fault. It was assumed then that all carbon in
the fault zone had been dragged up (or fallen in) during the
most recent displacement event (MRE), so its age would
set a close maximum age constraint on the MRE. Sample
Chab 1-4 dated at 2,380 to 2,755 cal BP, which was much
older than the most recent movement in Trench 1. Sample
Chab 2-9 dated at 3,446 to 3,690 cal BP, also older than
the most recent event in Trench 2 (>1.6-1.8 ka). Sample
Chab 3-3 dated at 2,491 to 2,945 cal BP, compared to the
youngest displacement even there of <1.7-1.9 ka. It then
became obvious that the carbon in the shear zone could
have one of two origins. First, it could represent surface
soil carbon that fell into a crack or fissure at the time of
a displacement event. In this case, the carbon would close-
ly date a displacement event, but not necessarily the most
recent one. This is especially likely for samples deep in the
shear zone. Second, the carbon in trough deposits occurs
as burn layers (charcoal) or as buried organic soil hori-
zons. If this carbon is dragged up into the fault zone, its
radiocarbon age reflects the age of sediment deposition or
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soil formation, not the age of the later displacement event
that dragged it into the shear zone. We finally decided that
most radiocarbon ages from shear-zones could not be asso-
ciated with a specific displacement event, or interpreted as
a minimum versus maximum age constraint.

Radiocarbon samples from thin silt films
on talus clasts

Several of our trenches contained deposits composed
angular pebble-sized rock fragments with no matrix
(openwork texture) that we interpreted as talus (Trench 3,
units Sb, 11a). If these deposits were located beneath the
axis of the trough, the clasts were stained black, unlike all
other units. The black stain was a thin coating of black silt/
clay that could be rubbed off with the fingers. It is not clear
whether the black stains are primary depositional features,
or younger illuviated components deposited by organic-
rich groundwater. Radiocarbon ages from these stains are
anomalously young compared to the ages charcoal or soil
organics in nearby stratigraphic units. We suspect that
water standing in the trough infiltrated down through the
A-horizon of the surface soil, entraining the black silt, and
then carried it downward and redeposited it in the water-
filled pore spaces of the openwork gravels.

Radiocarbon samples from scarp-face soils and
scarp-derived colluvium

In the dynamic environment of sackungen scarps and
troughs, old soils can be faulted upward, exposed at the
top of a scarp free face, and then eroded and re-deposited
into the colluvial wedge at the base of the free face. This
process recycles old carbon from the faulted soil into the
newly-deposited, post-faulting colluvial wedge, resulting
in an anomalously old radiocarbon age for the wedge. That
age is commonly older than the radiocarbon ages of the
deposits underlying the colluvial wedge, such as occurs
on Scarp 4B of Trench 3. There, soil 8A/8AB3 (9.3-9.6
ka) was upfaulted and tilted on Block I, eroded off the top
of Scarp 4B, and redeposited into the much younger unit
14A, which on stratigraphic grounds is only slightly older
than 1.7-1.9 ka. But the radiocarbon sample from 14A da-
ted much older at 9.0-9.4 ka. In theory, a similar process
could occur if the axial drainage in the trough undermined
a soil-capped streambank, and pieces of an old organic soil
fell into the alluvium.

Small-Scale Evolution of Sackungen Surface
Deformation

Our two trenches on Scarp 4 revealed a complex evo-
lution of structures over a small area, which contains two
antislope scarps (4A, 4B) with an intervening structural
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Fig. 15. Geomorphic sketch map of Scarp 4 in the vicinity of Trenches 2 and 3; north is toward bottom left. Triangles on scarp faces
point downslope; strike/dip symbol and labels reflect the orientation of the scarp face. Scarp 4A (the main scarp) and Scarp 4B (subsi-
diary scarp) bound a structural block that we call Block I. The top of Block I forms a ramp structure (present ramp) that dives beneath

the trough floor east of Trench 2.

block (Block I; Fig. 15). The modern channel in the sac-
kungen trough flows west along the toe of Scarp 4B. At the
western end of Block I, Scarp 4B dies out and the surface
of Block I plunges beneath the trough floor in a fault ramp.
The modern channel then follows the end of this ramp on
an oblique path to the toe of Scarp 4A.

The western part of Block I is crossed by an abandoned,
partially infilled channel with the same width and oblique
orientation as the modern channel. This channel has
been uplifted and truncated by Scarp 4B, which caused
its abandonment. We infer that this “younger abandoned
channel” marks a former location where the Block I
ramp (old ramp) once plunged beneath the trough floor,
and the stream at that time followed the toe of that ramp.
Subsequently Block I has risen and both Scarp 4B and
Block I have grown westward. As Scarp 4B continues to
grow westward, its will eventually defeat the oblique reach
of the modern channel and force the channel northward,
thus truncating the modern channel and creating another
abandoned channel segment on Block I. Farther east
at the toe of Block Ia there is an even older abandoned
channel, which has no surface expression, but is exposed
in Trench 3.

Deposits of both the modern and older abandoned
channels are exposed in Trench 3, whereas Trench 2
exposes the modern and younger abandoned channels
(Fig. 16). The basal deposits of the younger abandoned
channel date at 1,625 to 1,870 cal BP and the soil
A-horizon overlying the channel dates at 331 to 631 cal
BP. Soil development is weak, consisting of only a organic
A-horizon, which is consistent with the channel’s young
geomorphic expression and radiocarbon ages. In contrast,
deposits of the older abandoned channel in Trench 3 carry
a well-developed soil profile consisting of A, AB, and
textural B-horizons. The base of horizon 8AB yielded
an age of 9,280 to 9,662 cal BP (early Holocene), which
is consistent with the degree of soil formation, and with
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the fact this paleo-channel has no surface expression.
Overall, trench exposures confirm the spatial/temporal
scenario suggested by the surface geomorphology. We
now see that, as fault blocks and ramps develop and grow
laterally in a sackungen trough, their emergence forces the
trough depocenter to migrate laterally, shifting the locus
of sag pond deposition and fluvial facies. Likewise, on
rising fault blocks sedimentation changes from sag pond
to fluvial, and then to aeolian and soil formation once the
block is abandoned by trough sedimentation.

Large-Scale Evolution
of Sackungen Surface Deformation

Previous research on swarms of parallel sackungen
have documented that scarps at higher elevations formed
later (known as “onset age”). Hippolyte et al. (2009)
concluded: “This decrease of the age of the scarps with
elevation much probably reflects the propagation of the
deformation toward the crest (from elevation 2,190 m
to 2,419 m)... This chronology agrees with the proposed
mechanism of flexural toppling. The migration of the slope
deformation from the valley flank to the crest also supports
the model of glacial debuttressing for the origin of the
Arcs sackungen.” Panek and Klimes (2016) concluded “In
general, we observe a statistically significant correlation
showing a progressive decrease of sackungen scarp [onset]
ages with their increasing altitudinal position... Such a
relationship might indicate linkage of (delayed) sackungen
genesis to overall thinning and retreat of glaciers since
the LGM... Therefore, slow upslope migration of stress
release after glacier withdrawal... could partly explain
substantial time lag of a number of sackungen scarps.”

The younger displacement events in our Chabenec
trenches do not show this trend. In Fig. 17 we compare the
ages of displacement events amongst the trenches over the
past 6 ka (older events have too few radiocarbon ages and
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Fig. 16. Pseudo-isometric diagram of the Trenches 2 and 3, with distance between the trenches shortened from true scale. North is to
the left. The top of bedrock in Block I is highlighted in red, plunging down to the west. Thick light blue lines indicate the modern and

abandoned channel thalwegs.

are too affected by contamination processes; see section
5.2). The most striking pattern is that, in all four trenches,
there is a displacement event between ca. 1 and 2 ka.

In paleoseismic trenches across normal faults, the
maximum limiting radiocarbon age on a faulting event
typically forms a closer age constraint than the minimum
limiting age. This is because the dated carbon typical-
ly comes from a soil horizon that was rapidly buried by
post-faulting deposition (McCalpin, 2009). Maximum
limiting ages on eventsY, Z,, Z,, and Z, are surprisingly
similar (1,860 cal BP; 1,720 cal BP; 1,820 cal BP; and
1,410 cal BP, respectively).The ages are not strictly syn-
chronous, but neither do they show a pattern of younger
events at higher elevations. Therefore, a common trigger
mechanism cannot not be ruled out.

Trigger Mechanism

Three trigger mechanisms are normally considered for
episodic sackungen displacements, two exogenetic and one
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endogenetic: (1) seismic shaking, (2) extreme precipitation
events, or (3) a slow uphill advance of tensional stress
caused by glacial oversteepening of lower slopes (Panek et
al., 2015). Not surprisingly, workers in seismically-active
regions prefer trigger 1 (e.g., Italy; Carpathian Mountains;
Caucasus Mountains; New Zealand; California, USA),
attributing sackung formationto either direct surface rupture
or to seismic shaking (e.g., photographs in Khromovskikh,
1989; see also Zischinsky, 1966; Beck, 1968; Radbruch-
Hall et al., 1976; Mahr, 1977). For example, Salvi and
Nardi (1995, p. 107-108) state®... strong ground shaking
associated with earthquakes is one of the main triggering
factors for the growth of ‘sackungen-like’ features”. This
contention is partly based on the appearance of new
antislope scarps in hilly terrain after moderate-to-large-
magnitude earthquakes (e.g., Dramis and Sorriso-Valvo,
1983; Morton and Sadler, 1989; Morton et al., 1989;
Cotton et al., 1990; Ponti and Wells, 1991; Nolan and
Weber, 1992; Blumetti, 1995; Jibson et al., 2004; Moro et
al., 2007), and partly on a spatial association of sackungen
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Fig. 17. Space-time diagram of displacement events observed in the four trenches. Z1 is the latest event in Trench 1; Y1, is the penul-
timate event in Trench 1, etc. Calendar-corrected ages are from Table 1.

with active fault traces. Criteria for testing possible trigger
mechanisms are summarized by McCalpin (1999, 2003).
In contrast, workers in glaciated mountains tend to favor
trigger 3. An example is Panek et al. (2017), who state that
sackungen in the High Tatras are unlikely to be triggered
by seismicity, given the low seismicity rates in the
historic record. Instead, they conclude that: “slow upslope
migration of stress release after glacier withdrawal...
could partly explain substantial time lag of a number of
sackungen scarps.”

To assess the possibility of seismic triggering, we must
consider the seismotectonic setting of Mount Chabenec.
Our latest sackungen displacements date just younger than
1,410-1,860 cal yr BP (i.e., 140-590 A.D). Unfortunately,
the earthquake history of northern Slovakia-southern Po-
land extends only back to 1259 A.D. (the 31-JAN-1259
earthquake; Io=7, Mw=5, at approx. 49.9N, 19.25W;
Grunthal et al., 2009). The felt area in 1259 included “Po-
land, Bohemia, Hungary, Russia, Leczyca, etc.” (Guterch
and Kozak, 2015). The 1259 earthquake is hundreds of
years too recent to be the trigger mechanism for the MRE
displacements on Mount Chabenec, but it does demonstra-
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te that seismic ground motions can occur at our study site,
from moderate-magnitude regional earthquakes.

Mount Chabenec lies within the Certovica seis-
motectonic zone (Fig. 18), one of four ‘seismoactive
zones’ defined in Slovakia by Kovac et al. (2002), Hok
et al. (2016). They describe the Certovica line as follows:
“The Certovica line is a surface projection of the thrust
plane of the Veporic basement sheet over the Tatricum.
Based on geological data, earthquake focal mechanisms
(Pospisil et al., 1992), geophysical data (Bezak et al.,
1993, 1995; Sefara et al., 1998) and structural analyses
(Hok et al., 1997, 1999, 2000) we consider this sector of
the Certovica Line as a recently active due to extensional
collapse of the orogene. Earthquake events are released
mostly on the Hron fault system of ENE-WSW direction...
It is noteworthy that this system, like the Dobra Voda
system, is distinctive in the recent morphology and can
be well traced by remote sensing methods (Jankii et al.,
1984)”. The active Hron fault system mentioned above
extends within 10 km south of Chabenec’s summit.

Historic earthquakes in the Certovica zone have
clustered at the western end near Banska Bystrica and at
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shown as a yellow triangle. Modified from Kovac et al., 2002.

the eastern end, with a “seismic gap” in the center. The
former earthquakes include one of the largest instrumental
events in the Slovakia (the M4.3 earthquake of 07-JUNE-
1989; 48.779°N, 19.21°E) which occurred only 27 km
southwest of Mount Chabenec. Recent neotectonic studies
have discovered possible late Quaternary fault movements
on the northern flank of the Nizke Tatry Mountains,
not far NE of Chabenec. Vojtko et al. (2011) identified
130 ka alluvium apparently displaced by the 55 km-long
Vikartovce fault, an E-W structure on the north side of
the Nizke Tatry range. The west end of this south-dipping
normal fault lies only 40 km NE of the Chabenec summit.
Closer to Chabenec, Littva and Hok (2014) infer late
Quaternary fault displacements in the NNE-trending
Janska dolina Valley, only 10 km NE of Chabenec. This
trend, if projected southward, would approach even
closer to the Chabenec sackungs. Neither of these studies
included paleoseismic trenching or dating of individual
paleoearthquakes, so there is currently no way to test if
those faults moved between 1,410 to 1,860 cal yrs BP.
None of the neotectonic data above conclusively prove
that seismic shaking triggered the sackungen reactivations
between 1 and 2 ka. To test that hypothesis would require
knowing if there had been active faulting events or strong
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shaking events in the vicinity of Chabenec in the 1 — 2 ka
period. Such detailed data can only come from paleoseis-
mic chronologies of regional active faults or of secondary
shaking features such as liquefaction or lateral spreads, but
such chronologies do not exist yet for northern Slovakia.

Conclusions

We applied paleoseismic trenching techniques to four
trenches dug across three antislope scarps on the south ridge
of Mount Chabenec. Beneath the scarps is a complex shear
zone in granodiorite, 25 — 50 c¢m thick, dipping 55 — 60°
N (into the slope). The shear zones contain multiple fault
strands, gouge zones, and alteration zones suggestive of
deep crustal shear rather than shallow extensional faulting.
The implication is that ongoing deep-seated, gravitational
toppling deformation is utilizing old pre-Quaternary fault
zones. Structure and stratigraphy exposed in the trenches
are consistent with episodic slip on the sackungen faults
coupled with episodic deposition and soil formation in the
adjacent troughs. Rapid changes in sedimentation style
and cessation of soil formation correlate stratigraphically
with episodes of displacement on the sackungen structures.
Despite this correspondence of episodic displacement
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and sedimentation, we encountered difficulties in dating
displacement events with radiocarbon. Five of our 20
samples yielded inverted ages, due either to recycling old
carbon within the trough, or to contaminating porous old
deposits with carbon from overlying, younger deposits.
In hindsight, we should have supplemented radiocarbon
dating with luminescence dating, which would have been
possible because every trough contained one or more fine-
grained, sag pond deposits.

Radiocarbon ages indicate that in all four trenches,
there was a displacement event in the late Holocene
(shortly after 1,410 to 1,860 cal yrs BP). The longest well-
dated record in a single trench (Trench 2) contained four
inferred displacement events in the past 6 ka, yielding
a long-term average recurrence of ca. 1.5 ka. These four
events have created an antislope scarp with ~5 m of
vertical surface offset. The near-synchroneity of the late
Holocene displacements stands in contrast to other dated
sackungen sites, where displacements become younger
with increasing elevation. Having near-synchronous
displacement events at multiple elevations suggests an
external trigger, either climatic or seismic. Unfortunately,
there is no record of regional paleoearthquakes or
meteorological events between 1 — 2 ka to further test that
hypothesis.
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APPENDIX 1- Petrographic and diffraction analyses of the fault gouge

Silicate analysis

Analyses results

01-004773 01-004774 01-004775 01-004776 01-004777

Component Unit PB-1 PB-1F PB-2 PB-3 PB-4
Si0, % 60.71 53.38 61.37 61.35 61.06
AlL0, % 17.03 18.76 17.16 17.42 17.53
Fe,0, % 7.46 9.71 7.19 7.35 7.54
Ca0 % 1.07 1.01 1.09 1.15 1.47
Mg0 % 2.38 2.58 2.41 2.37 2.68
Ti0, % 0.917 1.073 0.922 0.906 0.912
Mn0 % 0.108 0.170 0.107 0.117 0.146
P,0, % 0.15 0.17 0.14 0.14 0.16
Na,0 % 2.87 1.1.98 2.70 242 2.77
K,0 % 2.96 2.93 3.17 3.09 3.14
Loss on ignition % 4.09 8.00 3.52 3.44 2.33
H,0 % 1.27 2.89 1.57 0.99 0.48
Rb ppm 97 115 106 99 101

Sb ppm 141 122 136 144 182

X-ray phase analysis

Apparatus: URD-6

Radiation: Cu Ko A =0,154178 nm

Goniometer shift: 0,1°20

37 kV/30 mA

Measuring range: 4 70°2 ©

Frequency of scanning: 1s

Archive number: 1i040/01

Sample designation: PB-1

Positive phases:

Phases with larger content (dominant): Quartz, Illite, Chlorite, Albite,

Phases with minor content (minor):

Likely phases (or very low phases content): Hematite

Archive number: 1i041/01

Sample designation: PB-IF

Positive phases:

Phases with larger content (dominant): Quartz, Albite, Illite, Chlorite,

Phases with minor content (minor):

Likely phases (or very low phases content): Hematite

Archive number: 1i042/01

Sample designation: PB-2

Positive phases:

Phases with larger content (dominant): Quartz, Chlorite, Albite, Illite,

Phases with minor content (minor):

Likely phases (or very low phases content): Hematite

Archive number: 1i043/01

Sample designation: PB-3

Positive phases:

Phases with larger content (dominant): Quartz, Chlorite, Albite, Illite,

Phases with minor content (minor):

Likely phases (or very low phases content): Hematite

Archive number: 1i044/01

Sample designation: PB-4

Positive phases:

Phases with larger content (dominant): Quartz, Illite, Albite,

Phases with minor content (minor):

Likely phases (or very low phases content): Hematite
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Postglacidlna deformacna historia hlboko zalozenych svahovych deformécii
na juznom svahu Chabenca, Nizke Tatry, Slovensko

Juzny svah Chabenca v Nizkych Tatrach je poruseny
systtmom protiklonnych rozsadlin, ktoré predstavuju
povrchové prejavy hlboko zalozenej gravitacnej svahovej
deformacie. Predchadzajuce S$tudie predpokladali, Zze
hlboko zalozena deformacia so znakmi teCenia sa pomaly
vyvijala smerom k Lomnistej doline v juhovychodnom
smere (Jahn, 1964; Nemcok, 1972; Mahr a Nemcok,
1977). Svahova deformacia Chabenec je suc¢ast'ou dlhsicho
pruhu podobnych gravitaénych poruch vyvinutych medzi
Chopkom a Prasivou (vzdialenost’ 25 km) v granitoidnom
masive tvoriacom hlavny hreben Nizkych Tatier
(Nemcok, 1982). Priblizne 38 % hlavného hrebena je tu
postihnutych tymto typom svahovych deformacii. Ich
povrchové prejavy vo forme protiklonnych rozsadlin st
dobre viditeI'né, ked’ze vicsina z nich sa nachadza nad
pasmom lesa v nadmorskej vyske zhruba > 1 400 m.
V roku 1997 tu spoloény americko-$panielsko-slovensky
tim pod vedenim prof. Jamesa McCalpina z Univerzity
Boulder, Colorado, a Pavla Lis¢aka z SGUDS uskuto¢nil
paleoseizmicky vyskum, zamerany na zistenie mecha-
nizmu vyvoja svahovej deformacie a datovanie
udalosti, ktoré viedli k vzniku uvedenych rozsadlin.
Prieskum v teréne zahfiial vykopy sondaznych ryh vo
vytypovanych rozsadlinach, detailny stratigraficky popis
sedimentov zachytenych v tychto ,sedimentacnych
pasciach®, odber vzorieck na nasledné laboratdrne
petrografické zhodnotenie tektonickych ilov, odber
vzoriek a datovanie organickych sedimentov pomocou
metody “C. Sondazne ryhy boli Siroké priblizne 0,6 m,
dlhé 4,5 az 7,3 m a hlboké 2,0 az 2,7 m. Vychodna stena
vykopu v kazdej sondaznej ryhe bola ocistena a pomocou
lanka bola vyznacena siet’ 10 x 10 cm, ktora sluzila na
zhotovenie grafického zdznamu o litologickom zloZeni
a vzorkovani na milimetrovy papier v mierke 1 : 15.
Odkryté stratigrafické jednotky boli definované na zaklade
farby, textury a sedimentarnych Struktar. Pédne horizonty
na sedimentoch (substrate) boli taktiez identifikované
a klasifikované v zmysle terminologie horizontov A/B/C
pouzivanej v USA. Petrograficki analyzu zabezpecila
RNDr. Eva Zakova z SGUDS, radiokarbénové datovanie
sa uskutoCnilo v NSF (National Science Foundation),
v laboratériu atdomovej hmotnostnej spektrometriec na
urychlovacom hmotnostnom spektrometri (Univerzita
Arizona, Tucson, USA).

Protiklonné rozsadliny vo vrchnych ¢astiach juzného
svahu Chabenca (nad pasmom lesa) maju priblizne para-
lelny priebeh s vrstevnicami a dosahuju dizku 300 — 600 m.
Celkovo sme identifikovali 9 rozsadlin od najspodnejse;j,
oznacenej 1, az po najvyssiu, oznacent 9. Vlastny sondaz-
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ny prieskum sme uskutoc¢nili v protiklonnych rozsadlinach
2,4, 6 a7, ktoré mali dizku 600 m, 350 m, 300 m a 300 m
(v uvedenom poradi). Vertikalny povrchovy skok v uvede-
nych dominantnych rozsadlinach variroval v intervale od
1 azdo 10 m.

Aplikovali sme paleoseizmickii metédu v Styroch
sondaznych ryhach. Uvedenymi sondaznymi ryhami rea-
lizovanymi naprie¢ tromi protiklonnymi trhlinami — roz-
sadlinami — na juznom hrebeni Chabenca bola odkryta
komplexna striznd zona v granodiorite dumbierskeho typu
s mylonitmi hrubymi 25 — 50 cm so smerom a sklonom
360/55 — 60° (do svahu). Strizné zoény obsahujii viacnasob-
né zlomové useky, zony tektonického ilu a alteracné zony.
Na zaklade toho je mozné predpokladat’, Ze prebiehajiica
hlboko zalozena gravitacna deformacia vyuziva staré pred-
kvartérne poruchové zony. Struktura a stratigrafia odhale-
na sondaznymi ryhami st v stlade s epizodickym sklzom
pozdiz portich gravitaénej deformacie, spojenych s nasled-
nou depoziciou a tvorbou pddy v pril'ahlych rozsadlinach.
Rychle zmeny v sedimenta¢nom $§tyle a prerusenie tvorby
pody stratigraficky koreluju s epizdédami posunov na Struk-
tarach hlboko zalozenej gravitacnej deformacie. Napriek
zjavnému chronologickému stuladu medzi epizodickymi
pohybmi a tvorbou sedimentov sme sa stretli s tazkost’a-
mi pri radiokarbonovom datovani pomocou metddy “C.
Pat’ z nasich 20 vzoriek prinieslo prevrateny vek, a to bud’
v désledku recyklacie starého uhlika v rozsadlinach, ale-
bo kontaminacie porovitych starych sedimentov uhlikom
z prekryvajucich, mladsich sedimentov. Nie je vylucené,
ze do depresii boli deponované sedimenty z povrchu v ob-
ratenom poradi tak, ako boli erodované (najskor mladsie
a postupne star$ie). Sedimenty si takymto mechanizmom
priniesli aj uhliky a dnes vidime obrateny vek. Kedze
kazda rozsadlina obsahovala jednu alebo viac preliacin,
ktoré fungovali ako sedimentacné pasce, v spitnom po-
hl'ade by bolo vhodné radiokarbonové datovanie doplnit
luminiscenénym datovanim. V Case realizacie uvedenych
terénnych prac vsak tato metoda bola este len v plienkach
a ,,projekt Chabenec* s jej aplikaciou nepocital.

Datovanie metodou '“C vo vsetkych Styroch sondaz-
nych ryhach naznacuje, Zze v neskorom holocéne nastal
posun (v obdobi pred 1 410 az 1 860 rokmi). Najdlhsi
datovany zadznam v jednej sonddznej ryhe (ryha 2) obsa-
hoval $tyri odvodené udalosti posunu pocas poslednych
6 000 rokov, z ¢oho je zrejmé dlhodobé opakovanie
udalosti s periddou v priemere zhruba 1,5 ka. Tieto Styri
udalosti vytvorili protiklonna rozsadlinu s priblizne 5 m
vertikalnym povrchovym posunom. Kvazi synchrénnost
neskorych holocénnych posunov je v kontraste s inymi



Mineralia Slovaca, 51 (2019)

vo svete znamymi lokalitami starych, hlboko zalozenych
gravitacnych svahovych deformacii, kde s narastajiicou
nadmorskou vyskou sa posuny stavaju mladSimi, zrejme
v dosledku relaxacie napéti po Gstupe I'adovcov. Takmer
synchronne udalosti posunov vo viacerych nadmorskych
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vySkach naznacuju externy spustac, ¢i uz klimaticky, ale-

bo seizmicky.
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Outline of the geology of Slovakia (W. Carpathians)
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Abstract: The paper provides an overview of the main Alpine and earlier Hercynian (Variscan) tectonic units,
as well as superimposed Cenozoic “post-nappe stacking” formations. Simplified localization maps of mentioned
tectonic units, lithostratigraphic tables with emphasis on typical lithostratigraphic members and models of the
assumed paleogeographical positions are included. References have been selected with an intention to provide
more detailed information on a particular issue, resp. tectonic unit. Paper follows dual division of principal tecto-
nic zones into the External (EWECA) and Internal Western Carpathians (IWECA), which reflects different rock
composition as well as different time and mechanisms of their structuralization.

Key words: Western Carpathians, tectonics, lithostratigraphy, thrust belt
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Introduction

Information about the geology of Slovakia was
published by wvarious authors (e.g. Andrusov, 1968;
Mahel’ & Buday, 1968; Mahel’, 1974, 1986; Misik, 1997a;
Plasienka et al., 1997; Kovac et al., 2003; Janocko et al.,
2006; McCann, 2008; Bezak et al., 2011; Plasienka, 2018).
Existing geological maps (Biely et al., 1996a, b; Lexa et
al., 2000; Bezak et al., 2004, 2008, 2009; Geologicka
mapa Slovenska 1 : 50 000, 2013) mostly lack the relevant
description of the geological structure of Slovak territory.
This contribution provides concise information about
tectonics and lithostratigraphy of the principal Alpine
tectonic units of Slovakia in a comprehensible form to
a foreign reader.
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e Dual division into External (EWECA) and Internal
Western Carpatians (IWECA) is followed after ear-
lier works

» The main Alpine tectonic units in Slovakia are descri-
bed in the order: EWECA - Outer Group of Nappes
(Krosno and Magura nappe systems and Oravicum),
IWECA - Lower Group of Nappes (Vahicum and Tat-
ricum), Middle Group of Nappes (Veporicum, Fatri-
cum and Hronicum), Upper Group of Nappes (Ge-
mericum, Turnaicum, Meliaticum and Silicicum), as
well as the Zemplinicum with an exceptional status.

Highlights

» The Upper Cretaceous—Cenozoic sequences are un-
conformably and transgressively overlying the nappe
structures.

Principal tectonic units of the Western Carpathians —
former division based on tectonic belts

The territory of Slovakia is formed by the Western
Carpathians. Only southern regions of Slovakia represent
a part of the Pannonian Basin system, which extends here
from the area of Hungary. The present day geological
structure of the W. Carpathians is generally a result of the
Alpine orogenic stage, having preserved also remnants of
earlier Hercynian (Variscan) evolution.

A tectonic unit is here considered as the three-dimen-
sional rock body with defined borders, its own (unique)
lithostratigraphic, metamorphic and structural content and
defined tectonic evolution (Fig. 1). Since the second half
of 20™ century (Andrusov, 1973), the suffix -icum is used
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Fig. 1. Position of principal Alpine tectonic units and post-nappe formations in the territory of Slovakia (based on Hok et al., 2014).

for the names of the Western Carpathian Alpine tectonic  in relics, which either were not reworked by the Alpine
units. deformation, or the degree of their Alpine overprint still

Tectonic units in the frame of the W. Carpathians are  allows to decipher older tectonic events. The Hercynian
arranged in imbricated structures one above the other,  structural arrangement suggests the displacement of rock
generally thrust from the south to the north (i.e. having  complexes generally from the north to south (or NNW to
northern vergency; Fig. 2). The reason is that the Alpine  SSE; i.e. south-vergent). It means that Hercynian orogeny
orogenetic processes produced the horizontal crustal — had generally opposite vergency than that of Alpine one
shortening and closed existing sedimentary basins. From  (Bezak, 1994; Jacko et al., 1997; Németh, 2002). The main
the view of recent W. Carpathians it started in the southern  lithotectonic units of the Hercynian (Variscan) tectonic
— internal regions and proceeded generally to northern —  setting were formed due to the Meso-Hercynian lithospheric
external zones of W. Carpathian belt (Plasienka, 2018). collision, which was accompanied with a thickening of the

According to timing and deformation mechanisms,  crust (380-340 Ma) and intrusion of granitic rocks. Later
the orogenic zone of W. Carpathians is divided into Ex-  inthe Neo-Hercynian stage (340—260 Ma) the compression
ternal Western Carpathians (EWECA), containing the =~ was replaced by the extension (probably a post-orogenic
Neo-Alpine (Miocene) nappes and the Internal Western  relaxation), representing the second period of intrusions
Carpathians IWECA) with Paleo-Alpine (Cretaceous)  of granitic bodies (Broska et al., 2013; Uher et al., 2014).
nappe stacking (Fig. 2). The boundary between them is  The oldest tectonic events, which for now can be reliably
represented by the Klippen Belt zone (Oravicum). attributed to the Hercynian orogeny, took place during

In the Alpine structure of the W. Carpathians, products ~ the Early Carboniferous (Mississippian; 360-330 Ma).
ofthe Hercynian (Variscan) orogenic phase are preserved ~ On the contrary, the sediments of Late Carboniferous

32



J. Hok et al.: Outline of the geology of Slovakia (W. Carpathians)

Neo-Alpine phase Paleo-Alpine phase
Miocene Late Cretaceous Early Cretaceous

< < < .

%

o3 %
NW %%, < SE
§ S, HRONICUM » siLIcICUM %

KROSNO NAPPE ~ MAGURA NAPPE > % Neogene volcanites “ 6’% SILICICUM
\SYSTEM SYSTEM g e TURNAICUM “‘\

~—

MELIATICUM |

Veporicum cover unit

GEMERICUM

TATRICUM

VEPORICUM Veporicum basement

Tatricum basement Veporicum basement

EUROPEAN PLATFORM

<«— External >< Internal Western Carpathians >
Western Carpathians
Outer Group of nappes Lower Group of nappes Middle Group of nappes Upper Group of nappes Postnappe formations

\:l Krosno nappe - Tatricum basement
system
Magura nappe I:I Tatricum cover
system
- Oravicum

Hronicum I:l Silicicum I:l Gosau sediments
Fatricum I:l Turnaicum I:l Paleogene sediments
Veporicum cover - Meliaticum I:l Neogene volcanites
Veporicum basement I:l Gemericum I:I Neogene sediments

7/

Fig. 2. Schematic cross-section showing the main tectonic units of the Western Carpathians in the territory of Slovakia with marked
emplacement timing of particular group of nappes and the age of their tectonic individualization (based on Hok et al., 2014).

BRNL

age (Pennsylvanian) represent the termination of the The Flysch Belt of EWECA represents massive accre-
Hercynian orogeny in the territory of W. Carpathians.  tionary wedge, a nappe stack composed of the Cretaceous
The degree of metamorphic transformation during the  and mainly the Paleogene formations in typical “flysch”
Hercynian orogeny can be generally considered to be  development, with alternating clayey shales and sand-
higher (amphibolite-granulite facies) than during the  stones, deposited in the deep-water environment by the
Alpine tectono-metamorphic processes. gravity flows, mostly of the turbidity currents.

The Alpine nappe emplacement in the external zones The Pieniny Klippen Belt (or the Klippen Belt, Oravi-
of the W. Carpathians (EWECA) culminated during the  cum) represents a narrow and intensively deformed belt.
Neo-Alpine phase in Neogene, resp. the Miocene. The = Name “Klippen Belt” is derived from their characteris-
EWECA include the Flysch Belt, consisting of the Kros-  tic morphotectonic features — the steep cliffs — so-called
no and Magura nappe systems (displaced Cretaceous and  klippen, towering above the surrounding soft relief. The

Paleogene sediments) as well as the independent Oravic ~ “klippen” are composed of Jurassic and Early Cretaceous

(or Klippen Belt) tectonic units, built of Mesozoic sedi-  limestones that are more resistant to erosion than the sur-

ments (Fig. 3). rounding Upper Cretaceous and Paleogene marlstones and
The Carpathian foredeep is situated outside the ter-  clayey sediments.

ritory of Slovakia (Fig. 3). It consists of autochthonous The principal Paleo-Alpine tectonic units, internally

predominantly sandy and clayey sediments of the Neo-  (i.e. south) of the tectonic unit of Oravicum, are as follows:

gene age, lying on their original basement — the European ~ the Vahicum, Tatricum, Fatricum, Veporicum, Hronicum,
Platform (in their northern part) and Bohemian Massif =~ Gemericum, Borka Nappe, Meliaticum, Turnaicum and

(northwestern part). Assignment of the external Carpathi-  Silicicum. These tectonic units, forming IWECA, are tra-
an foredeep sediments into the W. Carpathian structure is  ditionally arranged in the higher order zones termed as
disputable, because they represent autochthonous sedi-  “belts” (the Core mountains Belt, Vepor Belt and Gemer
mentary cover of neighbouring basement units. Belt, Fig. 3).
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Fig. 3. Division of the Western Carpathians into separate sub-zones and belts (modified after Hok et al., 2001).

The Core mountains Belt represents northernmost
and the most external tectonic unit of IWECA (Fig. 3).
This belt is separated from the south located Vepor Belt by
the Certovica thrust on its southern (internal) margin. The
Certovica thrust is a product of Lower Cretaceous thrusting
of Veporicum on Tatricum. The term Core mountains
(originally Uhlig’s (1903) Kerngebirge) is derived from
the typical morphotectonic phenomenon, where the
central part of the mountain range (core) is formed by
the crystalline basement rocks (granites and crystalline
schists) and these are overlain by the Late Paleozoic and
mainly the Mesozoic sedimentary (cover) sequences, and
often also directly by the Cenozoic sediments (e.g. in the
Malé Karpaty Mts.). Besides Tatricum, tectonic units of
the Vahicum, Fatricum and Hronicum are involved in
the geological structure of the Core mountains. The Core
mountains belt encompasses the Malé¢ Karpaty Mts.,
Povazsky Inovec Mts., Ziar Mts., Strazovské vrchy Mts.,
Mala Fatra Mts., Velka Fatra Mts., Tatry Mts., western
part of the Nizke Tatry Mts. (so-called Dumbierske Tatry
Mts.) and the western part of the Tribe¢ Mts. (so-called
Zobor part; Mazir & Luknis, 1986).

The largest part of the Vepor Belt is represented by
the tectonic unit of Veporicum. Similarly as Tatricum,
also the Veporicum is composed of Early Paleozoic
crystalline basement and Late Paleozoic-Mesozoic
sedimentary cover. Besides the Veporicum, other tectonic
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units participating in the structure of the Vepor Belt are
represented by the Hronicum and Silicicum. The Vepor
Belt is separated by the Certovica thrust from the belt of
Core mountains, located northwest, and the Margecany-
Lubenik thrust divides it from the Gemer Belt, thrust
above the Vepor Belt from the south (Fig. 3).

The Vepor Belt covers large areas of Central Slova-
kia (Fig. 5) - generally the Veporské vrchy Mts., Stolické
vrchy Mts. and the Revicka vrchovina Highland, eastern
part of the Nizke Tatry Mts. (so-called Kral'ovohol'ské Ta-
try), northeastern part of the Tribe¢ Mts. (so-called Razdiel
Part), Kozie chrbty Mts., Branisko and Cierna hora Mits.
Apart from the aforementioned regions, the Vepor Belt, or
the Veporicum, crops out from below the Neogene vol-
canites (traditionally named neovolcanites) in the form
of so-called “islands” or horsts. The largest horsts are the
Sklené Teplice Horst between the towns of Sklené Tep-
lice and Vyhne, the PlieSovce Horst exposed directly in
the PlieSovce and the Lieskovec Horst east of the Zvolen
town.

The Gemer Belt represents the most internal and struc-
turally highest belt in the Alpine nappe structure of the W.
Carpathians (Fig. 3). It is located in the Volovské vrchy
Mts. and the Slovensky kras Mts. and includes tectonic
units of Gemericum, Borka Nappe, Meliaticum, Turnai-
cum and Silicicum.
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New tectonic division of the Western Carpathians —
combination of tectonic belts and groups of nappes

It is obvious that division of W. Carpathians to External
(EWECA) and Internal (IWECA) does not encounter
any contradiction, because the tectonic individualization
of External W. Carpathians (EWECA) took place
during the Neo-Alpine phase in Neogene, i.c. later
than that of IWECA (Paleo-Alpine phase; Cretaceous).
EWECA includes Krosno and Magura nappe system and
Oravicum. These units are built of Mesozoic to Paleogene
sediments, and particularly the Krosno and Magura nappe
systems are represented by the “flysch” character deep-
water sediments deposited by the gravity flows (turbidity
currents). Aforementioned units represent the Quter
group of nappes, which is present only in External W.
Carpathians (EWECA) (Fig. 2).

The situation is however more complex internally
(south) of the Klippen Belt (Oravicum), where the
individualization of IWECA took place earlier — in
Cretaceous. The vertical division, however, raises
the question how to lead the boundary between the
particular belts in a way not split the same tectonic unit
being encompassed in several belts (cf. Andrusov et al.,
1973; Mabhel, 1983; Misik et al., 1985; Plasienka, 1999).
The tectonic division based on tectonic stacking of the
main elements of the nappe structure, being separated
(individualized) at different times on subhorizontal
(usually overthrust) contacts, allows to allocate four main
groups of nappes (Outer, Lower, Middle and Upper) with
different mutual structural superposition and the age of
tectonic individualization (Hok et al., 2014; Fig. 1). The
subhorizontal division in this case is dominating over the
vertical division into belts.

The Lower group of nappes of Internal W. Car-
pathians (IWECA) is represented by the tectonic unit of
Tatricum, composed of crystalline basement rocks and
Late Paleozoic/Mesozoic sedimentary cover, as well as
tectonic unit of Vahicum. The Lower group of nappes was
structuralized in the late Cretaceous to Paleogene (Figs. 1
and 2).

The Tatricum is generally regarded as the lowermost
and sub-autochthonous unit of the IWECA. In tectonic
superposition above Tatricum there are present several
allochthonous tectonic units: the lower unit, or nappe, is
called Fatricum, the structurally higher unit is represented
by Hronicum. Both tectonic units, Fatricum and Hroni-
cum are ranging here from to the Middle group of nappes,
where they belong together with Veporicum.

The Vahicum is hypothetical tectonic and paleogeo-
graphic unit (Mahel’, 1981). The Belice Unit (Plasienka
et al., 1994) in the Povazsky Inovec Mts. was considered
as the main representative of the Vahicum in the present
surface occurrences. Structural position of the Belice Unit
is, however, in contradiction with previous interpretations
(Pelech et al., 2016).
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The IWECA Middle group of nappes was
structuralized during the Late Cretaceous (Cenomanian—

Campanian) and is formed by the tectonic units of
Veporicum, Fatricum and Hronicum.

The Veporicum is predominantly composed of crys-
talline basement (granitoids, gneisses and mica schists).
Based on lithostratigraphy of autochthonous Late Paleo-
zoic and Mesozoic sediments, the Veporicum is divided
into Northern and Southern Veporicum, separated by the
Pohorela thrust (Fig. 2).

The Fatricum is a tectonic unit of nappe character,
transferred from the former position on the contact of
the present Veporicum and Tatricum. Synonymously
it is often referred as the KriZzna Nappe. It occurs in
allochthonous position in the Core mountains Belt and
overlies the Tatricum. Stratigraphic range is very variable,
especially in lower members. It is a result of closing of
its former sedimentary basin and related decollement with
movement of the Fatricum thrust sheet on its stratigraphic
members with suitable rheology. Sedimentary sequence
usually terminates with the earliest Upper Cretaceous
(Cenomanian) “flysch”-like sediments (Poruba Fm.).

The Hronicum represents, similarly as the Fatricum,
a stack of partial nappe bodies structuralized during Late
Cretaceous from the facially subdivided sedimentary
basin. Synonymously it is designated as the Cho¢ Nappe.
It occurs in the Core mountains Belt as well as in the Vepor
Belt and overlies the Fatricum and Veporicum. Unlike
the Fatricum, the original root area of the nappe is not
known, although it is evident that it comes from southerly
(more internal) paleogeographic zones than the Fatricum.
The Hronicum sedimentary basin was formerly assumed
between the Vepor Belt and Gemer Belt. Stratigraphic
range of Hronicum is from Carboniferous to the Early
Cretaceous. The complete sedimentary sequence is
however nowhere preserved. The most typical sequences
of Hronicum are composed mainly of Triassic carbonates
(limestones and dolomites). Carboniferous and Permian
volcanites and sediments represent very characteristic
lithostratigraphic members of Hronicum, forming thick
rock sequence of the Ipoltica Group.

The IWECA Upper group of nappes is located
southernmost or most internal, representing tectonically
the highest group of nappes of IWECA. It is composed
of Paleozoic rock sequences of Gemericum and mostly
Mesozoic complexes of the Borka Nappe, Meliaticum,
Turnaicum and Silicicum as the Early Cretaceous nappe
structures (Fig. 2).

The Gemericum is exposed in a largescale anticlinal
dome — anticlinorium, which forms the region of Volovské
vrchy Mts. (the Spissko-gemerské rudohorie Mts., resp.
Spis-Gemer Ore Mts.). It substantially differs from the
other basic W. Carpathian tectonic units by different rock
composition, age and metamorphism. Unlike the Tatricum
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and Veporicum it is composed mainly of the low-grade
metamorphic rocks with dominating Paleozoic age — the
Early Paleozoic basement and its mostly Late Paleozoic
sedimentary cover.

The Borka Nappe contains rock sequences of Per-
mian to Middle Jurassic age. They are characterized by
higher-grade metamorphic overprint, reaching in Meso-
zoic members the subduction related high-pressure and
low-temperature (HP-LT) blueschists facies. The paral-
lelization of the protolith of metamorphites with the cover
sequences of southern Gemericum indicates that they are
most probably derived from the zone between the Gemeri-
cum and Meliaticum (e.g. Németh, 1996, Fig. 4 ibid.).

The Meliaticum is a tectonic unit of nappe character,
known in present day surface only in relics, cropping out
from below the nappes of Turnaicum and Silicicum (Fig.
2). It represents a tectonic melange of Triassic carbonates,
radiolarites and volcanites, occurring as blocks in the dark
and black Jurassic shales and radiolarites. Sedimentary
sequences indicate that it represents former zone of oceanic
character. During the convergence, the Borka Nappe rocks
were subducted and exhumed. Subduction of oceanic
crust and the gradual closure of the Meliaticum basin
caused the displacement of rock complexes originally
deposited at the southern margin of this basin (in today’s
geographical coordinates) and forming the tectonic units of
Turnaicum and Silicicum. Decollement and emplacement
of the Meliaticum, Turnaicum and Silicicum nappe units
represent the beginning of the shortening of the Internal W.
Carpathians. Related thrusting and nappe displacements
maintained its polarity from the south (internal areas) to

the north since Early Cretaceous (in Gemer Belt) to the
Late Cretaceous (in the Core mountains Belt).

The Turnaicum represents another nappe unit, cropping
out from below the Silicicum (Fig. 2) and occurring in the
southern part of the Gemer Belt, mainly in the Slovensky
kras Karst plateau. Its Late Carboniferous to Late Triassic
rock sequence bears characteristic metamorphic overprint.
It differs from the Silicicum by the occurrence of the
Triassic pelagic carbonate facies, by this way forming the
transitional member between Meliaticum and Silicicum
during the basin evolution.

The Silicicum, often referred as the Silica nappe,
is structurally the highest tectonic unit of the IWECA
Alpine nappe structure. It occurs as a relatively flat
lying nappe body in the region of Slovensky kras Mts.,
Slovensky raj Mts., Galmus Mts. and Muranska planina
Mts. (Fig. 2). The sedimentary sequence of the Silicicum
ranges from the latest Permian—Early Triassic to the Late
Jurassic (Callovian to Oxfordian). A substantial part of
the Silicicum is built by the Middle and Upper Triassic
shallow water limestones (e.g. Wetterstein limestones),
often containing abundant fossil remains.

Description of the principal tectonic units

The External Western Carpathians (EWECA) en-
compass the Flysch Belt and Klippen Belt (Fig. 4). The

sediments of the Carpathian Foredeep represent au-
tochthonous Miocene—Pliocene sedimentary cover of the
European Platform as well as Bohemian massif and are
generally situated below the Krosno nappe system. Re-
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garding its position, the Carpathian foredeep should not to
be assigned to the Carpathian system.

Flysch Belt — Krosno and Magura nappe system

EWECA are mostly formed by the Cretaceous to
Paleogene deep-sea “flysch” deposits. Original flysch
basins were bordered by continental crust ridges, which
provided a clastic material to the basins. The Flysch Belt
is one of the few zones being continuous across the whole
Carpathian arc.

EWECA represents a system of rootless nappes am-
putated from their former basement and transported to the
foreland represented by the European platform and the
sediments of Carpathian foredeep.

Flysch Belt consists of several nappe systems arranged
in imbricated style — the internal units are thrust over the
external ones. Mostly the Magura nappe system occurs
in Slovakia, and represents the southernmost part of the
Flysch Belt. The underlying Krosno nappe system includes
the Dukla, Silesian, Skole and other smaller nappes (see
Fig. 4). The lithostratigraphic units within nappe systems
are shown in Fig. 5. The Krosno nappe system is generally
characterized by variegated claystones, the Magura nappe
system by prevailing sandstones.

The sedimentary basins were situated in the area
between the IWECA block and the European Platform.
Similarly, as the area of the Carpathian foredeep, also the
Magura Basin was connected to the west with the flysch
foreland of the Eastern Alps (Rhenodanubian Flysch)
and similarly to the north and east to the flysch nappes in
present Poland and Ukraine (in the Eastern Carpathians).
The oldest preserved EWECA sediments are represented
by the Upper Jurassic limestones, marls and carbonate
flysch. However, it can be assumed that the formation
of future Flysch Belt basins is related to the regional
extension period in the area of the W. Carpathians, which
took place in the Middle Jurassic (Plasienka, 2018). The
former sedimentary area of the EWECA was gradually
closed since the end of middle Eocene (the Bicle Karpaty
Unit) up to the early Miocene (the Krosno nappe system).
The youngest sediments are represented by the locally
preserved Miocene deposits (Karpatian).

Marginal nappe system

The outermost (most external) EWECA unit is
Pouzdiany-Zdéanice-Waschberg Nappe, not reaching the
territory of Slovakia (Fig. 4) and representing the
allochthonous body (nappe) over the Bohemian Massif
margin.

Krosno nappe system

Several tectono-lithofacial nappes (or units) north of
the Magura nappe system form the Krosno nappe system.
They are arranged from outer to inner as follows: Skole,
Sub-Silesian, Silesian and Dukla (Grybow, Fore-Magura)
nappes. Only Silesian and Dukla (Grybow) nappes reach
the territory of Slovakia (Lexa et al., 2000).

37

The Skole Nappe is situated NE in the foreland of
Sub-Silesian Nappe on Polish territory, not reaching the
territory of Slovakia. The Sub-Silesian Nappe crops out as
a thin body on the border of Skole and Silesian nappes. The
Silesian Nappe is found in a limited extent in the northern
Kysuce region (Potfaj et al., 2002, 2003), where only
the Godula succession is present. Sandstone-rich Istebna
Fm., Sub-Menilite Fm. with spherically disintegrating
Ciezkowice sandstones, Menilite Fm. and Krosno Fm. are
typical.

The Dukla Nappe reaches the NE edge of Slovakia.
Its sedimentation area was initially associated with the
Magura Basin. Younger deposits have affinity rather with
the Silesian Nappe. To the west, Dukla Nappe passes into
thin bodies of Grybow and Fore-Magura nappes, which
underlie the Magura Nappe and crop out in the Smilno
tectonic window.

The most characteristic for the Krosno nappe system
are the menilite shales or Menilite Formation, composed
of brown claystones with bodies of sandstones and black
cherts which were formed from diatoms tests during the
late Eocene to early Oligocene. Another very characteris-
tic lithostratigraphic unit is the Sub-Menilite Formation of
Eocene age, being composed of variegated (red, green and
grey) claystones and sandstones. The menilite shales are
known as the main oil-bearing horizon across the EWE-
CA.

Magura nappe system

The Magura nappe system is the largest tectonic unit of
the EWECA, and represents the main part of the EWECA
on the Slovak territory (Cieszkowski, 1992; Lexa et al.,
2000; Oszeczypko et al., 2015; Kaczmarek et al., 2016).
The Magura nappe system is divided into the partial tec-
tono-lithofacial units. In ordering from the north (external
units) to south (internal ones) these are the Siary, Raca,
Bystrica, Krynica and Biele Karpaty units. Together with
the Biele Karpaty Unit, which occurs only in the western
part of the zone and has a special status, the Magura nappe
system forms tectonically the highest part of EWECA.
Moreover, the Krynica Unit was as well backthrust south-
ward over the Klippen Belt (Oravicum) in the Orava re-
gion (Peskova et al., 2012).

The rocks of the Magura nappe system have deposited
in a few hundred kilometers wide Magura Basin having
2,000 to 4,000 meters depth. The time, when the Magura
Basin started to open, has not been reliably confirmed
yet, because the nappe is completely detached from its
substratum. There is assumed the Upper Jurassic time of its
opening (Picha et al., 2006; Hrouda et al., 2009; Golonka
et al., 2013; Oszczypko et al., 2015). Pelagic claystones
and thin-bedded “flysch” deposits (Ropianka Fm. and
Beloveza Fm.) deposited in the deep-sea environment
on the bottom formed probably by oceanic or distal
continental crust. Along with thin-bedded deposits the red
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and green (variegated) claystones, mudstones or marls
have deposited especially during the Upper Cretaceous and
lower Eocene (Cebula Fm., Ondrasovec Mb. and Lower
Beloveza Mb.). Sandy fans and lobes penetrated into the
basin and partly also on the slopes of the basin. Clastic
turbidity sedimentation dominated since Maastrichtian.
Each fan deposited hundreds of meters of sandstones (less
conglomerates).

According to petrographic and sedimentological
properties, we can distinguish several major types of
sandstones in the Magura nappe system: Solan (Mutne),
Szczawina, quartz-carbonate, Riecky, Skawce, glauconitic
and Magura type sandstones. The petrographic com-

position of the sandstones reflects the nature of the source
area (ridges/cordilleras). Its sedimentary structures are
determined by the nature of the current transport, global
temperature and sea-level changes. The Malcov Fm.
represents the fill of smaller piggy-back sub-basins. The
north-vergent thrusting by the end of Oligocene and in
early Miocene until Badenian caused the spatial reduction
and the origin of the fold and thrust setting. The boundary
of the Krosno and Magura nappe systems in the Moravia
is characterized by the occurrence of Jurassic limestones
(olistoliths, formerly known as the so-called External
Klippen Belt). Dozens of lithostratigraphic units have been
determined by the combination of mentioned lithotypes
and lithofacies (Fig. 5).

Silesian N.

Dukla

Magura Nappe

age

Baska Godula
Succ.

Nappe

St Siary Unit :

Raca Unit

Bystrica Unit : Krynica Unit : Bie'%’flaitfpaty

=
o
I3}
®
=
o

Oligocene

[Barton. [Priabon] Rupelian | Chattian

e 0 g e n e
Eocene
[ Lutetian

a
Ypresian

Istebné Cisna Fm.

Fm.

Paleocene

Camp.Maastricht| Danian [Selan{Thanet!

Cretaceous
Upper

explanations:
g red marlstones/mudstones
[ claystones / thin bedded flysch [5:2"

sandstones
Magura type sandstones

sandstones and claystones (flysch) |-~

: Boséaca Javorina
: Nappe Nappe
© (Hluk — (Viara
: succ.)  succ.)

-] glauconitic sandstones .- |Szczawina type sandstones
. ;. |Skawce type sandstones |- : -.'|Solai/Mutne type sandstones
" |quartz-carbonate sandstones

'|Riecky type sandstones

Fig. 5. Simplified lithostratigraphic scheme of the Flysch Belt in the Slovak territory (modified after Potfaj, 1993; Lexa et al., 2000;

Tet'ak et al., 2016).

38



J. Hok et al.: Outline of the geology of Slovakia (W. Carpathians)

KLIPPEN BELT SUCCESSIONS

— D
ORAVIC SUCCESSIONS
(o R
_—
=
N
w 5
== R =)
=3 SIS
I~ Z N2
= A « 8
- @
S 59 -
@2 % g 258 x
H s ©a ESZ £ S
7 2 - S = e Drietoma, Manin, Haligovce
= = »n [="
[75] 7z »n <
~ EA
S i
@

MAGURA

Tatric cover

4

VAHICUM

Fig. 6. Supposed paleogeographic position of the Oravic and Klippen Belt sensu lato successions during Jurassic period.

Klippen Belt — Oravicum

The Klippen Belt represents narrow (max. 15 km wide)
and more than 600 km long morphotectonic structure on
the boundary between the Internal and External W. Car-
pathians (Figs. 1 and 4). The Klippen Belt contains the
Oravic rock successions as well as successions derived
from the IWECA (Fig. 5).

The exceptional tectonic complexity and numerous
identified rock successions (Misik, 1997b) and formations
(e.g. Birkenmajer, 1977) of the Klippen Belt are related
to the fact that it suffered multiphase deformation: for the
first time together with the Internal Western Carpathians
and for the second time after the Paleogene with the
Flysch Belt. Structure was additionally complicated by
the strike-slip faults longitudinally segmenting its units.
The essential segmentation of sedimentary basins of the
future Klippen Belt, similarly as in the case of other W.
Carpathian tectonic units, occurred in the Jurassic.

The Oravic units were during the Jurrasic situated in
the paleogeographical position surrounding the hypotheti-
cal continental ribbon known as the Czorsztyn ridge (Fig.
6). The Czorstyn ridge was separated from the European
platform by the oceanic domain of the Northern Pennini-
cum or the Magura ocean in the north, and from the Inter-
nal Western Carpathian block by the oceanic domain of
the Southern Pennicum or the Vahicum (Plasienka, 2012;
Plasienka & Sotak, 2015). According to its different facial
character, resulting from differing paleogeographic areas,
several sedimentary successions were distinguished, incl.
the Czorsztyn and Kysuca, as well as the Niedzica/Pruské
and Czertezik successions termed as the Oravicum.

The most widespread are the Czorsztyn and Kysuca
(also Kysuca-Pieniny) successions. They are tectonically
amputated and displaced from their former substratum,
therefore their sedimentary sequence starts with Lower
Jurassic rocks.
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The Czorsztyn succession is characterized by
generally shallow water sediments. The most typical
member is represented by the Czorstyn Limestones
(Middle to Late Jurassic) — the red nodular limestones with
abundant fossils, especially ammonites. Another typical
member is a sandy-crinoidal limestone (Middle Jurassic).
The Czorsztyn sequence occurs in the outer — northern
margin of the Oravicum/Klippen Belt and represents most
externally located sequence among the Klippen Belt units.

The Kysuca succession is typical by Jurassic
deep-water sediments — the Allgdu Formation, green and
red radiolarites and Pieniny Limestone.

The Czorsztyn and Kysuca successions are typical with
variegated (red, green and grey) marlstones (or calcareous
claystones) and marly limestones mostly of the Late Creta-
ceous age. They are known under various local names (e.g.
Puchov Marls) and often collectively they are referred as
the “Couches Rouges”.

The Klape Unit is present in the Povazie (Middle Vah
Valley) and Orava regions in the frame of Klippen Belt.
The most typical is the flysch formation predominantly of
the Late Cretaceous age, containing several characteristic
members with exotic material (Orlové Sandstone, Sphe-
rosiderite Beds, Upohlav Conglomerates). The Klape
sequence is folded together with Klippen Belt main
sequences (Czorstyn and Kysuca) and in the majority of
occurrences the strata are in an overturned position.

The Manin Unit, known only in the Middle Vah
Valley (name is derived from the Maninska tiesnava
Gorge), is most internal sequence of the Klippen Belt. The
paleogeographic position of the former sedimentary basin
is problematic and placed on the northern margin of the
Tatricum, as well as on the northern margin of the Fatricum
(i.e. southern edge of Tatricum). The most characteristic
part of this Early Jurassic to Middle Cretaceous sequence is
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the Urgonian Limestone (Manin Fm.) — the organodetritic
limestone with abundant macrofossils (algae, corals,
rudists). With the Manin Unit in the eastern part of the
Klippen Belt the Haligovee Unit is correlated (Misik,
1997b).

The Drietoma Unit is a structural element derived
from the Fatric nappe system incorporated into the western
segment of the Klippen Belt. Typical lithostratigraphic
members of the Upper Triassic (Norian) — Lower Cretace-
ous (Berriasian) Drietoma Unit are the Carpathian Keuper
and Allgéu Fm.

The Internal Western Carpathians (IWECA
encompass following tectonic units, individualized in the
Cretaceous: Vahicum, Tatricum, Fatricum, Hronicum,
Veporicum, Gemericum, Borka Nappe, Meliaticum,
Turnaicum and Silicicum. These units are present in the
Core mountains Belt, Vepor Belt as well as the Gemer
Belt (Figs. 1 and 3). In the subhorizontal division of W.
Carpathians into the separate Alpine groups of nappes,
the Vahicum and Tatricum represent the Lower Group of
Nappes, the Fatricum, Hronicum and Veporicum represent
the Middle Group of Nappes and the Gemericum, Borka
Nappe, Meliaticum, Turnaicum and Silicicum represent
the Upper Group of Nappes (Fig. 1).

The Lower Group of Nappes

The rock complexes of the Lower Group of Nappes
(Vahicum and Tatricum), crop out mainly in the Core
mountains Belt (Figs. 2 and 7).

Vahicum

The Vahicum is a hypothetical tectonic unit paleogeo-
graphicaly situated in the frontal part of the IWECA (Fig.
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6) and considered as an equivalent of the Alpine Pennini-
cum (Mabhel, 1981). Supposed oceanic crust of the Vahi-
cum is unknown from the surface presence. Some authors
parallelize Vahicum with occurrences of Upper Cretaceous
Horné Belice Group (Belice Unit) in the Povazsky Inovec
Mts. (Plasienka et al., 1994). Substantial part of the Horné
Belice Group is represented by the Late Cretaceous (Turo-
nian—Maastrichtian) turbidites (“flysch”), with occurrences
of olistoliths of crystalline basement, and Early Triassic
to Upper Cretaceous sediments (Rakus in Ivanicka et al.,
2011; Pelech et al., 2016). Similar formations also occur
in the borehole SBM-1 Soblahov east of Tren¢in (Mahel,
1985), as well as above Tatric sedimentary cover east of
Piestany (Pelech et al., 2017). The sediments of the Horné
Belice Group in the Povazsky Inovec Mts. are therefore of
unclear tectonic affiliation and probably represent a rem-
nant of larger sedimentary wedge-top basin adjacent to the
IWECA area (Pelech et al., 2016).

Tatricum

Tectonic unit of Tatricum contains Hercynian crystal-
line basement rocks (granitoids, gneisses and mica schists),
covered by the Late Paleozoic (rarely Carboniferous, more
often Permian) and Mesozoic rocks, deposited directly on
the basement.

The crystalline basement rocks of the Tatricum
were formed by the Hercynian magmatic and
tectono-metamorphic processes. Concerning the Hercynian
structure, it is not possible to distinguish between the
Tatricum and Veporicum crystalline basements, forming
during Hercynian orogeny the uniform stabilized unit, later
overlapped by cover sequences. The Hercynian tectonics
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Fig. 7. Position of rock complexes of tectonic units of Vahicum and Tatricum of the Lower Group of Nappes (based on Hok et al.,

2014).
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had the opposite polarity (south-vergent) than the Alpine
one — so being thrust generally from the north to south,
the high grade metamorphic rocks were structurally the
highest and their relics are today found in the northernmost
(most external) part of this unit and vice versa — the low
grade metamorphic rocks are the lowest and their relics are
preserved in the south (Bezak, 1994). The Alpine north-
vergent nappes overprinted the pre-existing structure,
making the reconstruction of the original position of the
Hercynian tectonic units rather complicated (Hrouda et
al., 2002). Based on the present state of knowledge, it is
possible to reconstruct the Hercynian structure into the
following three units (Bezak, 1994):

Upper Lithotectonic Unit (ULU) — composed of
high-grade metamorphic rocks (gneisses, migmatites,
granitoids and amphibolites) it is present predominantly in
the Core mountains;

Middle Lithotectonic Unit (MLU) — forms the sub-
stantial part of the Veporicum crystalline basement and
consists of gneisses, mica schists and relicts of low-grade
metamorphic rocks;

Lower Lithotectonic Unit (LLU) — is present in
southernmost zones of the Veporicum and consists of low
grade metamorphic crystalline schists.

Lithological composition of the aforementioned units
is even more complicated in detail. Lower-grade metamor-
phic sequences occur within each lithotectonic unit and
paragneisses are intruded by granitoid rocks of different
ages (Bezak et al., 2004). The Upper Lithotectonic Unit
is overlain by a separate complex with characteristic low-
grade metamorphic rocks known as the Upper Epizonal
Complex (e.g. the Pernek Group in the Malé Karpaty
Mts.).

Upper Lithotectonic Unit

Protolith of the ULU metamorphites was represented
mainly by greywackes with smaller proportion of sand-
stones and basic volcanic rocks. These complexes were
partly intruded by granitoids, later transformed to or-
thogneisses.

The reconstruction of the tectonic relationships in-
dicates that these complexes in the highest position are
usually overlying the medium-grade metamorphic rocks.
It is best seen in the Zapadné Tatry Mts. (Janak, 1994) and
in the eastern Nizke Tatry Mts. The ULU occurs mainly
in the Core mountains Belt (Tatry, Nizke Tatry, Branisko
a Cierna hora, Mala Fatra, Strazovské vrchy and Povazsky
Inovec Mts.).

The ULU contains also probably Early Paleozoic
low-grade metamorphic complexes (greenschist facies;
so-called upper epizonal complexes) occurring in isolated
occurrences within the higher metamorphic crystalline
basement rocks of the Tatricum and Veporicum, having
local names according their regional distribution. Locally
they overlie the older granites (Klinisko Phyllites on the
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northern slopes of the Dumbierske Tatry Mts), or they are
affected by the contact metamorphism of nearby granitoids
(i.e. being metamorphosed by the heat rising from the
granite magma, e.g. Harmonia Series or Pezinok Group
in the Malé Karpaty Mts). Other occurrences encompass
the metasediments in the Bukovecka dolina Valley on
the southern slopes of the Dumbierske Tatry Mts. and
occurrences in the Veporicum crystalline basement —
the Janov grun Complex, Prednd hol'a Complex and the
Kraklova Fm.

Middle Lithotectonic Unit

The Middle Lithotectonic Unit is known mainly from
the Veporicum (Puti§ et al., 1997), however occurs also
in several Core mountains as the Malé Karpaty Mts., Po-
vazsky Inovec Mts. and Tribe¢ Mts. MLU is built of mica
schist to gneiss complexes with amphibolites, locally or-
thogneisses and minor metaquartzites, graphitic gneisses
and metamorphosed sedimentary Fe-ores. Several com-
plexes of the MLU are described from the Northern Vepo-
ricum (Hron, Cierny Balog and Kral'ova hola complexes).

Lower Lithotectonic Unit

The low-grade metamorphic complexes with variegated
lithology, assigned to the LLU, occur in the Southern
Veporicum (e.g. Ostra, Klenovec and Sinec complexes), as
well as within the Pezinok-Pernek Series (Pernek Group)
in the Malé Karpaty Mts.

The vast majority of the Tatricum granitoid rocks
are Carboniferous in age. The youngest granitoid rocks
are known in the area of Rochovce (Rochovce granite).
They are however known only in the sub-surface position,
originally due to their contact metamorphism of the
surrounding rocks. The 80 Ma age of intrusion was based
on radiometric dating (Hrasko et al., 1999).

Tatricum sedimentary cover sequences

The crystalline basement was deeply eroded after
the end of the Hercynian tectogenesis and the evolving
depressions were gradually filled with the Late Paleozoic
continental sediments. Carboniferous sediments are known
only in the northern Povazsky Inovec Mts. (Novianska
dolina Fm.). The Permian sediments occur in a limited
extent in the Mal¢ Karpaty Mts. (Devin Fm.), Povazsky
Inovec Mts. (Kalnica Group), Tribe¢ Mts. (Skycov Fm.
and Slopna Fm.), Mala Fatra Mts. (Stranansky potok Fm.),
Tatry Mts. (Med’'odoly Fm.) and Dumbier part of the Nizke
Tatry Mts. (Vézna Fm.). They consist of greywackes,
arkoses, sandstones and shales of generally variegated
colours (red, purple, green). The composition of the
sediments and their weak sorting reflects the proximity
of the source area (consisting of granites and crystalline
schists clasts) and generally short transport (Vozarova &
Vozar, 1988).

The Mesozoic sedimentary sequence starts in the
Early Triassic and continues with several gaps up to the
Late Cretaceous (Cenomanian) with exception of the
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Povazsky Inovec Mts. (Campanian), Tatry and Vel'ka Fatra
Mts., where the sedimentary record ends in the middle
Turonian (Pelech et al., 2017 and references herein). The
Lower Triassic rocks in the whole Tatricum region are
characterized by the quartzites and shales (Ltzna Fm.),
which are discordantly overlying the Permian rocks or
more often directly the crystalline basement. The quarzites
represent the continental sedimentation, being in the Middle
Triassic replaced by the marine carbonate sedimentation
(Gutenstein Limestone and Ramsau Dolomite). During
the Late Triassic the sedimentation continued in shallower
lagoonar and continental (terrestrial) conditions.
Succession of versicolour sediments (red, violet, yellow
sandstones, shales and dolomites) is referred to as the

Carpathian Keuper. The latest Triassic (Rhaetian) in the
Tatricum region is characterized by a discontinuity in
sedimentation. The continental sediments of the Late
Triassic are preserved in the Tichd dolina Valley in the
Tatry Mts. (Tomanova Fm.), where the footprints of
dinosaur were found (see Niedzwiedzki, 2011). Non-
deposition and often a significant erosion occurred in the
Early Jurassic due to major paleogeographyc changes
in the Tethyan region (Plasienka, 2018). In the Middle
Jurassic the sedimentation in the Tatricum was divided
into two contrasting facies — the deep-water type facies
(Fatra type or synonymously Siprafi type), containing a
Middle Jurassic radiolarites, radiolarian limestones and
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Middle Group of nappes

g Hronicun - Fatricum - Veporicunm cover- Veporicum basement

Fig. 9. Position of the tectonic units of Middle Group of Nappes (based on Hok et al., 2014). Dark-red colour indicates position of
Veporicum, depicted in Fig. 10 below.
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Fig. 10. Tectonic scheme of essential portion of the Veporicum, present in the Veporské vrchy Mts., Stolické vrchy Mts. and Revicka
vrchovina Mts. (modified after Hok et al., 2001).
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spotted marly limestones and shales (“Fleckenmergel” —
Allgédu Fm.), and the shallow water facies (Tatra type),
characterized by the crinoid and sandy limestones (Hierlatz
Limestone).

The Fatra type of the sedimentary cover sequences
occurs in the Velka Fatra Mts., Mala Fatra Mts., Povazsky
Inovec Mts. and Strazovské vrchy Mts. The Tatra type
occurs in the Tatry, Nizke Tatry Mts. and Tribe¢ Mts.
Beside the aforementioned basic facial types a number
of specific successions occurs in the particular Core
mountains. Typical example represent the cover sequences
in the Malé Karpaty Mts., among which the Borinka
succession exhibits a contrasting difference from all other
sedimentary cover sequences (Plasienka, 2012).

The Tatricum was considered structurally as the
lowermost tectonic unit in the frame of Alpine setting
of Internal Western Carpathians, which is overridden by
other tectonic units, forming large-scale nappe structures.
The internal structure of the Tatricum itself is however
considerably complicated with a wide range of partial
thrusts, duplexes in the sedimentary cover sequences,
as well as crystalline basement, e.g. fold of Giewont
and Cervené vrchy in the Tatry Mits., fold of Tlstd in
the Nizke Tatry Mts., Zibrica duplex in the Tribe¢ Mts.
The allochthonity (nappe position) of the granitoid rocks
forming the Bratislava and Modra bodies was documented
in the Malé Karpaty Mts. The granitoid bodies are thrust
over the Borinka cover succession. The Borinka sequence
is due to its facial difference and the allochthonous position
of granitoids considered to be even lower tectonic element
than Tatricum (i.e. Infratatricum; PlaSienka et al., 1997).

Middle Group of Nappes

The Middle Group of Nappes is represented by Ve-
poricum (crystalline basement and sedimentary cover
sequences), which occurs in the Vepor Belt (Fig. 9) and
thin-skinned nappes of Fatricum and Hronicum that over-
lie tectonic units of Tatricum and Veporicum in the Core
mountains Belt and the Vepor Belt (Fig. 1).

Veporicum

Veporicum covers significant part of Central Slovakia
(Figs. 1, 9 and 10). The Vepor Belt is divided from the
Core mountains Belt (Tatricum) by the Certovica
thrust and from the Gemer Belt (Gemericum) by the
Margecany-Lubenik thrust. The Gemer Belt is thrust
over the Vepor Belt. The largest part of the Vepor Belt is
built by the Veporicum. Other tectonic units involved in
the geological structure of the Vepor Belt are represented
by the Silicicum and Hronicum. As in the case of the
Tatricum, the Veporicum is composed of a crystalline
basement and sedimentary cover sequences of the late
Paleozoic to Mesozoic age.

Veporicum crystalline basement

The crystalline basement of Veporicum is
predominantly composed of specific types of granitic
rocks (e.g. Vepor type, Sihla type, Hroncok granite,
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Ciertaz granite, etc.) and various grade metamorphic
rocks (migmatites, gneisses, mica schists and phyllites),
which similarly as granites, are designated by local names
(Muran orthogneiss, Klenovec gneiss, Brezina mica
schist, etc.). The Veporicum crystalline basement contains
relatively well-preserved relics of Hercynian structure. The
prevailing part of the crystalline basement is composed of
the Middle lithotectonic unit and, contrary to the Tatricum,
also the Lower lithotectonic unit with the lower grade
metamorphic rocks is present. The geological and tectonic
structure of the crystalline basement is very complicated.
It is mainly due to the considerable share of Hercynian
tectonics and its subsequent significant Alpine overprint.
This fact has led in the past to various interpretations of the
geological setting, reflecting different levels of knowledge
and geological information about the region. Differing
interpretations are still widely used today.

Vertical division of the Veporicum was based upon the
differing proportion of the individual types of the crys-
talline rocks and sedimentary cover sequences (Zoubek,
1957). According to this principle the Veporicum was
divided (from the south to the north) to the Kohut Zone,
Kralova hol'a Zone, Kraklova Zone and Lubictova Zone
(Fig. 10). The individual zones were thrust above each oth-
er or separated by the subvertical faults (e.g. Muran-Divin
Fault, Pohorela Line). Later on (Klinec, 1966, 1971), re-
vealing the Alpine nappe position of the crystalline com-
plexes, a horizontal division into the Kralova hol'a and
Hron complexes became predominant. The Kralova hol’a
Complex, composed predominantly of granitic rocks and
high-grade metamorphic rocks (migmatites, gneisses and
amphibolites) is lying in the nappe position above the
Hron Complex, consisting of lower grade metamorphic
rocks (mica schists, phyllites).

Veporicum sedimentary cover sequences

It is possible to divide the sedimentary sequences of
Veporicum into two distinct successions: the Southern
Veporicum sedimentary cover unit (Federata Unit) and
the Northern Veporicum sedimentary cover unit (Velky
bok Unit). The Federata Unit is present in the Kohut and
Kral'ova hol’a zones. It covers the southeastern margin of
the Veporicum and dips under the Gemericum along the
Lubenik thrust and at the same time it forms the substratum
of the Muran Nappe (Silicicum) in the Muranska planina
Plateau. The contact zone with corresponding kinematics
(thrusting and subsequent unroofing) was proved also in the
eastern margin of the Gemer Belt — along the Margecany
part of the Lubenik-Margecany thrust zone, forming the
mutual contact of the Spi§-Gemer Ore Mts. and Cierna
hora Mts. (cf. Németh et al., 2012). The Vel’ky bok Unit is
present mainly in the Kral'ovohol'ské Tatry (eastern part of
the Nizke Tatry Mts.).

The Federata Unit represents complicated system of
thrust slices affected by the low-grade metamorphic over-
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print. The Mesozoic sedimentary sequence ranges from
the Lower to Upper Triassic. However, also the Upper
Carboniferous and Permian rocks (Revuca Group) are its
integral part, often representing tectonically independent
thrust slice. The dolomites of the Late Triassic age (No-
rian) represent the youngest lithostratigraphic member,
substituting the rocks of Carpathian Keuper, which rep-
resents the most significant difference with regard to the
sedimentary sequence of the Northern Veporicum.

The Vel’ky bok Unit is characterized by close linkage
to the crystalline basement, lithostratigraphic and tectonic
affinity to the Fatricum and sedimentary sequence ranging
from Permian to the earliest Lower Cretaceous (Albian).
Tectonic position of the Vel'ky bok Unit, confined to the
Fatricum, similarly as paleogeographic location relates to
southern margin of former sedimentary basin of Fatricum.

During Alpine tectogenesis it was displaced, together with
the underlying Veporic crystalline basement above the
Tatricum. Its autochthonous position above the north-
ern zones of Veporicum (as the sedimentary cover) was
preserved. The Velky bok Unit is exposed in the zone of
direct contact of Tatricum and Veporicum (so-called root
zones of the Krizna Nappe), for example in the Nizke Ta-
try Mts. (the Vel’ky bok sequence), Branisko Mts., Cierna
hora Mts. and Tribe¢ Mts. (Vel'ké Pole sequence).

Fatricum

The Fatricum (other names: Krizna Nappe, Krizna
sequence/series) is an (allochthonous) nappe unit present
in the Core mountains Belt above the Tatricum and below
the Hronicum nappe. The Fatricum, unlike other thin-
skinned nappes, is well identifiable from its root zones to
its foreland. The westernmost surface occurrences of the
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Fig. 11. Simplified lithostratigraphic column of the Fatricum (modified after Biely et al., 1996a).
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Fatricum are known from the northern part of the Malé
Karpaty Mts., the easternmost ones are known from the
Humenské vrchy Mts. Hinterland (internal or southern)
zones of the nappe are exposed in the Kralovohol'ské
Tatry (eastern part of the Nizke Tatry Mts.), Starohorské
vrchy and Tribe¢ Mts. In this context, often an obsolete
term “Sub-Tatric” nappes for the Krizna and Cho¢ Nap-
pes is also still in use (e.g. Jurewicz, 2005; Wolska et al.,
2016).

The former sedimentary basin of Fatricum was situated
south (internally) of the Tatricum approximately in the
area of present tectonically compressed boundary between
the Veporicum and Tatricum. Recently, e.g. the Velky bok
Unit is situated in this area.

The rock complexes of Fatricum are composed almost
exclusively of sedimentary rocks because the crystalline
basement was separated during the nappe emplacement,
except the Vel'ky bok Unit in the Nizke Tatry Mts., Vel'ké
Pole Unit in the Tribe¢ Mts. and tectonic slices of the Fa-
tricum in the Starohorské vrchy Mts.

Stratigraphic range of Fatricum is from the
Lower Triassic to earliest Upper Cretaceous (Albian—
Cenomanian). The older Permian rocks are known only
from few locations close to the root zone of the nappe.
Lithostratigraphy of the Fatricum is entirely similar to
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that of the Tatricum cover (Figs. 8 and 11). Therefore,
characteristic phenomenon with repeating sedimentary
successions arises in the Core mountains Belt. The
Fatricum is however characterized by the presence of
thicker sequences of the Jurassic and Cretaceous age,
which are not so well developed in the Tatricum and
Hronicum. Another typical sign represents the locally
up to 500 m thick formation of Albian—Cenomanian
flysch known as the Poruba Formation, which forms the
uppermost and at the same time the youngest member of
the Fatricum sedimentary sequence. It is usually overlied
by the Hronicum.

The Fatricum is usually tectonically divided into two
units, distinguished mainly by the lithofacial character of
the Jurassic part of the sedimentary sequence.

The Zliechov Unit, sometimes referred to as the Kriz-
na Unit s.s. represents deep-water sequence. It is charac-
terized by the presence of the Jurassic spotted limestones
and marlstones (Allgiu Formation) and radiolarites (Zdiar
Fm.). It represents the spatially dominant part of the Fatri-
cum, usually located above the Vysoka Unit.

The Vysoka Unit and its equivalents (Beckov, Bela,
Duré¢ina and IPanovo units) represent shallow-water se-
quence characterized by the presence of Jurassic crinoi-
dal and sandy-crinoidal limestones (Hierlatz Formation).

Boca Nappe

SE

platform of the Hauptdolomite

Wetterstein dolomite

carbonate platform of the Povazie Nappe

Wetterstein Limestone

Dolomite
Guttenstein Formation

carbonate platform
of the Cierny Vih
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Fig. 12. Schematic cross-section showing position of the Triassic sediments arranged in partial nappes system across the sedimentary

basin of the Hronicum (according to Havrila, 2011, simplified).
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nplified lithostra-

Fatricum shallow-water units are spatially less significant
than in the Zliechov Unit and are usually located in its
footwall.

Hronicum

The Hronicum (syn. Cho¢ nappe, formerly Upper
Sub-Tatric nappe) represents structurally the highest nappe
in the Middle Group of Nappes located above the Fatri-
cum and Veporicum. Occurrences of the Hronicum are
limited to the Core mountains and Vepor belts. It crops out
in the Mal¢ Karpaty Mts., Povazsky Inovec Mts., Tribec¢
Mts., Strazovské vrchy Mts., Ziar Mts., Mala Fatra Mts.,
Chocské vrchy Mts., Vel'ké Fatra Mts., Vysoké Tatry Mts.,
Nizke Tatry Mits., Branisko Mts. and Cierna hora Mts.
Presence of the Hronicum was proven in deep boreholes
of the northeastern part of the Slovak sector of the Vienna
Basin under the sediments of the Neogene age. In several
areas of the internal Western Carpathians, the Hronicum is
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tectonically imbricated into the system of partial nappes
(Fig. 12).

Hronicum rock complexes stratigraphically range from
Late Carboniferous to Early Cretaceous. Jurassic and Cre-
taceous sediments are, however, eroded and occur only
in the Brezovské Karpaty and Cachtické Karpaty Mts.,
Strazovské vrchy Mts. and on the northern slopes of the
Nizke Tatry Mts.

Characteristic feature of the Hronicum is the presence
of Late Carboniferous and Permian volcano-sedimenta-
ry formations included in the Ipoltica Group, formerly
known also as the Melaphyre Series (Vozarova & Vozar,
1979). It forms basal part of the nappe that is present pre-
dominantly across the more internal (southern) zones of
the Hronicum occurrence. In the north, the Hronicum se-
quence usually starts with the Triassic carbonates.

Another characteristic feature is the alteration of
shallow water and deep water lithofacies during the Middle
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Triassic (Fig. 12). The shallow water, reefal and lagoonal
facies are represented by Wetterstein limestones and
dolomites, which build Mojtin-Harmanec and Cierny Vah
carbonate platforms. The deep-water facies are represented
by Zamostie, Reifling and Schreyeralm limestones,
forming Dobra Voda and Biely Vah intra-platform basins.
The Upper Triassic of Hronicum is characterized by
levelling of basins and carbonate platforms and deposition
of the Lunz Formation (Fig. 13), which thickness is much
greater above the regions with basinal facies (Dobra Voda
and Biely Vah) than above the former platform areas. The
Lunz Beds are overlain by thick Main Dolomite (Norian)
— another characteristic and widespread lithostratigraphic
member of the Hronicum.

Structuralization of the Hronicum occurred during the
early Cretaceous and continued during the late Cretaceous
and Paleocene, as it is confirmed by the boreholes in the
Vienna Basin (boreholes of the Laksarska Nova Ves se-
ries). The Triassic lithostratigraphy of the Hronic nappes
system is in most of members similar to the Tirolic and
Bajuvaric nappe system in the Northern Calcareous Alps
(Janoschek & Matura, 1980; Piller et al., 2004).

Upper Group of Nappes

The Upper Group of Nappes is represented by the tec-
tonic units of Gemericum (low grade metamorphic rocks
and cover sequences), Meliaticum and Turnaicum nappes,
that are occurring in the Gemer Belt and Silicicum nappe
which is found in Vepor and Gemer belts (Figs. 1 and 14).
The tectonic units of the Upper Group of Nappes occur in
regions of Volovské vrchy Mts., Slovensky kras Plateau,
Spissko-gemersky kras Plateau (Muranska planina Plateau
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and Slovensky raj Mts.) and eastern part of the Revucka
vrchovina Mts. The Upper Group of Nappes is tectonically
superimposed above the Middle Group of Nappes, in par-
ticularly over the Veporicum unit. It represents the highest
structural element of the Alpine structure of the Internal
Western Carpathians, being structuralized already during
the Jurassic—Early Cretaceous transition (Fig. 2).

Gemericum

The Gemericum forms an extensive anticlinorium
(Fig. 1) of the Volovské vrchy Mts. It differs from the rest
of the W. Carpathian main tectonic units due to its rock
composition, age and metamorphism (Grecula, 1982;
Vozarova & Vozar, 1988; Vozarova, 1993). In contrast
to the Tatricum and Veporicum the Gemeric Hercynian
(Variscan) basement is on the surface composed by the
low-grade metamorphic rocks mostly of Early Paleozoic
age, with locally present Permian granitic rocks (Radvanec
et al., 2009), volumetrically representing an important
part of the tectonic unit according to the geophysical
investigation (Sefara et al., 2017). Granitic rocks were
during Alpine tectogenesis thrust northward as rigid blocks
together with their surrounding lithology. The granites
reach surface in Betliar, Hnilec, Popro¢ and Zlata Idka
localities. The Gemeric basement consists of three principal
groups differing in lithology and metamorphic grade. The
amphibolite facies metamorphic conditions are reported
from the Klatov Group (Faryad, 1990), representing
Variscan dismembered metaophiolite suite (Radvanec et
al., 2017) and recently occurring in tectonic slices and
fragments along the eastern and northern boundary of the
low-grade Early Paleozoic complexes of Gemericum. The
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Rakovec Group (formerly also “Phyllite-diabase Series”)
is in contrast composed of mafic rocks and their derivatives,
mostly metabasalts, tuffs and tuffites, present mainly in the
northern Gemericum (Fig. 15). Other sedimentary rocks are
less common (Ivan, 1994). The age of the Rakovec Group is
probably Devonian to Early Carboniferous, as the overlying
Late Carboniferous sediments contain clasts of Rakovec
Group rocks. Basalts are related to sub-marine volcanism
and the occurrence of pillow-lavas was interpreted by
Hovorka et al. (1988). According to other interpretation
(Radvanec & Németh, 2018) some of them represent
exhumed metagabbros, present along the axis of Variscan
suture zone, which is evidenced also by structural and
petrological findings, as well as occurrences of exhumed
blocks of Variscan ultra-high pressure metamorphic
rocks. The suture character of Rakovec Group is a pro-
duct of collisional closure of the basin in Westphalian
(Pennsylvanian: Kasimovian; Late Carboniferous; Németh,
2002; Radvanec & Németh, 2018). The Gelnica Group
builds a substantial part of the Gemericum (Fig. 15)
and morphologically occupies vast part of the Volovské
vrchy Mts. The lower part of this unit consists of a thick
turbiditic sequence of Ordovician-Early Devonian age

with interbeds of bimodal volcanic rocks, gradually
passing into volcanosedimentary sequence accompanied
by products of massive rhyolite-dacite volcanism of
the Late Devonian age (Grecula, 1982; Ivanicka et al.,
1989; Grecula & Kobulsky, eds., 2011). On the basis of
lithofacial and lithostratigraphic analysis, three formations
were defined within the Gelnica Group from the bottom
upwards: the Vlachovo Fm., Bystry potok Fm., and Drnava
Fm. (Ivanicka et al., 1989). According to lithostratigraphy
by Grecula (1982 and following works), reflecting the
revealed Early Paleozoic riftogenesis within the pre-
-Hercynian (pre-Variscan) continental crust, the Betliar
Fm., Smolnik Fm. and Hnilec Fm. were distinguished.

More recent concept divides the Gemericum according
to character of the sedimentary cover sequences into
Northern Gemericum and Southern Gemericum (Vozarova
& Vozar, 1988).

The Northern Gemericum is composed of Rakovec
and Klatov groups. Their sedimentary cover is composed
of numerous formations with their specific evolution,
position and age. The Early Carboniferous sequences are
represented by the Ochtina Group of Gemericum with
Crmel Formation in its eastern side (Vozarova, 1996).

@ Spisska Novd Ves
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Fig. 15. Simplified tectonic scheme of the Gemericum and surroundings (modified after Hok et al., 2001).
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They both represent volcano-sedimentary units with
important deposits of magnesite (so called “Magnesite-
bearing Carboniferous”). The cover Permian rocks of the
Krompachy Group are typical by the presence of coarse-
grained conglomerate material, sandstones and variegated
shales (Knola and Petrova hora fms.). Conglomerate
composition suggests that the source area was in the former
Gemericum. The late Permian—early Triassic overlying
sequences were deposited in lagoonal environment —
evaporites and shales of the Novoveska Huta Fm. The
Southern Gemericum is composed of Gelnica Group
rocks and Stos Fm. The Stés Formation (Fig. 15) is
mostly represented by the metamorphosed sandstones,
phyllites (formerly probably shales), rarely also bodies of
metabasalts. The pre-Permian age of the Stos Fm. is proved
by geological data and the occurrences of the Stos Fm.
rock fragments in Early Permian conglomerates (Vozarova
et al., 2014). The cover of the Southern Gemericum is
represented by the Gocaltovo Group.

Besides two generations of thrust systems (Variscan
and Alpine), double unroofings (Permian and Late Cre-
tacesous; Németh et al., 2016), the spectacular tectonic
structure, overprinting the pre-Mesozoic metamorphic
fabric of the Gelnica Group as well as in its NE margin
also Rakovec Group, is the Gemericum Cleavage Fan.
The cleavage forms an asymmetric positive fan structure
developed transversally across the entire length of the
Gemeric unit (Lexa et al., 2003). As recent investigations
manifest, this cleavage fan trending NE-SW is a product
of sinistral transpressional shearing (Transgemeric shear
zone), and representing a conjugate system to dextral shear
zones trending NW-SE (Grecula et al., 1990; Németh et
al., 2012, Fig. 3 ibid).

Boérka Nappe

The Borka Nappe was formerly considered as a part of
Meliaticum. At present it is distinguished as a separate tec-
tonic unit (however, not without doubts). It includes rock
sequences of Permian to Jurassic age characterized main-
ly by the subduction-type higher metamorphic overprint
(HP-LT) in comparison to other surrounding tectonic units.
The Borka Nappe rock complexes are typical with the crys-
talline limestones (marbles) with volcanogenic admixture
(Dubrava Fm.) with evidences of blueschists facies meta-
morphism (Mello et al., 1998).

Meliaticum

The Meliaticum is a tectonic unit (mélange) of nappe
character, known also from the territory of Austria (Kozur &
Mostler, 1992). It occurs in relics emerging from below the
Turnaicum and Silicicum nappes in the present-day surface
(Fig. 15). Occurrences of Meliaticum are represented by the
tectonic mélange of the Triassic carbonates, radiolarites and
volcanic rocks, found within the grey shales and radiolarite
beds of Jurassic age (Mock et al., 1998). Oceanic domain
of former Meliaticum was closed during late Jurassic
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and early Cretaceous. Subduction of the oceanic crust
and gradual closure of the sedimentary basin resulted in
the north-vergent tectonic transport of rock complexes,
originally deposited at the southern margin of this oceanic
realm. According to present knowledge, north-vergently
displaced rock complexes were later transformed into the
Turnaicum and Silicicum nappes. Simultanously, the rock
sequences of the future Borka Nappe, probably located
between the Gemericum and Meliaticum, were pulled
into the subduction zone. The detachment of Meliaticum,
Turnaicum and Silicicum started the shortening of Internal
Western Carpathians while preserving the polarity of
the tectonic transport from the south (from the inside) to
the north during the Early Cretaceous (the Upper Group
of Nappes) to the Late Cretaceous (the Lower Group of
Nappes).

Turnaicum

The Turnaicum is tectonic unit of nappe character
exposed from below the Silicicum (Lacny et al., 2016). It
occurs in the southern part of the Gemer Belt, mainly in the
Slovensky kras Mts. The Late Carboniferous-Late Triassic
sedimentary sequence of Turnaicum is characterized by
metamorphic overprint and deep-water Triassic carbonate
facies, distinguishing it from the Silicicum. The most
characteristic member are the Upper Triassic (Carnian—
Norian) grey nodular limestones (Pdtschen Limestone)
and grey shales with intercalations of volcanic rocks and
sandstones of Middle Triassic age (Dvorniky Formation).

Silicicum

The Silicicum is structurally the highest tectonic unit
of the Alpine nappe structure of the Internal Western
Carpathians (Mello, 1979). It is exposed as relatively flat-
lying nappe body in the Slovensky kras Mts., Slovensky
raj Mts., Galmus and Muranska planina Mts. Similarly, as
the Hronicum unit, also Silicicum was formerly divided
into several partial nappes (the Silica, Muran and Besnik
nappes). Now they are considered as erosional relics of
one larger nappe — Silicicum (often called as the Silica
Nappe sensu lato). Sedimentary sequence of Silicicum
starts in uppermost Permian or lowermost Triassic and
continues up to Upper Jurassic (Callovian—Oxfordian).
The Lower Triassic has similar development as in the
Turnaicum and is represented by the sandstones and
shales (Fig. 16). Major part of the Silicicum is formed
by the Middle—Upper Triassic shallow-water carbonates
(mainly Wetterstein Limestones). The sparsely preserved
Jurassic deposits form the youngest part of sedimentary
sequence and characterize the deeper water environment.
The vergence or sense of nappe displacement of Silicicum
is still a matter of debate. Former concept presumed that
Silicicum was transported together with the Hronicum
from the present-day Margecany-Lubenik zone, whereby
the Hronicum was transported to the north and Silicicum
to the south (Misik et al., 1985). Present model prefers an
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interpretation that the tectonic transport of the Silicicum
was northward from the South Gemeric zone (Plasienka,
2018). Silicicum is overlain by the locally preserved Upper
Cretaceous (“Senonian”) Gosau type sediments. Principal
Triassic lithostratigraphic members of the Silicicum are
resembling Juvavic nappe system.

Zemplinicum

Zemplinicum represents a tectonic unit occurring in
the Zemplinske vrchy Mts. in the southeastern Slovakia
(Slavik, 1976; Fig. 1). Its tectonic assignment is not
satisfactorily resolved (Vozarova & Vozar, 1988; Grecula
& Egyiid, 1977, Plasienka et al., 1997). The Zemplinicum
is composed of high-grade Hercynian basement overlain
by continental sediments of Carboniferous with coal
seams and by Permian continental clastic red beds with
acid volcanics. Overlying formations are represented by
Lower Triassic quartzites and Middle Triassic carbonates.
Correlation of the Zemplinicum with surrounding units
is intricate, due to thick Neogene sedimentary cover as
well as the nature of the East Slovak Basin pre-Neogene
basement. Deep boreholes reaching the pre-Neogene
basement suggest the presence of metamorphosed Jurassic
to Paleogene succession (so called Inacovce-Kric¢evo
Unit). The Inac¢ovce-Kricevo Unit was correlated with the
Belice Unit of the Povazsky Inovec Mts. (i.e. Vahicum,

Tithonian
Upper | Kimmeridgian
Oxfordian / Saccocoma Lmst.
Callovian ?
o Bathonian Ruhpolding Formation
@ | Middle — - :
3 Bajocian Bohurnovo Formation
= Aalenian
- - ravy (Allgau) Formation
Toarcian IR Rt [che LT 1
Pliensbachian : ’
Lower - - Hierlatz / Andet Formation
Sinemurian
7) Hettangian pink limestone hiatus
9 Rhaetian Zlambach Fm. Dachstein
2 MR (Furmanec, Tisovec)
é’ Upper Hallstatt Limestone |Limestone 1 oomi
] /. Lunz Formation
Carnian Wetterstein Dolomite
é Nadaska Limestone
o Ladinian - Wetterstein Limestone
= Reifling Limestone >
Middle Schreyeralm Limestone>
Anisian Steinalm Limestone
Gutenstein Limestone
Lower Olenek.lan , Szm. Formatlon.
Induanian Bodvaszilas Formation
N|c -
o|c Perkupa Formation
Q| E Upper P
©|o
oo

51

Plasienka et al., 1995) and both were together considered
as equivalent of the Penninicum. Later (Plasienka &
Sotak, 2015), there was inferred that the Ina¢ovce-Kricevo
and related units continue from the subsurface of the East
Slovak Basin to the Pannonian Basin basement along the
Mid-Hungarian fault zone (Sava-Szolnok Belt) to the
Dinaridic Sava Zone (see also Schmid et al., 2008). Due
to the presence of the Inacovee-Kric¢evo Unit, the tectonic
affiliation of the Zemplinicum becomes even the more
obscure and complicated.

Post-nappe stacking formations
of the Western Carpathians

All rock formations of the Late Cretaceous (Conia-
cian—Maastrichtian) and Cenozoic age are in the Internal
Western Carpathians traditionally considered as the “post-
nappe stacking” formations. They are unconformably and
transgressively overlying the nappe structures. Later re-
search, however, points to fact that mainly in the external
parts of the Internal Western Carpathians the sediments
of Late Cretaceous and Paleogene age are folded together
with their substratum (Hok et al., 2016; Pelech et al., 2017;
Plasienka, 2018). This means that the rock complexes of
the Middle Group of Nappes in this part of the Western
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Fig. 17. Position of the Paleogene sediments in the Internal Western Carpathians (based on Hok et al., 2014).

Carpathians were displaced in the late Cretaceous—Eo-
cene period, in contrast to the Upper Group of Nappes,
where the Late Cretaceous sediments cover discordantly
and transgressively their basement, represented by the
Silicic nappes. The outer edge of the Internal Western
Carpathian block was during the early Miocene affected
by the back-thrusting (south-vergent), which is related to
the Neo-Alpine phase of mountain building (e.g. Pelech &
Olsavsky, 2018).

Upper Cretaceous (“Senonian”) sediments (Conia-
cian-Maastrichtian)

The Upper Cretaceous sediments were preserved
only sporadically on few localities (the Miglinc Valley
west of Moldava nad Bodvou; Dobsinska l'adova jaskyna
Cave; Sumiac; Myjavska pahorkatina Upland; Brezovské
Karpaty and Cachtické Karpaty Mts.). Deep drillings
confirmed the presence of Upper Cretaceous rocks also
in the area of Krupina and Rimavska Sobota (Cierna
Luka Fm., Vass et al,, 2001) in Central Slovakia and
from the pre-Neogene basement of the Vienna Basin.
Oldest (lowermost) parts of these sedimentary sequences,
correlated with Gosau Group, were deposited mostly in
freshwater environment. The higher parts are represented
by marine, often deep-water sediments.

The Upper Cretaceous rock occurrences could be
divided into two groups. The first one is covering solely
the Silicic nappes, representing the highest structural
element of the Upper Group of Nappes (Miglinc Valley;
Dobsinska 'adové jaskyhia Cave; Sumiac and Cierna Lika
Fm. occurrences). Among them, the most widespread and
lithologically most complete are the occurrences in the
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wider area of the Dobsinska 'adova jaskyna Cave, which
are represented by two lithologically different formations.
The “lower formation” of ?early Santonian to early
Campanian age contains freshwater limestones and brown-
grey to grey shales with coal interbeds. It was formed in
the freshwater to the brackish environment, with its highest
parts being formed in the marine environment. The “upper
formation” of probably Maastrichtian to Paleocene age is
represented by variegated conglomerates with interbeds of
red and green shales with planktonic foraminifers pointing
to marine environment (Mello et al., 2000; Pipik et al.,
2009; Hok & Littva, 2018).

The second group of the Upper Cretaceous rock
occurrences is located atop of Hronicum, which represents
highest structural element of the Upper Group of Nappes
(Myjavska pahorkatina Upland, Brezovské Karpaty and
Cachtické Karpaty Mts. and pre-Neogene basement of
the Vienna Basin). The most widespread occurrences
are located in the Myjavska pahorkatina Upland and
are represented by the Brezova Group (Coniacian —
Maastrichtian, Salaj et al., 1987). Lower part of the
Brezova Group is due to its lithological and facial content
similar to the Upper Cretaceous rocks of the Eastern
Alps (Wagreich & Marschalko, 1995). The basal part is
composed of conglomerates and sandstones. The upper
part, which is clearly of marine origin is composed of
“flysch-like” sediments, red marlstones and limestones.
The occurrences of the Brezova Group rocks continue
also into the basement of the Vienna Basin Neogene
sedimentary infill.
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Paleogene sediments

The Paleogene sediments (Fig. 17) are divided into
several lithostratigraphic (lithofacial) groups which are
at the same time localized in the particular areas: Central
Carpathian Paleogene Basin (or Podtatranska Group sensu
Gross et al., 1984; Gross, 2008), Myjava-Hricov Group,
Malé Karpaty Group and so-called Buda Paleogene (North
Hungarian Paleogene Basin). Paleogene sediments are de-
posited transgressively and discordantly above pre-Ceno-
zoic rocks. During the early Paleogene (Paleocene) most
of the Internal Western Carpathians territory was probably
sub-aerially exposed land. The Paleocene sediments are
mostly located only along the Pieniny Klippen Belt (My-
java-Hri¢ov Group).

Podtatranska Group

The Podtatranska Group (sensu Gross et al., 1984;
also termed as the Inner Carpathain Paleogene or fill
of Central Carpathian Paleogene Basin) represents
prevailing part of the Paleogene rocks in the Internal
Western Carpathians (Fig. 17). Sediments of Podtatranska
Group morphologically form the mountainous regions
of Skorusinské vrchy, Spisska Magura, Levocské vrchy,
Bachuref and Sari$ska vrchovina, but mainly the Tertiary
intramountain basins of Zilinsk4d kotlina, Tur&ianska
kotlina, Hornonitrianska kotlina, Podtatranskd Kkotlina,
Hornadska kotlina and Horehronské podolie. Stratigraphic
range of the Podtatranskd Group sediments is from
Eocene to Oligocene (in the Hornonitrianska kotlina
Basin up to early Miocene). The rock sequence starts with
transgressive basal breccias and conglomerates (Borové

Fm.). The transgression has progressed generally from
W to E and was diachronous in time. The basal formation
is overlain by the packet of claystones (Huty Fm.) and
typical mass transport deposits (“flysch” sandstones and
claystones, Zuberec Fm.). The sedimentary sequence
was terminated by the deposition of predominantly sandy
gravity flow deposits (Biely Potok Fm.).

Malé Karpaty Group

The Malé Karpaty Group represents the westernmost
occurrence of the Paleogene sediments within the Western
Carpathians (Fig. 17). The rock sequence represents only
a relic of a larger basin transgressively and discordantly
overlying various litostratigraphic units of the Hronicum
(Bucek in Polak et al., 2012). Age of the Mal¢ Karpaty
Group sediments — conglomerates, breccia, sandstones
and claystones — is early to middle Eocene, though the
sedimentation continued after hiatus in the early Oligocene.
Sediments differ from those in the Podtatranska Group.

Mpyjava-Hric¢ov Group

The Myjava-Hricov Group contains a lithologically
diverse “flysch”-type rock sequence, mainly sandstones,
claystones, limestones and conglomerates (Sul'ov Con-
glomerates). It is located along the inner edge of the
western part of the Pieniny Klippen Belt (Fig. 17). The
sediments are predominantly transgressively overlying its
footwall, manifesting hiatus during the early Paleocene.
However, the Paleocene sediments of the Polianka Fm.
were exceptionally deposited continuously since Late Cre-
taceous. The stratigraphic record of the Myjava-Hri¢ov
Group ends in the late Eocene (Bucek in Mello et al., 2011;
Plasienka & Sotak, 2015).

,'~—~1W‘\’\/7 |:| sediment I:l andesite - rhyolite basalt

Fig.
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18. Occurrence of Neogene sediments and volcanites (based on Hok et al., 2014).
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Buda Paleogene

The Buda Paleogene sequence (late Eocene—early
Oligocene) occurs only in southern Slovakia (mainly in
the area of the Stirovo town and the South Slovak Basin).
In the region of Stiirovo the Buda Paleogene sediments are
not exposed on the surface but were revealed by boreholes.
The Buda Paleogene sequence is not an integral part of the
W. Carpathians. Overlying the tectonic units of Hungarian
Transdanubian range, they are lithofacially closer to units
of Southern Alps. The sediments of the Buda Paleogene
are characterized by the alternation of the brackish (mixed
marine and freshwater environments) and the marine
sedimentation, and in particular the occurrence of the coal
seams (Vass, 2002).

Neogene sediments

The Neogene sedimentary basins and intermontane
depressions (in Slovak usually termed kotlina; Fig.
18), together with the Core mountains represent the
most characteristic morpho-tectonic features of the W.
Carpathians. Regarding the common origin and evolution,
the Neogene sedimentary basins cannot be separated from
Carpathian Neogene volcanic province (Konecny et al.,
2002) occurring in Central and Eastern Slovakia, and at
the same time, they must be understood in the context of
the whole Pannonian Basin System and wider Paratethys
region (Royden & Horvath, 1988; Kovac, 2000; Haas et
al., 2013).

The Neogene basins in the Slovak territory are
represented by complex and extensive Vienna, Danube,
South Slovak and East Slovak (Transcarpathian) basins.
The intramontane depressions have usually thinner and
structurally less complicated Neogene infill and are often
situated between the (Core) mountains. The northern
embayments of the Danube Basin — the Blatné, RiSnovce
and Komjatice depressions (formerly known as the
Piestany, Topol'cany and Zlaté Moravce embayments) are
included among the intermontane depressions since their
evolution is closely related to surrounding mountains. The
smaller Neogene intermontane basins include Trencin,
Ilava, Orava, Banovce, Horna Nitra, Turiec, Ziar, Zvolen
and Roznava basins. The intermontane depressions are
bounded by normal faults, delimiting them from the
surrounding areas. The sediment thickness often reaches
several kilometers and Neogene rocks unconformably
and transgressively overlie dismembered basement of
various ages and tectonic affiliation. The Neogene rocks
are characterized by great diversity and many local names
(e.g. Vass, 2002, Fig. 19).

The evolution of the Neogene basins and intermon-
tane depressions was coeval with subduction-accretion
processes in the Outer Western Carpathians. Since the
Oligocene, the subduction and collision of the Flysch
Belt with Bohemian Massif and North European platform
took place. The subduction was diachronous and proceed-
ed continually from the west (Eggenburgian) to the east
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(end of Neogene). Gradual consumption of the Flysch
Belt basement resulted in contraction of the area between
fixed and consolidated European Platform and the Internal
Western Carpathian (ALCAPA) block. The Internal West-
ern Carpathian block was due to the subduction roll-back
effect generally moving to the north and rotated counter
clockwise at the same time. The rotation was controlled
by actually active segments of subduction (Jificek, 1979;
Marton et al., 2016). The aforementioned processes in the
Internal W. Carpathian regions resulted in stress regime
that enabled strike-slips and normal faulting. The Neogene
evolution of W. Carpathian sedimentary basins can be di-
vided into several stages (Kovac et al., 2018, Fig. 19):

Pre-rift stage of Early Miocene (Eggenburgian—early
Badenian) can be characterized by transtensional regime.
Early Miocene marine sediments (e.g. Causa, Banovce,
Laks$arska Nova Ves and Raksa fms.) were deposited in
the northern part of the Danube Basin (Blatné, Banovce,
Horna Nitra and Turiec depressions), as well as in the
Vienna, East Slovak and South Slovak basins.

Syn-rift stage of the middle Miocene (Badenian—
Sarmatian) is characterized by the marine sedimentation
and regional extension that reached maximum during this
time in the whole Internal W. Carpathians. The onset of the
main rift phase is marked by regional unconformity, where
the middle Miocene sediments often overlap the pre-
Cenozoic basement. Considerable amount of sediments
has accumulated in relatively short time (nearly 3 000 m
of sediments during Badenian in the Blatné Depression).
Extension to transtension was diachronously moving to the
SE (Hok et al., 2016). Typical horst and graben structure of
the Core mountains belt was formed during this stage and
accompanied by considerable tilting of several hanging
wall blocks. Clays, marls and sandstone at the beginning of
marine environment (e.g. Spa¢ince and Béhoti fms.) were
later replaced by deltaic to brackish sedimentation (Vrable
Fm.). This stage was terminated by regional unconformity
at the end of Sarmatian.

Post-rift stage represented the thermal collapse of the
Pannonian Basin lithosphere. It was accompanied by wide
rift normal faulting, which dominated in the evolution of
the sedimentary basins during the late Miocene (Panno-
nian) to Quaternary. Main depocenters were located in
Risnovce, Komjatice and Gabc¢ikovo depressions. The
sedimentary sequences were changing from brackish to
freshwater (Ivanka Fm.), deltaic (Beladice Fm.) to alluvial
sedimentation (Volkovce Fm. and Kolarovo Fm.). Impor-
tant unconformity and hiatus occurred during the Pontian—
Dacian due to basin inversion.

Neogene—Quaternary volcanic rocks

The Neogene volcanic activity was geotectonically
tightly bound to the processes of subduction in the Ex-
ternal Western Carpathians (Kone¢ny et al., 2002). The
petrographic and geochemical character of volcanic rocks
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Fig. 19. Lithostratigraphy of the Slovak part of the Danube Basin (based on Vass, 2002, and Kovac et al., 2018).

is directly limited by the nature of the subduced plate as ~ Sarmatian) granodiorites, andesites, dacites and their
well as the upper mantle (Biely et al., 1996b). Regarding  volcaniclastic products. It represents the lowest part of
the geotectonic evolution, succession of volcanotectonic  the large Stiavnica, Javorie and Polana stratovolcanoes.
events, different petrological and volcanological types  Geodynamically, they can be parallelized to the syn-rift
and forms, it is not possible to separate Neogene and stage (maximum back-arc extension).

Quaternary volcanic activity, having following individual Intermediate calc-alkaline arc volcanism mainly of
stages (Lexa et al., 1993):

Acid calc-alkaline areal volcanism is represented
mainly by rhyolites, rhyodacites and their products of
two periods: (1) The early Miocene (Eggenburgian—
early Badenian) restricted only to marginal facies — tuffs,
recorded in the South Slovak basin and the East Slovak

basin. Geodynamically, they can be parallelized with . A i
the pre-rift stage of the Neogene extension. (2) The Alkali basalt volcanism (besides basalts also nephe-

late Miocene (Sarmatian—Panonian) volcanism can be line basanite) is found only in the central Slovak region
parallelized with processes of the post-rift stage. Volcanic ~ — Predominantly in the Cerova yrchovma Upland and rep-
products are more widespread and occur together with ~ resents the final stage of late Miocene—Quaternary volcan-

andesite volcanoes, especially in the Central Slovakia  ic activity. The youngest products (nepheline basanites)
region. with documented age of 100 000—140 000 years BP, were

Intermediate calc-alkaline areal volcanism rep-  found near Nové Bata (Putikov viSok; Simon & Maglay,
resented mainly by the middle Miocene (Badenian—  2005).

basaltic andesites, rare dacites and their products is docu-
mented in particular during the middle Miocene (Sarma-
tian). The occurrence is mainly connected to the region
of Eastern Slovakia (the volcanoes of Slanske vrchy Hills
and Vihorlatské vrchy Mts.). Petrological character of
rocks reflects the processes of active subduction.
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Summary

The territory of Slovakia is formed by the north convex-
bent arch of the Western Carpathian mountain range and the
northern margin of the Pannonian Basin. The geological/
tectonic structure of the W. Carpathians was formed by the
north-vergent Alpine orogenic processes. The deformation
advanced generally from internal (southern) to the external
(northern) parts of the present-day arc. The Internal W.
Carpathians (IWECA) were tectonically transformed to
the present structure during the Cretaceous period and the
External W. Carpathians (EWECA) during the Neogene
period. The main tectonic units are from north to south and
from bottom to top as follows: The Flysch Belt composed
of Krosno and Magura nappe systems. The border between
the EWECA and IWECA is the Klippen Belt containing
the Oravic tectonic units. IWECA is built by the Lower,
Middle and the Upper Group of Nappes. The Vahicum and
Tatricum tectonic units form the Lower Group of Nappes.
The Veporicum, Fatricum and Hronicum are present in
the Middle Group of Nappes and finally the Gemericum,
Meliaticum, Turnaicum and Silicicum represent the
Upper Group of Nappes. The Tatricum, Veporicum and
Gemericum can be considered as the thick-skinned
units involving the Paleozoic crystalline basement.
Other tectonic units represent cover nappes containing
mostly Mesozoic carbonate sediments. Rock formations
of the Late Cretaceous (Coniacian—Maastrichtian) and
Cenozoic age are in the INECA traditionally considered
as the “post-nappe stacking”, however, in the external
parts of the IWECA the sediments of late Cretaceous and
Paleogene age are tectonized together with their basement.
The most characteristic Cenozoic elements in the IWECA
include: (1) the Paleogene sediments of the Podtatranska
Group transgressively overlapping IWECA nappes and
reaching thickness of several thousand m in the central and
eastern Slovakia; (2) horst and graben system of the Core
mountains, representing the transitional zone between
the IWECA and northern part of the Miocene Danube/
Pannonian Basin; (3) Miocene to Pliocene rhyolitic,
andesitic and later basaltic volcanism (Neovolcanism)
particularly extensive in central and eastern Slovakia.
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Prehlad geologicke;j

Uzemie Slovenska tvori pasmové pohorie Zapadnych
Karpat vyklenuté na sever a severny okraj Pandnskej niziny
(obr. 1). Geologicka stavba Zapadnych Karpatje vysledkom
alpinskej orogenézy, pricom deformdcia postupovala
od vnutornych Casti dnesného obluka smerom na sever.
Vnuatorné (interné) Zapadné Karpaty (IZK) wvznikali
hlavne v obdobi kriedy a VonkajSie (externé) Zapadné
Karpaty (EZK) v obdobi neogénu (obr. 2). Za hlavné
tektonické jednotky EZK mézeme zo severu na juh a zdola
nahor povazovat' flySové pdsmo tvorené krosnianskym
a magurskym systémom prikrovov a Struktaru bradlového
pasma, ktora je zaroven deliacim elementom medzi EZK
alZK (obr. 1). Vramci IZK st pritomné tektonické jednotky
spodnej skupiny prikrovov (vahikum a tatrikum), stredne;j
skupiny prikrovov (veporikum, fatrikum a hronikum)
a vrchnej skupiny prikrovov (gemerikum, meliatikum,
turnaikum a silicikum). Tatrikum, veporikum a gemerikum
vzhl'adom na pritomnost’ paleozoického krystalinického
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stavby Slovenska

podlozia sa povazujui za celokorové tektonické jednotky.
Ostatné tektonické jednotky tvoria pripovrchové prikrovy
(obr. 2). Horninové subory vrchnej kriedy (konak —
mastricht) a kenozoika sa v rdmci IZK tradi¢ne povazuju
za poprikrovové tUtvary, no pri vonkajSom okraji IZK
su cCasto zvrasnené spolo¢ne so svojim podlozim (obr.
2). Medzi charakteristické poprikrovové Struktary IZK
patria: 1. paleogénne sedimenty podtatranskej skupiny,
transgresivne prekryvajtce prikrovy IZK a dosahujice vo
vychodnej ¢asti uzemie hrubku niekol’ko tisic metrov (obr.
17); 2. Struktary horskych chrbtov a depresii jadrovych
pohori predstavujuce prechodnu zoénu medzi IZK
a severnou castou Podunajskej, resp. Pandnskej panvy
(obr. 7 a 18); 3. miocénny az kvartérny vulkanizmus,
obzvlast rozsiahly na strednom a vychodnom Slovensku
(obr. 18).
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Abstract: The examined Late Paleozoic calc-alkaline dyke rocks occur within the Nizke Tatry Mts. crystalline
complex (Kumstova valley and Jaraba village). Their mineral composition is quite simple — the main mafic mine-
rals are clinopyroxene, amphibole and biotite, and the felsic minerals are alkaline feldspar, plagioclase and quartz.
They show a rather high degree of alteration. According to their mineralogical composition, the studied rocks
correspond to calc-alkaline lamprophyres having revealed and age of 259. 0 + 2.8 Ma.

Key words: mineralogy, geochemistry, U-Pb dating, lamprophyres, Nizke Tatry Mts.

Graphical abstract

Introduction

Lamprophyres represent the dyke rocks, whose mine-
ral composition, structure and chemical composition are
different from plutonic and volcanic rocks. Within the
Western Carpathian Tatricum and Veporicum crystalline
basement, the calc-alkaline dykes occur in the Malé Kar-
paty Mts., Strazovské vrchy Mts., Mala Fatra Mts., Nizke
Tatry Mts. and Veporic Kohut zone. They form a heteroge-
neous rock group usually classified as quartz porphyrites
or lamprophyres (Hovorka, 1967). In the crystalline base-
ment, the dyke rocks were firstly reported by Kamenicky
(1962) and Krist (1967) in the area of Jaraba and Myto
pod Dumbierom villages and subsequently described in
more details by Hovorka (1967). In the Central Europe,
the calc-alkaline lamprophyres typically occur within the
granite/granitoid, gneissic and gabbroic rocks — they are
represented by minettes, kersantites and spessartites in
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* Studied lamprophyre rocks from southern slopes of the
Nizke Tatry Mts. are classified as kersantites and spes-
sartites.

 Similarity of their mineral and chemical composition
with Permian volcanics of the Hronicum and revealed
age 259.0 = 2.8 Ma point to a possible co-magmatism

of these rocks.

the Krupka locality, Krusné hory Mts. (Czech Republic;
Stemprok et al., 2014; Ulrich et al., 1993), spessartites in
Lusatia (Germany; Abdelfadil et al., 2013), kersantites and
spessartites in the Erzgebirge (Germany; Seifert, 2008),
and in the Sudetes (Poland) with the occurrences of all
types of these rocks (Awdankiewicz, 2007). In the French
Massif Central, calc-alkaline lamprophyres are represen-
ted by kersantites and minettes (Turpin et al., 1988). The
age of calc-alkaline lamprophyres from Central Europe is
Late-Variscan: French Massif Central (290-315 Ma), Lu-
satia (ca 330 Ma), Erzgebirge (300-330 Ma), Sudetes (ca
300 Ma) and the Black Forest (314-332 Ma; Hegner et al.,
1998). The different extent of enrichment of Late-Variscan
lamprophyres in different domains of Central Europe ref-
lects the regional heterogencous effect of the Variscan
orogeny. In this paper, we pay special attention to the che-
mical composition and the age of the examined minerals.



Mineralia Slovaca, 51 (2019)

Geological position

Dykes of calc-alkaline lamprophyres are rather rare in
the Western Carpathians. In the eastern part of the Niz-
ke Tatry Mts., lamprophyres occur in several localities
(Kamenicky, 1962; Krist, 1967). We have focused our
research on two best outcropped localities from the wider
surroundings of the Jaraba village (Fig. 1). One dyke is
cropping out at the mouth of the Kumstova dolina valley to
the Jaraba—Certovica road (N 48° 54’ 19", E 19° 42’ 14").
The outcrop is located on the left side of the valley. The
dyke is 60 — 80 cm thick and is made up of fine-grained
kersantite. The host rocks are formed by banded and augen
textures (prevailingly mylonitized with abundant amphi-
bolite lenses). The second dyke is cropping out near the
village of Jaraba. It is an abandoned quarry approximately
in the middle of the village, on the left bank of the brook,
on the western slope of the Mlynarska hill (1051.5; N 48°
53"25", E 19° 41’ 39"). The dyke body is uncovered here
in a length of about 20 m. It is cropping out in a thickness
of at least 5 m. The host rocks are diaphtorized biotite
gneisses. The rims of the body are finer grained. Coarse
grained kersantite is cropping out in the southern part of
the quarry. The lamprophyres are rather highly altered.

Analytical methods

The 18 thin sections were studied with a NIKON Ec-
lipse LV 100N microscope. Silicates and apatites were
studied using electron microprobe JEOL JXA 8530FE at
Earth Sciences Institute of the Slovak Academy of Scien-
ces in Banska Bystrica under the following conditions for
silicates: accelerating voltage 15 kV, probe current 20 nA,
beam diameter 3-8 pm, ZAF correction, counting time 10 s
on peak, 5 s on background. The used standards, X-ray
lines and D.L. (in ppm) were: Ca(Ka, 25) — diopside, K
(Ko, 44) — orthoclase, P (Ka, 41) — apatite, F (Ka, 167)
— fluorite, Na (Ka, 43) — albite, Mg (Ka, 41) — diopside,
Al (Ko, 42) — albite, Si (Ka, 63) — quartz, Ba (La, 72) —
barite, Fe (Ka, 52) — hematite, Cr (Ka, 113) — Cr,O,, Mn
(Ka, 59) — rhodonite, Ti (Ka, 130) — rutile, Cl (Ka, 12)
— tugtupite, Sr (Lo, 71) — celestite. Following conditions
were used for apatites: accelerating voltage 15 kV, probe
current 20nA and beam diameter 5 pm and ZAF matrix
correction. The EPMA was calibrated by the natural and
synthetic standards. Used standards, X-ray lines, crystal
and D.L. (in ppm) are: Ca (Ko, PETL, 24-62) - diopside,
K (Ka, PETL, 20-48) — orthoclase, Th (Ma, PETL, 41-75)
— thorianite, Pb (M, PETL, 65-138) — crocoite, Cl (Ka,
PETL, 11-12) — tugtupite, P (Ko, PETL, 56-85) — apatite,
S (Ka, PETL, 27-47) — barite, Y — (La, PETL, 59-122) —
YPO,, F (Ka, LDEI, 103-273) — fluorite, Na (Ko, TAP,
46-78) — albite, Sr (La, TAP, 38-201) — celestite, Si (Ka,
TAP, 50-125) — orthoclase, Al (Ka, TAP, 37-100) — albite,
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Mg (Ko, TAP, 37-87) — diopside, Sm (Lf, LIFH, 62-274)
—SmPO,, Pr (LB, LIFH, 121-235) — PrPO,, Nd (Lo, LIFH,
62-123) — NdPO,, Ce (La, LIFH, 65-129) — CePO,, La
(La, LIFH, 72-139) — LaPO,, Fe (Ko, LIF, 94-333) — he-
matite, Mn (Ko, LIF, 79-238) — rhodonite, Ti (Ko, LIF,
133-333) — rutile, Ba (La, LIF, 242-674) — barite.

Apatite crystals were separated using standard tech-
niques. Apatite U-Pb data were acquired using a Photon
Machines Analyte Exite 193 nm ArF Excimer laser-abla-
tion system coupled to a Thermo Scientific iCAP Qc at
the Department of Geology, Trinity College Dublin. Twen-
ty-eight isotopes (*'P, 3°Cl, “*Ca, 3Mn, Sr, ¥Y, ¥La, “°Ce,
4Py, 196Nd, 147Sm, 'S*Eu, 'Gd, 'Tb, '©*Dy, '®Ho, 'Er,
19Tm, 12Yb, Ly, zong’ 204pp,_ 206pp_ 207pp 208pp  232Th,
28U and mass (*¥22Th '%0) were acquired using a 50 um
laser spot, a 4 Hz laser repetition rate and a fluence of
3.31 J/em?. A ca 1 cm sized crystal of Madagascar apatite,
which has yielded a weighted average ID-TIMS concordia
age of 473.5+ 0.7 Ma (Thomson et al., 2012; Cochrane et
al., 2014), was used as a primary apatite reference mate-
rial in this study. McClure Mountain syenite apatite (the
rock from which the “Ar/*Ar hornblende standard MMhb
is derived) was used as a secondary standard. McClure
Mountain syenite has moderate but reasonably consistent
U and Th contents (~23 ppm and 71 ppm — Chew & Do-
nelick, 2012) and its thermal history, crystallization age
(weighted mean 2/Pb/?*°U age of 523.51 + 2.09 Ma) and
initial Pb isotopic composition (**Pb/?*Pb = 17.54 + 0.24;
207Pb/2%4Pb= 15.47 + 0.04) are known from high-precision
TIMS analyses (Schoene & Bowring, 2006). Durango apa-
tite was also analysed in this study as a secondary standard.
Durango apatite is a distinctive yellow-green fluorapatite
widely used as a mineral standard in apatite fission-track
and (U-Th)/He dating and apatite electron micro-probe
analyses. It is found in the form of large crystals within an
open pit iron mine at Cerro de Mercado, Durango, Mexico.
The apatite formed between the eruptions of two major
ignimbrites, yielding a sanidine-anorthoclase “°Ar-*Ar age
of 31.44 £ 0.18 Ma (McDowell et al., 2005). NIST 612
standard glass was used as the apatite trace element con-
centration reference material. The raw isotope data were
reduced using the “VisualAge” data reduction scheme of
Petrus & Kamber (2012) within the freeware IOLITE pac-
kage of Paton et al. (2011). User-defined time intervals are
established for the baseline correction procedure to calcu-
late session-wide baseline-corrected values for each isoto-
pe. The time-resolved fractionation response of individual
standard analyses is then characterized using a user-speci-
fied down-hole correction model (such as an exponential
curve, a linear fit or a smoothed cubic spline). The data
reduction scheme then fits this appropriate sessionwide
“model” U-Th-Pb fractionation curve to the time-resolved
standard data and the unknowns. Sample-standard bracke-
ting is applied after the correction of down-hole fractiona-
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tion to account for long-term drift in isotopic or elemental
ratios by normalizing all ratios to those of the U-Pb refe-
rence standards. Common Pb in the apatite standards was
corrected using the *’Pb-based correction method using
a modified version of the VisualAge DRS that accounts for
the presence of variable common Pb in the primary stan-
dard materials (Chew et al., 2014). Over the course of two
months of analyses, McClure Mountain apatite (**’Pb/?5U
TIMS age of 523.51 + 1.47 Ma, (Schoene & Bowring,
2006) yielded a U-Pb Tera-Wasserburg concordia lower
intercept age of 524.5 + 3.7 Ma with an MSWD = 0.72.
The lower intercept was anchored using a 2*’Pb/?%Pb value
of 0.88198, derived from an apatite ID-TIMS total U-Pb
isochron (Schoene & Bowring, 2006).

The structural formulas of clinopyroxenes, biotites and
feldspars were recalculated using the Mineral Formulae
Recalculation. The mineral recalculation is accessible
on the (web:https://serc.carleton.edu/research education/
equilibria/mineralformulaerecalculation.html). The struc-
tural formulas of amphiboles were recalculated using the
Amphibole Classification (Locock, https://github.com/
AndrewLocock/Amphibole/releases/tag/1.9.3).

Mineralogy and petrology

Lamprophyre rocks from the Jaraba wider
surroundings are grey-black in colour, have a fine-grained
to aphanitic groundmass and medium to fine-grained
texture. In coarser grained varieties, thin lamellac of
clinopyroxene, and/or amphibole can be observed. The
mineral composition of the rocks in two localities is
different in modal abundance of dark minerals (especially
biotite, amphibole and pyroxene), biotite is prevailing in
the Kumstova dolina valley, whereas in Jaraba it is mostly
clinopyroxene and amphibole. The modal composition of
the rocks is also reflected in their classification. Based on
IUGS classification (LeMaitre et al., 2002; Ondrejka et
al., 2015), the examined dyke rocks from the Nizke Tatry
Mts. belong to kersantite (Kumstova dolina; plagioclase
> K-feldspar, biotite > amphibole and clinopyroxe),
and/or spessartite (Jaraba, plagioclase > K-feldspar,
amphibole and clinopyroxene). Besides primary minerals
(clinopyroxene, amphibole, biotite, feldspar and quartz),
the lamprophyres under study often contain also secondary
minerals (chlorite, epidote and carbonates). From ore
minerals there are dominating magnetite, Fe-Ti rutile,
hematite and pyrite, and in accessory amounts there
occur apatite and zircon. The rocks are characteristic with
strongly altered primary minerals, notably clinopyroxene,
amphibole, biotite as well as plagioclase.

Clinopyroxenes represent the main rock forming mi-
nerals (Tab. 1). They were observed only in the Jaraba
locality. They are often enclosing amphiboles (Fig. 2a, b)
and based on Morimoto et al. (1988) classification, their
chemical composition corresponds to augite (Fig. 3).
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Several types of amphiboles occur in examined
rocks. All they are strongly altered — chloritized (Fig.
2a, b). There are frequent occurrences of older (lighter)
amphiboles with a high FeO, Na,0 and a low MgO and
CaO contents enclosed by younger (darker) amphiboles
with a lower FeO and Na O and a higher MgO and CaO
contents (Fig.4a, Tab. 2). Generally, the studied amphiboles
are characteristic for a low TiO, content. Based on IMA
classification (Hawthorne et al., 2012), the amphiboles can
be classified as Ca-amphiboles, tremolites (Fig. 5). From
the composition and occurrences of the amphiboles it is
very likely that their current composition was strongly
influenced by alteration processes and the composition of
the primary amphiboles, co-existing with clinopyroxenes,
was different. In the Kumstova dolina valley, there were
found only pseudomorphoses after amphiboles mostly
filled with chlorite.

15.0kV COMPO

200.pm BSE 15.kV

Fig. 2. Back scattered electron (BSE) images of lamprophyre,
Ab - albite, Amp - amphibole, Ap - apatite, Ms — muscovite, Py —
pyrite, Chl - chlorite. The numbers in figures correspond to those
in Table 1 and Table 6. Locality: Jaraba.
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Tab. 1.
Selected analyses of clinopyroxenes.
Sample JAR-1
Figure Fig. 2a Fig. 2a Fig. 2a Fig. 2a Fig. 2b Fig. 2b Fig. 2b Fig. 2b
N. anal. 1 2 3 4 5 6 7 8
SiO, 51.63 51.54 51.61 52.63 51.26 51.01 50.07 50.96
TiO, 1.30 1.34 0.90 1.16 1.14 1.04 1.39 1.12
ALO, 2.39 2.67 2.01 2.35 2.23 2.06 2.27 2.33
Cr,0, 0.11 0.00 0.01 0.00 0.05 0.05 0.00 0.03
FeO* 10.87 9.41 13.48 10.09 9.91 10.08 12.89 10.91
MnO 0.31 0.26 0.32 0.25 0.25 0.28 0.37 0.29
MgO 13.65 14.18 12.31 14.31 14.86 14.88 13.48 15.17
CaO 19.24 19.70 18.95 18.51 19.60 19.66 18.80 18.86
Na O 0.13 0.15 0.11 0.15 0.35 0.24 0.28 0.22
K.,O0 0.00 0.00 0.00 0.00 0.02 0.05 0.04 0.01
Sum 99.64 99.24 99.70 99.45 99.68 99.35 99.57 99.90
Formula based on 6 oxygens
Si 1.947 1.939 1.965 2.052 1.914 1.913 1.895 1.902
Ti 0.037 0.038 0.026 0.032 0.032 0.029 0.040 0.031
Al 0.106 0.118 0.090 0.100 0.098 0.091 0.101 0.102
Cr 0.003 0.000 0.000 0.000 0.001 0.001 0.000 0.001
Fe’* 0.000 0.000 0.000 0.000 0.033 0.039 0.049 0.046
Fe* 0.343 0.296 0.429 0.306 0.276 0.277 0.359 0.294
Mn 0.010 0.008 0.010 0.008 0.008 0.009 0.012 0.009
Mg 0.767 0.795 0.699 0.773 0.827 0.832 0.761 0.844
Ca 0.777 0.794 0.773 0.719 0.784 0.790 0.763 0.754
Na 0.010 0.011 0.008 0.010 0.025 0.017 0.021 0.016
X (Wol) % 41.179 42.114 40.664 39.978 40.824 40.761 39.481 38.900
X (En) % 40.664 42.177 36.762 43.010 43.065 42.926 39.389 43.536
X (Fs) % 18.157 15.709 22.574 17.012 16.111 16313 21.129 17.564
FeO* total Fe as FeO
Tab. 2.
Selected analyses of amphiboles.
Sample JAR-1
Figure Fig. 2b Fig. 2b Fig. 2b Fig. 4a Fig. 4a Fig. 4a Fig. 4a Fig. 4a Fig. 4a
N. anal. 9 10 11 12 13 14 15 16 17
SiO, 48.89 48.75 49.85 48.68 48.49 49.25 49.68 50.05 50.71
TiO, 0.11 0.12 0.28 0.15 0.18 0.09 0.05 0.00 0.05
ALO, 4.09 3.07 3.64 2.02 2.18 1.50 3.26 2.75 3.15
Cr,0, 0.01 0.00 0.03 0.00 0.01 0.02 0.00 0.01 0.00
FeO* 22.13 24.26 19.04 32.35 32.20 31.86 23.35 24.42 23.03
MnO 0.31 0.69 0.22 0.61 0.62 0.75 0.34 0.42 0.39
MgO 8.30 9.12 10.89 3.47 3.48 3.87 8.21 7.60 8.33
CaO 12.03 8.03 10.88 9.38 9.34 9.59 12.03 11.85 11.89
Na,O 0.50 1.25 0.26 0.94 0.87 0.76 0.32 0.28 0.17
KO0 0.28 0.29 0.94 0.22 0.24 0.27 0.28 0.24 0.64
Sum 96.67 95.67 96.03 97.82 97.62 97.96 97.50 97.62 98.35
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Tab. 2 — continuation.

Sample JAR-1
Figure Fig. 2b Fig. 2b Fig. 2b Fig. 4a Fig. 4a Fig. 4a Fig. 4a Fig. 4a Fig. 4a
N. anal. 9 10 11 12 13 14 15 16 17
Formula based on 24 (OH.F.C1.0)
Si 7.489 7.532 7.569 7.673 7.659 7.745 7.555 7.636 7.649
ALY 0.511 0.468 0.431 0.327 0.341 0.255 0.445 0.364 0.351
A 0.228 0.091 0.221 0.049 0.065 0.023 0.139 0.130 0.208
Ti 0.013 0.013 0.032 0.018 0.022 0.011 0.006 0.000 0.005
Fe’* 0.081 0.400 0.024 0.291 0.272 0.235 0.188 0.172 0.036
Fe? 2.755 2.734 2.393 3.974 3.982 3.955 2.781 2.944 2.869
Mn 0.040 0.090 0.028 0.081 0.083 0.100 0.018 0.030 0.042
Mg 1.896 2.102 2.464 0.815 0.820 0.907 1.861 1.728 1.873
Ca 1.975 1.328 1.770 1.583 1.580 1.615 1.961 1.936 1.921
Na 0.149 0.374 0.077 0.286 0.267 0.232 0.094 0.084 0.050
K 0.055 0.058 0.182 0.045 0.048 0.054 0.054 0.046 0.123
FeO* total Fe as FeO
Tab. 3.
Selected analyses of biotites.
Sample KUM-1 KUM-2
Figure Fig. 4b Fig. 4b Fig. 4b
N. anal. 1 2 3 4 5 6 7
SiO, 36.83 35.03 36.18 36.27 36.89 35.83 36.48
TiO, 4.14 3.36 4.00 4.67 3.65 3.49 4.02
ALO, 12.29 13.37 12.91 12.29 12.39 14.34 13.07
Cr,0, 0.02 0.00 0.00 0.00 0.02 0.00 0.00
FeO* 23.61 25.22 24.21 25.12 24.50 23.68 23.55
MnO 0.11 0.16 0.14 0.12 0.15 0.08 0.21
MgO 9.02 10.79 9.39 8.06 9.23 9.61 9.44
CaO 0.10 0.24 0.04 0.06 0.07 0.07 0.08
Na O 0.03 0.12 0.06 0.13 0.08 0.03 0.04
K,0 8.94 6.62 8.30 8.98 8.68 7.76 8.12
Sum 95.10 94.90 95.23 95.71 95.66 94.89 95.01
Formula based on 24 oxygens
Si 5.755 5.479 5.647 5.685 5.745 5.513 5.604
Al 2.245 2.465 2.353 2.271 2.255 2.487 2.367
A 0.019 0.000 0.022 0.000 0.019 0.114 0.000
Ti 0.487 0.395 0.469 0.551 0.428 0.404 0.464
Fe 3.086 3.299 3.160 3.293 3.191 3.047 3.025
Mn 0.015 0.022 0.018 0.016 0.020 0.011 0.027
Mg 2.102 2.516 2.185 1.884 2.142 2.204 2.162
Ca 0.017 0.040 0.006 0.010 0.012 0.011 0.013
Na 0.010 0.036 0.019 0.041 0.025 0.009 0.011
K 1.782 1.320 1.652 1.795 1.725 1.524 1.591
Al total 2.263 2.465 2.376 2.271 2.274 2.601 2.367
Fe/Fe+Mg 0.595 0.567 0.591 0.636 0.598 0.580 0.583

FeO* total Fe as FeO
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Tab. 4.
Selected analyses of plagioclases.
Sample KUM-2 KUM-1 JAR-1
Figure Fig. 8a Fig. 8a Fig. 8b Fig. 8b Fig. 8b Fig. 8b Fig. 8b
N. anal. 1 2 3 4 5 6 7 8
SiO, 59.83 55.20 54.92 64.58 56.25 58.12 58.09 66.51
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07
AlLO, 2491 27.64 27.45 21.27 26.74 25.63 24.94 20.70
Cr,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05
FeO* 0.34 0.40 0.38 0.14 0.44 0.35 0.31 0.12
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08
MgO 0.00 0.06 0.00 0.00 0.03 0.00 0.03 0.00
CaO 7.31 11.09 11.18 3.63 9.90 8.65 9.28 1.18
Na O 6.53 4.75 4.79 8.14 5.44 591 5.82 10.32
K,0 1.05 0.53 0.53 1.59 0.65 0.81 0.74 0.18
Sum 99.98 99.68 99.25 99.36 99.45 99.47 99.21 99.19
Formula based on 8 oxygens
Si 2.688 2.513 2.507 2.897 2.553 2.633 2.641 2.952
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002
Al 1.318 1.482 1.477 1.124 1.430 1.368 1.337 1.083
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002
Fe’* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe*' 0.013 0.015 0.015 0.005 0.017 0.013 0.012 0.004
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003
Mg 0.000 0.000 0.000 0.000 0.002 0.000 0.002 0.000
Ca 0.352 0.541 0.547 0.174 0.481 0.420 0.452 0.056
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.569 0.419 0.424 0.708 0.479 0.519 0.513 0.888
K 0.060 0.031 0.031 0.091 0.038 0.047 0.043 0.010
X (An) % 35.874 54.585 54.592 17.923 48.250 42.591 44.846 5.880
X (Ab) % 57.991 42.308 42.326 72.730 47.978 52.660 50.896 93.053
X (Or) % 6.135 3.106 3.082 9.348 3.772 4.749 4.258 1.068
FeO* total Fe as FeO
CaSiO5(Wo)
1+
75 75
Fig. 3. The classification diagram of
50 50 pyroxenes, ac§ording Morimoto et al.
/ diopside \hedenbergite\ (1'988), 1 — clinopyroxene from Jara-
/ *"++ ba.
25 augite 25
pigeonite

MgSsio3 (En) FeSiO3 (Fs)
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Tab. 5.
Selected analyses of K-feldspars.

Sample JAR-1 KUM- 2 KUM- 1 JAR-1

Figure Fig. 4a | Fig.4a | Fig.4a | Fig.8a | Fig.8a | Fig.8b | Fig.8b | Fig.8b | Fig.8c | Fig.8c | Fig. 8¢
N. anal. 1 2 3 4 5 6 7 8 9 10 11
Sio, 59.81 61.19 64.18 62.78 64.63 64.86 64.75 64.10 61.83 62.50 64.05
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AlLO, 20.48 20.01 19.22 20.15 19.47 19.82 18.77 18.73 19.02 18.94 18.67
Cr,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.10 0.00
BaO 5.46 3.67 0.03 1.63 0.10 0.00 0.03 0.00 2.52 2.25 0.04
FeO* 0.25 0.20 0.23 0.21 0.09 0.08 0.11 0.20 0.03 0.04 0.09
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 0.06 0.06 0.03 0.47 0.44 0.45 0.07 0.10 0.00 0.00 0.21
Na,O 0.46 0.29 0.29 1.84 3.30 3.72 0.42 0.55 0.21 0.20 0.19
K,0 14.08 14.79 16.29 12.88 11.50 10.70 15.55 15.45 15.42 15.79 16.53
Sum 100.60 | 100.22 | 100.26 99.96 99.52 99.62 99.69 99.12 99.05 99.85 99.79
Formula based on 8 oxygens

Si 2.902 2.930 2.961 2.928 2.960 2.959 3.007 2.990 2.963 2.965 2.971
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 1.171 1.129 1.045 1.107 1.051 1.065 1.027 1.029 1.074 1.059 1.020
Fe 0.010 0.008 0.009 0.008 0.003 0.003 0.004 0.008 0.001 0.002 0.004
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.003 0.003 0.001 0.023 0.022 0.022 0.004 0.005 0.000 0.000 0.011
Na 0.043 0.027 0.026 0.166 0.292 0.329 0.037 0.049 0.019 0.019 0.017
K 0.871 0.903 0.958 0.766 0.672 0.622 0.921 0.919 0.942 0.955 0.978
X(An) % 0.345 0.339 0.145 2.450 2.194 2.244 0.379 0.517 0.000 0.000 1.062
X(Ab) % 4.708 2.880 2.631 17.414 | 29.665 | 33.808 3.885 5.086 1.989 1.914 1.685
X(Or) % 94.947 | 96.782 | 97.224 | 80.136 | 68.141 | 63.947 | 95.736 | 94.397 | 97.990 | 98.086 | 97.253

FeO* total Fe as FeO

Similar to amphibole, biotite is strongly chloritized.
High TiO, contents prove its magmatic origin, and at
the same time, lower contents of K O in analyses point
to a high secondary alteration. Biotite is a dominant mi-
neral in kersantites from the Kumstova dolina valley. In
Jaraba, only rarely there were found tiny, strongly altered
biotites. On the basis of chemical composition (Tab. 3, Fig.
6), we include the studied dark micas into the group of
annite (Rieder et al., 1998). We also used a discrimination
diagram for biotites from different types of geotectonic en-
vironments (Fig. 7; Abdel-Rahman, 1993). In the diagram,

the biotites fall within the group of biotites from calc-alka-
line rocks, on the boundary with alkaline rocks.

From the felsic minerals, the plagioclase and alkaline
feldspar are dominant for the lamprophyric rocks studied.
Plagioclases significantly predominate over alkaline feld-
spars. They are strongly sericitized and often contain albite
lamellae. Plagioclases are typical with their zonal structure
— their central parts are more basic (An,, /) than the rims
(An ) (Tab. 4, Figs. 8 and 9). In the case of alkaline feld-
spars, in addition to the varying amounts of sodium (Na,O
content up to 3.72%), an increased BaO content is obser-
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ved. In some cases, the content of BaO is relatively high
(5.46 wt.%, Tab. 5). Barium feldspar forms central parts of
the grains and the marginal parts are formed by pure potas-
sium feldspar (Figs. 4a and 8c). Quartz in the studied rocks
is mostly irregularly restricted, allotriomorphic and often
undulous. It is often overgrown with other minerals, espe-
cially K-feldspars (Fig. 10). We did not observe xenoliths
of individual minerals or fragments of surrounding rocks
in the rocks, as was observed in the case of lamprophyres
from the Mala Fatra Mts. region (Spisiak et al., 2018).
Apatite is a common and very important accessory
mineral in a wide range of igneous rocks. In the rocks
studied, apatite occurs as microphenocrysts and in the
‘ groundmass it is a very common phase crystallizing at
50.,m BSE 15 kV —— ; an early stage. It is mostly present in the form of needles
(closed in quartz and albite; Fig. 11), or less commonly in
the form of short-column shapes (Fig. 2a). The composition
of apatite is optically and chemically homogeneous.
Fluorine is the dominant anion present in the apatites (Tab.
6) and its content is about 4.0 wt.%. Such high F contents
are typical of apatite from lamprophyres with orogenic
affinities (e.g., Krmicek et al., 2011; Tappe et al., 2006;
Pandey et al., 2017). The content of Cl is very low. Sr
content in apatites (Tab. 7) varies around 1500 ppm, which
is lower than in orogenic and anorogenic lamprophyres
(e.g. Mitchell and Bergman, 1991; Chakhmouradian et
al., 2002). In general, Sr content in apatites decreases
with magmatic differentiation (e.g. Belousova et al., 2002;
Chu et al., 2009). On the contrary, the REE concentration
in apatite increases during the evolution from primitive
to more-evolved rocks (Ladenburger et al., 2016). REE
Fig. 4. Back scattered electron (BSE) images of lamprophyre; P1 co.ntents. 1n' the studl'e d apatlt'es are rather‘ high (Tab. 7),
_ plagioclases, Cal — calcite, Qtz — quartz, Rt — rutile, Bt — biotite, with a significant enrichment in LREE against HREE. The
Kfs — K-feldspar; the numbers in figures correspond to those in chondrite-normalized REE curve (Fig. 12) has a sloping

——%00. . BSE 15KV

Table 2 and Table 3. course in the direction of decreasing HREE content, and
1.0 1+
g Edenite Pargasite Sadanagaite
N
+
X
©
Z 05
ot
3
2 Tremo_l|i_§_e L Magnesio-hornblende Tschermakite
B d
H e
0.0 0.5 1.0 15 2.0

C* sum: “(Al+ Fe*'+2Ti) apfu
Fig. 5. The classification diagram of amphiboles, according Hawthorne et al. (2012) 1 — amphiboles from Jaraba.
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Fig. 6. Classification diagram of studied micas. End-members names according to Rieder et al. (1998), 1 — biotites from Kumstova
Valley.
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Fig. 7. Position of studied mica in the classification diagram of Abdel-Rahman (1993) for micas from different magmatic series. 1 —

biotites from Kumstova Valley.
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Fig. 9. The classification diagram of feldspars. 1 —
Kumstova valley, 2 — Jaraba.



J. Spisiak et al: Mineralogy and geochronology of calc-alkaline lamprophyres from the Nizke Tatry Mts. crystalline complex (Western Carpathians)

-
5 BSE 15.kV

Fig. 8. Back scattered electron (BSE) images of K-feldspar — Kfs,
plagioclases — Pl, biotites — Bt and rutile — Rt; the numbers of
analyses of plagioclases (white numbers) correspond to those in
Table 4, the numbers of the K-feldspars (red numbers) correspond
to those in Table 5. Localities: Kumstova Valley (a, b), Jaraba (c).

15.0kV COMPO NOR WD 10.7mm 13:22:03

15kV X550 20pm 10 50 BEC

Fig. 10. a — Photomicrograph of lamprophyre; crossed polaroids. b — Back scattered electron (BSE) images of lamprophyres; Kfs —
K-feldspar, Qtz — quartz, Tr — tremolite. Locality: Jaraba.
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Tab. 6.

The selected microprobe analyses of apatites.
Sample JAR-1
Figure Fig. 2a Fig. 2a Fig. 2a Fig. 2a Fig. 2a
N. anal. 1 2 3 4 5
SiO, 0.21 0.18 0.19 0.14 0.13
TiO, 0.02 0.08 0.07 0.03 0.00
AlLO, 0.02 0.02 0.02 0.01 0.03
FeO 0.70 0.55 0.73 0.58 0.53
MnO 0.05 0.03 0.07 0.07 0.00
CaO 52.78 52.35 52.87 52.79 52.90
MgO 0.10 0.05 0.06 0.03 0.07
SrO 0.11 0.09 0.15 0.15 0.11
BaO 0.00 0.10 0.03 0.00 0.03
PbO 0.01 0.00 0.00 0.03 0.00
Na,O 0.00 0.00 0.00 0.00 0.05
KO 0.01 0.02 0.03 0.03 0.07
PO, 40.89 41.35 41.09 41.62 41.34
F 3.99 4.01 3.92 3.33 3.19
SO, 0.02 0.00 0.00 0.01 0.02
ThO, 0.00 0.00 0.03 0.00 0.01
Y,0, 0.28 0.18 0.24 0.27 0.24
Sm,0, 0.11 0.01 0.06 0.06 0.07
Pr,0, 0.04 0.13 0.06 0.08 0.02
Nd,0, 0.36 0.34 0.30 0.30 0.20
Ce,0, 0.48 0.41 0.47 0.44 0.37
La,0, 0.21 0.17 0.19 0.11 0.16
Total 100.38 100.07 100.55 100.07 99.52

100um -

Fig. 11. a — The microphotography of apatite shape (closed in quartz and albite) in lamprophyres, parallel polaroids; b — crossed pola-
roids. Locality: Jaraba.
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a rather significant negative Eu anomaly can be observed.
A similar course can be observed with the chondrite-
normalized REE curve of bulk rocks. The contents of REE,
F and Sr are similar to those found in apatites from the
Frankenwald kersantites in Germany (Seifert, 2005). From
secondary minerals, the chlorite, epidote and carbonates are
the most common. From opaque minerals, the following
association of mineral phases was found: magnetite,
ilmenite (unspecified Fe-Ti oxides), rutile, hematite and
pyrite. Some younger minerals (Fe-Ti oxides, hematite)
supersede older mineral phases (magnetite) in the process
of magmatic autohydrothermal processes (Fig. 13).
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Geochronology of lamprophyres

The age of the lamprophyre rocks studied has not been
precisely determined so far and their expected age clas-
sification was based on their outcropping (in crystalline
rocks, they do not penetrate through the surrounding Me-
sozoic complexes) and the degree of alteration. In general,
their age was considered as Late Paleozoic. Apatite was
also used to determine the age of the rocks from Jaraba,
with the aid of U/Th-Pb dating (LA ICP-MS, University
of Dublin). The detected age of the rocks is 259.0 + 2.8
Ma (Fig. 14), which stratigraphically corresponds to the
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10 pm

Fig. 13. The microphotography of opaque minerals: a — Disintegrated magnetite grain (Mag) pressed with hematite (Hem) and Fe-Ti
oxides (dark grey) in locality of Kumstova Valley, reflected light IN. b — Relics of magnetite (Mag) form in Fe-Ti oxides (dark-grey),
locality: Jaraba, reflected light, IN. ¢ — Leucoxenized grain of Fe-Ti oxides decomposed into mixture of rutile (Rt) and hematite (Hem)
in locality Kumstova Valley, reflected light, IN. d — Phantom rutile (Rt) after the original Fe-Ti oxide grain, light grain is pyrite (Py)
in locality Kumstova Valley, reflected light, IN. e — Fe-Ti oxides (black) forming strips in lamprophyre from the locality of Jaraba,
transmitted light, IN. f — Detto as in part ¢ — Fe-Ti oxides (white) from the locality of Jaraba, reflected light, IN.
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Permian. Similar ages were also found in the lamprophyre
rocks of the Povazsky Inovec Mts. (Pelech et al., 2017),
the Mala Fatra Mts. (SpiSiak et al., 2018) and the Permian
volcanics of the Hronicum (Maluzina Fm.; Vozar et al.,
2015).

Conclusion

Based on the mineral composition, the studied lampro-
phyre rocks from the southern slopes of the Nizke Tatry
Mts. can be characterized as kersantites and spessartites.
Lamprophyres occur within the sequence of metamorphic
crystalline rocks (muscovite-biotite paragneisses) and are
strongly altered. From mafic minerals, mainly clinopy-
roxenes, amphiboles and biotites occur in the rocks. Cli-
nopyroxenes, by their composition, correspond to augite.
Amphiboles can be classified as Ca-amphiboles — tremoli-
tes. However, their composition is strongly influenced by
alteration processes. Biotites are characterized by a high
content of TiO,, indicating their magmatic origin. The fel-
sic minerals are represented by feldspar and quartz. Among
the feldspars, there are plagioclases and K-feldspars. Pla-
gioclases have a basicity from labradorite to albite and
predominate over K-feldspar. Alkaline feldspars have, in
addition to various amounts of sodium (Na,O content up
to 3.72 %), often also increased contents of Ba. In some
cases (BaO = 5.46 %) we can already consider the barium
feldspars — hyalophane. Apatites and zircons are present in
accessory amounts. Apatite corresponds to fluorine domi-
nant type (F 4.0 wt.%), which is characteristic for orogenic
calc-alkaline lamprophyre. Apatite has a high content of
REE, with a significant enrichment of LREE. Secondary
minerals include chlorite, epidote and carbonates. Ore mi-
nerals are represented by magnetite, ilmenite, hematite and
pyrite. Based on the mineral composition of the rocks, the
studied lamprophyres belong to calc-alkaline type — it well
corresponds to their geochemical composition (calc-alka-
line lamprophyre with affinity for orogenic — subduction
related types; Spisiak et al., 2017; Vetrakova & Spisiak,
2018).

The age of the studied lamprophyre rocks was
determined by LA ICP-MS analysis of apatites to
259.0 + 2.8 Ma, stratigraphically corresponding to the
Permian and being in agreement with their geological
position. The similarity of their mineral and chemical
composition with Permian volcanics of the Hronicum and
identical age point to a possible co-magmatism of these
rocks.
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Mineralogia a geochronoldgia vapenato-alkalickych lamprofyrov z Nizkych Tatier
(tatrikum, Zapadné Karpaty)

Lamprofyry su dajkové horniny, ktoré sti mineralnym
zlozenim, $truktirou a do urcitej miery aj chemickym
zlozenim odlisné od intruzivnych a efuzivnych hornin.
Ide o tmavozelené porfyrické horniny s jemnozrnnou az
afanitickou zdkladnou hmotou. V krystaliniku Nizkych
Tatier bolo opisanych viacero telies tychto bazickych
zilnych hornin (Kamenicky, 1962; Hovorka, 1967,
Krist, 1967). Pri $tidiu sme sa zamerali na relativne
najcerstvejsie typy hornin z dvoch lokalit: z oblasti Jaraba
— Myto pod Dumbierom; 1 — odkryv pri Gsti Kumstovej
doliny nad hlavnou cestou na Certovicu, N 48° 54’ 19",
E 19° 42’ 14"; 2 — starsi opusteny lom zhruba v strede
dediny Jaraba na lavej strane potoka, N 48° 53’ 25",
E 19°, 41" 39". Telesa zilnych hornin na lokalite Jaraba
a Kumstova dolina lezia v rulach (starSie paleozoikum).
Studované lamprofyrové horniny z Nizkych Tatier
na zaklade klasifikacie IUGS (Le Maitre et al., 2002;
Ondrejka et al., 2015) zarad'ujeme na lokalite Kumstova
dolina ku kersantitom a na lokalite Jaraba k spessartitom.
Mineralne zlozenie tvoria primarne (mafické a felzitické),
sekundarne a opakové mineraly. Z mafickych mineralov
sa v horninach vyskytuju hlavne klinopyroxény, amfiboly
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a biotity. Z felzitickych mineralov st pritomné Zivce
a kremen. Klinopyroxény svojim zlozenim zodpovedaju
augitom (Morimoto et al., 1988), amfiboly Ca-amfibolom,
tremolitom (Hawthorne et al., 2012). Ich koexistencia
s klinopyroxénmi je vSak nejasnd a su pravdepodobne
mladsie. Pre biotity je charakteristicky vysoky obsah
TiO,, €o poukazuje na ich magmaticky povod. Zo skupiny
ziveov sa vyskytuji plagioklasy aj draselné zivce.
Plagioklasy maju bazicitu zodpovedajucu labradoritu a po
okrajoch ich zatlaca mladsi albit. Alkalické zivce okrem
rozneho zastipenia sodika (obsah Na,O do 3,72 %) majt
Casto aj zvySeny obsah Ba. V niektorych pripadoch (BaO
= 5,46 hm. %) uz mézeme hovorit’ o barnatych zivcoch.
Zo sekundarnych mineralov s zastupené chlorit, epidot
a karbonaty. Z rudnych mineralov sa zistila nasledujiuca
asociacia opakovych minerdlnych faz: magnetit, ilmenit
(resp. nespecifikované Fe-Ti oxidy), rutil, hematit a pyrit.
Vek studovanych lamprofyrovych hornin bol stanoveny
LA ICP-MS analyzou apatitov a je 259,0 £ 2,8 Ma.
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Prieskum ochrannej funkcie zony aeracie
nad Krasnohorskou jaskynou (Silicka planina) pomocou
stopovacich skusok
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Survey of protective function of the aeration zone above the Krasnohorska jaskyna Cave
(Silicka planina Plateau) using tracing tests

Abstract: Four tracer experiments were performed on the surface of the Silické planina karstic Plateau in the pe-
riod of October 2016 — April 2017. The aim was to verify the natural protection function of the 185 — 250 m thick
unsaturated zone above the underground hydrologic system of the Krasnohorska jaskyna Cave. The cave is situa-
ted on the northern rim of the Silicka planina Plateau along the underground stream that appears on the land surface
as the Buzgo karstic spring. No perennial swallow hole/ponor exists here to feed the underground, the tracers were
injected into the dug pits artificially excavated on the bottoms of four major sinkoles in the area. Dye tracers of
sodium naphtionate, fluorescein and sulphorhodamine B were injected into the sinkoholes marked as (A), (B) and
(C) on the 26™ October 2016. Later, on 14" November 2016 bacteriophages H40/1 suspension was injected to the
last (D) sinkhole. Six submergible flow-through field fluorometers GGUN-FL30 were used for tracer detection at
5 points of the Krasnohorska jaskyna Cave underground hydrologic system (Marikino jazero Lake, two smaller tri-
butaries — left under the Vel’kd sieni Hall and right in the Abonyiho dom Dome and Buzg6 spring outlet) and at the
Evetes spring, exploited as drinking water source. Capsules filled with activated carbon were installed at 5 smaller
springs in the area. Signals recorded at sorption material were weak and ambiguous, but fluorimeters’ data showed
reliable results. While sulphorhodamine and bacteriophages from the (C) and (D) sinkholes were not detected in
the whole period of observations, naphtionate injected at (A) site appeared in several consecutive peaks of various
strength at every monitoring point within the cave, but also in the 4.8 km distanced spring of Evetes. Fluorescein
from the (B) sinkhole appeared in quite a low concertation only at two side tributaries (both left and right) of the
main underground stream. Recorded travel times were from 3.3 to 36.3 days, flow velocities recorded by GGUN-
-FL30 fluorometers were ranging between 1.9 and 1443.2 m/day (0.002 — 1.670 cm/second), recorded maximal
concentrations at individual monitoring sites were within the range of 0.24 — 121.71 ppb. Based on these results,
area to west and southwest from the cave system is supposed to have relatively good natural protective function,
while the area eastwards represent a naturally weakly protected place. If possibly hit by potential pollution, its
quick spreading and appearance at quite distanced places can be expected.

Key words: sinkholes, vulnerability, trace experiments, fluorescein, naphtionate, sulphorhodamine, bacterio-
phages H40/1, Silicka planina Plateau, Krasnohorska jaskyina Cave (Slovakia)

Krucové slova: zavrty, zranitel'nost’, stopovacie skusky, fluorescein, naftionat, sulforodamin, bakteriofagy H40/1,
Silicka planina, Krasnohorska jaskyna

 dye tracers verified the natural protection function of
the 185 — 250 m thick unsaturated zone above the Kras-
nohorska jaskyina Cave system

« four tracers injected into manually excavated dug holes
in the sinkholes’ bottoms

 bacteriophages H40/1 were also used, but without
success
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Uvod

Ochrana zdrojov podzemnej vody v krasovom prostre-
di predstavuje kl'a¢ovy problém zachovania vyznamného
mnozstva pitnej vody sustredeného v takomto type kolek-
torov. Véapence a dolomity, na ktoré sa tito voda viaze,
dokéazu sustredit do malych vyverovych oblasti ekono-
micky vyznamnu vydatnost, ktord v sucasnosti predsta-
vuje takmer 54 % celkovej spotreby vody na Slovensku
(Malik et al., 2018). Kvalita vody v krasovom prostredi
vo velkej miere zavisi od spdsobu prepojenia podzemné-
ho hydrologického systému s povrchom (Zwahlen — ed.,
2004), jeho spravne ohranicenie zas determinuje bilanciu
mnozstva vody obiehajlicej v podzemi. V rokoch 2012
az 2018 pracovnici Statneho geologického tstavu Diony-
za Stira v ramci projektu LIFE+ KRASCAVE realizovali
mnozstvo vyskumnych aktivit v oblasti Krasnohorske;j
jaskyne. Medzi inymi sa v roku 2016 realizovali stopova-
cie skusky. Ich cielom bolo overit’ prirodzent ochrannu
funkciu, ktord podzemnému hydrologickému systému
poskytuje horninové nadlozie nad jaskynou. Hriibka tohto
nadlozia — vaddznej zony nad jaskynou — je medzi dnami
zavrtov v oblasti a uroviiou podzemného hydrologického
systému Krasnohorskej jaskyne 185 az 240 m. Stopovacie
skusky realizované v oktobri a novembri 2016 a trvajuce
az do jarnych mesiacov 2017 boli zamerané na testova-
nie citlivosti vody Krasnohorskej jaskyne na potencidlnu
kontaminaciu pritomnt na bezprostredne blizkom povrchu
Silickej planiny. Metodika ich realizacie bola odlisna, nez
je obvyklé pri speleologickych alebo vodohospodarskych
prieskumoch v krasovych oblastiach. V pripade naSich
stopovacich skusok bola predmetom testovania rychlost’
prepojenia s podzemim dna zavrtov, resp. krasovych jam,
ktoré signalizujii prirodzeny ubytok horninovej hmoty
smerom do podzemia, a tym aj blizkost” komunika¢nych
ciest, prostrednictvom ktorych je tento odnos hmoty
sprostredkuvany. Cielom prac bolo overenie priestorovej
distribucie vzajomnych prepojeni a rychlosti postupu pru-
denia podzemnej vody do podzemného hydrologického
systému Krasnohorskej jaskyne, pripadne do podzemne;j
vody Vv jej okoli z bezprostredného nadlozia tvoreného po-
vrchom severnej Casti Silickej planiny.

Charakteristika skimaného izemia

Krasnohorska jaskyna a jej podzemny hydrologicky
systém predstavuju unikatny stbor fenoménov vytva-
ranych podzemnou vodou. Jeho jedinecnost spociva
najmi v mimoriadnej kumulécii sintrovych foriem pre-
viazanych na ¢innost’ vody, ktora pri svojom stistredenom
vystupe z podzemia vytvara mohutny krasovy pramen
Buzgo. Jaskyna je tak prirodzene predmetom mnohych
odbornych §tadii, do ktorych zapada aj nasa praca. Ter-
mindlnym prejavom podzemného hydrologického sys-
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tému Krasnohorskej jaskyne je krasovy pramen Buzgd,
v ktorom spominand voda v katastri obce Krasnohorska
Dlha Luka vystupuje na povrch. Prirodzeny vystup kra-
sovej podzemnej vody v prameni Buzgdé bol znamy uz
od nepamiti, no jaskynny systém Krasnohorskej jas-
kyne, ktory sa za nim nachadza, bol objaveny az po na-
mahavom speleologickom prieskume v rokoch 1954 az
1964 (Stankovi¢ a Cilek — red., 2005). Krasnohorska jas-
kyna, ktort v lete 1964 objavili roziavski jaskyniari
(Roda, 1964; Skiivanek, 1965; Roda, 1966; Stankovic¢
a Horvath, 2004), ma v su¢asnosti znamu dizku 1 550 m,
pricom aktivny vodny tok v podzemi sleduje priblizne jed-
nu tretinu tejto dizky. Jaskyha v sebe ukryva mohutny sta-
lagnat vysoky 32,6 m a Kvapel roznavskych jaskyniarov
vaziaci priblizne 2 000 t, ktory bol v ¢ase svojho objavu
povazovany za najvacsi sintrovy Utvar na svete (Roda,
1966). Podl'a Gaala (in Stankovic¢ a Cilek — red., 2005)
je severna cast’ Krasnohorskej jaskyne vytvorend v stred-
notriasovych gutensteinskych dolomitoch a dolomitovych
vapencoch, jej zadné (najjuznejsie) Casti s situované uz
v mladsich, steinalmskych vapencoch tektonickej jednot-
ky silicika (Mello et al., 1997). Hlavnou osou podzemného
hydrologického systému Krasnohorskej jaskyne je vodny
tok objavujuci sa v Sutovom dome, prechadzajiici Mariki-
nym jazerom a Sifénom potapacov, pricom na svojej zhru-
ba 400 m dlhej d’al$ej ceste pribera len dva vyznamnejsie
pritoky — 'avostranny v priestoroch pod Velkou sienou (od
Heliktitového dému) a pravostranny v Abonyiho dome.
Vydatnost’ oboch pritokov je priblizne rovnaka a ani jedna
z nich zvy¢ajne nepresahuje 2,0 1. s, takze ich podiel na
celkovom prietokovom mnozstve podzemného vodného
toku pretekajuceho jaskynou je menej ako 10 % (Bajtos et
al.,2017). Je zaujimavé, ze pritok vody, recentne dotujice;j
tvorbu Kvapla roznavskych jaskyniarov, je vel'mi maly,
len okolo 0,02 az 0,04 1. s'. Mozno ho pozorovat’ ako
lavostranny pritok v Chodbe perdl asi 35 m pod vyssie sa
nachadzajicim pritokom pod Vel'kou sieniou (od Heliktito-
vého domu). V tejto praci je oznaceny ako miesto presako-
vania zo Siene obrov, v suchych obdobiach uplne zanika.
Ani detailné rezistivimetrické a termometrické merania
podzemného vodného toku v jaskyni (Malik et al., 2011)
neoverili existenciu inych viditeI'nych ¢i skrytych prito-
kov do hlavného podzemného toku v jaskyni az po troven
Sifonu potapacov, resp. Marikinho jazera. Za Marikinym
jazerom pokracuje tok v podzemi sifonom Marikinho jaze-
ra dlhym 120 m a hlbokym 28 m, potom este 250 m v sérii
troch démov, kde za d’alsim sifonom dlhym 15 m priteka
voda spod zavalu do jazera v poslednom znamom Suto-
vom déme (Stankovi¢ a Cilek — red., 2005). Vyver vody
na povrch v krasovom prameni Buzgd je sprostredkvany
Vystupnym sifonom dlhym priblizne 40 m. Vystup kra-
sovej podzemnej vody je tu podmieneny existenciou po-
klesnutého bloku strednotriasovych karbonatov so Sirkou
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priblizne 800 m, kde sa tato voda dostdva do priameho
kontaktu s aluvialnymi naplavmi toku Cremogne;.

Hydrogeologicky vrt RHV-4, ktory bol v minulosti
(Orvan a Vrablova, 1986) v ramci rozsiahleho vyhl'ada-
vaciecho hydrogeologického prieskumu v oblasti Silickej
planiny realizovany v blizkosti vstupu do Krasnohorskej
jaskyne, overil, ze malo priepustné podlozie spodnotria-
sovych sinskych vrstiev je tu poklesnuté este asi 80 m
pod tirovitou toku Cremognej. V uvedenom 800 m korido-
re vystupuje krasova podzemna voda este v d’alsich dvoch
mensich pramenoch Pod kamenolomom a Pri kaplnke
(Malik et al., 2014a, b). Smerom na vychod aj na zapad
od nich st potom severné svahy Silickej planiny budované
spodnotriasovymi sinskymi vrstvami (Mello et al., 1996).
Samotny krasovy prameil Buzgd ma za celé doteraz pozo-
rované obdobie priemernt vydatnost’ 55,11.s7". Je jednym
z najdlhsie pozorovanych pramenov na izemi Slovenska.
Pozorovania Slovenského hydrometeorologického tsta-
vu (SHMU) tu s dvomi mensimi prestavkami v rokoch
1966 — 1967 a 2010 prebichaju od roku 1958. Najvyssia
vydatnost’, 1 355,8 1. s7!, tu bola zaznamenana 10. augusta
2002, minimalna vydatnost’, 5,3 1 . s, bola registrovana
pocas viacerych dni vo februari 1987. Teplota vody pra-
mena je relativne stala, okolo 9,3 °C, namerané hodnoty
za uvedené obdobie pozorovania sa vSak pohybovali od
5,3 do 12,2 °C.

Mimoriadna pritazlivost’ jedine¢nych prirodnych fe-
noménov nachadzajicich sa v oblasti severnych svahov
Silickej planiny, a najmi v podzemi Krasnohorskej jas-
kyne, uz desatrocia podnecuje mnohé vyskumné aktivity
v tejto oblasti. Okrem uvedenych uz skor publikovanych
prac (ich dobry prehlad poskytuje sumarizujiica pub-
likacia Stankovi¢ a Cilek — red., 2005) to bolo vypraco-
vanie podrobnej geologickej mapy tejto oblasti v mierke
1 : 5000 (Kronome a Boorova, 2016). Jej autori spresnili
hranice jednotlivych litostratigrafickych ¢clenov v prislus-
nej oblasti Silickej planiny (Mello et al., 1996), pricom
vSak pomocou ziskanych vybrusov rozlisili aj stratigrafic-
ky mladsie horizonty v rozsahu az po mladsi trias (karn
— norik, azda az rét). Pukliny sv.-jz. smeru, viditeIné aj
v Krasnohorskej jaskyni, v§ak odvodzuju z gravitacnych
svahovych pohybov (rozsadlin). Ich smer je nasledne dany
najméd morfologicky uréenym smerom gravitacne nesta-
bilného okraja planiny. Podl'a tychto autorov aj samotné
zalozenie Krasnohorskej jaskyne je na takejto gravitac-
nej svahovej skalnej rozsadline. Chemické a izotopové
zlozenie vody v systéme Krasnohorskej jaskyne skima-
la v ramci svojej dizertacnej prace Gavuliakova (2016),
vysledky boli publikované aj v praci Gavuliakova et al.
(2015). V sirsej perspektive bolo izotopové a chemické
zlozenie vody jaskyne v kontexte celej Silickej planiny
opisané v praci Flakova et al. (2018). Geochemicky mo-
del tvorby chemického zlozenia vody v ¢asti podzemného
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hydrologického systému zostavili Bajtos et al. (2017). Ko-
vacova et al. (2017) publikovali vysledky merani obsahu
CO, a niektorych mikroklimatickych parametrov v dizko-
vom profile Krasnohorskej jaskyne pocas letné¢ho rezimu
prudenia vzduchu. V nedavnom obdobi v tejto oblasti pre-
biehal rozsiahly inzinierskogeologicky a hydrogeologicky
prieskum pre cestny tunel projektovany popod priesmyk
Soroska, realizovany pracovnikmi spoloénosti DPP Zilina
(Grencikova et al., 2018; Szabo et al., 2018).

Z pohladu vysledkov prac uvedenych v tejto praci su
najrelevantnejSie vysledky stopovacich skusok realizova-
nych v tejto oblasti v minulosti. V rdmci nich boli overené
prepojenia podzemného hydrologického systému Krasno-
horskej jaskyne s ob¢asne sa ponarajucou vodou v oblasti
studne Rakat’a (Roda, 1967; Erdos, 1995) a studne Zedem
(Roda et al., 1986). Z pohl'adu autochténnosti/alochtonity
vod vsak tieto vody pochadzaja len z najblizsieho povrchu
Silickej planiny a mozno teda konstatovat, ze jaskyna je
v podstate dotovana autochtonnymi vodami, infiltrujucimi
do hibky Silickej planiny najmé po jarnom topeni snehu
alebo po vydatnych zrazkach. Je vsak zjavné, ze rychlost’
prepojenia jej podzemného hydrologického systému s po-
vrchom je vel'mi rozdielna, rovnako, ako st na povrchu
Silickej planiny nerovnomerne distribuované oblasti,
z ktorych moéze byt’ potencialny kontaminant mimoriadne
rychlo preneseny do vody Krasnohorskej jaskyne. Preto
v ramci moznosti, ktoré nam poskytoval projekt LIFE+
KRASCAVE podporovany Europskou komisiou, zame-
rany na ochranu podzemného ekosystému Krasnohorske;j
jaskyne, sme sa pokisili realizovat’ v danej oblasti viacero
stopovacich skusok. Pri ich realizacii sme sa snazili vyuzit’
jednak bakteriofagy H40/1 osved¢ené v minulosti (Havia-
rova, 2008, 2014, 2016; Haviarova a Pristas, 2008, 2010,
2013, 2018; Haviarova et al., 2009a, b), jednak farbiace
stopovacie latky aplikované v nizkej koncentracii, detego-
vatel'né citlivymi prietokovymi fluorimetrami instalova-
nymi priamo na miestach potencidlnych prepojeni.

Metodika realizovanych prac

Sposob realizacie stopovacich skusok tlohy vyplyval
z ciel’a prac, ktorym bolo overenie priestorovej distribl-
cie vzajomnych prepojeni a rychlosti postupu pradenia
podzemnej vody z bezprostredného nadlozia tvoreného
povrchom severnej Casti Silickej planiny do podzemného
hydrologického systému Krasnohorskej jaskyne, pripadne
do podzemnej vody v jej okoli. V ramci toho sa realizovali
technické, monitorovacie, analytické a vyhodnocovacie
prace. Situovanie celého skiimaného tizemia v ramci jeho
sirSieho nadregionalneho zaradenia, ako aj miest aplikacie
stopovacov je na obrazku 1. Selekcia relevantnych zavr-
tov na povrchu Silickej planiny prebehla v koordinacii
s dodavatel'om technickej Casti prac spolo¢nostou HES —
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COMGEQO, spol. s 1. 0. (obrazok 2, tabul’ka 1). Stopovacim
skuskam predchadzal povolovaci proces, ktory zahtnal
vyjadrenia Vychodoslovenskej vodarenskej spolo¢nosti
posobiacej v regione, Slovenského vodohospodarskeho
podniku, Regionalneho tradu verejného zdravotnictva so
sidlom v Roznave a odboru starostlivosti o zivotné pros-
tredie Okresného uradu Roznava, resp. oddelenia ochrany
prirody a vybranych zloziek zivotného prostredia kraja od-
boru starostlivosti o zivotné prostredie Okresného uradu
v sidle (Kosického) kraja.

Technické prace sa zacali najprv terénnymi upravami
na dne zavrtu — i§lo o vytvorenie injektazneho priestoru
s rozmermi zhruba 1,0 x 1,0 m do hibky 1,0 m. Nasledne
sa do dna takto vyhibenej jamy vyhibilo niekol’ko infil-

Obr. 2. Miesta aplikécie stopovacich latok — dna zavrtov na po-
vrchu Silickej planiny nad Krasnohorskou jaskynou: zavrt (A)
zapadne od priemetu polohy Marikinho jazera (a) a zavrt (C) vy-
chodne od Marikinho jazera (b).

Fig. 2. Sites of tracers injection — sinkhole bottoms on the Silicka
planina Plateau surface above the Krasnohorska jaskyna Cave:
sinkhole (A) west from the Marikino jazero Lake vertical projec-
tion on the surface (a) and sinkhole (C) east from the Marikino
jazero Lake (b).
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traénych sond, v ramci moznosti ruénym vrtakom (obr. 3).
Nasledovala priprava stopovacich roztokov v dostatoénom
objeme (rozpustenie stopovaCov v pracovnom objeme
zhruba 200 [; obr. 4), resp. rychla priprava fagovej sus-
penzie po jej transporte v chladenom priestore (obr. 5). Na
zatlacanie stopovacej latky do prostredia bolo potrebné za-
bezpedit’ dostatoéné mnozstvo vody v objeme asi 2 az 5 m?
do kazdého testovaného zavrtu (obr. 6 a 7). Voda pouzita
na zatlacanie pochadzala z pramena Buzgd (Krasnohor-
ska Dlha Luka). Dolezitym a zaroven narocnym prvkom
technickych prac bola preprava zatlacacej vody na miesto
aplikacie (dna zavrtov na povrchu Silickej planiny).

Monitorovacie prace sa vykonavali na 11 stano-
vistiach a spocivali v meraniach pomocou polnych
prietokovych fluorimetrov — kontinualnych meracov
pritomnosti stopovacov v prostredi — s casovym krokom
15 minut a sorpéného zachytavania stopovacov do indi-
kacnych kapsul indikujtcich pritomnost’ stopovacov na
monitorovacom mieste. Boli pouzité prietokové fluori-
metre GGUN-FL30 $vajciarskej vyroby (Piérre-André
Schnegg, Neuchatel, Switzerland; obr. 8). Tento fluorime-
ter je mozné pouzit’ na kontinualne merania pocas stopo-
vacich testov s pouzitim fluoresceinovych farbiv, ako je
uranin, rodamin, sulforodamin, tinopal, naftionat a pod.,
pricom je mozné pouzit' suc¢asne az tri vhodne vybrané
(navzajom sa neprekryvajiice vinovou dizkou) indikatory.
Kontinualne, resp. v nastavenom ¢asovom intervale sni-
mana voda preteka optickou bunkou fluorimetra, ktorou
je sklenena trubica s valcovym prierezom. Opticky systém
pozostava zo Styroch svetelnych zdrojov a troch fotogra-
fickych detektorov, ktoré su namontované na Styroch kol-
mych osiach v dvoch trovniach. Kazda z osi je vybavena
budiacimi a detekénymi filtrami a objektivmi. Budiace
svetla sa zapinaju a vypinaji postupne, meraju sa tri ne-
zavislé reakcie a zakalenie vody (turbidita). V kazdom
meracom cykle sa zaznamenava aj vyrovnavacie napétie
z predzosiliiovacov (tmavy signal). Fluorimetrickd sonda
je napojena na analdgovo-digitalny prevodnik sluziaci
na konvertovanie fluorimetrickych signalov na unipolar-
ne 24-bitové udaje (rozlisenie tidajov je 1 : 16 000 000).
Najvacsi meratelny signal ma velkost’ 2 500 mV a inten-
zita najmensieho signalu je preto 0,000 156 25 mV. Prave
v tomto vysokom rozliseni signalu tkvie vyhoda pouzitia
pol'ného prietokového fluorimetra, ked’ je mozné v teréne
aplikovat’ podstatne men$ie mnozstvo stopovacich latok
pri zachovani schopnosti ich zaznamenania. Zaznamenané
udaje sa zasielajii do zaznamnika cez kabel, Standardne
dlhy 15 m (moze byt aj dlhsi), so 4 vodi¢mi. Box datového
zaznamnika (obr. 8b) obsahuje jednu alebo dve chranené
olovené batérie a potrebné obvody na zaznamenavanie
udajov. V ramci uvedenych prac bolo vyuzitych 6 pol'nych
prietokovych fluorimetrov (obr. 9) pri nastaveni Casové-
ho zaznamu na 15-minttovy interval snimacej frekvencie
(tab. 2).
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Dalsie miesta potencidlneho objavenia stopovacov boli
vybavené indikaénymi kapsulami (obr. 10, tab. 2). Indikac-
né absorpcné kapsuly sluzili len na indikéaciu pritomnosti
stopovacov. Kapsuly vyhotovené z plastu neohrozujiceho
zdravie a naplne sorpéného materialu vhodného na kon-
takt s potravinami sa v pravidelnych intervaloch kontro-
lovali a naplne sa vymienali. Ako sorpény material bolo
pouzité granulované aktivne uhlie NORIT® typu PK 3-5
s plochou efektivneho povrchu 875 m*/gram. Po odobrati
sa naplne rozrusovali ultrazvukom, lihovali v etanolovom
kuapeli a vyluh sa nasledne semikvantitativne analyzoval
na pritomnost’ farbiv pomocou luminiscen¢ného spektro-
fotometra Perkin Elmer. Interval kontroly bol vytvoreny
na zéklade predpokladanych disperznych vlastnosti hor-
ninového prostredia a bol stanoveny na dnové intervaly
v prvych dioch od aplikacie a nasledne na tyzdiové az
dvojtyzdnové intervaly v priebehu piatich mesiacov.

V ramci starostlivosti o monitorovaciu siet’ (spolu 11
stanovist’, pozri tab. 2) prebichala pravidelna udrzba pri-
strojovej techniky, vymena naplni indika¢nych kapsul,
udrzba a Cistenie miest ulozenia meracich pristrojov a kap-
sul. Nasledné analytické a vyhodnocovacie prace spocivali
v analyzach sorpénych naplni indika¢nych kapstl na pri-
tomnost’ sledovanych stopovacov, spracovani zaznamena-
nych tdajov z kontinualnych meracov a terénnych merani
a napokon v zavere¢nom spracovani vysledkov tabul'ko-
vou a grafickou formou.

Pri vybere stopovacich latok boli zohl'adnené techno-
logické moznosti realizatora, charakteristiky horninového

prostredia, a najmd vlastnosti jednotlivych stopovacov
s ohladom na ochranu zdravia obyvatel'stva a zivotného
prostredia. Ako stopovacie latky sa pouzili farbiva fluo-
rescein (zeleny, UN1170, ¢iasto¢ne rozpusteny denaturo-
vanym 96 % etanolom K10L), sulforodamin B (farbivo
ervenej farby) a naftionat sodny (bezfarebny). Stvrtou
pouzitou stopovacou latkou (miesto aplikacie D v tab.
1) bola fagova suspenzia bakteriofagov H40/1 (Pronk et
al., 2006a, b; Gillmann, 2007; Kallies et al., 2017; Pris-
tas, 2017), takze naraz boli v kratkom ¢ase aplikované az
4 stopovace. Na tuto stopovaciu skusku sa pouzilo 8 lit-
rov fagovej suspenzie bakteriofagov H40/1 s pocetnost'ou
fagov 2 x 10® na mililiter kubicky suspenzie, pripravenej
doc. RNDr. Petrom Pristasom, CSc., veducim oddelenia
genetiky mikroorganizmov v Ustave fyziologie hospo-
darskych zvierat SAV (UFHZ SAV) v Kogiciach. Hosti-
tel'skym kmenom tohto bakteriofaga je p6vodom morska
baktéria Pseudoalteromonas gracilis. Bakteriofag H40/1
i baktéria Pseudoalteromonas gracilis pouZzité pri stopova-
com experimente boli darom od Dr. Zopfiho z Université
de Neuchtel (Svajéiarsko). Baktérie Pseudoalteromonas
gracilis sa kultivovali v médiu SWB (Sea Water Broth)
v zlozeni Bacto Tryptone Peptone (Becton Dickinson,
211 699) 5 g/1, yeast extract (Merck, 211 699) 1 g/l a mor-
skéa sol’ 24,75 g/1. Ako tuhé kultivaéné médium sa pouzivalo
to ist¢ médium s pridavkom 15 g agaru (Becton Dickinson)
na liter média. Po pridani vSetkych zloziek sa pH média
upravilo na 7,1 az 7,2, médium sa naplnilo do vhodnych
nadob a 20 mintt sterilizovalo pri teplote 121 °C. Baktérie
Pseudoalteromonas gracilis v glycerinovej konzerve,
dlhodobo uschovavane;j pri teplote —70 °C, sa vysiali na
povrch platne s médiom SWA (Sea Water Agar) a inku-
bovali sa pocas 24 hodin pri izbovej teplote. Individu-
alne kolonie sa sterilne odpichli a inokulovali sa do 20
mililitrov média SWA. Narastené kultary sa udrziavali
pri teplote 4 °C. Priprava fagovej suspenzie prebiehala
tak, ze sa 4 1 média SWB inokulovali 4 ml no¢nej kulta-
ry Pseudoalteromonas gracilis a 4 ml fagovej suspenzie
bakteriofagov H40/1. Takto pripravena zmes sa 24 ho-
din inkubovala pri izbovej teplote za vydatnej aeracie.
Vysledna pocetnost’ fagov v takto pripravenej suspenzii
je zvy€ajne 10" fagovych ¢astic v mililitri suspenzie.
Tato suspenzia sa aplikovala 14. 11. 2016 v ¢ase do 12
hodin od jej prevzatia na UFHZ SAV Kogice a nasledne
sa odoberali vzorky vody na 11 vybranych odbernych
miestach.

Obr. 3. Upyava miest aplikacie stopovacich latok na dnach za-
vrtov: a) hlbenie jamy v zavrte (D), b) navitavanie dna jamy
zemnym vrtakom v zavrte (D).

Fig. 3. Preparation tracers application sites on the sinkhole
bottoms: a) pit digging in the (D) sinkhole, b) drilling the bot-
tom of the pit by simple earth drill in the (D) sinkhole.
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Po aplikacii roztoku stopovacej latky sa predpokladala
jeho vyznamna disperzia a difuzia v podzemnej vode kra-
sovo-puklinového zvodnenca, spojena s mnohonasobnym
zriedenim. Pri uvedenom objeme pouzitych stopovacov
a odhadovanom objeme akumulacie podzemnej vody rado-
vo v jednotkach tisicov kubickych metrov sa predpoklada-
la koncentracia riedenia radovo v stovkach mikrogramov,
resp. fagovych Castic. Miesta a Cas aplikacie stopovacich
latok st prehladne uvedené v tabulke 1.

Detekcia stopovacich latok sa vykonavala na miestach
prirodzeného odvodnovania triasovych karbonatov Silic-
kej planiny. Boli vybrané 4 pritoky vody vnutri Krasno-

horskej jaskyne — pravostranny pritok v Abonyiho dome,
lavostranny pritok pod Velkou siefiou (od Heliktitového
domu), miesto presakovania zo Siene obrov a vytok z Ma-
rikinho jazera pod Siféonom potapacov. Samostatne sme
pozorovali celkovy odtok vody z Krasnohorskej jaskyne
ako krasovy pramen Buzgd. V sieti pozorovani boli aj 2
pramenné zachyty vzdialenejSich vodarenskych zdrojov
(VZ): VZ Evete$ a VZ Mezes v katastri obce HruSov.
Z vodarensky nezachytenych pramennych vyverov sa
sledovali 4 pramene — pramen Pri kaplnke (Krasnohor-
ska Dlha Luka), Pod kamenolomom (Krasnohorska Dlha
Luka), pramen Pri mlyne (Krasnohorska Dlha Luka)

Tab. 1
Miesta aplikacie stopovacov, pouzity typ a mnozstvo stopovaca, datum a ¢as jeho aplikacie na povrchu Silickej planiny.
Tab. 1
Sites of tracers injection, applied tracer type and its amount, date and time of its application on the surface
of the Silicka planina Plateu.

L Druh pouzitého WL | Datum aplikacie
miesta Miesto aplikacie sto ovl;éa stopovaca/objem a cas iei ?rvania
aplikacie p zatlac¢acej vody i€l
zavrt zapadne od Marikinho jazera; relativna 26.10. 2016
(A) zavrt Z hlbka 7 m, rozmery zhruba 60 X 50 m naftionat sodny 998,53 g/3 m® vody 15.50 — 17.00
E 20,577 376°, N 48,614 533° ’ :
zavrt sv. od Marikinho jazera; relativna 26.10.2016
(B) zavrt SV | hlbka 15 m, rozmery zhruba 100 X 70 m fluorescein 1 014,86 g/2 m* vody 10.30 - 11.50
E 20,586 298°, N 48,614 409° : )
zévrt vychodne od Marikinho jazera;
. lativna hlbka 15 m, hrub p 26.10.2016
(C) zavrt V rlzg 1>\</n12100 ma m, rozmery zhruba sulforodamin B 1 010,36 g/3 m® vody 12.14 - 14.00
E 20,586 799°, N 48,613 737°
| zavrt vjv. od Marikinho jazera; relativna fagova suspenzia 14.11.2016
(D) zavrt FAG | hlbka 22 m, rozmery zhruba 70 X 50 m bakteriofagov 8 000 ml/5 m* vody 12,30 — 14.20
E 20,589 2°,N 48,613 2° H40/1 : ’

Obr. 4. Zapustanie sto-
povacej latky sulforoda-
min B na dne zavrtu (C)
(a), zatlacanie fluores-
ceinu na dne zavrtu (B)
dodatoénym mnozstvom
2 m? Cistej vody (b).

Fig. 4. Injection of sul-
phorhodamin B dye tra-
cer in the (C) sinkhole
bottom (a), acceleration
of the fluorescein dye in
the (B) sinkhole bottom
by adding additional
2 m® of clean water (b).
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a Hradna vyvieracka (Brzotin). Na tychto miestach boli
inStalované pol'né prietokové fluorimetre ako kontinual-
ne detekéné pristroje v pocte 6 kusov a/alebo indikacné
absorpcné kapsuly. Zaroven sa odoberali vzorky vody na
pritomnost’ bakteriofagov H04/1. Celkovy prehl’ad pouzi-
tej indikacnej metody na kazdom monitorovanom mieste
je Specifikovany v tab. 2.

Vzorky vody na detekciu bakteriofagov H40/1 sa
postupne odoberali a doru¢ovali do UFHZ SAV v Kosi-
ciach, kde boli spracované do 24 hodin po doruceni. Pri
analyze vyskytu bakteriofagov v odoberanych vzorkach sa
na analyzu vyskytu bakteriofagovych castic pouzil 1 ml
vzorky. K vzorke sa pridalo 100 pl vzorky Cerstvej kultary
Pseudoalteromonas gracilis (OD, = 0,2) a zmes sa 15
minut inkubovala pri izbovej teplote. Po tomto Case sa rov-
nomerne naniesla na povrch kultivaénej platne s médiom
SWA a prekryla sa 4 ml ,,soft“ SWA agaru (médium SWB
s pridavkom 6 g agaru na jeden liter média). Po stuhnuti
média sa platne 24 hodin inkubovali pri izbovej teplote.
Pritomnost’ fagov sa prejavila ako jasne viditelné zény

Vsetky experimenty sa opakovali minimalne dva razy. Pri

kazdej analyze sa pouzil kmen P. gracilis bez pridania

bakteriofagov ako negativna kontrola a ten isty kmen s pri-
danim 10° fagovych ¢astic H40/1 ako pozitivna kontrola

(Pristas, 2017).

Presné miesta instalacie boli v ramci kazdej etapy sto-
povacich skusok spresnené na zaklade miestnej obhliadky
lokality a technicko-bezpec¢nostnych moznosti instalacie.
Prehl’adne st uvedené v tab. 2 a na obr. 1.

Vlastny priebeh stopovacich skisok sa realizoval v na-
sledujtcich postupnych krokoch:

1. umiestnenie kontinualnych meracov (detekénych pri-
strojov) a indikac¢nych kapsul na urc¢ené miesta pred
aplikaciou, resp. minimalne do jednej hodiny od apli-
kacie stopovacov. Instalacia sa realizovala s minimal-
nym zasahom do okolitého prostredia. Fluorimeter,
resp. kapsula sa umiestnili na uréené monitorovacie
miesto a zabezpecili sa proti odplaveniu zafixovanim
pomocou inertného materidlu pritomného v okoli
(skaly, strk);

zjasnenia (plaky) na sivislej vrstve rastucich baktérii. Po- 2 yytvorenie injektdzneho priestoru s rozmermi zhruba
cet fagovych Castic sa stanovil vizualne na zéklade poctu 1,0 x 1,0 m do hibky 1,0 m — terénne apravy na dne
plakov, t. j. zén bez rastu indikatorovej kultary P. gracilis. zévrtu, do dna takto vyhibenej jamy bolo vyhibenych
Tab. 2
Miesta inStalacie zariadeni na indikovanie stopovacich latok aplikovanych do jednotlivych zavrtov na povrchu Silickej planiny nad
Krasnohorskou jaskyiiou.
Tab. 2

Sites of tracer measuring devices installations for tracers applied to the sinkholes on the surface of the Silické planina Plateu above
the Krasnohorska jaskyna Cave.

C. | Miesto detekcie (l;oumty C. | Miesto detekcie Pouzity detektor
etektor
pramen Pri kaplnke
vytok z Marikinho jazera prietokovy (Krasnohorska DIha Luka) s
! (Krasnohorska jaskyna) fluorimeter 7 N 48,618 482° indikacn kapsula
E 20,586 127
pramen Pod kameniolomom
) miesto presakovania zo Siene obrov prietokovy ] (Krasnohorska Dlha Luka) indikatn4 kapsula
(Krasnohorska jaskyna) fluorimeter N 48,617 661° P
E 20,589 708°
S . i Pri mlyne
l'avostranny pritok pod Velkou siefiou . , pramen . R
3 | od Heliktitového domu Pﬁ“et.OkOVy 9 (Kizsg(l’g"glgi DIhd Lika) indikatné kapsula
(Krasnohorska jaskyna) uorimeter N 48,
E 20,579 599°
- . , . , pramen Mezes, VZ (Hrusov)
4 E’g‘;‘;;gﬁg?igrg;’é‘ ‘Iflsbonylho déme g{l‘g;‘l’é‘geyr 10 | N 48,595 371° indika¢na kapsula
Jasky E 20,607 126 1°
pramen Buzgd, vystupny sifon . . - .
5 (Krasnohorska Dlha Luka) prietokovy 1 erngz%glgzdﬁa vyvieracka (Brzotin) indikacn4 kapsula
N 48,618 043° fluorimeter E 20,486 957° P
E 20,587 435° ’
ramen Evetes, VZ (HruSov . ,
6 | Niaass 1ae ey prictokovy
E 20,643 091° uorimeter
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Obr. 5. Suspenzia bakteriofagov H40/1 po preprave na lokalitu (a), aplikacia figovej suspenzie do jamy vyhibenej na dne zavrtu (D)
14. 11. 2016 (b).

Fig. 5. Suspension of bacteriophages H40/1 after its transportation to the application site (a), application of the phage suspension in the
dug pit in the (D) sinkhole bottom on the 14. 11. 2016 (b).

& & el R L R

Obr. 6. Preprava cistej vody pouzivanej na hydraulické zatlacenie stopovacej latky do horninového prostredia (a), hydraulické dotla-
Canie stopovacej latky (b).
Fig. 6. Transport of clean water used for hydraulic pushing of the tracer into the rock environment (a), hydraulic pushing of the tracer

(b).

Obr. 7. Privod Cistej vody pouZitej
na hydraulické zatlacenie stopova-
cej latky do horninového prostredia
hadicou ku dnu zavrtu (a), stopovac
naftionat sodny v jame vyhibenej na
dne zavrtu (A) (b).

Fig. 7. Clean water supply through
the hose to the bottom of the sink-
hole for hydraulic pushing of the
tracer into the rock environment (a),
sodium naphtionate tracer in the dug
pit of the (A) sinkhole (b).
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niekol’ko infiltra¢nych sond, v ramci moznosti ruénym
vrtakom;

3. dovoz zdravotne neskodnej (pitnej) vody v objeme 2
az 5 m? pre kazdy stopova¢ na jeho hydraulické zatla-
¢enie do horninového prostredia;

4. priprava zasobného roztoku stopovacej latky (objem
zhruba 200 1);

5. inStalacia infiltraéného potrubia na aplikaciu stopova-
¢a pod terénom;

6. ,predinjektaz pomocnej vody (zhruba 0,5 m?) na
zmacanie suchych komunikacnych ciest a tym zabra-
nenie viazania farbiacej latky do prostredia pri vyrov-
navani vlhkosti prostredia (lepsi prienik stopovaca do
prostredia);

7. aplikécia prislusného zasobného roztoku stopovaca,
zhruba 200 1, s podporou d’alSieho mnozstva pomoc-
nej vody v objeme 1 m?;

8. injektaz zatlacacej vody (1,5 az 4,5 m*) na zlepSenie
mobility stopovaca v krasovo-puklinovom prostredi.
Kwvéli dokladnému vyplachnutiu pouzitého zariadenia
bola aplikacia zatlacacej vody zabezpefena prietokom
cez zasobné nadrze a infiltraéné potrubie;

9. pravidelny monitoring detekénych miest v diovych
a tyzdnovych intervaloch v zavislosti od klimatickych
a hydrologickych podmienok a priebeznych vysled-
kov v obdobi piatich mesiacov (do 11. 4. 2017); zber
zaznamenanych udajov, odber kontrolnych vzoriek
vody a vymena naplni indikacnych kapsul;

10. demontdz kontinudlnych meracov (prietokovych flu-
orimetrov) a indika¢nych kapsul, uvedenie pozorova-
cich miest do pévodného stavu;

11. analyzy sorpénych néplni indika¢nych kapsul, analy-
za vzoriek vody na pritomnost’ bakteriofagov H40/1,
spracovanie zaznamenanych tdajov z kontinualnych
meracov;

12. spracovanie vysledkov.

Vysledky a diskusia

Celoplosné kontinualne sledovanie pritomnosti sto-
povacich latok vo vode sa zacalo 25. 10. 2016 o 12.00
hod., prietokové fluorimetre pracovali s ¢asovym krokom
15 minut. Toto monitorovanie sa skoncilo 5. 4. 2017 po
viac ako 23 tyzdioch pozorovani (162 dni po zapusteni
stopovacov). Nasledne boli zaznamy z meracich pristrojov
— prietokovych fluorimetrov — dekdédované a transformo-
vané. Vysledky pozorovani pritomnosti stopovacich latok
na indikacnych miestach pomocou prietokovych fluori-
metrov st uvedené v tab. 3.

Na vSetkych Siestich indika¢nych miestach, kde boli
inStalované prietokové fluorimetre (tab. 2 a 3), bol za-
znamenany signal stopovacej latky naftionat sodny, ktora
bola aplikovana v zavrte (A) zapadne od Marikinho jazera.
Pocas celého obdobia sledovania zaroven nebol zazname-
nany signal stopovacej latky sulforodamin B, aplikovane;j
v zavrte (C) vychodne od Marikinho jazera. Signal pozi-
tivnej reakcie (pritomnosti stopovacej latky vo vode) na
fluorescein, ktory bol injektovany do dna zavrtu (B) sv.
od Marikinho jazera, bol zaznamenany len vo vel'mi sla-
bej intenzite v oboch bo¢nych pritokoch v Krasnohorske;j
jaskyni — lavostrannom pritoku pod Velkou sieniou od
Heliktitového domu aj pravostrannom pritoku v Abonyiho
dome, na inych miestach vsak nie.

Bakteriofagy H40/1, ktoré boli aplikované s ¢asovym
sklzom takmer troch tyzdiov od zapustania farbiacich
stopovacov do zavrtu (D) vjv. od Marikinho jazera, nebo-
li — podobne ako farbivo sulforodamin B — na ziadnom
z monitorovanych miest v ziadnom zo série 16 az 25 odbe-
rov realizovanych na 11 monitorovacich miestach (tab. 4).
Spolu sa teda vykonalo a nasledne analyzovalo 223 odbe-
rov, vSetky bez preukazania pritomnosti bakteriofagov vo
vzorke (Pristas, 2017).

Vysledky ziskané po spracovani sorpénych naplni in-
dikac¢nych kapstl z aktivneho uhlia preukazali pritomnost’
dvoch stopovacov na rozdielnych sledovanych miestach
vo velmi nizkej intenzite. Naftionat sodny, aplikovany
v zavrte (A) zapadne od Marikinho jazera, sa objavil vo
vode pramena Pod kamenolomom (oznacenie miesta indi-
kacie: 8), ako aj vo vode pramena Meze$ (10).

Zatial’ ¢o pritomnost’ naftionatu v prameni Pod kame-
nolomom bola zaznamenana uz pri prvom odbere sorp¢-
nej naplne 14. 11. 2016, teda 19 dni po jeho aplikovani,
a pretrvavala az do odberu 5. 1. 2017 (52 dni po aplikacii),
v pripade vodarenského zdroja Meze$ to bolo iba pocas
neskorsieho a kratSieho obdobia. Naftionat tu bol zazna-
menany len v odberoch z 21. 11. 2016 a 28. 11. 2016, teda
7 az 14 dni po jeho uvedeni do horninového prostredia na
povrchu Silickej planiny v zavrte Z (A). VA¢§im prekva-
penim je ale indikovanie fluoresceinu vo vode pramena
Hradna vyvieracka pri Brzotine (11) v rovnakom case,
teda 7 az 14 dni po jeho vypusteni do dna zavrtu (B) sv. od
Marikinho jazera. Ide tu o podstatne va¢siu vzdialenost,
7,57 km vzdus$nou ¢iarou, na rozdiel od 2,95 km medzi
zavrtom Z (A) a prameiiom MezeS. V prvom pripade (fluo-
rescein v prameni Hradna vyvieracka) by bola neprava
rychlost’ prudenia (pri prepoéte vzdusnou vzdialenost'ou
miest aplikacie a indikovania) v rozsahu medzi 540,7
a 1 081,4 m/den (0,63 — 1,25 cm/s). V pripade pramena
Meze$ a zavrtu (A) by bola neprava rychlost’ pradenia
210,7 az 421,4 m/den (0,24 az 0,49 cm/s).

Pritomnost’ stopovacov nebola vizualne zaznamenana
na ziadnom z miest detekcie pocas celého priebehu mo-
nitoringu. S vynimkou vypadku merani na prietokovom
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Vysledky pozorovani pritomnosti stopovacich latok na indikaénych miestach pomocou prietokovych fluorimetrov pocas stopovacich
skisok v obdobi 25. 10. 2016 — 5. 4. 2017.

Tab. 3

Tab. 3

Results of tracer observations at indication sites using flow-through fluorometers during tracing tests in the period
25.10.2016 — 5. 4.2017.

Miesto detekcie « 5 ] Datum a cas Maximalna
(vyrobné ¢islo Stopovacia latka .Dg.tlll ma cta S prve] vrcholnej detekcie | koncentricia Poznamka
fluorimetra) Indikacie stopovaca stopovaca stopovaca [ppb]
1 - vytok naftionat sodny 6.11.2016 16.45 21.11.2016 6.00 61,82 jediny signal
z Marikinho jazera sulforodamin B -——= -——— -——— nedetegovany
(914) ; -
fluorescein -——— ——= -——— nedetegovany
2 — lavostranny naftionat sodny 8.11.2016 17.00 9.11.2016 15.30 56,3 jediny signal
Is) ir;%(:)l;p od Velkou sulforodamin B - ——= - nedetegovany
(737) fluorescein 17.11.2016 07.15 1.12.2016 17.30 0,68 jediny signal
3 — miesto naftionat sodny 7.11.2016 02.00 19.11. 2016 01.15 0,68 jediny signal
Is)iflaekggi,lga 70 sulforodamin B - -——= -——= nedetegovany
(309) fluorescein - - S nedetegovany
4 — pravostranny naftionat sodny 8. 11.2016 00.00 8.11.2016 22.30 32,96 jediny signal
ggrt::é( V Abonyiho sulforodamin B - - -——= nedetegovany
(736) fluorescein 6.11.2016 19.15 8.11.2016 14.30 0,24 jediny signal
27.10.2016 06.00 28.10.2016 06.00 166,00 prvy signal
naftionat sodny 30.10. 2016 06.00 3. 11. 2016 06.00 124,96 druhy signal
5 — prameni Buzg6 6.11.2016 17.15 21.11.2016 07.00 58,30 treti signal
310
(310) sulforodamin B —— -——= -——= nedetegovany
fluorescein ——= -——= -——= nedetegovany
.y , 27.10.2016 08.15 29.10.2016 23.45 107,73 prvy signal
6 — pramed Evete, naftionat sodny 6. 11. 2016 09.00 7.11.2016 18.30 121,71 druhy signal
VZ! sulforodamin B - —— - nedetegovany
(738)
fluorescein -——— ——= -——— nedetegovany

Pozn.: 'VZ — vodarensky zdroj

Obr. 8. Pouzitie kontinudlne pracujiceho pol'ného prietokového fluorimetra GGUN-FL30 — detailna ukazka detekénej Casti (a) a pa-

métovej Casti zariadenia sluziaceho na zber tidajov (b).

Fig. 8. The use of continuously measuring field fluorometer GGUN-FL30 — detail of its detection part (a) and data memory part (b).
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Obr. 9. Terénny zber vysledkov z pol'ného prietokového fluori-
metra GGUN-FL30 vnutri Krasnohorskej jaskyne.

Fig. 9. Data collection from the flow-through field fluorometer
GGUN-FL30 inside the Krasnohorska jaskyna Cave.

Obr. 10. Pol'ny prietokovy fluorimeter GGUN-FL30 inStalovany
vnutri vodarenského zdroja — krasového pramena Evetes v Hru-
Sove (a), detailny pohlad na kapsulu so sorpénou latkou, pouzitl
na detekénych miestach 7 az 11 v ramci opisovanych stopovacich
skuasok (b).

Fig. 10. Flow-through field fluorometer GGUN-FL30 inside the
drinking water source of Evetes$ karstic spring (a), capsule with
sorption agent, as applied on sites 7 to 11 (b).
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fluorimetri ¢. 914 na vytoku z Marikinho jazera (monitoro-
vaci bod €. 1) pocas prvych 10 dni merani po injektazi far-
biacich stopovacov, ostatné kontinualne merace pracovali
pocas celého monitoringu bez vaznych portch a preruseni.

Spracovanie sorpénych naplni sa robilo semikvantita-
tivnou metddou, ktora neumoziuje stanovit’ koncentraciu
stopovacich latok vo vode. Indikuje sa len ich pritomnost’
v urcitom ¢asovom intervale, ktory je definovany frekven-
ciou vymeny sorpénych naplni. NaSe vysledky preuka-
zali pritomnost’ dvoch stopovacov na troch sledovanych
miestach (tab. 5) vo vel'mi nizkej (+) intenzite. Okrem
vody pramenov Pod kamenolomom, Mezes§ a Hradna vy-
vierac¢ka, kde sa v ur¢itom iseku monitorovacieho obdobia
zaznamenali stopovace naftionat sodny, resp. fluorescein,
sa zistili aj dve miesta detekcie, ktoré vykazovali Gplna
negativitu — nepritomnost’ ziadnej z aplikovanych stopo-
vacich latok. ISlo o pramen Pri kaplnke (7) a pramen Pri
mlyne (9). Pocas analyz vzoriek ziskanych z aktivneho uh-
lia sa v8ak zaznamenala vel'mi nizka hladina pritomnosti
stopovacov, ¢o vyrazne stazovalo detekciu ich pritomnosti
a sposobilo nutnost’ vykonu opakovanych analyz vzoriek.
Ani uvedené tri prepojenia (tab. 5) teda nemozno pova-
zovat’ sa overenie miest s Uplnou pozitivitou vo vztahu
k aplikovanym stopova¢om. Vysledky ziskané zo spraco-
vania sorpénych naplni treba skor povazovat’ za indicie
moznych prepojeni.

Pri stopovacej latke sulforodamin B aplikovanej v za-
vrte (C) vychodne od Marikinho jazera ani pri bakteriofa-
goch H40/1 aplikovanych do zavrtu (D) vjv. od Marikinho
jazera sa nezistili nijaké reakcie na ziadnom z jedenastich
miest ich detekcie. Tieto miesta mozno povazovat za
miesta s lepSou prirodzenou ochrannou funkciou proti po-
tencidlnemu znecisteniu.

Naopak, za lokalitu s vysokym stupiiom aktivneho
podzemného prepojenia s jednotlivymi ¢astami podzem-
ného hydrologického systému Krasnohorskej jaskyne
mozno povazovat’ zavrt (A) zapadne od Marikinho jazera.
Okrem uvedenych nalezov aplikovaného naftionatu
sodného v pramenoch Pod kameniolomom (8) a Mezes (10)
bol naftionatsodny indikovany prietokovymi fluorimetrami
na vSetkych nimi monitorovanych miestach, a to v zna¢nej
intenzite, danej maximalnou indikovanou koncentraciou
stopovaca (tab. 6). Ta sa pohybovala od 0,68 ppb vo
vode presakovanej zo Siene obrov az do 107,73 ppb,
zistenych prekvapujiico uz po vyse 3 dnoch v prameni
Evete$ nad obcou HruSov vzdialenom 4,8 km. Vo vode
tohto pramena bol zaznamenany aj prichod druhého,
eSte intenzivnejSieho signalu s intenzitou 121,71 ppb po
12,1 dnoch. Vzhl'adom na silu signalu a rychlost’ jeho
prenosu je potrebné v oblasti medzi zavrtom (A) zapadne
od Marikinho jazera a pramenom Evete$ predpokladat’
existenciu dvoch vzajomne oddelenych, ale v obidvoch
pripadoch vel’'mi aktivnych obehovych ciest vo vaddznej
zone pod polohovo relevantnym povrchom Silickej
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planiny. Neprava rychlost’ pridenia je v tomto pripade
1 443,2 m/den (1,67 cm/s) v pripade predpokladaného
»rychlostne aktivnejSicho kanala® nenasytenej zony
a 396,8 m/den (0,46 cm/s) v pripade druhého ,kanala®,
pri ktorom zas mozno predpokladat’ niz§iu mieru disperzie
a prenos vyssej koncentracie aj v pripade kontaminantov,
nielen stopovacich latok.

Najvyssia aroven zachyteného signalu sa podla oca-
kavania prejavila vo vode krasového pramena Buzgo,
kde dosiahla pri prichode dvoch po sebe iducich signalov
(1,6 dna a 7,6 dna) po injektazi naftionatu sodného do
zavrtu (A) troven 166,0 ppb pri prvom, skorSom signali
a 125,0 ppb pri druhom signali prichadzajicom Sest’ dni
po nom. Aj v tomto pripade mézeme hovorit’ o dvoch vza-
jomne oddelenych aktivnych obehovych cestach vody vo
vaddznej zone. Pretoze uvedené monitorované miesto spa-
ja v sebe vody prechadzajiice monitorovanymi miestami 1
az 4 (hlavnym vytokom z Marikinho jazera ¢i tromi niz§ie
sa nachadzajucimi pritokmi), predpokladame, Ze signal sa
objavil vo vode Marikinho jazera, kde bol v danom case
nefunkény fluorimeter. Pri vypocte nepravej rychlosti pra-
denia je potrebné pocitat’ so vzajomnou vzdusnou vzdia-
lenostou Marikinho jazera a zavrtu (A) 613 m, pri ktorej
je potom v pripade aktivnejSieho kanala neprava rychlost’
385,5 m/den (0,45 cm/s) a v pripade druhého 80,8 m/den
(0,09 cm/s). S tymto (,,prvym* naftionatovym) maximom
zistenym vo vode pramena Buzgd a predpokladanym
vo vode Marikinho jazera suvisi zrejme aj pritomnost
naftionatu sodného v prameni Pod kamenolomom indi-
kovana sorpénymi kapsulami (dva odbery s pozitivnym
vysledkom, zachytavajice Casovy interval 18. 11. az
28.11. 2016; tab. 5). Podl'a systematického monitorovania
chemického zloZenia vody oboch tychto zdrojov v ramci
projektu KRASCAVE (Malik et al., 2019) su ich kvalita-
tivne vlastnosti ve'mi podobné a mozno medzi nimi oca-
kavat’ vyznamny savis.

Po Case, ked’ sa zistil chybny zaznam fluorimetra ¢. 914
instalovaného v Sifone potapacov (kde je prirodzena cesta
odvodnovania Marikinho jazera) a doslo k naprave merani,
bol 6. 11. 2016 v Case od 16.45 detegovany nastup d’alSie-
ho, v poradi uz treticho signalu, ktory dosiahol najvyssiu
intenzitu az 21. 11. 2016 okolo 6.00 hod. Z toho vyplyva,
ze i8lo o znacne rozptyleny prichod stopovaca signalizu-
juci znaény stupen disperzie, hoci troven vrcholovej kon-
centracie bola az 61,8 ppb. Pri zjednodusenom chapani by
sme k tomuto tretiemu signalu priradili neprava rychlost’
23,9 m/den (0,028 cm/s), no v tomto pripade evidentne ide
o pomaly narast stopovaca rozptyleného v horninovom
prostredi. Ovela intenzivnejsi bol koncentracny narast
v pripade dvoch vécsich pritokov v Krasnohorskej jaskyni
— lavostranného pritoku pod Vel'kou sieniou (od Heliktito-
vého domu; €. 2 v tab. 2) a pravostranného pritoku v Abo-
nyiho dome (¢. 4). V oboch pripadoch sa zaznamenal
casovy rozdiel medzi prvou indikaciou stopovaca a jeho
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najvy$sou hodnotou 22.30 hod. (0,94 dna), v pritoku
v Abonyiho dome vSak bola prva indikéacia stopovaca za-
znamenana o 17 hodin skor a takisto bola v ¢ase posunuta
aj najvyssia zistena hodnota. V oboch pripadoch vsak islo
o Casovy posun od injektaze naftionatu sodného do zavrtu
(A) vrozmedzi 13 az 14 dni. Zaujimavostou je, ze stopovac
bol zaznamenany skor vo vzdialenejSom pravostrannom
pritoku v Abonyiho dome (€. 4) na ,,opacnej, vychodne;j
strane Krasnohorskej jaskyne. Preto je v pripade pritoku
pod Velkou sietiou (2) hodnota nepravej rychlosti mensia
(38,2 m/den, resp. 0,044 cm/s), v pripade pritoku v Abo-
nyiho dome o 25 % véicsia (47,4 m/den, resp. 0,055 cm/s).
Uvedené signaly boli zaznamenan¢ aj na fluorimetri ¢. 310
na monitorovacom mieste 5 — pramen Buzgd. Napokon
bolo po vyse troch tyzdioch zachytené maximum signalu
stopovacej latky naftionat sodny aj v mieste presakovania
zo Siene obrov, teda vo vode, ktora sa podiel’a na vytvarani
gigantického, 32,6 m vysokého Kvapla roznavskych jas-
kyniarov nachadzajiiceho sa v tejto sieni. Toto maximum
vSak bolo mimoriadne nizke (len 0,68 ppb), a tak nebol
tento signal ani rozliSeny v rdmci kontinualnych merani
na prietokovom fluorimetri ¢. 310 priamo nad pramenom
Buzg6, na monitorovacom mieste 5. Podobne ako v pri-
pade tretieho signalu vo vode Marikinho jazera, aj tu islo
o vel'mi pomaly narast — prva indikacia stopovaca bola re-
gistrovana 7. 11. 2016 o 2.00 hod. a maximum nastalo az
0 12 dni neskér (19. 11. 2016 o 1.15 hod.). Casovo sa oba
signaly (tento z pritoku zo Siene obrov a treti z Marikin-
ho jazera) vel'mi podobaju, jednak ¢asom tranzitu (23,39,
resp. 25,59 dna) a ¢asom svojho nastupu, jednak ¢asom
dosiahnutia maxima (tab. 6). M6zeme preto predpokladat’,
ze uvedené miesta nachadzajtce sa v zadnych, vzdialenej-
Sich castiach Krasnohorskej jaskyne boli zasiahnuté roz-
ptylenym mrakom naftionatu sodného zo zavrtu (A), ked’
predtym bol cez Marikino jazero transportovany stopovac
vstupujtci koncentrovane do inych miest podzemného
hydrologického systému Krasnohorskej jaskyne. Zaroven
tieto miesta neboli zasiahnuté stopovacom, ktory sa v tro-
cha menej koncentrovanej forme objavil v dvoch vicsich
pritokoch — v l'avostrannom pod Vel’kou sietiou (od Helik-
titového domu), ako aj pravostrannom v Abonyiho dome
(¢.2a4).

Pri stopovacom fluoresceine, ktory bol aplikovany do
zavrtu (B) nachadzajuceho sa sv. od Marikinho jazera,
bol fluorimetrami zaznamenany len slaby signal. Je vSak
zaujimavé, ze zasiahol len bezprostredne najblizsie moni-
torovacie miesta — l'avostranny pritok pod Vel'kou siefiou
(od Heliktitového domu; €. 2 v tab. 2) a pravostranny pri-
tok v Abonyiho dome (¢. 4) — a na inych miestach pod-
zemného hydrologického systému Krasnohorskej jaskyne
fluorescein nebol detegovany. Nebolo to tak ani v pripade
monitorovacieho bodu €. 5 nad prameniom Buzg6. Vysvet-
Pujeme si to prili§ vel'kym zriedenim stopovaca, ktory mal
mimoriadne nizku koncentraciu uz v spominanych prito-
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koch. Vo vode pravostranného pritoku v Abonyiho dome
to bolo len 0,24 ppb a vo vode l'avostranného pritoku pod
Velkou sienou 0,68 ppb. Aj Cas tranzitu fluoresceinu tu
vsak bol napriek mimoriadne malej vzdialenosti pomerne
dlhy — prichod maxima bol zaznamenany po vyse 13, resp.
vySe 36 dioch (tab. 6), pritom vzdusnou ¢iarou je vzdia-
lenost’ tychto monitorovacich mieste 25, resp. 126 m od
dna zavrtu — zavrt (B) sa prakticky nachadza priamo nad
priestormi Krasnohorskej jaskyne. Neprava rychlost’ od-
vodena z tychto hodnot (1,9 m/den, resp. 0,002 cm/s v pri-
toku ¢. 4 v Abonyiho dome a 3,5 m/den, resp. 0,004 cm/s
v pritoku ¢. 3 pod Velkou siefiou od Heliktitového domu)
je najnizsia, aka bola zistena pocas nami analyzovanych
stopovacich skusok. V pripade monitorovacicho bodu
¢. 3 mozno navyse konstatovat’ pomerne vel'ka disperziu
stopovacicho farbiva v horninovom prostredi, ked’ ¢as od

zaznamu prvej indikacie po zaznam najvyssej koncentracie
stopovaca tu bol az 14,4 dna (v blizZSom monitorovacom
bode ¢. 4 len 1,8 dna). Z nizkych hodnot zistenej koncen-
tracie, vel'mi dlhého tranzitného Casu a malej rychlosti
tranzitu vyplyva, Ze horninové prostredie v oblasti pod za-
vrtom (B) sv. od Marikinho jazera v smere ku Krasnohor-
skej jaskyni poskytuje vcelku dobru prirodzent ochranu
pred potencialne prenikajicim zneCistenim vd’aka svojim
hydrofyzikalnym vlastnostiam alebo znacnému objemu
vody v zone epikrasu, ktorym stopovac nestacil prenikntit’.
O to zaujimavejsia je potom detekcia stop fluoresceinu na
aktivnom uhli sorpénych kapsul situovanych vo vode pra-
mena Hradna vyvieracka pri Brzotine (tab. 5) v ¢ase medzi
18. 11. a 28. 11. 2016. V tomto pripade by pri vzajomnej
vzdialenosti oboch bodov bola neprava rychlost’ v rozme-
dzi priblizne 220 az 320 m/den, resp. 0,258 az 0,369 cm/s.

(A) - zavrt 7 g

3= podivelkoulsienou

I\ arikinoYjazero
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Obr. 11. Vysledky stopovacich skisok podl'a udajov zaznamenanych prietokovymi ponornymi fluorimetrami GGUN-FL30 — detail

bezprostrednej oblasti Krasnohorskej jaskyne.

Fig. 11. Results of tracer tests according to the data recorded by GGUN-FL30 flow-through submergible fluorometers — detail for the

nearest area of the Krasnohorska jaskyta Cave.
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Stopovacia latka by sa vSak zjavne od zavrtu (B), kde
bola injektovanda, musela $irit’ spociatku juznym smerom
(mimo oblasti Krasnohorskej jaskyne, kde sa vyskytla len
v zanedbatelnej koncentracii priblizne v rovnakom case)
a az nasledne v smere na zapad, takze jej rychlost’ by mala
byt eSte vyssia.

Vlhkostné pomery v skiimanej oblasti Silickej planiny
boli v obdobi realizacie stopovacich skisok nadnormalne:
pre zrazkomernu stanicu SHMU 55 180 Silica (505 m n.
m.) je charakteristicky zrazkovy tihrn za mesiac oktdber
57 mm, oktobrovy zrazkovy uhrn v roku 2016 vsak bol
v takmer dvojnasobnej vyske, 112 mm. Vyrazné tu boli
zrazky v dnoch 3. 10. 2016 (28,0 mm), anajméa 21. 10. 2016
(27,2 mm), ktoré prispeli k saturdcii pody dostatoénym
mnozstvom vlahy pred samotnou aplikaciou stopovacov
26. 10. 2016. Mesiac november 2016 so zaznamenanym
thrnom 52,0 mm bol potom vlhkostne priemerny, pretoze
priemerné novembrové uhrny na stanici Silica dosahuju
52 mm. Vacsina dennych thrnov neprekrocila 3,0 mm,
s vynimkou dvoch vyraznych dazd’ovych dni 5. 11. 2016
(18,4 mm) a 6. 11. 2016 (17,8 mm). Je zrejmé, Ze uvedeny
zrazkovy impulz v tomto obdobi do vel'kej miery aktivo-

val prenos stopovacov, pretoze vicsina prvych indikécii
stopovacov bola zaznamenana az po 5. novembri 2016.
Naopak, december 2016 s uhrnom 1,3 mm bol v stanici
Silica mimoriadne suchy, ked’Zze thrny tu zvycajne do-
sahuja 40 mm. V uvedenom obdobi nedoslo na povrchu
Silickej planiny k akumulacii snehovych zrazok, a teda ani
k ich topeniu. Priemerny zrazkovy uhrn v stanici Silica za
44-ro¢né obdobie 1973 — 2017 je 707 mm.

Vysledky prepojeni jednotlivych miest aplikacie a in-
dikacie stopovacich latok st zhrnuté v tab. 3 az 6, znazor-
nené st aj na obr. 11 a 12.

Zaver

V obdobi na prelome rokov 2016 a 2017 v oblasti vy-
chodnej casti Silickej planiny v ramci predpokladaného
rozsahu podzemného hydrologického systému Krasno-
horskej jaskyne sa realizovali Styri stopovacie skisky na
testovanie citlivosti vody Krasnohorskej jaskyne na poten-
cialnu kontaminaciu pritomnu na bezprostredne blizkom
povrchu Silickej planiny. Farbiace stopovacie latky boli
aplikované do horninového prostredia 26. oktobra 2016
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® detekcia stopovacov v pramenoch / tracer detection in springs

® detekcia stopovaéov v podzemi / tracer detection in the underground
— prepojenia zistené pomocou fluorimetrov / interconnections detected by fluorometers
— prepojenia zistené zo sorpénych kapsul / interconnections detected by sorption capsules
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Obr. 12. Vysledky stopovacich skusok v SirSej oblasti Krasnohorskej jaskyne podla tidajov zaznamenanych prietokovymi ponornymi
fluorimetrami GGUN-FL30 a aktivnym uhlim v sorpénych kapsulach.

Fig. 12. Results of tracer tests in the broader area of the Krasnohorska jaskyna Cave according to the data recorded by GGUN-FL30
flow-through submergible fluorometers and activated carbon in the capsules.
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Tab. 4

Pocty plakov detegované v jednotlivych vzorkach pocas stopovacej skiisky s pouzitim bakteriofagov H40/1 v zavrte (D)

vjv. od Marikinho jazera v obdobi 14. 11. 2016 az 11. 04. 2017.
Tab. 4

Presence of plaques detected in individual samples taken in the period 14. 11. 2016 — 11. 04. 2017, during tracer test using H40/1

bacteriophages in the (D) sinkhole ESE from the Marikino jazero Lake.

) % = © -
o) = % = 5 N 5] = = i S
Datum % §g g%g Eg E EE ,E ig i ’§ )TE%
2 | 35 |28z|8°F | 2 | e8| &g, | S| £ | 59| E%
LB LB SBR[ B b | Y| LE| 45| 4 |22 =
14.11. 2016 14.30 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
14.11.2016 18.00 0/0 0/0 0/0 0/0
14.11.2016 22.15 0/0 0/0 0/0 0/0
15.11.2016 02.15 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
15.11. 2016 06.00 0/0 0/0 0/0 0/0
15.11.2016 10.00 0/0 0/0 0/0 0/0
15.11. 2016 15.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
15.11.2016 22.00 0/0 0/0 0/0 0/0
16.11.2016 02.30 0/0 0/0 0/0
16. 11.2016 06.15 0/0 0/0 0/0 0/0
16. 11.2016 14.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
16. 11.2016 22.20 0/0 0/0 0/0 0/0
17.11. 2016 02.15 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
17.11. 2016 06.15 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
17.11. 2016 14.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
17.11.2016 22.15 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
18.11.2016 14.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
19. 11. 2016 14.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
20.11.2016 14.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
21.11.2016 14.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
28.11.2016 13.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
5.12.2016 12.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
5.1.2017 12.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
5.2.2017 12.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
28.2.2017 12.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
10.4.2017 12.00 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
11.4.2017 12.00 0/0 0/0 0/0

94




P. Malik et al.: Prieskum ochrannej funkcie zony aerdcie nad Krasnohorskou jaskynou (Silicka planina) pomocou stopovacich skisok

Tab. 5
Pritomnost’ stopovacov zistena na sorpénom materiali v indika¢nych kapsulach na vybranych miestach, ¢isla miest detekcie zodpove-
daju tab. 2. Detegované farbiva: Ns — naftionat sodny, F1 — fluorescein.
Tab. 5
Presence of tracers detected on sorption material in indicator capsules at selected detection sites, markings of tracer detection sites
correspond to Tab. 2. Detected dye tracers: Ns — sodium naphtionate, F1 — fluorescein.

. 7 — prameii 8 — pramen 9 — pramen 10 — pramen 11 —'pral-nel'lv
Ditum Pri kaplnke Pod kameriolomom Pri mlyne Mezes (Hrusov) Hradna mleracka
(Brzotin)
14.11. 2016 12.00 - Ns + - N o
16.11. 2016 12.00 - Ns + - R o
18.11. 2016 12.00 ——— Ns + B S o
18. 11. 2016 12.00 ——— Ns + S R o
21.11.2016 12.00 - Ns + - Ns + Fl +
28.11.2016 12.00 - Ns + —_— Ns + Fl1 +
5.12.2016 12.00 ——— Ns + — N _
5.1.2017 12.00 ——— Ns + —— - I
5.2.2017 12.00 - - - - o
5.3.2017 12.00 — —— S - __
5.4.2017 12.00 - S S ___ I

Pozn.: Intenzita signalu: + vel'mi nizka, ++ nizka, +++ stredna, ++++ zvysend, +++++ vysoka

LEGENDA / LEGEND il
| dobrd prirodzend ochrana / good natural protection . jaskyha/cave
zniZend prirodzend ochrana / lowered natural protection e prameii/ spring

- velmislabd prirodzend ochrana / very week natural protection

I:> smery prudeniavo vadéznejzone / flow directionsin the vadose zone

Obr. 13. Prirodzené ochrannd funkcia horninového prostredia nad Krasnohorskou jaskymnou.
Fig. 13. Natural protection function of the rock environment above the Krasnohorska jaskyna Cave.
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v troch zavrtoch, resp. krasovych jamach: (A) zavrt za-
padne od vertikalneho priemetu Marikinho jazera na po-
vrch Silickej planiny — naftionat sodny, (B) zavrt sv. od
Marikinho jazera — fluorescein, (C) zavrt vychodne od
Marikinho jazera — sulforodamin B. Fagova suspenzia
bakteriofagov H40/1 sa pre technologické tazkosti pripra-
vy jej dostatoéného mnozstva a koncentracie aplikovala az
neskar, a to 14. novembra 2016 do miesta aplikacie (D) —
zavrtu vjv. od Marikinho jazera. Po aplikacii stopovacov
sa realizoval ich monitoring na 11 pozorovacich miestach
v trvani zhruba pdt’ mesiacov. V Siestich pripadoch boli
pouzité pol'né prietokové fluorimetre GGUN-FL30 s kon-
tinudlnym meranim koncentracie pouzitych farbiv a na
ostatnych miestach indika¢né kapsuly so sorpcnou latkou.
Na tych istych miestach sa odoberali aj vzorky vody na
detekciu bakteriofagov H04/1, ktoré sa nasledne dorucili
do Ustavu fyziolégie hospodarskych zvierat SAV v Kogi-
ciach, kde sa do 24 hodin po doruceni spracuvali.

Detekcia stopovacich latok sa vykondvala na 5
miestach vnutri podzemného hydrologického systému
Krasnohorskej jaskyne (1 — vytok z Marikinho jazera
pod Sifénom potapacov, 2 — miesto presakovania zo Sie-
ne obrov, 3 — lavostranny pritok pod Velkou sietiou od
Heliktitového dému, 4 — pravostranny pritok v Abonyiho
dome, 5 — celkovy odtok vody z Krasnohorskej jaskyne
v krasovom prameni Buzgd), kde boli instalované fluori-
metre GGUN-FL30. Tento pristroj bol instalovany aj vo
vodarensky zachytenom prameni Evete§ nad obcou Hru-
Sov. Na dalSich pramenoch boli instalované kapsuly so
sorpénym materialom (aktivne uhlie), ktory sa v pravidel-
nych intervaloch vymienal a nasledne analyzoval. Takto
bolo sledovanych pdt mensich pramenov: Pri kaplnke
(Krasnohorska Dlha Luka), Pod kamenolomom (Krasno-
horska Dlha Luka), Pri mlyne (Krasnohorska Dlha Lika),
Hradna vyvieracka (Brzotin) a pramen Mezes (Hrusov).
Posledny z nich sa vyuziva aj ako vodarensky zdroj pre
obec HruSov.

Pocas celého obdobia sledovania nebol zaznamenany
signal stopovacej latky sulforodamin B, aplikovanej v za-
vrte (C) vychodne od Marikinho jazera. Takisto nebola
zaznamenana pritomnost’ bakteriofagov H40/1 aplikova-
nych do zavrtu (D) vjv. od Marikinho jazera ani v jednej
z 223 odobranych a analyzovanych vzoriek. Oba zavrty
sa nachadzaju juzne, resp. jv. od Krasnohorskej jaskyne.
Predpokladame, ze v tychto miestach poskytuje povrch
Silickej planiny pre Krasnohorsku jaskynu a jej podzem-
ny hydrologicky systém vcelku dobru prirodzent ochranu
pred potencialne prenikajiicim znecistenim.

Vysledky ziskané po spracovani sorpénych néplni in-
dika¢nych kapstl z aktivneho uhlia preukazali pritomnost’
dvoch stopovacov na rozdielnych sledovanych miestach
vo velmi nizkej intenzite. Naftionat sodny, aplikovany
v zavrte (A) zapadne od Marikinho jazera, sa objavil vo
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vode pramena Pod kamenolomom (oznacenie miesta in-
dikécie: 8), ako aj vo vode pramena Mezes (10). Fluores-
cein aplikovany do zavrtu (B) bol zas detegovany v dvoch
sorpénych naplniach v prameni Hradna vyvieracka (11) pri
Brzotine. Nepritomnost’ stopovacich latok sa zistila v pra-
meni Pri kaplnke (7) a prameni Pri mlyne (9). Vysledky
ziskané pomocou sorpénych néaplni vSak treba skor pova-
zovat’ za indicie moznych prepojeni. Dovodom je vel'mi
nizka hladina pritomnosti stopovacov, ktora sa tu zistila.
Vel'mi dobru charakteristiku sposobu Sirenia stopova-
cich latok poskytli prietokové fluorimetre GGUN-FL30
Svajéiarskeho vyrobcu. Zistena neprava rychlost’ (stanove-
na podla vzdusnej vzdialenosti miest aplikécie a indikova-
nia) sa tu pohybovala od 1,9 do 1 443,2 m/den (0,002 az
1,670 cm/s), Cas tranzitu bol od 3,3 do 36,3 dia s media-
novou hodnotou 13,6 diia. Miesta indikovania stopovacov
boli vzdialené od 25 do 4 806 m vzdus$nou Ciarou a maxi-
malna indikovana koncentracia stopovacej latky sa v indi-
vidualnych pripadoch pohybovala od 0,24 do 127,71 ppb.
NajrychlejSiec a zaroven najintenzivnejSie Sirenie sto-
povacej latky sa zistilo v pripade naftionatu sodného,
ktory bol aplikovany na dne zavrtu (A) zapadne od Kras-
nohorskej jaskyne. Tento stopovac uz v priebehu 1,59 dna
dosiahol Marikino jazero (1), v dosledku kratkodobého
vypadku fluorimetra vSak bol indikovany na celkovom
vytoku z jaskyne. Na dalSich troch miestach pritokov
v jaskyni sa vSak v ramci tohto prvého a najintenzivnej-
Sicho signalu (166,0 ppb nad pramefiom Buzgd; 5) uz
nezistil. Vzépéti sa v sile 107,73 ppb uz po 3,33 dinoch
od injektaze objavil naftionat vo vode pramena Evetes (6),
po 7,59 dnoch opidt’ v prameni Buzgd (124,96 ppb) a po
12,11 dnoch bolo 7. 11. 2016 o 18.30 zaznamenané maxi-
mum druhého signalu aj v prameni Evetes. Uvedené Styri
pripady boli zaroven najintenzivnejSim prejavom tohto
stopovaca, ktory sa az nasledne po 13,28 dnoch objavil
v pravostrannom pritoku v Abonyiho dome (4) pri sile sig-
nalu 32,96 ppb a po 13,99 diroch v l'avostrannom pritoku
pod Vel’kou siefiou (56,30 ppb). Vzhl'adom na silu signalu
a rychlost’ jeho prenosu je teda potrebné v oblasti medzi
zavrtom (A) a prameniom Evete$§ predpokladat’ existenciu
dvoch vzajomne oddelenych, ale v obidvoch pripadoch
vel'mi aktivnych obehovych ciest vo vaddznej zéne pod
polohovo relevantnym povrchom Silickej planiny. Nepra-
va rychlost prudenia je tu 1 443,2 m/den (1,67 cm/s) v pri-
pade predpokladaného ,,rychlostne aktivnejSieho kanala*
nenasytenej zony a 396,8 m/den (0,46 cm/s) v pripade
druhého ,kandla®“, pri ktorom zas mozno predpokladat’
niz§iu mieru disperzie a prenos vyssej koncentracie nielen
stopovacich latok, ale aj kontaminantov. Obdobné cesty vo
vadoznej zone mozno ocakéavat’ aj v sm