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OBÁLKA:
Hore: Fotografia rozsadliny 4, jz. pohľad, so sondážnou ryhou 3 vľavo a sondážnou ryhou 2 vpravo. Vzdialenosť medzi 
sondážnymi ryhami je 21 m. Skupina kopáčov sedí/stojí na bloku I. 
V strede: Litologický profil na východnej stene sondážnej ryhy 3 s vyznačením odberu vzoriek na rádiokarbónové datovanie.
Dole: Geologická mapa jv. svahu Chabenca (Biely et al., 1992, upravená, na DMR zostavil P. Pauditš).

COVER:
Top: 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. 
Centre:  Log of the east wall of Trench 3, with indication of lithology and sampling for 14C radiocarbon dating.
Bottom: Geologic map of the southeastern slope of Mt. Chabenec (Biely et al., 1992, modified, on DMR compiled by 
P. Pauditš).
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Nemčok (1972), and Mahr and Nemčok (1977). The Cha-
benec deformation is part of a longer belt of similar de-
formations developed between Chopok and Prašivá Hills 
(a distance of 25 km) within the granitoid massifs forming 
the main ridge of the Low Tatras Mountains (Nemčok, 
1982). Approximately 38 % of the mountain ridge is affec-
ted by such deformation. The scarps are easy to see becau-
se most of the ridge lies above the tree line at ~1,400 m.

•	 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, Nízke 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).
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Introduction

Mt. Chabenec (48.94°N, 19.49°E; elevation 1,959 m) 
is situated in the Low Tatras (Nízke Tatry) Mountains, 
Central Slovakia (Fig. 1), in Nízke Tatry National Park. 
The marked feature of Mt. Chabenec is a series of parallel 
antislope scarps on its southern slope, which descends to 
the Lomnistá Valley floor (1,300 m elevation). These anti-
slope scarps were described decades ago by Jahn (1964), 
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Abstract: A series of distinct antislope scarps crosses the southern slope of the Mt. Chabenec in the Nízke Tatry 
Mountain range. Previous studies assumed that the deep-seated deformation with features of creep movement 
developed slowly towards the Lomnistá 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 14C-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 Nízke Tatry Mountains do have a historic record of earthquake shaking, so the MRE at Mount Chabenec could 
have been triggered by similar ground motions.
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This paper describes the results of a trenching study 
performed by the State Geological Institute of Dionýz 
Štúr (SGIDŠ) (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; Pánek 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 (Pánek et al., 2017).

Geological Setting

According to the geologic-geomorphologic division of 
Western Carpathians (Mazúr and Lukniš, 1980), Mt. Cha-
benec belongs to the Ďumbier part of the Low Tatras. 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 Palaeozoic and Mesozoic cover sedimenta-
ry 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 Ďumbier 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 
Lomnistá 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 

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 Nízke Tatry Mountains centered on Mt. Chabenec; thick contour interval is 
50 m. Study site (box) occupies the southern slope of Mt. Chabenec.
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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-grai-
ned trough sediments would contain organics amenable 
to radiocarbon dating. Each trench did contain both da-
table 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 co-
arser-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 Na-
tional 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 ca-
lendar 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 

Fig. 2. Geologic map of the southeastern slope of Mt. Chabenec (Biely et al., 1992, modified, on DMR compiled by P. Pauditš). 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 Lomnistá Valley is 660 m.
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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 

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.

Fig. 3. Profi le views of the southern slope of Mt. Chabenec. A – north-south topographic profi le 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 fl ank 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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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. 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 antislo-
pe 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.

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.

Fig. 5. Photographs of Scarp 2 and Trench 1. Above, 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 uncon-
solidated 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. Tren-
ching later showed that the grass is growing on a fi ne-grai-
ned sag pond deposit that had been tilted up to 50° by drag 
on the fault.

Stratigraphy and Soils

On the east trench wall we defi ne 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 

0 1 meter.5
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dark brown silty clay with large
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Radiocarbon ages are in 
calendar years B.P; NSF 
Arizona AMS Dating 
Facility.

Trench excavated 6-8 
Aug. 1997.

Trench logged 10-12 Aug. 
1997 by M.E. Bentley and 
N. Santacana.
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fissure fill

brown silty sand with gravel 
lenses; SAG POND ALLUVIUM

black silt; A horizon on SAG 
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red-brown sandy clay; B
horizon on SAG POND DEPOSIT

EVENT Y
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EVENT Z?

Y
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trench fl oor. 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 6Ab1; black 
silt). The sequence 4a-4b-5B-6Ab1 appears to be a single 
fi ning-upward sequence ranging from a basal colluvium to 
fi ne sag pond deposits, then topped by a well-developed 
soil profi le; 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 Oi).

Fig. 6. Log of the east wall of Trench 1 (center and left) and a mirror image of the log of the west wall (at right).
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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 boun-
ded 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 sli-
ver 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 appe-
ars 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 
6Ab1, but not unit 7 or soil horizon Oa. On the east wall 
the splay fault also displaces units 5B and 6Ab1, 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).

Tr
en

ch
 

N
o.

Sa
m

pl
e 

N
o. Lab No.1 Material

14C Age (yr 
BP, 1 sigma)

Calendar Age (cal yr BP) 
intercept(s) in parentheses, 2 
sigma range2

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 2,530±60 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 gravel3 485±50 335 (520) 640
2 3 AA27857 Organic silt 1,170±45 970 (1,060) 1,229
2 4 AA27858 Organic silt 4,215±55 4,577 (4,740) 4,864
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 gravel3 4,965±55 5,594 (5,670, 5,690, 5,710) 5,890
2 9 AA27862 Smeared black organic silt in shear zone4 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 zone4 2,640±75 2,491 (2,750) 2,945
3 4 AA27866 Detrital charcoal in gravelly channel deposit5 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 1,225±50 1,009 (1,160) 1,279
4 6 AA27870 Organic silt 945±50 742 (840) 937

1 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.
5 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 6Ab1 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. Žáková 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 (6Ab1) 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 6Ab1 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 
Oi

Weak modern soil develops on unit 7 alluvium, with a possible loess component. Base of Oa 
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 6Ab1 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 (aeolian?) washed 
into the trough, depositing unit 5 which fills in a broad trough. Soil horizons 5B and 6Ab1 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 be-
comes 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 intermedia-
te 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 (post-
dates 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 we-
dges of scarp-derived colluvium (unit 11c) on the trough 
margins. This rapid change suggests reactivated displace-
ment 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 

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. Lomnistá Valley in background.
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(alluvium). A soil A-horizon then developed 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-

ath the Scarp 4A face and dips 55°-60°N, and is exposed 
down ~1.5 m to the fl oor 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 a10-15 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.

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).

11a yellow- brown silty clay; SAG POND DEPOSIT

10e yellow- brown silty clay; SAG POND DEPOSIT

10d angular rock fragment in brown sandy matrix;  SOLIFLUCTION 
DEPOSIT?

10c similar to unit 10b

10b angular rock fragments in black mud matrix;  SOLIFLUCTION 
DEPOSIT  335-640 cal BP

10a angular rock fragments with brown-stained, well-sorted granule 
matrix; TALUS 4577-4864 calBP

9b stony colluvium with downslope fabric; SCARP COLLUVIUM
9a small gravel with brown silty matrix; SCARP COLLUVIUM
cf1 loose sandy gravel; FISSURE FILL

8c very clean fi ne gravel; ALLUVIUM
8b very clean fi ne gravel; ALLUVIUM
8a very clean fi ne gravel; ALLUVIUM

7 clean fi ne gravel of decomposed granodiorite
6 hard brown silty gravel

5b smeared black organic silt IN FAULT ZONE 3446-3690 calBP

Oa peaty organic A horizon; SOIL

14A A horizon developed on unit 14; SOIL
331-631 cal BP

14c well- sorted gravelly sand; ALLUVIAL CHANNEL
14b well- sorted gravelly sand; ALLUVIAL CHANNEL
14a well-sorted fi ne gravel; ALLUVIAL CHANNEL
13A A horizon developed on unit 13; SOIL
13d brown silty sand; LOESS
13c fi ne gravel; ALLUVIUM
13b brown sand; ALLUVIUM
13a massive brown silty sand; LOESS?
12b small lenses of sandy fi ne gravel; ALLUVIUM

12a mottled silty clay; SAG POND DEPOSIT
970-1229 cal BP

11d well-sorted fi ne gravel: ALLUVIAL CHANNEL

11c small angular gravel; COLLUVIAL WEDGE
1625-1870 calBP

11b same as 11a, but contains fi ne gravel; 
SAG POND DEPOSIT

5a black-stained fi ne gravel; ALLUVIUM 
5594-5890 calBP

4 hard brown silty gravel
4a hard brown silty gravel
3h crushed chunk of granodiorite

3g mod. hard brown-yellow clay with anastomozing 
fractures

3f same as 2c
3e mottled green-gray gritty clay with small pieces

of granodiorite
3d orange and green gritty clay
3c mottled orange-yellow-green gritty clay
3b soft yellow and white sandy clay
3a soft yellow and white sandy clay

2 brown decomposed granodiorite?
1b hard, unoxidized granodiorite
1a yellow, oxidized, decomposed granodiorite

EVENT Y

EVENT X

EVENT Z

FAULT
GOUGE

BEDROCK
IN-SITU
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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 (2c, 2e) 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. 

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 sedi-
ments 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, ero-
sion 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 unconsolida-
ted 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 5a, col-
luvium) to unit 5b (talus). Unit 5 is unconformably over-
lain 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 con-
tains the most pedogenic development as judged by co-
lor (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 may re-

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
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 
unit 13 (13A).

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 5a 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).
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DECOMPOSED
GRANODIORITE
BEDROCK IN
BLOCK I

PALEOSOL

EVENT Z

EVENT Y
EVENT W

EVENT X

Oi
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10

7
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6d
6c
6b
6a

5b
5a
4b

4a

3
2h
2g
2f
2e
2d
2c
2b
2a

1
R

Oa2

Oa1

8A
8AB

8B14c
14b

14A

13

11a

peaty organic-rich soil horizon

peaty organic-rich soil horizon; 1711-1924 calBP

peat and tundra mat

gray- to yellow-brown gravelly sand; SHEETWASH

rocky yellow-brown sandy gravel; COLLUVIUM

yellow cemented rocky silty sand; SOLIFLUCTION

yellow-brown rocky sandy gravel; COLLUVIUM

brown gravelly silty sand; OLD COLLUVIUM?
organic clay smeared along Fault F4; 2491-2945 calBP

gravelly olive green-brown silty sand; COLLUVIUM

lens of well-sorted fine gravel; ALLUVIAL CHANNEL

angular rock fragments with coarse matrix; TALUS

brown gravelly sand; COLLUVIUM
gravelly orange-brown silty sand; SAG POND DEPOSIT

gravelly orange sand; SAG POND DEPOSIT

yellow-white gritty cWay; FAULT GOUGE

orange clayey sand
yellow-white clayey sand

orange clayey sand

white gravelly sand
orange clayey sand
orange-white decomposed GRANODIORITE
crushed granodiorite; BEDROCK in BLOCK I

orange decomposed GRANODIORITE
decomposed granodiorite; in FAULT ZONE
hard, unweathered granodiorite; IN-SITU

gray-brown gravelly sandy silty clay; A HORIZON
brown gravelly silty sandy clay; AB HORIZON;
9280-9662 calBP
red-brown gravelly silty sandy clay; B HORIZONlens of clean white gravel, ALLUVIAL CHANNEL

gray-brown silty sandy clay; COLLUVIUM

dark brown gravelly sandy silt; A HORIZON unit 14;
9010-9434 cal BP

yellow loose gravelly sand; SCARP COLLUVIUM

black-stained rocky sandy gravel; COLLUVIUM
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Fracture
cf- crack fill

Symbols

Chab 3-4
9010-9434 calBP

Chab 3-2
9280-9662 calBP

Chab 3-1
1711-1924 calBP

Chab 3-3
2491-2945 calBP

NOTES:
Radiocarbon ages are in calendar years B.P.;  
from the NSF Arizona AMS Dating Facility.

Trench excavated 8-10 Aug. 1997.

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

krotovina

buried
free face

F1
Fracture
(obscure)

Fault or 
Fracture
Zone Descr-
ibed in Text

CHANNEL

SCARP II N 20° W
SCARP I

BLOCK I

k

Log of Trench 3, East wall
Mt. Chabenec Sackung Investigation

Z

Y
Y

Y
W

X

?

F1
F2

F3?
F4

youngest

cf

Fig. 10. Log of the east wall of Trench 3.

present 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 
Oa1) 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 fi ner (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 Oa1.  

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 fi ll 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 
fi ll (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 reaso-
nable compared to ages from Trench 2. One reason for this 
inconsistency is that there has been no trough sedimenta-
tion on Block I since faulting Event X (see Fig. 10). Since 
Block I was abandoned by active deposition, a moderately 
strong soil profile (8A-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 pro-
bably 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 distin-
guish 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 Oa1, 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 Oa1 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 8AB 25 cm down-to-north. Larger displacement 
(~0.5 m) occurs on F2, displaces soil Oa1. 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 Oa1 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).
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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 in-
tersection of the two antislope scarps created a triple-junc-
tion 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 deposi-
tional dip. Similar thick talus units (4b, 4c, 4d; 1.4 m expo-

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.

sed 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 cha-
racter 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 thou-
gh a trough must have existed earlier (unit 2). Within the 
main shear zone, unit 3b appears to be a fault sliver deri-
ved 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 tex-
ture 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 over-
lain 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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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) aff ect 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 

unit 7b and 7c. An older event seems to be indicated by 
the fact that a fi ssure fi ll (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-stratifi ed 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 stratifi ed 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 soil profi le consisting 

Fig. 12. Log of west wall of Trench 4.
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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 5c-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. 5.
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 7c) 
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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Fig. 13. Retro-de-
formation sequen-
ce of Trench 4. 
Stage 1 shows the 
present geometry 
of strata and struc-
tures on the trench 
wall. Preceding 
stages are drawn 
by removing any 
post-faulting stra-
ta (usually on 
the HW), resto-
ring eroded parts 
of strata (on the 
FW), and then 
reversing the slip 
on the fault to re-
align pre-faulting 
strata tops. This 
retro-deformation 
sequence cannot 
explicitly measure 
fault slip prior to 
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.

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 

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,

b)	 continuous deposition combined with episodic 
fault displacement, which creates “packages” of 
trough strata bounded by angular unconformities, 
but without paleosols,

c)	 episodic deposition and continuous creep, which 
result in packages of strata bounded by angular un-
conformities, but each package is topped by a pa-
leosol that represents a long hiatus during which 
creep continued to deform the underlying package,

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 formation 
(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-
sion) or by climatic causes. However, the disconformity 
also has a scarp-derived colluvial wedge sitting directly on 
it (unit 11c) at the main fault, and it forms the upward ter-
mination of two faults (F1, F2). Those two features cannot 
be created by climate changes.

Trench 3: contains structural indicators of episodic 
displacement. Between faults F2 and F3 units 2h, 4b, 
and 5b were rotated from subhorizontal (4b is a sag pond 
deposit) to a northward dip of 30°. All three units have 

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 
creep and continuous deposition create a pattern of in-
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-
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 
of which have been eroded nearest the sackung fault 
plane. The upper contact of each paleosol is an event 
horizon. (d) Episodic displacement and episodic depo-
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 
not coincide with the paleosols. From McCalpin, 2003.
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been rotated the same amount despite their difference in 
age, which is incompatible with creep displacement. The 
overlying units 5b and 6b are horizontal, forming a strong 
angular unconformity. There cannot be significant age 
difference between the youngest rotated stratum (5b) 
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-7c. 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 

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 5b, 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 



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

21

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 

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.” Pánek and Klimeš (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 

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. 
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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 eventsY1, Z2, Z3, and Z4 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 

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.

endogenetic: (1) seismic shaking, (2) extreme precipitation 
events, or (3) a slow uphill advance of tensional stress 
caused by glacial oversteepening of lower slopes (Pánek 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 formation to 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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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 Pánek 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-

te that seismic ground motions can occur at our study site, 
from moderate-magnitude regional earthquakes.

Mount Chabenec lies within the Čertovica seis-
motectonic zone (Fig. 18), one of four ‘seismoactive 
zones’ defined in Slovakia by Kováč et al. (2002), Hók 
et al. (2016). They describe the Čertovica line as follows: 
“The Čertovica line is a surface projection of the thrust 
plane of the Veporic basement sheet over the Tatricum. 
Based on geological data, earthquake focal mechanisms 
(Pospíšil et al., 1992), geophysical data (Bezák et al., 
1993, 1995; Šefara et al., 1998) and structural analyses 
(Hók et al., 1997, 1999, 2000) we consider this sector of 
the Čertovica 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 Dobrá Voda 
system, is distinctive in the recent morphology and can 
be well traced by remote sensing methods (Janků et al., 
1984)”. The active Hron fault system mentioned above 
extends within 10 km south of Chabenec’s summit.

Historic earthquakes in the Čertovica zone have 
clustered at the western end near Banská Bystrica and at 

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.
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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 Nízke 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 Nízke 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 Hók (2014) infer late 
Quaternary fault displacements in the NNE-trending 
Jánska 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 

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 cm 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 

Fig. 18. Seismically active zones of the Western Carpathians with indicated epicenters of earthquakes for the period 1034–1990 and 
position of the seismotectonic zones. Mount Chabenec (yellow square) lies in the Čertovica seismotectonic zone, which contains the 
active Hron fault between Mount Chabenec and Banská Bystrica. The largest earthquake in the 20th century (1906 Dobrá Voda) is 
shown as a yellow triangle. Modified from Kováč et al., 2002. 
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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
Si02 % 60.71 53.38 61.37 61.35 61.06
Al203 % 17.03 18.76 17.16 17.42 17.53
Fe203 % 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
Ti02 % 0.917 1.073 0.922 0.906 0.912
Mn0 % 0.108 0.170 0.107 0.117 0.146
P205 % 0.15 0.17 0.14 0.14 0.16
Na20 % 2.87 1.1.98 2.70 2.42 2.77
K20 % 2.96 2.93 3.17 3.09 3.14
Loss on ignition % 4.09 8.00 3.52 3.44 2.33
H20 % 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 Kα λ=0,154178 nm Goniometer shift: 0,1° 2Θ

37 kV / 30 mA Measuring range: 4 - 70° 2 Θ Frequency of scanning: l s

Archive number: li040/01 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: li041/01 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: li042/01 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: li043/01 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: li044/01 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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Postglaciálna deformačná história hlboko založených svahových deformácií
na južnom svahu Chabenca, Nízke Tatry, Slovensko

Južný svah Chabenca v Nízkych Tatrách je porušený 
systémom protiklonných rozsadlín, ktoré predstavujú 
povrchové prejavy hlboko založenej gravitačnej svahovej 
deformácie. Predchádzajúce štúdie predpokladali, že 
hlboko založená deformácia so znakmi tečenia sa pomaly 
vyvíjala smerom k Lomnistej doline v juhovýchodnom 
smere (Jahn, 1964; Nemčok, 1972; Mahr a Nemčok, 
1977). Svahová deformácia Chabenec je súčasťou dlhšieho 
pruhu podobných gravitačných porúch vyvinutých medzi 
Chopkom a Prašivou (vzdialenosť 25 km) v granitoidnom 
masíve tvoriacom hlavný hrebeň Nízkych Tatier 
(Nemčok, 1982). Približne 38 % hlavného hrebeňa je tu 
postihnutých týmto typom svahových deformácií. Ich 
povrchové prejavy vo forme protiklonných rozsadlín sú 
dobre viditeľné, keďže väčšina z nich sa nachádza nad 
pásmom lesa v nadmorskej výške zhruba ≥ 1 400 m.  
V roku 1997 tu spoločný americko-španielsko-slovenský 
tím pod vedením prof. Jamesa McCalpina z  Univerzity 
Boulder, Colorado, a Pavla Liščáka z ŠGÚDŠ uskutočnil 
paleoseizmický výskum, zameraný na zistenie mecha-
nizmu vývoja svahovej deformácie a  datovanie 
udalostí, ktoré viedli k vzniku uvedených rozsadlín. 
Prieskum v teréne zahŕňal výkopy sondážnych rýh vo 
vytypovaných rozsadlinách, detailný stratigrafický popis 
sedimentov zachytených v  týchto „sedimentačných 
pasciach“, odber vzoriek na  následné laboratórne 
petrografické zhodnotenie tektonických ílov,  odber 
vzoriek a datovanie organických sedimentov pomocou 
metódy 14C. Sondážne ryhy boli široké približne 0,6 m, 
dlhé 4,5 až 7,3 m a hlboké 2,0 až 2,7 m. Východná stena 
výkopu v každej sondážnej ryhe bola očistená a pomocou 
lanka bola vyznačená sieť 10 x 10 cm, ktorá slúžila na 
zhotovenie grafického záznamu o   litologickom zložení 
a  vzorkovaní na milimetrový papier v mierke 1 : 15. 
Odkryté stratigrafické jednotky boli definované na základe 
farby, textúry a sedimentárnych štruktúr. Pôdne horizonty 
na sedimentoch (substráte) boli taktiež identifikované 
a klasifikované v zmysle terminológie horizontov A/B/C 
používanej v USA. Petrografickú analýzu zabezpečila 
RNDr. Eva Žáková z ŠGÚDŠ, rádiokarbónové datovanie 
sa uskutočnilo v NSF (National Science Foundation), 
v laboratóriu atómovej hmotnostnej spektrometrie na 
urýchľovacom hmotnostnom spektrometri (Univerzita 
Arizona, Tucson, USA). 

Protiklonné rozsadliny vo vrchných častiach južného 
svahu Chabenca (nad pásmom lesa)  majú približne para-
lelný priebeh s vrstevnicami a dosahujú dĺžku 300 – 600 m. 
Celkovo sme identifikovali 9 rozsadlín od najspodnejšej, 
označenej 1, až po najvyššiu, označenú 9. Vlastný sondáž-

ny prieskum sme uskutočnili v protiklonných rozsadlinách 
2, 4, 6 a 7, ktoré mali dĺžku 600 m, 350 m, 300 m a 300 m 
(v uvedenom poradí). Vertikálny povrchový skok v uvede-
ných dominantných rozsadlinách varíroval v intervale od 
1 až do 10 m.

Aplikovali sme paleoseizmickú metódu v  štyroch 
sondážnych ryhách. Uvedenými sondážnymi ryhami rea-
lizovanými naprieč tromi protiklonnými trhlinami – roz-
sadlinami – na južnom hrebeni Chabenca bola odkrytá 
komplexná strižná zóna v granodiorite ďumbierskeho typu 
s mylonitmi hrubými 25 – 50 cm so smerom a sklonom 
360/55 – 60° (do svahu). Strižné zóny obsahujú viacnásob-
né zlomové úseky, zóny tektonického ílu a alteračné zóny.  
Na základe toho je možné predpokladať, že prebiehajúca 
hlboko založená gravitačná deformácia využíva staré pred-
kvartérne poruchové zóny. Štruktúra a stratigrafia odhale-
ná sondážnymi ryhami sú v súlade s epizodickým sklzom 
pozdĺž porúch gravitačnej deformácie, spojených s násled-
nou depozíciou a tvorbou pôdy v priľahlých rozsadlinách. 
Rýchle zmeny v sedimentačnom štýle a prerušenie tvorby 
pôdy stratigraficky korelujú s epizódami posunov na štruk-
túrach hlboko založenej gravitačnej deformácie. Napriek 
zjavnému chronologickému súladu medzi epizodickými 
pohybmi a tvorbou sedimentov sme sa stretli s ťažkosťa-
mi pri  rádiokarbónovom datovaní pomocou metódy 14C. 
Päť z našich 20 vzoriek prinieslo prevrátený vek, a to buď 
v dôsledku recyklácie starého uhlíka v rozsadlinách, ale-
bo kontaminácie pórovitých starých sedimentov uhlíkom 
z prekrývajúcich, mladších sedimentov. Nie je vylúčené, 
že do depresií boli deponované sedimenty z povrchu v ob-
rátenom poradí tak, ako boli erodované (najskôr mladšie 
a postupne staršie). Sedimenty si takýmto mechanizmom 
priniesli aj uhlíky a dnes vidíme obrátený vek. Keďže 
každá rozsadlina obsahovala jednu alebo viac preliačin, 
ktoré fungovali ako sedimentačné pasce, v spätnom po-
hľade by bolo vhodné rádiokarbónové datovanie doplniť 
luminiscenčným datovaním. V čase realizácie uvedených 
terénnych prác však táto metóda bola ešte len v plienkach 
a „projekt Chabenec“ s jej aplikáciou nepočítal. 

Datovanie metódou 14C vo všetkých štyroch sondáž-
nych ryhách naznačuje, že v neskorom holocéne nastal 
posun (v období pred 1 410 až 1 860 rokmi). Najdlhší 
datovaný záznam v jednej sondážnej ryhe (ryha 2) obsa-
hoval štyri odvodené udalosti posunu počas posledných 
6  000 rokov, z čoho je zrejmé  dlhodobé opakovanie 
udalosti s periódou v priemere zhruba 1,5 ka. Tieto štyri 
udalosti vytvorili protiklonnú rozsadlinu s približne 5 m 
vertikálnym povrchovým posunom. Kvázi synchrónnosť 
neskorých holocénnych posunov je v kontraste s  inými 
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vo svete známymi lokalitami starých, hlboko založených 
gravitačných svahových deformácií, kde s narastajúcou 
nadmorskou výškou sa posuny stávajú mladšími, zrejme 
v dôsledku relaxácie napätí po ústupe ľadovcov. Takmer 
synchrónne udalosti posunov vo viacerých nadmorských 

výškach naznačujú externý spúšťač, či už klimatický, ale-
bo seizmický. 
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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 20th century (Andrusov, 1973), the suffix -icum is used 

•	 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. 

•	 The Upper Cretaceous‒Cenozoic sequences are un-
conformably and transgressively overlying the nappe 
structures.
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Introduction

Information about the geology of Slovakia was 
published by various authors (e.g. Andrusov, 1968; 
Maheľ & Buday, 1968; Maheľ, 1974, 1986; Mišík, 1997a; 
Plašienka et al., 1997; Kováč et al., 2003; Janočko et al., 
2006; McCann, 2008; Bezák et al., 2011; Plašienka, 2018). 
Existing geological maps (Biely et al., 1996a, b; Lexa et 
al., 2000; Bezák et al., 2004, 2008, 2009; Geologická 
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. 

Outline of the geology of Slovakia (W. Carpathians)

JOZEF HÓK1, ONDREJ PELECH2, FRANTIŠEK TEŤÁK2,
ZOLTÁN NÉMETH2 and ALEXANDER NAGY2

1Comenius University in Bratislava, Department of Geology and Paleontology, Faculty of Natural Sciences, 
Ilkovičova 6, SK-842 15 Bratislava, Slovakia; hok@fns.uniba.sk

2 State Geological Institute of Dionýz Štúr, Mlynská dolina 1, SK-817 04 Bratislava, Slovakia 

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.
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in relics, which either were not reworked by the Alpine 
deformation, or the degree of their Alpine overprint still 
allows to decipher older tectonic events. The Hercynian 
structural arrangement suggests the displacement of rock 
complexes generally from the north to south (or NNW to 
SSE; i.e. south-vergent). It means that Hercynian orogeny 
had generally opposite vergency than that of Alpine one 
(Bezák, 1994; Jacko et al., 1997; Németh, 2002). The main 
lithotectonic units of the Hercynian (Variscan) tectonic 
setting were formed due to the Meso-Hercynian lithospheric 
collision, which was accompanied with a thickening of the 
crust (380–340 Ma) and intrusion of granitic rocks. Later 
in the Neo-Hercynian stage (340–260 Ma) the compression 
was replaced by the extension (probably a post-orogenic 
relaxation), representing the second period of intrusions 
of granitic bodies (Broska et al., 2013; Uher et al., 2014). 
The oldest tectonic events, which for now can be reliably 
attributed to the Hercynian orogeny, took place during 
the Early Carboniferous (Mississippian; 360–330 Ma). 
On the contrary, the sediments of Late Carboniferous 

for the names of the Western Carpathian Alpine tectonic 
units.

Tectonic units in the frame of the W. Carpathians are 
arranged in imbricated structures one above the other, 
generally thrust from the south to the north (i.e. having 
northern vergency; Fig. 2). The reason is that the Alpine 
orogenetic processes produced the horizontal crustal 
shortening and closed existing sedimentary basins. From 
the view of recent W. Carpathians it started in the southern 
- internal regions and proceeded generally to northern – 
external zones of W. Carpathian belt (Plašienka, 2018). 

According to timing and deformation mechanisms, 
the orogenic zone of W. Carpathians is divided into Ex-
ternal Western Carpathians (EWECA), containing the 
Neo-Alpine (Miocene) nappes and the Internal Western 
Carpathians (IWECA) with Paleo-Alpine (Cretaceous) 
nappe stacking (Fig. 2). The boundary between them is 
represented by the Klippen Belt zone (Oravicum). 

In the Alpine structure of the W. Carpathians, products 
of the Hercynian (Variscan) orogenic phase are preserved 

Fig. 1. Position of principal Alpine tectonic units and post-nappe formations in the territory of Slovakia (based on Hók et al., 2014).
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age (Pennsylvanian) represent the termination of the 
Hercynian orogeny in the territory of W. Carpathians. 
The degree of metamorphic transformation during the 
Hercynian orogeny can be generally considered to be 
higher (amphibolite-granulite facies) than during the 
Alpine tectono-metamorphic processes.

The Alpine nappe emplacement in the external zones 
of the W. Carpathians (EWECA) culminated during the 
Neo-Alpine phase in Neogene, resp. the Miocene. The 
EWECA include the Flysch Belt, consisting of the Kros-
no and Magura nappe systems (displaced Cretaceous and 
Paleogene sediments) as well as the independent Oravic 
(or Klippen Belt) tectonic units, built of Mesozoic sedi-
ments (Fig. 3).

The Carpathian foredeep is situated outside the ter-
ritory of Slovakia (Fig. 3). It consists of autochthonous 
predominantly sandy and clayey sediments of the Neo-
gene age, lying on their original basement - the European 
Platform (in their northern part) and Bohemian Massif 
(northwestern part). Assignment of the external Carpathi-
an foredeep sediments into the W. Carpathian structure is 
disputable, because they represent autochthonous sedi-
mentary cover of neighbouring basement units.

The Flysch Belt of EWECA represents massive accre-
tionary wedge, a nappe stack composed of the Cretaceous 
and mainly the Paleogene formations in typical “flysch” 
development, with alternating clayey shales and sand-
stones, deposited in the deep-water environment by the 
gravity flows, mostly of the turbidity currents.

The Pieniny Klippen Belt (or the Klippen Belt, Oravi-
cum) represents a narrow and intensively deformed belt. 
Name “Klippen Belt” is derived from their characteris-
tic morphotectonic features – the steep cliffs – so-called 
klippen, towering above the surrounding soft relief. The 
“klippen” are composed of Jurassic and Early Cretaceous 
limestones that are more resistant to erosion than the sur-
rounding Upper Cretaceous and Paleogene marlstones and 
clayey sediments.

The principal Paleo-Alpine tectonic units, internally 
(i.e. south) of the tectonic unit of Oravicum, are as follows: 
the Vahicum, Tatricum, Fatricum, Veporicum, Hronicum, 
Gemericum, Bôrka Nappe, Meliaticum, Turnaicum and 
Silicicum. These tectonic units, forming IWECA, are tra-
ditionally arranged in the higher order zones termed as  
“belts” (the Core mountains Belt, Vepor Belt and Gemer 
Belt, Fig. 3).

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 Hók et al., 2014).
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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 Čertovica thrust on its southern (internal) margin. The 
Čertovica 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., 
Považský Inovec Mts., Žiar Mts., Strážovské vrchy Mts., 
Malá Fatra Mts., Veľká Fatra Mts., Tatry Mts., western 
part of the Nízke Tatry Mts. (so-called Ďumbierske Tatry 
Mts.) and the western part of the Tribeč Mts. (so-called 
Zobor part; Mazúr & Lukniš, 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 

units participating in the structure of the Vepor Belt are 
represented by the Hronicum and Silicicum. The Vepor 
Belt is separated by the Čertovica thrust from the belt of 
Core mountains, located northwest, and the Margecany-
Lubeník 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 Revúcka vrchovina Highland, eastern 
part of the Nízke Tatry Mts. (so-called Kráľovoholské Ta-
try), northeastern part of the Tribeč Mts. (so-called Rázdiel 
Part), Kozie chrbty Mts., Branisko and Čierna hora Mts. 
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 Pliešovce Horst exposed directly in 
the Pliešovce 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 Slovenský kras Mts. and includes tectonic 
units of Gemericum, Bôrka Nappe, Meliaticum, Turnai-
cum and Silicicum.

Fig. 3. Division of the Western Carpathians into separate sub-zones and belts (modified after Hók et al., 2001). 
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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.e. 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 Outer 
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; Maheľ, 1983; Mišík et al., 1985; Plašienka, 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 (Hók 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 (Maheľ, 1981). The Belice Unit (Plašienka 
et al., 1994) in the Považský 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).

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 
Pohorelá 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 Krížna 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 Choč 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 Bôrka 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 Spišsko-gemerské rudohorie Mts., resp. 
Spiš-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 Bôrka 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 Bôrka 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 Slovenský 
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 Slovenský kras Mts., 
Slovenský raj Mts., Galmus Mts. and Muránska 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-

Fig. 4. Map of the External Western Carpathian nappes. 



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

37

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 (Plašienka, 2018). The 
former sedimentary area of the EWECA was gradually 
closed since the end of middle Eocene (the Biele 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 

Pouzdřany-Ždánice-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 (Grybów, Fore-Magura) 
nappes. Only Silesian and Dukla (Grybów) nappes reach 
the territory of Slovakia (Lexa et al., 2000).

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 
Ciężkowice 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 Grybów 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; Oszczypko 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, Rača, 
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 (Pešková 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 (Pícha 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 
Beloveža 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., Ondrášovec Mb. and Lower 
Beloveža 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: Soláň (Mutne), 
Szczawina, quartz-carbonate, Riečky, 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).

Fig. 5. Simplified lithostratigraphic scheme of the Flysch Belt in the Slovak territory (modified after Potfaj, 1993; Lexa et al., 2000; 
Teťák et al., 2016).
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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 (Mišík, 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 (Plašienka, 2012; 
Plašienka & Soták, 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.  

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 Allgäu 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. 
Púchov Marls) and often collectively they are referred as 
the “Couches Rouges”. 

The Klape Unit is present in the Považie (Middle Váh 
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 Manín Unit, known only in the Middle Váh 
Valley (name is derived from the Manínska tiesňava 
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 (Manín Fm.) - the organodetritic 
limestone with abundant macrofossils (algae, corals, 
rudists). With the Manín Unit in the eastern part of the 
Klippen Belt the Haligovce Unit is correlated (Mišík, 
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 Allgäu Fm. 

The Internal Western Carpathians (IWECA) 
encompass following tectonic units, individualized in the 
Cretaceous: Vahicum, Tatricum, Fatricum, Hronicum, 
Veporicum, Gemericum, Bôrka 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, Bôrka 
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. 

6) and considered as an equivalent of the Alpine Pennini-
cum (Maheľ, 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 Považský Inovec 
Mts. (Plašienka 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 (Rakús in Ivanička et al., 
2011; Pelech et al., 2016).  Similar formations also occur 
in the borehole SBM-1 Soblahov east of Trenčín (Maheľ, 
1985), as well as above Tatric sedimentary cover east of 
Piešťany (Pelech et al., 2017). The sediments of the Horné 
Belice Group in the Považský 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 

Fig. 7. Position of rock complexes of tectonic units of Vahicum and Tatricum of the Lower Group of Nappes (based on Hók 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 (Bezák, 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 (Bezák, 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 (Bezák 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 Západné Tatry Mts. (Janák, 1994) and 
in the eastern Nízke Tatry Mts. The ULU occurs mainly 
in the Core mountains Belt (Tatry, Nízke Tatry, Branisko 
a Čierna hora, Malá Fatra, Strážovské vrchy and Považský 
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 

northern slopes of the Ďumbierske 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. Harmónia Series or Pezinok Group 
in the Malé Karpaty Mts). Other occurrences encompass 
the metasediments in the Bukovecká dolina Valley on 
the southern slopes of the Ďumbierske Tatry Mts. and 
occurrences in the Veporicum crystalline basement – 
the Jánov grúň Complex, Predná hoľa Complex and the 
Krakľová Fm.

Middle Lithotectonic Unit
The Middle Lithotectonic Unit is known mainly from 

the Veporicum (Putiš et al., 1997), however occurs also 
in several Core mountains as the Malé Karpaty Mts., Po-
važský Inovec Mts. and Tribeč 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, Čierny Balog and Kráľova hoľa complexes).

Lower Lithotectonic Unit
The low-grade metamorphic complexes with variegated 

lithology, assigned to the LLU, occur in the Southern 
Veporicum (e.g. Ostrá, 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 (Hraško 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 Považský Inovec Mts. (Novianska 
dolina Fm.). The Permian sediments occur in a limited 
extent in the Malé Karpaty Mts. (Devín Fm.), Považský 
Inovec Mts. (Kálnica Group), Tribeč Mts. (Skýcov Fm. 
and Slopňa Fm.), Malá Fatra Mts. (Stráňanský potok Fm.), 
Tatry Mts. (Meďodoly Fm.) and Ďumbier part of the Nízke 
Tatry Mts. (Vážna 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 (Vozárová & 
Vozár, 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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Považský Inovec Mts. (Campanian), Tatry and Veľká 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 (Lúžna 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 Tichá dolina Valley in the 
Tatry Mts. (Tomanová Fm.), where the footprints of 
dinosaur were found (see Niedźwiedzki, 2011). Non-
deposition and often a significant erosion occurred in the 
Early Jurassic due to major paleogeographyc changes 
in the Tethyan region (Plašienka, 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 Šiprúň type), containing a 
Middle Jurassic radiolarites, radiolarian limestones and 

Fig. 8. Simplified lithostratigraphic column of the Tatric sedi-
mentary cover sequence (modified after Biely et al., 1996a).
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Fig. 9. Position of the tectonic units of Middle Group of Nappes (based on Hók et al., 2014). Dark-red colour indicates position of 
Veporicum, depicted in Fig. 10 below.

Fig. 10. Tectonic scheme of essential portion of the Veporicum, present in the Veporské vrchy Mts., Stolické vrchy Mts. and Revúcka 
vrchovina Mts. (modified after Hók et al., 2001).
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spotted marly limestones and shales (“Fleckenmergel” ‒ 
Allgäu 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 Veľká Fatra Mts., Malá Fatra Mts., Považský 
Inovec Mts. and Strážovské vrchy Mts. The Tatra type 
occurs in the Tatry, Nízke Tatry Mts. and Tribeč 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 (Plašienka, 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 Červené vrchy in the Tatry Mts., fold of Tlstá in 
the Nízke Tatry Mts., Žibrica duplex in the Tribeč 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; Plašienka 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 Čertovica 
thrust and from the Gemer Belt (Gemericum) by the 
Margecany-Lubeník 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, Hrončok granite, 

Čierťaž granite, etc.) and various grade metamorphic 
rocks (migmatites, gneisses, mica schists and phyllites), 
which similarly as granites, are designated by local names 
(Muráň 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 Kohút Zone, 
Kráľova hoľa Zone, Kraklová Zone and Ľubietová Zone 
(Fig. 10). The individual zones were thrust above each oth-
er or separated by the subvertical faults (e.g. Muráň-Divín 
Fault, Pohorelá Line). Later on (Klinec, 1966, 1971), re-
vealing the Alpine nappe position of the crystalline com-
plexes, a horizontal division into the Kráľova hoľa and 
Hron complexes became predominant. The Kráľová hoľa 
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 (Federáta Unit) and 
the Northern Veporicum sedimentary cover unit (Veľký 
bok Unit). The Federáta Unit is present in the Kohút and 
Kráľova hoľa zones. It covers the southeastern margin of 
the Veporicum and dips under the Gemericum along the 
Lubeník thrust and at the same time it forms the substratum 
of the Muráň Nappe (Silicicum) in the Muránska 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 Lubeník-Margecany thrust zone, forming the 
mutual contact of the Spiš-Gemer Ore Mts. and Čierna 
hora Mts. (cf. Németh et al., 2012). The Veľký Bok Unit is 
present mainly in the Kráľovohoľské Tatry (eastern part of 
the Nízke Tatry Mts.).

The Federáta 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 (Revúca 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 Veľký 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 Veľký 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 Veľký bok Unit is exposed in the zone of 
direct contact of Tatricum and Veporicum (so-called root 
zones of the Krížna Nappe), for example in the Nízke Ta-
try Mts. (the Veľký bok sequence), Branisko Mts., Čierna 
hora Mts. and Tribeč Mts. (Veľké Pole sequence). 

Fatricum
The Fatricum (other names: Krížna Nappe, Krížna 

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 

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 Kráľovohoľské 
Tatry (eastern part of the Nízke Tatry Mts.), Starohorské 
vrchy and Tribeč Mts. In this context, often an obsolete 
term “Sub-Tatric” nappes for the Krížna and Choč 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 Veľký 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 Veľký bok Unit in the Nízke Tatry Mts., Veľké 
pole Unit in the Tribeč 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 

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 Kríž-
na Unit s.s. represents deep-water sequence. It is charac-
terized by the presence of the Jurassic spotted limestones 
and marlstones (Allgäu Formation) and radiolarites (Ždiar 
Fm.). It represents the spatially dominant part of the Fatri-
cum, usually located above the Vysoká Unit.

The Vysoká Unit and its equivalents (Beckov, Belá, 
Ďurčiná and Iľanovo units) represent shallow-water se-
quence characterized by the presence of Jurassic crinoi-
dal and sandy-crinoidal limestones (Hierlatz Formation). 

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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Fig. 13. Simplified lithostra-
tigraphic column of the Hronicum 
(modified after Biely et al., 1996a).

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

Hronicum
The Hronicum (syn. Choč 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 Malé Karpaty Mts., Považský Inovec Mts., Tribeč 
Mts., Strážovské vrchy Mts., Žiar Mts., Malá Fatra Mts., 
Chočské vrchy Mts., Veľká Fatra Mts., Vysoké Tatry Mts., 
Nízke Tatry Mts., Branisko Mts. and Čierna 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 

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 Čachtické Karpaty Mts., 
Strážovské vrchy Mts. and on the northern slopes of the 
Nízke 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 (Vozárová & Vozár, 
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 Mojtín-Harmanec and Čierny Váh 
carbonate platforms. The deep-water facies are represented 
by Zámostie, Reifling and Schreyeralm limestones, 
forming Dobrá Voda and Biely Váh 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 (Dobrá Voda 
and Biely Váh) 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 Lakšárska Nová 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., Slovenský kras Plateau, 
Spišsko-gemerský kras Plateau (Muránska planina Plateau 

and Slovenský raj Mts.) and eastern part of the Revúcka 
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; 
Vozárová & Vozár, 1988; Vozárová, 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 (Šefara 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, Poproč and Zlatá 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 Klátov 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 

Fig. 14. Position of the Upper Group of Nappes (based on Hók et al., 2014).
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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; Ivanička et al., 
1989; Grecula & Kobulský, 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., Bystrý potok Fm., and Drnava 
Fm. (Ivanička 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., Smolník Fm. and Hnilec Fm. were distinguished.

More recent concept divides the Gemericum accord-
ing to character of the sedimentary cover sequences into 
Northern Gemericum and Southern Gemericum (Vozárová 
& Vozár, 1988). 

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

Fig. 15. Simplified tectonic scheme of the Gemericum and surroundings (modified after Hók 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 Novoveská Huta Fm. The 
Southern Gemericum is composed of Gelnica Group 
rocks and Štós Fm. The Štós 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 Štós Fm. is proved 
by geological data and the occurrences of the Štós Fm. 
rock fragments in Early Permian conglomerates (Vozárová 
et al., 2014). The cover of the Southern Gemericum is 
represented by the Gočaltovo 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).

Bôrka Nappe
The Bôrka 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 Bôrka Nappe rock complexes are typical with the crys-
talline limestones (marbles) with volcanogenic admixture 
(Dúbrava 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 

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 Bôrka 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 (Lačný et al., 2016). It 
occurs in the southern part of the Gemer Belt, mainly in the 
Slovenský 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 (Pötschen Limestone) 
and grey shales with intercalations of volcanic rocks and 
sandstones of Middle Triassic age (Dvorníky 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 Slovenský kras Mts., Slovenský 
raj Mts., Galmus and Muránska planina Mts. Similarly, as 
the Hronicum unit, also Silicicum was formerly divided 
into several partial nappes (the Silica, Muráň and Besník 
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-Lubeník zone, whereby 
the Hronicum was transported to the north and Silicicum 
to the south (Mišík 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 (Plašienka, 
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 Zemplínske vrchy Mts. in the southeastern Slovakia 
(Slávik, 1976; Fig. 1). Its tectonic assignment is not 
satisfactorily resolved (Vozárová & Vozár, 1988; Grecula 
& Együd, 1977; Plašienka 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 Iňačovce-Kričevo 
Unit). The Iňačovce-Kričevo Unit was correlated with the 
Belice Unit of the Považský Inovec Mts. (i.e. Vahicum, 

Plašienka et al., 1995) and both were together considered 
as equivalent of the Penninicum. Later (Plašienka & 
Soták, 2015), there was inferred that the Iňačovce-Kričevo 
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 Iňačovce-Kričevo 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 (Hók et al., 2016; Pelech et al., 2017; 
Plašienka, 2018). This means that the rock complexes of 
the Middle Group of Nappes in this part of the Western 

Fig. 16. Simplified lithostra-
tigraphic colum of the Silici-
cum (modified after Biely et 
al., 1996a and Rakús & Sýkora, 
2001).
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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 & 
Olšavský, 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; Dobšinská ľadová jaskyňa 
Cave; Šumiac; Myjavská pahorkatina Upland; Brezovské 
Karpaty and Čachtické Karpaty Mts.). Deep drillings 
confirmed the presence of Upper Cretaceous rocks also 
in the area of Krupina and Rimavská Sobota (Čierna 
Lúka 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 di-
vided 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; Dobšin-
ská ľadová jaskyňa Cave; Šumiac and Čierna Lúka Fm. 
occurrences). Among them, the most widespread and 
lithologically most complete are the occurrences in the 

wider area of the Dobšinská ľadová jaskyňa Cave, which 
are represented by two lithologically different formations. 
The “lower formation” of ?early Santonian to early Cam-
panian 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 point-
ing to marine environment (Mello et al., 2000; Pipík et al., 
2009; Hók & 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 
(Myjavská pahorkatina Upland, Brezovské Karpaty and 
Čachtické Karpaty Mts. and pre-Neogene basement of 
the Vienna Basin). The most widespread occurrences 
are located in the Myjavská pahorkatina Upland and 
are represented by the Brezová Group (Coniacian – 
Maastrichtian, Salaj et al., 1987). Lower part of the 
Brezová 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 Brezová Group rocks continue 
also into the basement of the Vienna Basin Neogene 
sedimentary infill.

Fig. 17. Position of the Paleogene sediments in the Internal Western Carpathians (based on Hók et al., 2014).
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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 Podtatranská Group sensu 
Gross et al., 1984; Gross, 2008), Myjava-Hričov 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-Hričov Group).

Podtatranská Group
The Podtatranská 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 Podtatranská 
Group morphologically form the mountainous regions 
of Skorušinské vrchy, Spišská Magura, Levočské vrchy, 
Bachureň and Šarišská vrchovina, but mainly the Tertiary 
intramountain basins of Žilinská kotlina, Turčianska 
kotlina, Hornonitrianska kotlina, Podtatranská kotlina, 
Hornádska kotlina and Horehronské podolie. Stratigraphic 
range of the Podtatranská 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 
(Buček in Polák et al., 2012). Age of the Malé 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 Podtatranská Group.

Myjava-Hričov Group
The Myjava-Hričov Group contains a lithologically 

diverse “flysch”-type rock sequence, mainly sandstones, 
claystones, limestones and conglomerates (Súľov 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-Hričov 
Group ends in the late Eocene (Buček in Mello et al., 2011; 
Plašienka & Soták, 2015).

Fig. 18. Occurrence of Neogene sediments and volcanites (based on Hók 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 Štúrovo town and the South Slovak Basin). 
In the region of Štúrovo 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 (Konečný 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 & Horváth, 1988; Kováč, 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, Rišňovce 
and Komjatice depressions (formerly known as the 
Piešťany, Topoľčany 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 Trenčín, 
Ilava, Orava, Bánovce, Horná Nitra, Turiec, Žiar, Zvolen 
and Rožňava 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 

(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 (Jiříček, 1979; 
Márton 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 (Kováč 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. Čausa, Bánovce, 
Lakšárska Nová Ves and Rakša fms.) were deposited in 
the northern part of the Danube Basin (Blatné, Bánovce, 
Horná Nitra and Turiec depressions), as well as in the 
Vienna, East Slovak and South Slovak basins.

Syn-rift stage of the middle Miocene (Badenian–Sar-
matian) 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 accumu-
lated in relatively short time (nearly 3000 m of sediments 
during Badenian in the Blatné Depression). Extension to 
transtension was diachronously moving to the SE (Hók et 
al., 2016). Typical horst and graben structure of the Core 
mountains belt was formed during this stage and accompa-
nied by considerable tilting of several hanging wall blocks. 
Clays, marls and sandstone at the beginning of marine en-
vironment (e.g. Špačince and Báhoň fms.) were later re-
placed by deltaic to brackish sedimentation (Vráble 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 
Rišňovce, Komjatice and Gabčíkovo depressions. The 
sedimentary sequences were changing from brackish to 
freshwater (Ivanka Fm.), deltaic (Beladice Fm.) to alluvial 
sedimentation (Volkovce Fm. and Kolárovo 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 (Konečný et al., 2002). The 
petrographic and geochemical character of volcanic rocks 
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is directly limited by the nature of the subduced plate as 
well as the upper mantle (Biely et al., 1996b). Regarding 
the geotectonic evolution, succession of volcanotectonic 
events, different petrological and volcanological types 
and forms, it is not possible to separate Neogene and 
Quaternary volcanic activity, having following individual 
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 
the pre-rift stage of the Neogene extension. (2) The 
late Miocene (Sarmatian–Panonian) volcanism can be 
parallelized with processes of the post-rift stage. Volcanic 
products are more widespread and occur together with 
andesite volcanoes, especially in the Central Slovakia 
region.

Intermediate calc-alkaline areal volcanism rep-
resented mainly by the middle Miocene (Badenian–

Sarmatian) granodiorites, andesites, dacites and their 
volcaniclastic products. It represents the lowest part of 
the large Štiavnica, Javorie and Poľana stratovolcanoes. 
Geodynamically, they can be parallelized to the syn-rift 
stage (maximum back-arc extension).

Intermediate calc-alkaline arc volcanism mainly of 
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 Slánske vrchy Hills 
and Vihorlatské vrchy Mts.). Petrological character of 
rocks reflects the processes of active subduction.

Alkali basalt volcanism (besides basalts also nephe-
line basanite) is found only in the central Slovak region 
– predominantly in the Cerová vrchovina Upland and rep-
resents the final stage of late Miocene–Quaternary volcan-
ic activity. The youngest products (nepheline basanites) 
with documented age of 100 000–140 000 years BP, were 
found near Nová Baňa (Putikov vŕšok; Šimon & Maglay, 
2005).

Fig. 19. Lithostratigraphy of the Slovak part of the Danube Basin (based on Vass, 2002, and Kováč et al., 2018).



Mineralia Slovaca, 51 (2019)

56

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 IWECA 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 Podtatranská 
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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Prehľad geologickej stavby Slovenska

Územie Slovenska tvorí pásmové pohorie Západných 
Karpát vyklenuté na sever a severný okraj Panónskej nížiny 
(obr. 1). Geologická stavba Západných Karpát je výsledkom  
alpínskej orogenézy, pričom deformácia postupovala 
od vnútorných častí dnešného oblúka smerom na sever. 
Vnútorné (interné) Západné Karpaty (IZK) vznikali 
hlavne v období kriedy a Vonkajšie (externé) Západné 
Karpaty (EZK) v období neogénu (obr. 2). Za hlavné 
tektonické jednotky EZK môžeme zo severu na juh a zdola 
nahor považovať flyšové pásmo tvorené krosnianskym 
a magurským systémom príkrovov a štruktúru bradlového 
pásma, ktorá je zároveň deliacim elementom medzi EZK 
a IZK (obr. 1). V rámci IZK sú prítomné tektonické jednotky 
spodnej skupiny príkrovov (váhikum a tatrikum), strednej 
skupiny príkrovov (veporikum, fatrikum a hronikum) 
a vrchnej skupiny príkrovov (gemerikum, meliatikum, 
turnaikum a silicikum). Tatrikum, veporikum a gemerikum 
vzhľadom na prítomnosť paleozoického kryštalinického 

podložia sa považujú za celokôrové tektonické jednotky. 
Ostatné tektonické jednotky tvoria pripovrchové príkrovy 
(obr. 2). Horninové súbory vrchnej kriedy (koňak ‒ 
mástricht) a kenozoika sa v rámci IZK tradične považujú 
za popríkrovové útvary, no pri vonkajšom okraji IZK 
sú často zvrásnené spoločne so svojím podložím (obr. 
2). Medzi charakteristické popríkrovové štruktúry IZK 
patria: 1. paleogénne sedimenty podtatranskej skupiny, 
transgresívne prekrývajúce príkrovy IZK a dosahujúce vo 
východnej časti územie hrúbku niekoľko tisíc metrov (obr. 
17); 2. štruktúry horských chrbtov a depresií jadrových 
pohorí predstavujúce prechodnú zónu medzi IZK 
a severnou časťou Podunajskej, resp. Panónskej panvy 
(obr. 7 a  18); 3. miocénny až kvartérny vulkanizmus, 
obzvlášť rozsiahly na strednom a východnom Slovensku 
(obr. 18).
	 Doručené / Received:	 30. 4. 2019
	 Prijaté na publikovanie / Accepted:	 4. 6. 2019
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the Krupka locality, Krušné hory Mts. (Czech Republic; 
Štemprok 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 heterogeneous effect of the Variscan 
orogeny. In this paper, we pay special attention to the che-
mical composition and the age of the examined minerals. 

•	 Studied lamprophyre rocks from southern slopes of the 
Nízke 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.

H
ig

hl
ig

ht
s

G
ra

ph
ic

al
 a

bs
tr

ac
t

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., Strážovské vrchy Mts., Malá Fatra Mts., Nízke 
Tatry Mts. and Veporic Kohút 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 Kamenický 
(1962) and Krist (1967) in the area of Jarabá and Mýto 
pod Ďumbierom 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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Geological position

Dykes of calc-alkaline lamprophyres are rather rare in 
the Western Carpathians. In the eastern part of the Níz-
ke Tatry Mts., lamprophyres occur in several localities 
(Kamenický, 1962; Krist, 1967). We have focused our 
research on two best outcropped localities from the wider 
surroundings of the Jarabá village (Fig. 1). One dyke is 
cropping out at the mouth of the Kumštová dolina valley to 
the Jarabá–Čertovica 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 Jarabá. 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 Mlynárska 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 Banská Bystrica under the following conditions for 
silicates: accelerating voltage 15 kV, probe current 20 nA, 
beam diameter 3-8 µm, 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(Kα, 25) – diopside, K 
(Kα, 44) – orthoclase, P (Kα, 41) – apatite, F (Kα, 167) 
– fluorite, Na (Kα, 43) – albite, Mg (Kα, 41) – diopside, 
Al (Kα, 42) – albite, Si (Kα, 63) – quartz, Ba (Lα, 72) – 
barite, Fe (Kα, 52) – hematite, Cr (Kα, 113) – Cr2O3, Mn 
(Kα, 59) – rhodonite, Ti (Kα, 130) – rutile, Cl (Kα, 12) 
– tugtupite, Sr (Lα, 71) – celestite. Following conditions 
were used for apatites: accelerating voltage 15 kV, probe 
current 20nA and beam diameter 5 μm 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 (Kα, PETL, 24-62) - diopside,  
K (Kα, PETL, 20-48) – orthoclase, Th (Mα, PETL, 41-75) 
– thorianite, Pb (Mβ, PETL, 65-138) – crocoite, Cl (Kα, 
PETL, 11-12) – tugtupite, P (Kα, PETL, 56-85) – apatite, 
S (Kα, PETL, 27-47) – barite, Y – (Lα, PETL, 59-122) – 
YPO4, F (Kα, LDE1, 103-273) – fluorite, Na (Kα, TAP, 
46-78) – albite, Sr (Lα, TAP, 38-201) – celestite, Si (Kα, 
TAP, 50-125) – orthoclase, Al (Kα, TAP, 37-100) – albite, 

Mg (Kα, TAP, 37-87) – diopside, Sm (Lβ, LIFH, 62-274) 
– SmPO4, Pr (Lβ, LIFH, 121-235) – PrPO4, Nd (Lα, LIFH, 
62-123) – NdPO4, Ce (Lα, LIFH, 65-129) – CePO4, La 
(Lα, LIFH, 72-139) – LaPO4, Fe (Kα, LIF, 94-333) – he-
matite, Mn (Kα, LIF, 79-238) – rhodonite, Ti (Kα, LIF, 
133-333) – rutile, Ba (Lα, 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 (31P, 35Cl, 43Ca, 55Mn, 86Sr, 89Y, 139La, 140Ce, 
141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 
169Tm, 172Yb, 175Lu, 200Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 
238U and mass (248/232Th 16O) were acquired using a 50 μm 
laser spot, a 4 Hz laser repetition rate and a fluence of 
3.31 J/cm2. 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 40Ar/39Ar 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 207Pb/235U age of 523.51 ± 2.09 Ma) and 
initial Pb isotopic composition (206Pb/204Pb = 17.54 ± 0.24; 
207Pb/204Pb= 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 40Ar-39Ar 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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Fig. 1. Geological map of a part of the Nízke Tatry Mts. (Digital geological map of the Slovak Republic at scale 1 : 50 000 [online]. 
State Geological Institute of Dionýz Štúr, Bratislava, 2013). Legend: Quaternary: 1 - fl uvial sediments, 2 - deluvial sediments; Early 
Triassic: 3 - Lúžňa Formation; Late Paleozoic: 4 - biotite granodiorites to tonalites (Ďumbier type), 5 - biotite and two-mica granites 
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lamprophyres; 8 - K-feldspar-plagioclase gneisses and synkinematic, banded migmatites, 9 - biotite paragneisses, 10 - chlorite-sericite 
phyllites with rock body of (a) metamorphites of volcanics and volcaniclastics of basic composition, (b) metamorphites of volcanics 
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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 207Pb-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 (207Pb/235U 
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 207Pb/206Pb 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 Jarabá 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 lamellae 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 Kumštová dolina valley, whereas in Jarabá 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 Nízke Tatry 
Mts. belong to kersantite (Kumštová dolina; plagioclase 
> K-feldspar, biotite > amphibole and clinopyroxe), 
and/or spessartite (Jarabá, 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 Jarabá 
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).

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, Na2O and a low MgO and 
CaO contents enclosed by younger (darker) amphiboles 
with a lower FeO and Na2O and a higher MgO and CaO 
contents (Fig.4a, Tab. 2). Generally, the studied amphiboles 
are characteristic for a  low TiO2 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 Kumštová dolina valley, there were 
found only pseudomorphoses after amphiboles mostly 
filled with chlorite.

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: Jarabá.
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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
SiO2 51.63 51.54 51.61 52.63 51.26 51.01 50.07 50.96
TiO2 1.30 1.34 0.90 1.16 1.14 1.04 1.39 1.12
Al2O3 2.39 2.67 2.01 2.35 2.23 2.06 2.27 2.33
Cr2O3 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
Na2O 0.13 0.15 0.11 0.15 0.35 0.24 0.28 0.22
K2O 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
Fe3+ 0.000 0.000 0.000 0.000 0.033 0.039 0.049 0.046
Fe2+ 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 16.313 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
SiO2 48.89 48.75 49.85 48.68 48.49 49.25 49.68 50.05 50.71
TiO2 0.11 0.12 0.28 0.15 0.18 0.09 0.05 0.00 0.05
Al2O3 4.09 3.07 3.64 2.02 2.18 1.50 3.26 2.75 3.15
Cr2O3 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
Na2O 0.50 1.25 0.26 0.94 0.87 0.76 0.32 0.28 0.17
K2O 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. 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
SiO2 36.83 35.03 36.18 36.27 36.89 35.83 36.48
TiO2 4.14 3.36 4.00 4.67 3.65 3.49 4.02
Al2O3 12.29 13.37 12.91 12.29 12.39 14.34 13.07
Cr2O3 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
Na2O 0.03 0.12 0.06 0.13 0.08 0.03 0.04
K2O 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
AlIV 2.245 2.465 2.353 2.271 2.255 2.487 2.367
AlVI 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

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.Cl.O)
Si 7.489 7.532 7.569 7.673 7.659 7.745 7.555 7.636 7.649
AlIV 0.511 0.468 0.431 0.327 0.341 0.255 0.445 0.364 0.351
AlVI 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
Fe3+ 0.081 0.400 0.024 0.291 0.272 0.235 0.188 0.172 0.036
Fe2+ 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. 2 – continuation.
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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
SiO2 59.83 55.20 54.92 64.58 56.25 58.12 58.09 66.51
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07
Al2O3 24.91 27.64 27.45 21.27 26.74 25.63 24.94 20.70
Cr2O3 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
Na2O 6.53 4.75 4.79 8.14 5.44 5.91 5.82 10.32
K2O 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
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe2+ 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
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Fig. 3. The classification diagram of 
pyroxenes, according Morimoto et al. 
(1988), 1 - clinopyroxene from Jara-
bá.
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Similar to amphibole, biotite is strongly chloritized. 
High TiO2 contents prove its magmatic origin, and at 
the same time, lower contents of K2O in analyses point 
to a high secondary alteration. Biotite is a dominant mi-
neral in kersantites from the Kumštová dolina valley. In 
Jarabá, 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 (An36-55) than the rims 
(An18) (Tab. 4, Figs. 8 and 9).  In the case of alkaline feld-
spars, in addition to the varying amounts of sodium (Na2O 
content up to 3.72%), an increased BaO content is obser-

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. 8c

N. anal. 1 2 3 4 5 6 7 8 9 10 11

SiO2 59.81 61.19 64.18 62.78 64.63 64.86 64.75 64.10 61.83  62.50  64.05  

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00  0.00  

Al2O3 20.48 20.01 19.22 20.15 19.47 19.82 18.77 18.73 19.02  18.94  18.67  

Cr2O3 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  

Na2O 0.46 0.29 0.29 1.84 3.30 3.72 0.42 0.55 0.21  0.20  0.19  

K2O 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
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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 Malá Fatra Mts. region (Spišiak 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 
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., Krmíček 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 
contents in the studied apatites are rather high (Tab. 7), 
with a significant enrichment in LREE against HREE. The 
chondrite-normalized REE curve (Fig. 12) has a sloping 
course in the direction of decreasing HREE content, and 

Fig. 4. Back scattered electron (BSE) images of lamprophyre; Pl 
– plagioclases, Cal – calcite, Qtz – quartz, Rt – rutile, Bt – biotite, 
Kfs – K-feldspar; the numbers in figures correspond to those in 
Table 2 and Table 3.

Fig. 5. The classification diagram of amphiboles, according Hawthorne et al. (2012) 1 – amphiboles from Jarabá. 
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Fig. 6. Classification diagram of studied micas. End-members names according to Rieder et al. (1998), 1 – biotites from Kumštová 
valley. 

Fig. 7. Position of studied mica in the classification diagram of Abdel-Rahman (1993) for micas from different magmatic series. 1 – 
biotites from Kumštová valley.

Fig. 9. The classification diagram of feldspars. 1 – 
Kumštová valley, 2 – Jarabá.
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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: Kumštová valley (a, b), Jarabá (c).

Fig. 10. a – Photomicrograph of lamprophyre; crossed polaroids. b – Back scattered electron (BSE) images of lamprophyres; Kfs – 
K-feldspar, Qtz – quartz, Tr – tremolite. Locality: Jarabá.
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Sample JAR-1

Figure Fig. 2a Fig. 2a Fig. 2a Fig. 2a Fig. 2a
N. anal. 1 2 3 4 5

SiO2 0.21 0.18 0.19 0.14 0.13
TiO2 0.02 0.08 0.07 0.03 0.00

Al2O3 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

Na2O 0.00 0.00 0.00 0.00 0.05

K2O 0.01 0.02 0.03 0.03 0.07

P2O5 40.89 41.35 41.09 41.62 41.34

F 3.99 4.01 3.92 3.33 3.19

SO3 0.02 0.00 0.00 0.01 0.02

ThO2 0.00 0.00 0.03 0.00 0.01

Y2O3 0.28 0.18 0.24 0.27 0.24

Sm2O3 0.11 0.01 0.06 0.06 0.07

Pr2O3 0.04 0.13 0.06 0.08 0.02

Nd2O3 0.36 0.34 0.30 0.30 0.20

Ce2O3 0.48 0.41 0.47 0.44 0.37

La2O3 0.21 0.17 0.19 0.11 0.16
Total 100.38 100.07 100.55 100.07 99.52

Tab. 6.
The selected microprobe analyses of apatites.

Fig. 11. a – The microphotography of apatite shape (closed in quartz and albite) in lamprophyres, parallel polaroids; b – crossed pola-
roids. Locality: Jarabá.
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Fig. 12. Chondrite-normalized pattern for 
studied apatite. Chondrite values are from 
McDonough & Sun (1995).

Fig. 14. The LA ICP MS analysis of apati-
tes from the Jarabá locality.

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).

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 Jarabá, 
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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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 Kumštová valley, reflected light 1N. b – Relics of magnetite (Mag) form in Fe-Ti oxides (dark-grey), 
locality: Jarabá, reflected light, 1N. c – Leucoxenized grain of Fe-Ti oxides decomposed into mixture of rutile (Rt) and hematite (Hem) 
in locality Kumštová valley, reflected light, 1N. d – Phantom rutile (Rt) after the original Fe-Ti oxide grain, light grain is pyrite (Py) 
in locality Kumštová valley, reflected light, 1N. e – Fe-Ti oxides (black) forming strips in lamprophyre from the locality of Jarabá, 
transmitted light, 1N. f – Detto as in part e – Fe-Ti oxides (white) from the locality of Jarabá, reflected light, 1N.
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Permian. Similar ages were also found in the lamprophyre 
rocks of the Považský Inovec Mts. (Pelech et al., 2017), 
the Malá Fatra Mts. (Spišiak et al., 2018) and the Permian 
volcanics of the Hronicum (Malužiná Fm.; Vozár et al., 
2015).

Conclusion

Based on the mineral composition, the studied lampro-
phyre rocks from the southern slopes of the Nízke 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 TiO2, 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 (Na2O 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; Spišiak et al., 2017; Vetráková & Spišiak, 
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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Lamprofýry sú dajkové horniny, ktoré sú minerálnym 
zložením, štruktúrou a do určitej miery aj chemickým 
zložením odlišné od intruzívnych a efuzívnych hornín. 
Ide o tmavozelené porfyrické horniny s jemnozrnnou až 
afanitickou základnou hmotou. V kryštaliniku Nízkych 
Tatier bolo opísaných viacero telies týchto bázických 
žilných hornín (Kamenický, 1962; Hovorka, 1967; 
Krist, 1967). Pri štúdiu sme sa zamerali na relatívne 
najčerstvejšie typy hornín z dvoch lokalít: z oblasti Jarabá 
– Mýto pod Ďumbierom; 1 – odkryv pri ústí Kumštovej 
doliny nad hlavnou cestou na Čertovicu, N 48° 54′ 19″, 
E 19° 42′ 14″; 2 – starší opustený lom zhruba v strede 
dediny Jarabá na ľavej strane potoka, N 48° 53′ 25″, 
E 19°, 41′ 39″. Telesá žilných hornín na lokalite Jarabá 
a Kumštová dolina ležia v rulách (staršie paleozoikum). 
Študované lamprofýrové horniny z Nízkych Tatier 
na základe klasifikácie IUGS (Le Maitre et al., 2002; 
Ondrejka et al., 2015) zaraďujeme na lokalite Kumštová 
dolina ku kersantitom a na lokalite Jarabá k spessartitom. 
Minerálne zloženie tvoria primárne (mafické a felzitické), 
sekundárne a opakové minerály. Z mafických minerálov 
sa v horninách vyskytujú hlavne klinopyroxény, amfiboly 

a biotity. Z felzitických minerálov sú prítomné živce 
a kremeň. Klinopyroxény svojím zložením zodpovedajú 
augitom (Morimoto et al., 1988), amfiboly Ca-amfibolom, 
tremolitom (Hawthorne et al., 2012). Ich koexistencia 
s  klinopyroxénmi je však nejasná a  sú pravdepodobne 
mladšie. Pre biotity je charakteristický vysoký obsah 
TiO2, čo poukazuje na ich magmatický pôvod. Zo skupiny 
živcov sa vyskytujú plagioklasy aj draselné živce. 
Plagioklasy majú bazicitu zodpovedajúcu labradoritu  a po 
okrajoch ich zatláča mladší albit.  Alkalické živce okrem 
rôzneho zastúpenia sodíka (obsah Na2O do 3,72 %) majú 
často aj zvýšený obsah Ba. V niektorých prípadoch (BaO 
= 5,46 hm. %) už môžeme hovoriť o bárnatých živcoch. 
Zo sekundárnych minerálov sú zastúpené chlorit, epidot 
a karbonáty. Z rudných minerálov sa zistila nasledujúca 
asociácia opakových minerálnych fáz: magnetit, ilmenit 
(resp. nešpecifikované Fe-Ti oxidy), rutil, hematit a pyrit. 
Vek študovaných lamprofýrových hornín bol stanovený 
LA ICP-MS analýzou apatitov a je 259,0 ± 2,8 Ma.

	 Doručené / Received:	 1. 4. 2019
	 Prijaté na publikovanie / Accepted:	 4. 6. 2019

Mineralógia a geochronológia vápenato-alkalických lamprofýrov z Nízkych Tatier 
(tatrikum, Západné Karpaty)



Mineralia Slovaca, Web ISSN 1338-3523, ISSN 0369-2086
51 (2019), 79 – 101 © Authors 2019. CC BY 4.0

79

•	 dye tracers verified the natural protection function of 
the 185 – 250 m thick unsaturated zone above the Krás-
nohorská jaskyňa Cave system

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

•	 bacteriophages H40/1 were also used, but without su-
ccess

•	 environmentally sensitive area delineated west from the 
cave system, relatively good natural protective function 
is on the east
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Prieskum ochrannej funkcie zóny aerácie
nad Krásnohorskou jaskyňou (Silická planina) pomocou

stopovacích skúšok

PETER MALÍK1, JAROMÍR ŠVASTA1, BRANISLAV MÁŠA2, FRANTIŠEK BOTTLIK1, NATÁLIA 
BAHNOVÁ1 a ALEXANDRA VASILENKOVÁ1

1 Štátny geologický ústav Dionýza Štúra, oddelenie hydrogeológie a geotermálnej energie, Mlynská dolina 1, 
817 04 Bratislava 11

2 HES-Comgeo, spol. s r. o., Kostiviarska cesta 4, 974 01 Banská Bystrica;

Survey of protective function of the aeration zone above the Krásnohorská jaskyňa Cave
(Silická planina Plateau) using tracing tests

Abstract: Four tracer experiments were performed on the surface of the Silická 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 Krásnohorská jaskyňa Cave. The cave is situa-
ted on the northern rim of the Silická planina Plateau along the underground stream that appears on the land surface 
as the Buzgó 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 26th October 2016. Later, on 14th 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 Krásnohorská jaskyňa Cave underground hydrologic system (Marikino jazero Lake, two smaller tri-
butaries – left under the Veľká sieň Hall and right in the Abonyiho dóm Dome and Buzgó spring outlet) and at the 
Eveteš 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 Eveteš. 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, Silická planina Plateau, Krásnohorská jaskyňa Cave (Slovakia)

Kľúčové slová: závrty, zraniteľnosť, stopovacie skúšky, fluoresceín, naftionát, sulforodamín, bakteriofágy H40/1, 
Silická planina, Krásnohorská jaskyňa
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Úvod

Ochrana zdrojov podzemnej vody v krasovom prostre-
dí predstavuje kľúčový problém zachovania významného 
množstva pitnej vody sústredeného v takomto type kolek-
torov. Vápence a  dolomity, na ktoré sa táto voda viaže, 
dokážu sústrediť do malých výverových oblastí ekono-
micky významnú výdatnosť, ktorá v  súčasnosti predsta-
vuje takmer 54 % celkovej spotreby vody na Slovensku 
(Malík et al., 2018). Kvalita vody v  krasovom prostredí 
vo veľkej miere závisí od spôsobu prepojenia podzemné-
ho hydrologického systému s povrchom (Zwahlen – ed., 
2004), jeho správne ohraničenie zas determinuje bilanciu 
množstva vody obiehajúcej v  podzemí. V   rokoch 2012 
až 2018 pracovníci Štátneho geologického ústavu Dioný-
za Štúra v rámci projektu LIFE+ KRASCAVE realizovali 
množstvo výskumných aktivít v  oblasti Krásnohorskej 
jaskyne. Medzi inými sa v roku 2016 realizovali stopova-
cie skúšky. Ich cieľom bolo overiť prirodzenú ochrannú 
funkciu, ktorú podzemnému hydrologickému systému 
poskytuje horninové nadložie nad jaskyňou. Hrúbka tohto 
nadložia – vadóznej zóny nad jaskyňou – je medzi dnami 
závrtov v oblasti a úrovňou podzemného hydrologického 
systému Krásnohorskej jaskyne 185 až 240 m. Stopovacie 
skúšky realizované v októbri a novembri 2016 a trvajúce 
až do jarných mesiacov 2017 boli zamerané na testova-
nie citlivosti vody Krásnohorskej jaskyne na potenciálnu 
kontamináciu prítomnú na bezprostredne blízkom povrchu 
Silickej planiny. Metodika ich realizácie bola odlišná, než 
je obvyklé pri speleologických alebo vodohospodárskych 
prieskumoch v  krasových oblastiach. V  prípade našich 
stopovacích skúšok bola predmetom testovania rýchlosť 
prepojenia s podzemím dna závrtov, resp. krasových jám, 
ktoré signalizujú prirodzený úbytok horninovej hmoty 
smerom do podzemia, a  tým aj blízkosť komunikačných 
ciest, prostredníctvom ktorých je tento odnos hmoty 
sprostredkúvaný. Cieľom prác bolo overenie priestorovej 
distribúcie vzájomných prepojení a rýchlosti postupu prú-
denia podzemnej vody do podzemného hydrologického 
systému Krásnohorskej jaskyne, prípadne do podzemnej 
vody v jej okolí z bezprostredného nadložia tvoreného po-
vrchom severnej časti Silickej planiny.

Charakteristika skúmaného územia

Krásnohorská jaskyňa a jej podzemný hydrologický 
systém predstavujú unikátny súbor fenoménov vytvá-
raných podzemnou vodou. Jeho jedinečnosť spočíva 
najmä v  mimoriadnej kumulácii sintrových foriem pre-
viazaných na činnosť vody, ktorá pri svojom sústredenom 
výstupe z podzemia vytvára mohutný krasový prameň 
Buzgó. Jaskyňa je tak prirodzene predmetom mnohých 
odborných štúdií, do ktorých zapadá aj naša práca. Ter-
minálnym prejavom podzemného hydrologického sys-

tému Krásnohorskej jaskyne je krasový prameň Buzgó, 
v  ktorom spomínaná voda v  katastri obce Krásnohorská 
Dlhá Lúka vystupuje na povrch. Prirodzený výstup kra-
sovej podzemnej vody v  prameni Buzgó bol známy už 
od nepamäti, no jaskynný systém Krásnohorskej jas-
kyne, ktorý sa za ním nachádza, bol objavený až po na-
máhavom speleologickom prieskume v  rokoch 1954 až 
1964 (Stankovič a Cílek – red., 2005). Krásnohorská jas- 
kyňa, ktorú v  lete 1964 objavili rožňavskí jaskyniari 
(Roda, 1964; Skřivánek, 1965; Roda, 1966; Stankovič 
a Horváth, 2004), má v súčasnosti známu dĺžku 1 550 m, 
pričom aktívny vodný tok v podzemí sleduje približne jed-
nu tretinu tejto dĺžky. Jaskyňa v sebe ukrýva mohutný sta-
lagnát  vysoký 32,6 m a  Kvapeľ rožňavských jaskyniarov 
vážiaci približne 2 000 t, ktorý bol v čase svojho objavu 
považovaný za najväčší sintrový útvar na svete (Roda, 
1966). Podľa Gaála (in Stankovič a  Cílek – red., 2005) 
je severná časť Krásnohorskej jaskyne vytvorená v stred-
notriasových gutensteinských dolomitoch a dolomitových 
vápencoch, jej zadné (najjužnejšie) časti sú situované už 
v mladších, steinalmských vápencoch tektonickej jednot-
ky silicika (Mello et al., 1997). Hlavnou osou podzemného 
hydrologického systému Krásnohorskej jaskyne je vodný 
tok objavujúci sa v Suťovom dóme, prechádzajúci Mariki-
ným jazerom a Sifónom potápačov, pričom na svojej zhru-
ba 400 m dlhej ďalšej ceste priberá len dva významnejšie 
prítoky – ľavostranný v priestoroch pod Veľkou sieňou (od 
Heliktitového dómu) a  pravostranný v Abonyiho dóme. 
Výdatnosť oboch prítokov je približne rovnaká a ani jedna 
z nich zvyčajne nepresahuje 2,0 l . s–1, takže ich podiel na 
celkovom prietokovom množstve podzemného vodného 
toku pretekajúceho jaskyňou je menej ako 10 % (Bajtoš et 
al., 2017). Je zaujímavé, že prítok vody, recentne dotujúcej 
tvorbu Kvapľa rožňavských jaskyniarov, je veľmi malý, 
len okolo 0,02 až 0,04  l . s–1. Možno ho pozorovať ako 
ľavostranný prítok v Chodbe perál asi 35 m pod vyššie sa 
nachádzajúcim prítokom pod Veľkou sieňou (od Heliktito-
vého dómu). V tejto práci je označený ako miesto presako-
vania zo Siene obrov, v suchých obdobiach úplne zaniká. 
Ani detailné rezistivimetrické a  termometrické merania 
podzemného vodného toku v jaskyni (Malík et al., 2011) 
neoverili existenciu iných viditeľných či skrytých príto-
kov do hlavného podzemného toku v jaskyni až po úroveň 
Sifónu potápačov, resp. Marikinho jazera. Za Marikiným 
jazerom pokračuje tok v podzemí sifónom Marikinho jaze-
ra dlhým 120 m a hlbokým 28 m, potom ešte 250 m v sérii 
troch dómov, kde za ďalším sifónom dlhým 15 m priteká 
voda spod závalu do jazera v poslednom známom Suťo-
vom dóme (Stankovič a Cílek – red., 2005). Výver vody 
na povrch v krasovom prameni Buzgó je sprostredkúvaný 
Výstupným sifónom dlhým približne 40  m. Výstup kra-
sovej podzemnej vody je tu podmienený existenciou po-
klesnutého bloku strednotriasových karbonátov so šírkou 
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a)

Obr. 1. Lokalizácia skúmanej oblasti: a) 
v rámci Európy, b) na území Slovenska. 
Polohy miest aplikácie a miest detekcie 
stopovacích látok: c) v oblasti severnej 
časti Silickej planiny, d) vnútri podzem-
ného hydrologického systému Krásno-
horskej jaskyne.

Fig. 1. Location of the investigated area 
in: a) Europe, b) on the territory of Slo-
vak Republic. Situation of tracer injec-
tion sites: c) in the northern part of the 
Silická planina Plateau, d) inside the 
underground hydrologic system of the 
Krásnohorská jaskyňa Cave.

b)

d)

e)
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približne 800  m, kde sa táto voda dostáva do priameho 
kontaktu s aluviálnymi náplavmi toku Čremošnej.

Hydrogeologický vrt RHV-4, ktorý bol v  minulosti 
(Orvan a Vrábľová, 1986) v  rámci rozsiahleho vyhľadá-
vacieho hydrogeologického prieskumu v  oblasti Silickej 
planiny realizovaný v blízkosti vstupu do Krásnohorskej 
jaskyne, overil, že málo priepustné podložie spodnotria-
sových sinských vrstiev je tu poklesnuté ešte asi 80  m 
pod úrovňou toku Čremošnej. V uvedenom 800 m korido-
re vystupuje krasová podzemná voda ešte v ďalších dvoch 
menších prameňoch Pod kameňolomom a  Pri kaplnke 
(Malík et al., 2014a, b). Smerom na východ aj na západ 
od nich sú potom severné svahy Silickej planiny budované 
spodnotriasovými sinskými vrstvami (Mello et al., 1996). 
Samotný krasový prameň Buzgó má za celé doteraz pozo-
rované obdobie priemernú výdatnosť 55,1 l . s–1. Je jedným 
z najdlhšie pozorovaných prameňov na území Slovenska. 
Pozorovania Slovenského hydrometeorologického ústa-
vu (SHMÚ) tu s  dvomi menšími prestávkami v  rokoch 
1966 – 1967 a 2010 prebiehajú od roku 1958. Najvyššia 
výdatnosť, 1 355,8 l . s–1, tu bola zaznamenaná 10. augusta 
2002, minimálna výdatnosť, 5,3  l . s–1, bola registrovaná 
počas viacerých dní vo februári 1987. Teplota vody pra-
meňa je relatívne stála, okolo 9,3 °C, namerané hodnoty 
za uvedené obdobie pozorovania sa však pohybovali od 
5,3  do 12,2 °C.

Mimoriadna príťažlivosť jedinečných prírodných fe-
noménov nachádzajúcich sa v  oblasti severných svahov 
Silickej planiny, a  najmä v  podzemí Krásnohorskej jas-
kyne, už desaťročia podnecuje mnohé výskumné aktivity 
v tejto oblasti. Okrem uvedených už skôr publikovaných 
prác (ich dobrý prehľad poskytuje sumarizujúca pub-
likácia Stankovič a Cílek – red., 2005) to bolo vypraco-
vanie podrobnej geologickej mapy tejto oblasti v mierke 
1 : 5 000 (Kronome a Boorová, 2016). Jej autori spresnili 
hranice jednotlivých litostratigrafických členov v prísluš-
nej oblasti Silickej planiny (Mello et al., 1996), pričom 
však pomocou získaných výbrusov rozlíšili aj stratigrafic-
ky mladšie horizonty v  rozsahu až po mladší trias (karn 
– norik, azda až rét). Pukliny sv.-jz. smeru, viditeľné aj 
v Krásnohorskej jaskyni, však odvodzujú z gravitačných 
svahových pohybov (rozsadlín). Ich smer je následne daný 
najmä morfologicky určeným smerom gravitačne nesta-
bilného okraja planiny. Podľa týchto autorov aj samotné 
založenie Krásnohorskej jaskyne je na takejto gravitač-
nej svahovej skalnej rozsadline. Chemické a izotopové 
zloženie vody v systéme Krásnohorskej jaskyne skúma-
la v  rámci svojej dizertačnej práce  Gavuliaková (2016), 
výsledky boli publikované aj v  práci Gavuliaková et al. 
(2015). V  širšej perspektíve bolo izotopové a  chemické 
zloženie vody jaskyne v  kontexte celej Silickej planiny 
opísané v práci Fľaková et al. (2018). Geochemický mo-
del tvorby chemického zloženia vody v časti podzemného 

hydrologického systému zostavili Bajtoš et al. (2017). Ko-
váčová et al. (2017) publikovali výsledky meraní obsahu 
CO2 a niektorých mikroklimatických parametrov v dĺžko-
vom profile Krásnohorskej jaskyne počas letného režimu 
prúdenia vzduchu. V nedávnom období v tejto oblasti pre-
biehal rozsiahly inžinierskogeologický a hydrogeologický 
prieskum pre cestný tunel projektovaný popod priesmyk 
Soroška, realizovaný pracovníkmi spoločnosti DPP Žilina 
(Grenčíková et al., 2018; Szabó et al., 2018).

Z pohľadu výsledkov prác uvedených v tejto práci sú 
najrelevantnejšie výsledky stopovacích skúšok realizova-
ných v tejto oblasti v minulosti. V rámci nich boli overené 
prepojenia podzemného hydrologického systému Krásno-
horskej jaskyne s občasne sa ponárajúcou vodou v oblasti 
studne Rakaťa (Roda, 1967; Erdös, 1995) a studne Žedem 
(Roda et al., 1986). Z pohľadu autochtónnosti/alochtonity 
vôd však tieto vody pochádzajú len z najbližšieho povrchu 
Silickej planiny a možno teda konštatovať, že jaskyňa je 
v podstate dotovaná autochtónnymi vodami, infiltrujúcimi 
do hĺbky Silickej planiny najmä po jarnom topení snehu 
alebo po výdatných zrážkach. Je však zjavné, že rýchlosť 
prepojenia jej podzemného hydrologického systému s po-
vrchom je veľmi rozdielna, rovnako, ako sú na povrchu 
Silickej planiny nerovnomerne distribuované oblasti, 
z ktorých môže byť potenciálny kontaminant mimoriadne 
rýchlo prenesený do vody Krásnohorskej jaskyne. Preto 
v  rámci možností, ktoré nám poskytoval projekt LIFE+ 
KRASCAVE podporovaný Európskou komisiou, zame-
raný na ochranu podzemného ekosystému Krásnohorskej 
jaskyne, sme sa pokúsili realizovať v danej oblasti viacero 
stopovacích skúšok. Pri ich realizácii sme sa snažili využiť 
jednak bakteriofágy H40/1 osvedčené v minulosti (Havia-
rová, 2008, 2014, 2016; Haviarová a Pristaš, 2008, 2010, 
2013, 2018; Haviarová et al., 2009a, b), jednak farbiace 
stopovacie látky aplikované v nízkej koncentrácii, detego-
vateľné citlivými prietokovými fluorimetrami inštalova-
nými priamo na miestach potenciálnych prepojení. 

Metodika realizovaných prác

Spôsob realizácie stopovacích skúšok úlohy vyplýval 
z cieľa prác, ktorým bolo overenie priestorovej distribú-
cie vzájomných prepojení a  rýchlosti postupu prúdenia 
podzemnej vody z  bezprostredného nadložia tvoreného 
povrchom severnej časti Silickej planiny do podzemného 
hydrologického systému Krásnohorskej jaskyne, prípadne 
do podzemnej vody v jej okolí. V rámci toho sa realizovali 
technické, monitorovacie, analytické a  vyhodnocovacie 
práce. Situovanie celého skúmaného územia v rámci jeho 
širšieho nadregionálneho zaradenia, ako aj miest aplikácie 
stopovačov je na obrázku 1. Selekcia relevantných závr-
tov na povrchu Silickej planiny prebehla v  koordinácii 
s dodávateľom technickej časti prác spoločnosťou HES – 
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COMGEO, spol. s r. o. (obrázok 2, tabuľka 1). Stopovacím 
skúškam predchádzal povoľovací proces, ktorý zahŕňal 
vyjadrenia Východoslovenskej vodárenskej spoločnosti 
pôsobiacej v regióne, Slovenského vodohospodárskeho 
podniku, Regionálneho úradu verejného zdravotníctva so 
sídlom v Rožňave a odboru starostlivosti o životné pros-
tredie Okresného úradu Rožňava, resp. oddelenia ochrany 
prírody a vybraných zložiek životného prostredia kraja od-
boru starostlivosti o životné prostredie Okresného úradu 
v sídle (Košického) kraja.

Technické práce sa začali najprv terénnymi úpravami 
na dne závrtu – išlo o vytvorenie injektážneho priestoru 
s rozmermi zhruba 1,0 x 1,0 m do hĺbky 1,0 m. Následne 
sa do dna takto vyhĺbenej jamy vyhĺbilo niekoľko infi l-

tračných sond, v rámci možností ručným vrtákom (obr. 3). 
Nasledovala príprava stopovacích roztokov v dostatočnom 
objeme (rozpustenie stopovačov v pracovnom objeme 
zhruba 200 l; obr. 4), resp. rýchla príprava fágovej sus-
penzie po jej transporte v chladenom priestore (obr. 5). Na 
zatláčanie stopovacej látky do prostredia bolo potrebné za-
bezpečiť dostatočné množstvo vody v objeme asi 2 až 5 m3

do každého testovaného závrtu (obr. 6 a 7). Voda použitá 
na zatláčanie pochádzala z prameňa Buzgó (Krásnohor-
ská Dlhá Lúka). Dôležitým a zároveň náročným prvkom 
technických prác bola preprava zatláčacej vody na miesto 
aplikácie (dná závrtov na povrchu Silickej planiny). 

Monitorovacie práce sa vykonávali na 11 stano-
vištiach a spočívali v meraniach pomocou poľných 
prietokových fl uorimetrov – kontinuálnych meračov 
prítomnosti stopovačov v prostredí – s časovým krokom 
15 minút a sorpčného zachytávania stopovačov do indi-
kačných kapsúl indikujúcich prítomnosť stopovačov na 
monitorovacom mieste. Boli použité prietokové fl uori-
metre GGUN-FL30 švajčiarskej výroby (Piérre-André 
Schnegg, Neuchâtel, Switzerland; obr. 8). Tento fl uorime-
ter je možné použiť na kontinuálne merania počas stopo-
vacích testov s použitím fl uoresceínových farbív, ako je 
uranín, rodamín, sulforodamín, tinopál, naftionát a pod., 
pričom je možné použiť súčasne až tri vhodne vybrané 
(navzájom sa neprekrývajúce vlnovou dĺžkou) indikátory. 
Kontinuálne, resp. v nastavenom časovom intervale sní-
maná voda preteká optickou bunkou fl uorimetra, ktorou 
je sklenená trubica s valcovým prierezom. Optický systém 
pozostáva zo štyroch svetelných zdrojov a troch fotogra-
fi ckých detektorov, ktoré sú namontované na štyroch kol-
mých osiach v dvoch úrovniach. Každá z osí je vybavená 
budiacimi a detekčnými fi ltrami a objektívmi. Budiace 
svetlá sa zapínajú a vypínajú postupne, merajú sa tri ne-
závislé reakcie a zakalenie vody (turbidita). V každom 
meracom cykle sa zaznamenáva aj vyrovnávacie napätie 
z predzosilňovačov (tmavý signál). Fluorimetrická sonda 
je napojená na analógovo-digitálny prevodník slúžiaci 
na konvertovanie fl uorimetrických signálov na unipolár-
ne 24-bitové údaje (rozlíšenie údajov je 1 : 16 000 000). 
Najväčší merateľný signál má veľkosť 2 500 mV a inten-
zita najmenšieho signálu je preto 0,000 156 25 mV. Práve 
v tomto vysokom rozlíšení signálu tkvie výhoda použitia 
poľného prietokového fl uorimetra, keď je možné v teréne 
aplikovať podstatne menšie množstvo stopovacích látok 
pri zachovaní schopnosti ich zaznamenania. Zaznamenané 
údaje sa zasielajú do záznamníka cez kábel, štandardne 
dlhý 15 m (môže byť aj dlhší), so 4 vodičmi. Box dátového 
záznamníka (obr. 8b) obsahuje jednu alebo dve chránené 
olovené batérie a potrebné obvody na zaznamenávanie 
údajov. V rámci uvedených prác bolo využitých 6 poľných 
prietokových fl uorimetrov (obr. 9) pri nastavení časové-
ho záznamu na 15-minútový interval snímacej frekvencie 
(tab. 2). 

Obr. 2. Miesta aplikácie stopovacích látok – dná závrtov na po-
vrchu Silickej planiny nad Krásnohorskou jaskyňou: závrt (A) 
západne od priemetu polohy Marikinho jazera (a) a závrt (C) vý-
chodne od Marikinho jazera (b).
Fig. 2. Sites of tracers injection – sinkhole bottoms on the Silická 
planina Plateau surface above the Krásnohorská jaskyňa 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). 

a)

b)
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Ďalšie miesta potenciálneho objavenia stopovačov boli 
vybavené indikačnými kapsulami (obr. 10, tab. 2). Indikač-
né absorpčné kapsuly slúžili len na indikáciu prítomnosti 
stopovačov. Kapsuly vyhotovené z plastu neohrozujúceho 
zdravie a náplne sorpčného materiálu vhodného na kon-
takt s potravinami sa v pravidelných intervaloch kontro-
lovali a náplne sa vymieňali. Ako sorpčný materiál bolo 
použité granulované aktívne uhlie NORIT® typu PK 3‑5 
s plochou efektívneho povrchu 875 m2/gram. Po odobratí 
sa náplne rozrušovali ultrazvukom, lúhovali v etanolovom 
kúpeli a  výluh sa následne semikvantitatívne analyzoval 
na prítomnosť farbív pomocou luminiscenčného spektro-
fotometra Perkin Elmer. Interval kontroly bol vytvorený 
na základe predpokladaných disperzných vlastností hor-
ninového prostredia a bol stanovený na dňové intervaly 
v prvých dňoch od aplikácie a  následne na týždňové až 
dvojtýždňové intervaly v priebehu piatich mesiacov.

V rámci starostlivosti o monitorovaciu sieť (spolu 11 
stanovíšť, pozri tab. 2) prebiehala pravidelná údržba prí-
strojovej techniky, výmena náplní indikačných kapsúl, 
údržba a čistenie miest uloženia meracích prístrojov a kap-
súl. Následné analytické a vyhodnocovacie práce spočívali 
v analýzach sorpčných náplní indikačných kapsúl na prí-
tomnosť sledovaných stopovačov, spracovaní zaznamena-
ných údajov z kontinuálnych meračov a terénnych meraní 
a napokon v záverečnom spracovaní výsledkov tabuľko-
vou a grafickou formou.

Pri výbere stopovacích látok boli zohľadnené techno-
logické možnosti realizátora, charakteristiky horninového 

prostredia, a  najmä vlastnosti jednotlivých stopovačov 
s ohľadom na ochranu zdravia obyvateľstva a životného 
prostredia. Ako stopovacie látky sa použili farbivá fluo-
resceín (zelený, UN1170, čiastočne rozpustený denaturo-
vaným 96  % etanolom K10L), sulforodamín  B (farbivo 
červenej farby) a  naftionát sodný (bezfarebný). Štvrtou 
použitou stopovacou látkou (miesto aplikácie D v tab. 
1) bola fágová suspenzia bakteriofágov H40/1 (Pronk et 
al., 2006a, b; Gillmann, 2007; Kallies et al., 2017; Pris-
taš, 2017), takže naraz boli v krátkom čase aplikované až 
4 stopovače. Na túto stopovaciu skúšku sa použilo 8  lit-
rov fágovej suspenzie bakteriofágov H40/1 s početnosťou 
fágov 2 x 108 na mililiter kubický suspenzie, pripravenej 
doc. RNDr. Petrom Pristašom, CSc., vedúcim oddelenia 
genetiky mikroorganizmov v Ústave fyziológie hospo-
dárskych zvierat SAV (ÚFHZ SAV) v  Košiciach. Hosti-
teľským kmeňom tohto bakteriofága je pôvodom morská 
baktéria Pseudoalteromonas gracilis. Bakteriofág H40/1 
i baktéria Pseudoalteromonas gracilis použité pri stopova-
com experimente boli darom od Dr. Zopfiho z Université 
de Neuchâtel (Švajčiarsko). Baktérie Pseudoalteromonas 
gracilis sa kultivovali v médiu SWB (Sea Water Broth) 
v  zložení Bacto Tryptone Peptone (Becton Dickinson, 
211 699) 5 g/l, yeast extract (Merck, 211 699) 1 g/l a mor-
ská soľ 24,75 g/l. Ako tuhé kultivačné médium sa používalo 
to isté médium s prídavkom 15 g agaru (Becton Dickinson) 
na liter média. Po pridaní všetkých zložiek sa pH média 
upravilo na 7,1 až 7,2, médium sa naplnilo do vhodných 
nádob a 20 minút sterilizovalo pri teplote 121 °C. Baktérie 

Pseudoalteromonas gracilis v glycerínovej konzerve, 
dlhodobo uschovávanej pri teplote –70 °C, sa vysiali na 
povrch platne s médiom SWA (Sea Water Agar) a inku-
bovali sa počas 24 hodín pri izbovej teplote. Individu-
álne kolónie sa sterilne odpichli a inokulovali sa do 20 
mililitrov média SWA. Narastené kultúry sa udržiavali 
pri teplote 4 °C. Príprava fágovej suspenzie prebiehala 
tak, že sa 4 l média SWB inokulovali 4 ml nočnej kultú-
ry Pseudoalteromonas gracilis a 4 ml fágovej suspenzie 
bakteriofágov H40/1. Takto pripravená zmes sa 24 ho-
dín inkubovala pri izbovej teplote za výdatnej aerácie. 
Výsledná početnosť fágov v takto pripravenej suspenzii 
je zvyčajne 1010 fágových častíc v mililitri suspenzie. 
Táto suspenzia sa aplikovala 14. 11. 2016 v čase do 12 
hodín od jej prevzatia na ÚFHZ SAV Košice a následne 
sa odoberali vzorky vody na 11 vybraných odberných 
miestach.

Obr. 3. Úprava miest aplikácie stopovacích látok na dnách zá-
vrtov: a) hĺbenie jamy v závrte (D),  b) navŕtavanie dna jamy 
zemným vrtákom v závrte (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 aplikácii roztoku stopovacej látky sa predpokladala 
jeho významná disperzia a difúzia v podzemnej vode kra-
sovo-puklinového zvodnenca, spojená s mnohonásobným 
zriedením. Pri uvedenom objeme použitých stopovačov 
a odhadovanom objeme akumulácie podzemnej vody rádo-
vo v jednotkách tisícov kubických metrov sa predpoklada-
la koncentrácia riedenia rádovo v stovkách mikrogramov, 
resp. fágových častíc. Miesta a čas aplikácie stopovacích 
látok sú prehľadne uvedené v tabuľke 1.

Detekcia stopovacích látok sa vykonávala na miestach 
prirodzeného odvodňovania triasových karbonátov Silic-
kej planiny. Boli vybrané 4 prítoky vody vnútri Krásno-

horskej jaskyne – pravostranný prítok v Abonyiho dóme, 
ľavostranný prítok pod Veľkou sieňou (od Heliktitového 
dómu), miesto presakovania zo Siene obrov a výtok z Ma-
rikinho jazera pod  Sifónom potápačov. Samostatne sme 
pozorovali celkový odtok vody z Krásnohorskej jaskyne 
ako krasový prameň Buzgó. V sieti pozorovaní boli aj 2 
pramenné záchyty vzdialenejších vodárenských zdrojov 
(VZ): VZ  Eveteš a  VZ Mezeš v  katastri obce Hrušov. 
Z  vodárensky nezachytených pramenných výverov sa 
sledovali 4 pramene – prameň Pri kaplnke (Krásnohor-
ská Dlhá Lúka), Pod kameňolomom (Krásnohorská Dlhá 
Lúka), prameň Pri mlyne (Krásnohorská Dlhá Lúka) 

Obr. 4. Zapúšťanie sto-
povacej látky sulforoda-
mín B na dne závrtu (C) 
(a), zatláčanie fluores-
ceínu na dne závrtu (B) 
dodatočným množstvom 
2 m3 čistej 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 m3 of clean water (b).

Tab. 1
Miesta aplikácie stopovačov, použitý typ a množstvo stopovača, dátum a čas jeho aplikácie 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 Silická planina Plateu.

Označenie 
miesta 
aplikácie

Miesto aplikácie Druh použitého 
stopovača

Množstvo použitého 
stopovača/objem 
zatláčacej vody

Dátum aplikácie 
a čas jej trvania

(A) závrt Z
závrt západne od Marikinho jazera; relatívna 
hĺbka 7 m, rozmery zhruba 60 Í 50 m
E 20,577 376°, N 48,614 533°

naftionát sodný 998,53 g/3 m3 vody 26. 10. 2016
15.50 – 17.00

(B) závrt SV
závrt sv. od Marikinho jazera; relatívna 
hĺbka 15 m, rozmery zhruba 100 Í 70 m
E 20,586 298°, N 48,614 409°

fluoresceín 1 014,86 g/2 m3 vody 26. 10. 2016
10.30 – 11.50

(C) závrt V
závrt východne od Marikinho jazera; 
relatívna hĺbka 15 m, rozmery zhruba 
125 Í 100 m
E 20,586 799°, N 48,613 737°

sulforodamín B 1 010,36 g/3 m3 vody 26. 10. 2016
12.14 – 14.00

(D) závrt FÁG
závrt vjv. od Marikinho jazera; relatívna 
hĺbka 22 m, rozmery zhruba 70 Í 50 m
E 20,589 2°, N 48,613 2°

fágová suspenzia 
bakteriofágov 
H40/1

8 000 ml/5 m3 vody 14. 11. 2016
12.30 – 14.20
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a  Hradná vyvieračka (Brzotín). Na týchto miestach boli 
inštalované poľné prietokové fluorimetre ako kontinuál-
ne detekčné prístroje v  počte 6 kusov a/alebo indikačné 
absorpčné kapsuly. Zároveň sa odoberali vzorky vody na 
prítomnosť bakteriofágov H04/1. Celkový prehľad použi-
tej indikačnej metódy na každom monitorovanom mieste 
je špecifikovaný v tab. 2. 

Vzorky vody na detekciu bakteriofágov H40/1 sa 
postupne odoberali a doručovali do ÚFHZ SAV v Koši-
ciach, kde boli spracované do 24 hodín po doručení. Pri 
analýze výskytu bakteriofágov v odoberaných vzorkách sa 
na analýzu výskytu bakteriofágových častíc použil 1 ml 
vzorky. K vzorke sa pridalo 100 μl vzorky čerstvej kultúry 
Pseudoalteromonas gracilis (OD600 = 0,2) a  zmes sa 15 
minút inkubovala pri izbovej teplote. Po tomto čase sa rov-
nomerne naniesla na povrch kultivačnej platne s médiom 
SWA a prekryla sa 4 ml „soft“ SWA agaru (médium SWB 
s prídavkom 6 g agaru na jeden liter média). Po stuhnutí 
média sa platne 24 hodín inkubovali pri izbovej teplote. 
Prítomnosť fágov sa prejavila ako jasne viditeľné zóny 
zjasnenia (plaky) na súvislej vrstve rastúcich baktérií. Po-
čet fágových častíc sa stanovil vizuálne na základe počtu 
plakov, t. j. zón bez rastu indikátorovej kultúry P. gracilis. 

Všetky experimenty sa opakovali minimálne dva razy. Pri 
každej analýze sa použil kmeň P. gracilis bez pridania 
bakteriofágov ako negatívna kontrola a ten istý kmeň s pri-
daním 103 fágových častíc H40/1 ako pozitívna kontrola 
(Pristaš, 2017).

Presné miesta inštalácie boli v rámci každej etapy sto-
povacích skúšok spresnené na základe miestnej obhliadky 
lokality a  technicko-bezpečnostných možností inštalácie. 
Prehľadne sú uvedené v tab. 2 a na obr. 1.

Vlastný priebeh stopovacích skúšok sa realizoval v na-
sledujúcich postupných krokoch:
1.	 umiestnenie kontinuálnych meračov (detekčných prí-

strojov) a indikačných kapsúl na určené miesta pred 
aplikáciou, resp. minimálne do jednej hodiny od apli-
kácie stopovačov. Inštalácia sa realizovala s minimál-
nym zásahom do okolitého prostredia. Fluorimeter, 
resp. kapsula sa umiestnili na určené monitorovacie 
miesto a zabezpečili sa proti odplaveniu zafixovaním 
pomocou inertného materiálu prítomného v okolí 
(skaly, štrk);

2.	 vytvorenie injektážneho priestoru s rozmermi zhruba 
1,0 x 1,0 m do hĺbky 1,0 m – terénne úpravy na dne 
závrtu, do dna takto vyhĺbenej jamy bolo vyhĺbených 

Tab. 2
Miesta inštalácie zariadení na indikovanie stopovacích látok aplikovaných do jednotlivých závrtov na povrchu Silickej planiny nad 

Krásnohorskou jaskyňou.
Tab. 2

Sites of tracer measuring devices installations for tracers applied to the sinkholes on the surface of the Silická planina Plateu above 
the Krásnohorská jaskyňa Cave.

Č. Miesto detekcie Použitý 
detektor Č. Miesto detekcie Použitý detektor

1 výtok z Marikinho jazera
(Krásnohorská jaskyňa)

prietokový 
fluorimeter 7

prameň Pri kaplnke
(Krásnohorská Dlhá Lúka)
N 48,618 482°
E 20,586 127

indikačná kapsula

2 miesto presakovania zo Siene obrov
(Krásnohorská jaskyňa)

prietokový 
fluorimeter 8

prameň Pod kameňolomom
(Krásnohorská Dlhá Lúka)
N 48,617 661°
E 20,589 708°

indikačná kapsula

3
ľavostranný prítok pod Veľkou sieňou 
od Heliktitového dómu
(Krásnohorská jaskyňa)

prietokový 
fluorimeter 9

prameň Pri mlyne
(Krásnohorská Dlhá Lúka)
N 48,619 836°
E 20,579 599°

indikačná kapsula

4 pravostranný prítok v Abonyiho dóme
(Krásnohorská jaskyňa)

prietokový 
fluorimeter 10

prameň Mezeš, VZ (Hrušov)
N 48,595 371°
E 20,607 126 1°

indikačná kapsula

5

prameň Buzgó, výstupný sifón
(Krásnohorská Dlhá Lúka)
N 48,618 043°
E 20,587 435°

prietokový 
fluorimeter 11

prameň Hradná vyvieračka (Brzotín)
N 48,607 541° 
E 20,486 957°

indikačná kapsula

6
prameň Eveteš, VZ (Hrušov)
N 48,599 159°
E 20,643 091°

prietokový 
fluorimeter
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Obr. 5. Suspenzia bakteriofágov H40/1 po preprave na lokalitu (a), aplikácia fágovej suspenzie do jamy vyhĺbenej na dne závrtu (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).

Obr. 6. Preprava čistej vody používanej na hydraulické zatlačenie stopovacej látky do horninového prostredia (a), hydraulické dotlá-
čanie stopovacej látky (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. Prívod čistej vody použitej 
na hydraulické zatlačenie stopova-
cej látky do horninového prostredia 
hadicou ku dnu závrtu (a), stopovač 
naftionát sodný v jame vyhĺbenej na 
dne závrtu (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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niekoľko infiltračných sond, v rámci možností ručným 
vrtákom;

3.	 dovoz zdravotne neškodnej (pitnej) vody v objeme 2 
až 5 m3 pre každý stopovač na jeho hydraulické zatla-
čenie do horninového prostredia;

4.	 príprava zásobného roztoku stopovacej látky (objem 
zhruba 200 l);

5.	 inštalácia infiltračného potrubia na aplikáciu stopova-
ča pod terénom;

6.	 „predinjektáž“ pomocnej vody (zhruba 0,5  m3) na 
zmáčanie suchých komunikačných ciest a tým zabrá-
nenie viazania farbiacej látky do prostredia pri vyrov-
návaní vlhkosti prostredia (lepší prienik stopovača do 
prostredia);

7.	 aplikácia príslušného zásobného roztoku stopovača, 
zhruba 200 l, s podporou ďalšieho množstva pomoc-
nej vody v objeme 1 m3;

8.	 injektáž zatláčacej vody (1,5 až 4,5 m3) na zlepšenie 
mobility stopovača v  krasovo-puklinovom prostredí. 
Kvôli dôkladnému vypláchnutiu použitého zariadenia 
bola aplikácia zatláčacej vody zabezpečená prietokom 
cez zásobné nádrže a infiltračné potrubie;

9.	 pravidelný monitoring detekčných miest v dňových 
a týždňových intervaloch v závislosti od klimatických 
a  hydrologických podmienok a  priebežných výsled-
kov v období piatich mesiacov (do 11.  4. 2017); zber 
zaznamenaných údajov, odber kontrolných vzoriek 
vody a výmena náplní indikačných kapsúl; 

10.	 demontáž kontinuálnych meračov (prietokových flu-
orimetrov) a indikačných kapsúl, uvedenie pozorova-
cích miest do pôvodného stavu;

11.	 analýzy sorpčných náplní indikačných kapsúl, analý-
za vzoriek vody na prítomnosť bakteriofágov H40/1, 
spracovanie zaznamenaných údajov z kontinuálnych 
meračov;

12.	 spracovanie výsledkov.

Výsledky a diskusia

Celoplošné kontinuálne sledovanie prítomnosti sto-
povacích látok vo vode sa začalo 25.  10.  2016 o 12.00 
hod., prietokové fluorimetre pracovali s časovým krokom 
15 minút. Toto monitorovanie sa skončilo 5. 4. 2017 po 
viac ako 23 týždňoch pozorovaní (162 dní po zapustení 
stopovačov). Následne boli záznamy z meracích prístrojov 
– prietokových fluorimetrov – dekódované a transformo-
vané. Výsledky pozorovaní prítomnosti stopovacích látok 
na indikačných miestach pomocou prietokových fluori-
metrov sú uvedené v tab. 3.

Na všetkých šiestich indikačných miestach, kde boli 
inštalované prietokové fluorimetre (tab.  2 a  3), bol za-
znamenaný signál stopovacej látky naftionát sodný, ktorá 
bola aplikovaná v závrte (A) západne od Marikinho jazera. 
Počas celého obdobia sledovania zároveň nebol zazname-
naný signál stopovacej látky sulforodamín B, aplikovanej 
v závrte (C) východne od Marikinho jazera. Signál pozi-
tívnej reakcie (prítomnosti stopovacej látky vo vode) na 
fluoresceín, ktorý bol injektovaný do dna závrtu (B) sv. 
od Marikinho jazera, bol zaznamenaný len vo veľmi sla-
bej intenzite v oboch bočných prítokoch v Krásnohorskej 
jaskyni – ľavostrannom prítoku pod Veľkou sieňou od 
Heliktitového dómu aj pravostrannom prítoku v Abonyiho 
dóme, na iných miestach však nie. 

Bakteriofágy H40/1, ktoré boli aplikované s časovým 
sklzom takmer troch týždňov od zapúšťania farbiacich 
stopovačov do závrtu (D) vjv. od Marikinho jazera, nebo-
li – podobne ako farbivo sulforodamín  B – na žiadnom 
z monitorovaných miest v žiadnom zo série 16 až 25 odbe-
rov realizovaných na 11 monitorovacích miestach (tab. 4). 
Spolu sa teda vykonalo a následne analyzovalo 223 odbe-
rov, všetky bez preukázania prítomnosti bakteriofágov vo 
vzorke (Pristaš, 2017).

Výsledky získané po spracovaní sorpčných náplní in-
dikačných kapsúl  z aktívneho uhlia preukázali prítomnosť 
dvoch stopovačov na rozdielnych sledovaných miestach 
vo veľmi nízkej intenzite. Naftionát sodný, aplikovaný 
v závrte (A) západne od Marikinho jazera, sa objavil vo 
vode prameňa Pod kameňolomom (označenie miesta indi-
kácie: 8), ako aj vo vode prameňa Mezeš (10). 

Zatiaľ čo prítomnosť naftionátu v prameni Pod kame-
ňolomom bola zaznamenaná už pri prvom odbere sorpč-
nej náplne 14. 11. 2016, teda 19 dní po jeho aplikovaní, 
a pretrvávala až do odberu 5. 1. 2017 (52 dní po aplikácii), 
v  prípade vodárenského zdroja Mezeš to bolo iba počas 
neskoršieho a kratšieho obdobia. Naftionát tu bol zazna-
menaný len v odberoch z 21. 11. 2016 a 28. 11. 2016, teda 
7 až 14 dní po jeho uvedení do horninového prostredia na 
povrchu Silickej planiny v závrte Z (A). Väčším prekva-
pením je ale indikovanie fluoresceínu vo vode prameňa 
Hradná vyvieračka pri Brzotíne (11) v  rovnakom čase, 
teda 7 až 14 dní po jeho vypustení do dna závrtu (B) sv. od 
Marikinho jazera. Ide tu o podstatne väčšiu vzdialenosť, 
7,57  km vzdušnou čiarou, na rozdiel od 2,95  km medzi 
závrtom Z (A) a prameňom Mezeš. V prvom prípade (fluo-
resceín v  prameni Hradná vyvieračka) by bola nepravá 
rýchlosť prúdenia (pri prepočte vzdušnou vzdialenosťou 
miest aplikácie a  indikovania) v rozsahu medzi 540,7 
a 1 081,4 m/deň (0,63 – 1,25 cm/s). V prípade prameňa 
Mezeš a  závrtu (A) by bola nepravá rýchlosť prúdenia 
210,7 až 421,4 m/deň (0,24 až 0,49 cm/s). 

Prítomnosť stopovačov nebola vizuálne zaznamenaná 
na žiadnom z miest detekcie počas celého priebehu mo-
nitoringu. S  výnimkou výpadku meraní na prietokovom 
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Tab. 3
Výsledky pozorovaní prítomnosti stopovacích látok na indikačných miestach pomocou prietokových fluorimetrov počas stopovacích 

skúšok v období 25. 10. 2016 – 5. 4. 2017.
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 
(výrobné číslo 
fluorimetra)

Stopovacia látka Dátum a čas prvej 
indikácie stopovača

Dátum a čas 
vrcholnej detekcie 

stopovača

Maximálna 
koncentrácia 

stopovača [ppb]
Poznámka

1 – výtok 
z Marikinho jazera
(914)

naftionát sodný 6. 11. 2016 16.45 21. 11. 2016 6.00 61,82 jediný signál

sulforodamín B – – – – – – – – – nedetegovaný

fluoresceín – – – – – – – – – nedetegovaný

2 – ľavostranný 
prítok pod Veľkou 
sieňou
(737)

naftionát sodný 8. 11. 2016 17.00 9. 11. 2016 15.30 56,3 jediný signál

sulforodamín B – – – – – – – – – nedetegovaný

fluoresceín 17. 11. 2016 07.15 1. 12. 2016 17.30 0,68 jediný signál

3 – miesto 
presakovania zo 
Siene obrov
(309)

naftionát sodný 7. 11. 2016 02.00 19. 11. 2016 01.15 0,68 jediný signál

sulforodamín B – – – – – – – – – nedetegovaný

fluoresceín – – – – – – – – – nedetegovaný

4 – pravostranný 
prítok V Abonyiho 
dóme
(736)

naftionát sodný 8. 11. 2016 00.00 8. 11. 2016 22.30 32,96 jediný signál

sulforodamín B – – – – – – – – – nedetegovaný

fluoresceín 6. 11. 2016 19.15 8. 11. 2016 14.30 0,24 jediný signál

5 – prameň Buzgó
(310)

naftionát sodný
27. 10. 2016 06.00
30. 10. 2016 06.00
6. 11. 2016 17.15

28. 10. 2016 06.00
3. 11. 2016 06.00
21. 11. 2016 07.00

166,00
124,96
58,30

prvý signál
druhý signál
tretí signál

sulforodamín B – – – – – – – – – nedetegovaný
fluoresceín – – – – – – – – – nedetegovaný

6 – prameň Eveteš, 
VZ1 
(738)

naftionát sodný 27. 10. 2016 08.15
6. 11. 2016 09.00

29. 10. 2016 23.45
7. 11. 2016 18.30

107,73
121,71

prvý signál
druhý signál

sulforodamín B – – – – – – – – – nedetegovaný

fluoresceín – – – – – – – – – nedetegovaný

Pozn.: 1VZ – vodárenský zdroj

Obr. 8. Použitie kontinuálne pracujúceho poľného prietokového fluorimetra GGUN-FL30 – detailná ukážka detekčnej časti (a) a pa-
mäťovej časti zariadenia slúžiaceho na zber údajov (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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fluorimetri č. 914 na výtoku z Marikinho jazera (monitoro-
vací bod č. 1) počas prvých 10 dní meraní po injektáži far-
biacich stopovačov, ostatné kontinuálne merače pracovali 
počas celého monitoringu bez vážnych porúch a prerušení. 

Spracovanie sorpčných náplní sa robilo semikvantita-
tívnou metódou, ktorá neumožňuje stanoviť koncentráciu 
stopovacích látok vo vode. Indikuje sa len ich prítomnosť 
v určitom časovom intervale, ktorý je definovaný frekven-
ciou výmeny sorpčných náplní. Naše výsledky preuká-
zali prítomnosť dvoch stopovačov na troch sledovaných 
miestach (tab.  5) vo veľmi nízkej (+) intenzite. Okrem 
vody prameňov Pod kameňolomom, Mezeš a Hradná vy-
vieračka, kde sa v určitom úseku monitorovacieho obdobia 
zaznamenali stopovače naftionát sodný, resp. fluoresceín, 
sa zistili aj dve miesta detekcie, ktoré vykazovali úplnú 
negativitu – neprítomnosť žiadnej z aplikovaných stopo-
vacích látok. Išlo o prameň Pri kaplnke (7) a prameň Pri 
mlyne (9). Počas analýz vzoriek získaných z aktívneho uh-
lia sa však zaznamenala veľmi nízka hladina prítomnosti 
stopovačov, čo výrazne sťažovalo detekciu ich prítomnosti 
a spôsobilo nutnosť výkonu opakovaných analýz vzoriek. 
Ani uvedené tri prepojenia (tab.  5) teda nemožno pova-
žovať sa overenie miest s úplnou pozitivitou vo vzťahu 
k aplikovaným stopovačom. Výsledky získané zo spraco-
vania sorpčných náplní treba skôr považovať za indície 
možných prepojení. 

Pri stopovacej látke sulforodamín B aplikovanej v zá-
vrte (C) východne od Marikinho jazera ani pri bakteriofá-
goch H40/1 aplikovaných do závrtu (D) vjv. od Marikinho 
jazera sa nezistili nijaké reakcie na žiadnom z jedenástich 
miest ich detekcie. Tieto miesta možno považovať za 
miesta s lepšou prirodzenou ochrannou funkciou proti po-
tenciálnemu znečisteniu. 

Naopak, za lokalitu s  vysokým stupňom aktívneho 
podzemného prepojenia s  jednotlivými časťami podzem-
ného hydrologického systému Krásnohorskej jaskyne 
možno považovať závrt (A) západne od Marikinho jazera. 
Okrem uvedených nálezov aplikovaného naftionátu 
sodného v prameňoch Pod kameňolomom (8) a Mezeš (10) 
bol naftionát sodný indikovaný prietokovými fluorimetrami 
na všetkých nimi monitorovaných miestach, a to v značnej 
intenzite, danej maximálnou indikovanou koncentráciou 
stopovača (tab.  6). Tá sa pohybovala od 0,68  ppb vo 
vode presakovanej zo Siene obrov až do 107,73  ppb, 
zistených prekvapujúco už po vyše 3 dňoch v   prameni 
Eveteš nad obcou Hrušov vzdialenom 4,8  km. Vo  vode 
tohto prameňa bol zaznamenaný aj príchod druhého, 
ešte intenzívnejšieho signálu s  intenzitou 121,71 ppb po 
12,1 dňoch. Vzhľadom na silu signálu a  rýchlosť jeho 
prenosu je potrebné v oblasti medzi závrtom (A) západne 
od Marikinho jazera a  prameňom Eveteš predpokladať 
existenciu dvoch vzájomne oddelených, ale v  obidvoch 
prípadoch veľmi aktívnych obehových ciest vo vadóznej 
zóne pod polohovo relevantným povrchom Silickej 

Obr. 9. Terénny zber výsledkov z poľného prietokového fluori-
metra GGUN-FL30 vnútri Krásnohorskej jaskyne.
Fig. 9. Data collection from the flow-through field fluorometer 
GGUN-FL30 inside the Krásnohorská jaskyňa Cave.

Obr. 10. Poľný prietokový fluorimeter GGUN-FL30 inštalovaný 
vnútri vodárenského zdroja – krasového prameňa Eveteš v Hru-
šove (a), detailný pohľad na kapsulu so sorpčnou látkou, použitú 
na detekčných miestach 7 až 11 v rámci opisovaných stopovacích 
skúšok (b). 
Fig. 10. Flow-through field fluorometer GGUN-FL30 inside the 
drinking water source of Eveteš karstic spring (a), capsule with 
sorption agent, as applied on sites 7 to 11 (b).
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planiny. Nepravá rýchlosť prúdenia je v  tomto prípade 
1 443,2 m/deň (1,67 cm/s) v prípade predpokladaného 
„rýchlostne aktívnejšieho kanála“ nenasýtenej zóny 
a 396,8 m/deň (0,46  cm/s) v prípade druhého „kanála“, 
pri ktorom zas možno predpokladať nižšiu mieru disperzie 
a prenos vyššej koncentrácie aj v prípade kontaminantov, 
nielen stopovacích látok. 

Najvyššia úroveň zachyteného signálu sa podľa oča-
kávania prejavila vo  vode krasového prameňa Buzgó, 
kde dosiahla pri príchode dvoch po sebe idúcich signálov 
(1,6 dňa a  7,6 dňa) po injektáži naftionátu sodného do 
závrtu (A) úroveň 166,0 ppb pri prvom, skoršom signáli 
a 125,0 ppb pri druhom signáli prichádzajúcom šesť dní 
po ňom. Aj v tomto prípade môžeme hovoriť o dvoch vzá-
jomne oddelených aktívnych obehových cestách vody vo 
vadóznej zóne. Pretože uvedené monitorované miesto spá-
ja v sebe vody prechádzajúce monitorovanými miestami 1 
až 4 (hlavným výtokom z Marikinho jazera či tromi nižšie 
sa nachádzajúcimi prítokmi), predpokladáme, že signál sa 
objavil vo vode Marikinho jazera, kde bol v danom čase 
nefunkčný fluorimeter. Pri výpočte nepravej rýchlosti prú-
denia je potrebné počítať so vzájomnou vzdušnou vzdia-
lenosťou Marikinho jazera a závrtu (A) 613 m, pri ktorej 
je potom v prípade aktívnejšieho kanála nepravá rýchlosť 
385,5 m/deň (0,45 cm/s) a v prípade druhého 80,8 m/deň 
(0,09 cm/s). S týmto („prvým“ naftionátovým) maximom 
zisteným vo vode prameňa Buzgó a  predpokladaným 
vo vode Marikinho jazera súvisí zrejme aj prítomnosť 
naftionátu sodného v  prameni Pod kameňolomom indi-
kovaná sorpčnými kapsulami (dva odbery s  pozitívnym 
výsledkom, zachytávajúce časový interval 18.  11. až 
28. 11. 2016; tab. 5). Podľa systematického monitorovania 
chemického zloženia vody oboch týchto zdrojov v rámci 
projektu KRASCAVE (Malík et al., 2019) sú ich kvalita-
tívne vlastnosti veľmi podobné a možno medzi nimi oča-
kávať významný súvis.

Po čase, keď sa zistil chybný záznam fluorimetra č. 914 
inštalovaného v Sifóne potápačov (kde je prirodzená cesta 
odvodňovania Marikinho jazera) a došlo k náprave meraní, 
bol 6. 11. 2016 v čase od 16.45 detegovaný nástup ďalšie-
ho, v poradí už tretieho signálu, ktorý dosiahol najvyššiu 
intenzitu až 21. 11. 2016 okolo 6.00 hod. Z toho vyplýva, 
že išlo o značne rozptýlený príchod stopovača signalizu-
júci značný stupeň disperzie, hoci úroveň vrcholovej kon-
centrácie bola až 61,8 ppb. Pri zjednodušenom chápaní by 
sme k tomuto tretiemu signálu priradili nepravú rýchlosť 
23,9 m/deň (0,028 cm/s), no v tomto prípade evidentne ide 
o  pomalý nárast stopovača rozptýleného v  horninovom 
prostredí. Oveľa intenzívnejší bol koncentračný nárast 
v prípade dvoch väčších prítokov v Krásnohorskej jaskyni 
– ľavostranného prítoku pod Veľkou sieňou (od Heliktito-
vého dómu; č. 2 v tab. 2) a pravostranného prítoku v Abo-
nyiho dóme (č.  4). V  oboch prípadoch sa zaznamenal 
časový rozdiel medzi prvou indikáciou stopovača a  jeho 

najvyššou hodnotou 22.30 hod. (0,94 dňa), v  prítoku 
v Abonyiho dóme však bola prvá indikácia stopovača za-
znamenaná o 17 hodín skôr a takisto bola v čase posunutá 
aj najvyššia zistená hodnota. V oboch prípadoch však išlo 
o časový posun od injektáže naftionátu sodného do závrtu 
(A) v rozmedzí 13 až 14 dní. Zaujímavosťou je, že stopovač 
bol zaznamenaný skôr vo vzdialenejšom pravostrannom 
prítoku v Abonyiho dóme (č. 4) na „opačnej“, východnej 
strane Krásnohorskej jaskyne. Preto je v prípade prítoku 
pod Veľkou sieňou (2) hodnota nepravej rýchlosti menšia 
(38,2 m/deň, resp. 0,044 cm/s), v prípade prítoku v Abo-
nyiho dóme o 25 % väčšia (47,4 m/deň, resp. 0,055 cm/s). 
Uvedené signály boli zaznamenané aj na fluorimetri č. 310 
na monitorovacom mieste 5 – prameň Buzgó. Napokon 
bolo po vyše troch týždňoch zachytené maximum signálu 
stopovacej látky naftionát sodný aj v mieste presakovania 
zo Siene obrov, teda vo vode, ktorá sa podieľa na vytváraní 
gigantického, 32,6 m vysokého Kvapľa rožňavských jas-
kyniarov nachádzajúceho sa v tejto sieni. Toto maximum 
však bolo mimoriadne nízke (len 0,68 ppb), a  tak nebol 
tento signál ani rozlíšený v  rámci kontinuálnych meraní 
na prietokovom fluorimetri č. 310 priamo nad prameňom 
Buzgó, na monitorovacom mieste 5. Podobne ako v prí-
pade tretieho signálu vo vode Marikinho jazera, aj tu išlo 
o veľmi pomalý nárast – prvá indikácia stopovača bola re-
gistrovaná 7. 11. 2016 o 2.00 hod. a maximum nastalo až 
o 12 dní neskôr (19. 11. 2016 o 1.15 hod.). Časovo sa oba 
signály (tento z prítoku zo Siene obrov a tretí z Marikin-
ho jazera) veľmi podobajú, jednak časom tranzitu (23,39, 
resp. 25,59 dňa) a časom svojho nástupu, jednak  časom 
dosiahnutia maxima (tab. 6). Môžeme preto predpokladať, 
že uvedené miesta nachádzajúce sa v zadných, vzdialenej-
ších častiach Krásnohorskej jaskyne boli zasiahnuté roz-
ptýleným mrakom naftionátu sodného zo závrtu (A), keď 
predtým bol cez Marikino jazero transportovaný stopovač 
vstupujúci koncentrovane do iných miest podzemného 
hydrologického systému Krásnohorskej jaskyne. Zároveň 
tieto miesta neboli zasiahnuté stopovačom, ktorý sa v tro-
cha menej koncentrovanej forme objavil v dvoch väčších 
prítokoch – v ľavostrannom pod Veľkou sieňou (od Helik-
titového dómu), ako aj pravostrannom v Abonyiho dóme 
(č. 2 a 4).

Pri stopovacom fluoresceíne, ktorý bol aplikovaný do 
závrtu (B) nachádzajúceho sa sv. od Marikinho jazera, 
bol fluorimetrami zaznamenaný len slabý signál. Je však 
zaujímavé, že zasiahol len bezprostredne najbližšie moni-
torovacie miesta – ľavostranný prítok pod Veľkou sieňou 
(od Heliktitového dómu; č. 2 v tab. 2) a pravostranný prí-
tok v Abonyiho dóme (č. 4) – a na iných miestach pod-
zemného hydrologického systému Krásnohorskej jaskyne 
fluoresceín nebol detegovaný. Nebolo to tak ani v prípade 
monitorovacieho bodu č. 5 nad prameňom Buzgó. Vysvet-
ľujeme si to príliš veľkým zriedením stopovača, ktorý mal 
mimoriadne nízku koncentráciu už v spomínaných príto-
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koch. Vo vode pravostranného prítoku v Abonyiho dóme 
to bolo len 0,24 ppb a vo vode ľavostranného prítoku pod 
Veľkou sieňou 0,68 ppb. Aj čas tranzitu fl uoresceínu tu 
však bol napriek mimoriadne malej vzdialenosti pomerne 
dlhý – príchod maxima bol zaznamenaný po vyše 13, resp. 
vyše 36 dňoch (tab. 6), pritom vzdušnou čiarou je vzdia-
lenosť týchto monitorovacích mieste 25, resp. 126 m od 
dna závrtu – závrt (B) sa prakticky nachádza priamo nad 
priestormi Krásnohorskej jaskyne. Nepravá rýchlosť od-
vodená z týchto hodnôt (1,9 m/deň, resp. 0,002 cm/s v prí-
toku č. 4 v Abonyiho dóme a 3,5 m/deň, resp. 0,004 cm/s 
v prítoku č. 3 pod Veľkou sieňou od Heliktitového dómu) 
je najnižšia, aká bola zistená počas nami analyzovaných 
stopovacích skúšok. V prípade monitorovacieho bodu 
č. 3 možno navyše konštatovať pomerne veľkú disperziu 
stopovacieho farbiva v horninovom prostredí, keď čas od 

záznamu prvej indikácie po záznam najvyššej koncentrácie 
stopovača tu bol až 14,4 dňa (v bližšom monitorovacom 
bode č. 4 len 1,8 dňa). Z nízkych hodnôt zistenej koncen-
trácie, veľmi dlhého tranzitného času a malej rýchlosti 
tranzitu vyplýva, že horninové prostredie v oblasti pod zá-
vrtom (B) sv. od Marikinho jazera v smere ku Krásnohor-
skej jaskyni poskytuje vcelku dobrú prirodzenú ochranu 
pred potenciálne prenikajúcim znečistením vďaka svojim 
hydrofyzikálnym vlastnostiam alebo značnému objemu 
vody v zóne epikrasu, ktorým stopovač nestačil preniknúť. 
O to zaujímavejšia je potom detekcia stôp fl uoresceínu na 
aktívnom uhlí sorpčných kapsúl situovaných vo vode pra-
meňa Hradná vyvieračka pri Brzotíne (tab. 5) v čase medzi 
18. 11. a 28. 11. 2016. V tomto prípade by pri vzájomnej 
vzdialenosti oboch bodov bola nepravá rýchlosť v rozme-
dzí približne 220 až 320 m/deň, resp. 0,258 až 0,369 cm/s. 

Obr. 11. Výsledky stopovacích skúšok podľa údajov zaznamenaných prietokovými ponornými fl uorimetrami GGUN-FL30 – detail 
bezprostrednej oblasti Krásnohorskej jaskyne.
Fig. 11. Results of tracer tests according to the data recorded by GGUN-FL30 fl ow-through submergible fl uorometers – detail for the 
nearest area of the Krásnohorská jaskyňa Cave.
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Stopovacia látka by sa však zjavne od závrtu (B), kde 
bola injektovaná, musela šíriť spočiatku južným smerom 
(mimo oblasti Krásnohorskej jaskyne, kde sa vyskytla len 
v zanedbateľnej koncentrácii približne v rovnakom čase) 
a až následne v smere na západ, takže jej rýchlosť by mala 
byť ešte vyššia.

Vlhkostné pomery v skúmanej oblasti Silickej planiny 
boli v období realizácie stopovacích skúšok nadnormálne: 
pre zrážkomernú stanicu SHMÚ 55 180 Silica (505 m n. 
m.) je charakteristický zrážkový úhrn za mesiac október 
57  mm, októbrový zrážkový úhrn v  roku 2016 však bol 
v  takmer dvojnásobnej výške, 112  mm. Výrazné tu boli 
zrážky v dňoch 3. 10. 2016 (28,0 mm), a najmä 21. 10. 2016 
(27,2  mm), ktoré prispeli k  saturácii pôdy dostatočným 
množstvom vlahy pred samotnou aplikáciou stopovačov 
26. 10. 2016. Mesiac november 2016 so zaznamenaným 
úhrnom 52,0 mm bol potom vlhkostne priemerný, pretože 
priemerné novembrové úhrny na stanici Silica dosahujú 
52  mm. Väčšina denných úhrnov neprekročila 3,0  mm, 
s výnimkou dvoch výrazných dažďových dní  5. 11. 2016 
(18,4 mm) a 6. 11. 2016 (17,8 mm). Je zrejmé, že uvedený 
zrážkový impulz v tomto období do veľkej miery aktivo-

val prenos stopovačov, pretože väčšina prvých indikácií 
stopovačov bola zaznamenaná až po 5. novembri 2016. 
Naopak, december 2016 s úhrnom 1,3 mm bol v stanici 
Silica mimoriadne suchý, keďže úhrny tu zvyčajne do-
sahujú 40 mm. V uvedenom období nedošlo na povrchu 
Silickej planiny k akumulácii snehových zrážok, a teda ani 
k ich topeniu. Priemerný zrážkový úhrn v stanici Silica za 
44-ročné obdobie 1973 – 2017 je 707 mm.

Výsledky prepojení jednotlivých miest aplikácie a in-
dikácie stopovacích látok sú zhrnuté v tab. 3 až 6, znázor-
nené sú aj na obr. 11 a 12.

Záver

V období na prelome rokov 2016 a 2017 v oblasti vý-
chodnej časti Silickej planiny v  rámci predpokladaného 
rozsahu podzemného hydrologického systému Krásno-
horskej jaskyne sa realizovali štyri stopovacie skúšky na 
testovanie citlivosti vody Krásnohorskej jaskyne na poten-
ciálnu kontamináciu prítomnú na bezprostredne blízkom 
povrchu Silickej planiny. Farbiace stopovacie látky boli 
aplikované do horninového prostredia 26.  októbra 2016 

Obr. 12. Výsledky stopovacích skúšok v širšej oblasti Krásnohorskej jaskyne podľa údajov zaznamenaných prietokovými ponornými 
fluorimetrami GGUN‑FL30 a aktívnym uhlím v sorpčných kapsulách. 
Fig. 12. Results of tracer tests in the broader area of the Krásnohorská jaskyňa 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
Počty plakov detegované v jednotlivých vzorkách počas stopovacej skúšky s použitím bakteriofágov H40/1 v závrte (D)

vjv. od Marikinho jazera v období 14. 11. 2016 až 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.
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Tab. 5
Prítomnosť stopovačov zistená na sorpčnom materiáli v indikačných kapsulách na vybraných miestach, čísla miest detekcie zodpove-

dajú tab. 2. Detegované farbivá: Ns – naftionát sodný, Fl – fluoresceín.
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, Fl – fluorescein.

Dátum 7 – prameň 
Pri kaplnke

8 – prameň
Pod kameňolomom

9 – prameň
Pri mlyne

10 – prameň 
Mezeš (Hrušov)

11 – prameň
Hradná vyvieračka 

(Brzotín)

14. 11. 2016 12.00 – – – Ns + – – – – – – – – –

16. 11. 2016 12.00 – – – Ns + – – – – – – – – –

18. 11. 2016 12.00 – – – Ns + – – – – – – – – –

18. 11. 2016 12.00 – – – Ns + – – – – – – – – –

21. 11. 2016 12.00 – – – Ns + – – – Ns + Fl +

28. 11. 2016 12.00 – – – Ns + – – – Ns + Fl +

5. 12. 2016 12.00 – – – Ns + – – – – – – – – –

5. 1. 2017 12.00 – – – Ns + – – – – – – – – –

5. 2. 2017 12.00 – – – – – – – – – – – – – – –

5. 3. 2017 12.00 – – – – – – – – – – – – – – –

5. 4. 2017 12.00 – – – – – – – – – – – – – – –
Pozn.: Intenzita signálu: + veľmi nízka, ++ nízka, +++ stredná, ++++ zvýšená, +++++ vysoká

Obr. 13. Prirodzená ochranná funkcia horninového prostredia nad Krásnohorskou jaskyňou. 
Fig. 13. Natural protection function of the rock environment above the Krásnohorská jaskyňa Cave.
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v troch závrtoch, resp. krasových jamách: (A) závrt zá-
padne od vertikálneho priemetu Marikinho jazera na po-
vrch Silickej planiny – naftionát sodný, (B) závrt sv. od 
Marikinho jazera – fluoresceín, (C)  závrt východne od 
Marikinho jazera – sulforodamín  B. Fágová suspenzia 
bakteriofágov H40/1 sa pre technologické ťažkosti prípra-
vy jej dostatočného množstva a koncentrácie aplikovala až 
neskôr, a to 14. novembra 2016 do miesta aplikácie (D) – 
závrtu vjv. od Marikinho jazera. Po aplikácii stopovačov 
sa realizoval ich monitoring na 11 pozorovacích miestach 
v  trvaní zhruba päť mesiacov. V  šiestich prípadoch boli 
použité poľné prietokové fluorimetre GGUN‑FL30 s kon-
tinuálnym meraním koncentrácie použitých farbív a  na 
ostatných miestach indikačné kapsuly so sorpčnou látkou. 
Na tých istých miestach sa odoberali aj vzorky vody na 
detekciu bakteriofágov H04/1, ktoré sa následne doručili 
do Ústavu fyziológie hospodárskych zvierat SAV v Koši-
ciach, kde sa do 24 hodín po doručení spracúvali.

Detekcia stopovacích látok sa vykonávala na 5 
miestach vnútri podzemného hydrologického systému 
Krásnohorskej jaskyne (1 – výtok z Marikinho jazera 
pod Sifónom potápačov, 2 – miesto presakovania zo Sie-
ne obrov, 3 – ľavostranný prítok pod Veľkou sieňou od 
Heliktitového dómu, 4 – pravostranný prítok v Abonyiho 
dóme, 5 – celkový odtok vody z  Krásnohorskej jaskyne 
v krasovom prameni Buzgó), kde boli inštalované fluori-
metre GGUN‑FL30. Tento prístroj bol inštalovaný aj vo 
vodárensky zachytenom prameni Eveteš nad obcou Hru-
šov. Na ďalších prameňoch boli inštalované kapsuly so 
sorpčným materiálom (aktívne uhlie), ktorý sa v pravidel-
ných intervaloch vymieňal a  následne analyzoval. Takto 
bolo sledovaných päť menších prameňov: Pri kaplnke 
(Krásnohorská Dlhá Lúka), Pod kameňolomom (Krásno-
horská Dlhá Lúka), Pri mlyne (Krásnohorská Dlhá Lúka), 
Hradná vyvieračka (Brzotín) a  prameň Mezeš (Hrušov). 
Posledný z nich sa využíva aj ako vodárenský zdroj pre 
obec Hrušov.

Počas celého obdobia sledovania nebol zaznamenaný 
signál stopovacej látky sulforodamín B, aplikovanej v zá-
vrte (C) východne od Marikinho jazera. Takisto nebola 
zaznamenaná prítomnosť bakteriofágov H40/1 aplikova-
ných do závrtu (D) vjv. od Marikinho jazera ani v jednej 
z  223 odobraných a  analyzovaných vzoriek. Oba závrty 
sa nachádzajú južne, resp. jv. od Krásnohorskej jaskyne. 
Predpokladáme, že v  týchto miestach poskytuje povrch 
Silickej planiny pre Krásnohorskú jaskyňu a jej podzem-
ný hydrologický systém vcelku dobrú prirodzenú ochranu 
pred potenciálne prenikajúcim znečistením.

Výsledky získané po spracovaní sorpčných náplní in-
dikačných kapsúl z aktívneho uhlia  preukázali prítomnosť 
dvoch stopovačov na rozdielnych sledovaných miestach 
vo veľmi nízkej intenzite. Naftionát sodný, aplikovaný 
v závrte (A) západne od Marikinho jazera, sa objavil vo 

vode prameňa Pod kameňolomom (označenie miesta in-
dikácie: 8), ako aj vo vode prameňa Mezeš (10). Fluores-
ceín aplikovaný do závrtu (B) bol zas detegovaný v dvoch 
sorpčných náplniach v prameni Hradná vyvieračka (11) pri 
Brzotíne. Neprítomnosť stopovacích látok sa zistila v pra-
meni Pri kaplnke (7) a prameni Pri mlyne (9). Výsledky 
získané pomocou sorpčných náplní však treba skôr pova-
žovať za indície možných prepojení. Dôvodom je veľmi 
nízka hladina prítomnosti stopovačov, ktorá sa tu zistila.

Veľmi dobrú charakteristiku spôsobu šírenia stopova-
cích látok poskytli prietokové fluorimetre GGUN-FL30 
švajčiarskeho výrobcu. Zistená nepravá rýchlosť (stanove-
ná podľa vzdušnej vzdialenosti miest aplikácie a indikova-
nia) sa tu pohybovala od 1,9 do 1 443,2 m/deň (0,002 až 
1,670 cm/s), čas tranzitu bol od 3,3 do 36,3 dňa s mediá-
novou hodnotou 13,6 dňa. Miesta indikovania stopovačov 
boli vzdialené od 25 do 4 806 m vzdušnou čiarou a maxi-
málna indikovaná koncentrácia stopovacej látky sa v indi-
viduálnych prípadoch pohybovala od 0,24  do 127,71 ppb.

Najrýchlejšie a  zároveň najintenzívnejšie šírenie sto-
povacej látky sa zistilo v prípade naftionátu sodného, 
ktorý bol aplikovaný na dne závrtu (A) západne od Krás-
nohorskej jaskyne. Tento stopovač už v priebehu 1,59 dňa 
dosiahol Marikino jazero (1), v  dôsledku krátkodobého 
výpadku fluorimetra však bol indikovaný na celkovom 
výtoku z  jaskyne. Na ďalších troch miestach prítokov 
v  jaskyni sa však v rámci tohto prvého a najintenzívnej-
šieho signálu (166,0  ppb nad prameňom Buzgó; 5) už 
nezistil. Vzápätí sa v  sile 107,73 ppb už po 3,33 dňoch 
od injektáže objavil naftionát vo vode prameňa Eveteš (6), 
po 7,59 dňoch opäť v prameni Buzgó (124,96 ppb) a po 
12,11 dňoch bolo 7. 11. 2016 o 18.30 zaznamenané maxi-
mum druhého signálu aj v prameni Eveteš. Uvedené štyri 
prípady boli zároveň najintenzívnejším prejavom tohto 
stopovača, ktorý sa až následne po 13,28 dňoch objavil 
v pravostrannom prítoku v Abonyiho dóme (4) pri sile sig-
nálu 32,96 ppb a po 13,99 dňoch v ľavostrannom prítoku 
pod Veľkou sieňou (56,30 ppb). Vzhľadom na silu signálu 
a rýchlosť jeho prenosu je teda potrebné v oblasti medzi 
závrtom (A) a prameňom Eveteš predpokladať existenciu 
dvoch vzájomne oddelených, ale v  obidvoch prípadoch 
veľmi aktívnych obehových ciest vo vadóznej zóne pod 
polohovo relevantným povrchom Silickej planiny. Nepra-
vá rýchlosť prúdenia je tu 1 443,2 m/deň (1,67 cm/s) v prí-
pade predpokladaného „rýchlostne aktívnejšieho kanála“ 
nenasýtenej zóny a 396,8 m/deň (0,46  cm/s) v prípade 
druhého „kanála“, pri ktorom zas možno predpokladať 
nižšiu mieru disperzie a prenos vyššej koncentrácie nielen 
stopovacích látok, ale aj kontaminantov. Obdobné cesty vo 
vadóznej zóne možno očakávať aj v smere do oblasti juž-
ne od Marikinho jazera (tu možno rátať s nepravou rých-
losťou 385,5 m/deň, čiže 0,45 cm/s a 80,8 m/deň, resp. 
0,09 cm/s). Smerom k  prítokom pod Veľkou sieňou (2) 
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a v Abonyiho dóme (4) sa potom zjavne dostáva samostat-
ná vetva prúdenia od závrtu (A), ktorá zároveň nezasahuje 
oblasť nad Marikiným jazerom, ale ani nad Sieňou obrov. 
Do týchto posledných sa potom dostala ešte tretia „naftio-
nátová“ vlna s posunom 25,59 dňa v Marikinom jazere (1) 
a 23,39 dňa v prítoku v Sieni obrov (3). Kým signál za-
znamenaný pod Sieňou obrov bol len slabučký (0,68 ppb), 
vo výtoku z Marikinho jazera to bolo až 61,82 ppb. Tento 
signál už nebol zachytený ani v  prameni Eveteš, ani na 
inom mieste Krásnohorskej jaskyne, s  výnimkou odtoku 
v prameni Buzgó (5). Vo vadóznej zóne medzi oblasťou 
južne od Marikinho jazera a  závrtom (A) zjavne existu-
je ešte tretia diskrétna cesta potenciálneho šírenia konta-
minantu, tentoraz však s  vyšším stupňom jeho disperzie 
(časový rozdiel medzi prvou indikáciou stopovača a jeho 
maximom tu bol najvyšší, až 14,55 dňa). 

V prípade fluoresceínu aplikovaného v závrte (B) 
nachádzajúcom sa sv. od Marikinho jazera sa fluorimet-
rami zaznamenala len slabá prítomnosť stopovača, ktorá 
po 13,17 dňoch zasiahla pravostranný prítok v Abonyiho 
dóme (4) v  sile signálu iba 0,24  ppb a  po 36,29 dňoch 
a s intenzitou 0,68 ppb aj ľavostranný prítok pod Veľkou 
sieňou (2). Išlo teda len o bezprostredne najbližšie moni-
torovacie miesta od miesta aplikácie fluoresceínu, pretože 
na iných miestach podzemného hydrologického systému 
Krásnohorskej jaskyne nebol tento stopovač detegovaný. 

Z  nízkych hodnôt zistenej koncentrácie, veľmi dlhé-
ho tranzitného času a malej rýchlosti tranzitu vyplýva, 
že horninové prostredie v oblasti pod závrtom (B) sv. od 
Marikinho jazera je v smere ku Krásnohorskej jaskyni 
buď slabo skrasovatené, alebo v dôsledku veľkého objemu 
vody akumulovanej v epikrasovej zóne poskytuje vcelku 
dobrú prirodzenú ochranu pred potenciálne prenikajúcim 
znečistením (obr. 13). Najrizikovejšou oblasťou z hľadis-
ka potenciálneho ohrozenia podzemného hydrologické-
ho systému Krásnohorskej jaskyne je oblasť závrtu (A). 
Z  týchto miest možno na základe získaných výsledkov 
predpokladať rýchle šírenie potenciálnej kontaminácie, 
a to nielen do Krásnohorskej jaskyne, ale aj krasového pra-
meňa Eveteš nad obcou Hrušov. Pre existenciu vzájomne 
oddelených krasových obehových ciest vo vadóznej zóne 
tu zároveň možno očakávať príchod znečistenia vo viace-
rých vlnách, s  rôznou mierou jeho zriedenia v  dôsledku 
jeho rôznej disperzie v horninovom prostredí.
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Four tracing tests verifying the pollution sensitivity 
of water circulation inside the underground hydrological 
system of the Krásnohorská jaskyňa Cave were perfor-
med in the area of ​​the eastern part of the Silická planina 
Plateau in 2016/2017 (October 2016 – April 2017). Dye 
tracers of sulphorhodamine  B, fluorescein and sodium 
naphtionate were injected into the pits manually dug in 
the bottoms of sinkholes / dolines / surface karst depres-
sion on the 26th October 2016. The aim of this testing was 
the verification of the natural protection function of the 
vadose zone above the cave system. Taking into account 
the vertical distance of the underground stream in the 
cave (310 – 315 m a.s.l.) and the levels of the sinkholes’ 
bottoms in the area (500 – 550 m a.s.l.), the thickness of 
the vadose zone was between 185 and 240 m. Sodium na-
phtionate was applied in the (A) sinkhole located west of 
the vertical projection of the Marikino jazero Lake to the 
Plateau surface, sulphorhodamince B was used in the (B) 
sinkhole SE of the Marikino jazero Lake and fluorescein 
was injected into the (C) sinkhole eastwards of the Mariki-
no jazero Lake surface projection. Suspension of H40/1 
bacteriophages was applied only 19 days later (on 14th 
November 2016) into the (D) sinkhole eastwards of the 
Marikino jazero Lake, due to its slow preparation process 
and relatively small abundance of bacteriophages in the 
prepared suspension (2 x 108 per 1 mm3 of suspension). 
After the injection of these tracers, water monitoring was 
carried out at 11 observation points for about five months. 
GGUN‑FL30 flow-through filed fluorometers were used in 
six cases, indication capsules with activated carbon sor-
bent were used at the remaining monitoring sites. Samples 
for bacteriophages H40/1 detection were taken at the same 
locations and subsequently delivered to the Slovak Acade-
my of Sciences Institute of Animal Physiology in Košice, 
where they were processed within 24 hours after delivery.

Tracer detection was carried out at 5 sites inside the 
underground hydrological system of the Krásnohorská jas-
kyňa Cave: 1 – water outlet from the Marikino jazero Lake 
under the Sifón potápačov (Diver’s Siphon); 2 – seepage 
from the Sieň obrov; 3 – left-hand tributary under the Veľ-
ká sieň Hall, from the Heliktitový dóm Dome, 4 – right-
hand tributary in the Abonyiho dóm Dome; 5 – total water 
outflow from the Krásnohorská jaskyňa Cave in the Buzgó 
karst spring. GGUN-FL30 field flow‑through fluorometers 
were installed here. This device was also installed in the 
karstic spring of Eveteš above the Hrušov municipality, 
exploited as drinking water source. Capsules with sorp-
tion material (activated carbon) were installed on other 
springs and exchanged at regular intervals. Five smaller 

karstic springs were monitored in this way: Pri kaplnke, 
Pod kameňolomom, Pri mlyne (all three springs located 
in the Krásnohorská Dlhá Lúka municipality), Hradná 
vyvieračka (Brzotín) and Mezeš spring (Hrušov). The last 
one is also used as drinking water supply for the village 
of Hrušov.

In the whole period of tracing experiment, no respon-
se of the sulforhodamine B dye tracer, applied in the (C) 
sinkhole, was observed. Also, the presence of bacteriopha-
ges H40/1 applied to the (D) sinkhole was not recorded 
in either of the 223 samples. Both sinkholes are located 
south, respectively southeast of the Krásnohorská jaskyňa 
Cave. Therefore we can assume that in these places the 
surface of the Silická Planina Plateau provides relatively 
good natural protection against potential pollution for the 
Krásnohorská jaskyňa Cave and its underground hydrolo-
gical system.

The results obtained from activated carbon (charcoal) 
after processing the sorption fillings of indicator capsules 
showed the presence of two tracers at different monito-
red sites at very low intensities. Sodium naphthionate, 
applied in the sinkhole (A) appeared in the waters of the 
Pod kameňolomom spring (site marking: 8) as well as in 
the waters of Mezeš spring (10). Fluorescein applied to 
the (B) sinkhole was detected in two sorption cartridges 
in the Hradná vyvieračka spring (11) near Brzotín. The 
tracers were totally absent in analyses of charcoal taken 
at Pri kaplnke (7) and Pri Mlyne springs (9). However, the 
results obtained by activated carbon analyses should rather 
be considered as indicative of possible interconnections as 
the signal intensity was mostly very low.

The most reliable results were achieved by continu-
ously measuring flow-trough fluorometers GGUN-FL30 
records. The detected apparent velocities (determined by 
the air distance of the application and indication sites) ran-
ged from 1.9 to 1443.2 m/day (0.002 to 1.670 cm/s), the 
recorded transit time was from 3.3 to 36.3 days, with me-
dian value of 13.6 days. The tracer indication sites were at 
a direct distance range of 25 to 4,806 m. The maximal in-
dicated tracer concentration in the individual breakthrough 
curves was ranging from 0.24 ppb to 127.71 ppb (median: 
44.63 ppb).

The fastest and most intensive tracer spreading was 
found for sodium naphthionate, which was applied at the 
bottom of sink (A). This dye tracer has already reached 
Marikino jazero Lake (marked as 1) in 1.59 days. Due to 
a short-term, ten days lasting failure of the fluorimeter 
at site 1, this peak has been indicated on the total cave 
discharge (5 – Buzgó monitoring site). As this first strong 

Survey of protective function of the aeration zone above the Krásnohorská jaskyňa 
Cave (Silická planina Plateau) using tracing tests
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(166.0 ppb at Buzgó site, No. 5) and quick peak was not 
detected in the other three tributary sites in the cave, it has to 
be directly linked to the main karst water stream appearing 
at 1 – Marikino jazero Lake monitoring site. However, 
after 3.33 days of injection, naphthionate appeared in 
waters of 6 – Eveteš spring, in the peak concentration of 
107.73 ppb. After 7.59 days the second naphtionate peak 
appeared again in 5 – Buzgó spring (124.96 ppb) and after 
12.11 days (on November 7, 2016 at 6:30 pm) the second 
naphtionate peak with higher (121.71  ppb) intensity 
arrived to the spring of Eveteš (6). These four cases were 
also the most intense manifestation of the naphtionate dye 
tracer, which, after 13.28 days, appeared also in the right-
hand tributary of the Abonyiho dóm Dome (4) at a peak 
concentration of 32.96 ppb and after 13.99 days in the 
left-hand tributary below the Veľká sieň Hall (56.30 ppb). 
Thus, taking into account the peak concentration and 
its transmission rate, it is necessary to assume that in 
the area between the sinkhole (A) and the Eveteš spring 
the existence of two mutually separated but very active 
water circulation pathways present in the vadose zone 
below the relevant surface of the Silická planina Plateau. 
The apparent flow velocity in this case is 1443.2 m/day 
(1.67 cm/s) for the anticipated “faster active conduit” of 
the unsaturated zone and 396.8 m/day (0.46 cm/s) for the 
second conduit. In the second case, lower dispersion rates 
and higher concentrations can be expected even in the case 
of potential contaminants, not just dye tracers.

Similar underground pathways in the vadose zone can 
also be expected in the area south of Marikino jazero Lake 
(site 1; fictive velocities of 385.5 m/day or 0.45 cm/s and 
80.8 m/day or 0.09 cm/s can be envisaged in two indepen-
dent unsaturated channels). Towards the tributaries below 
the Veľká sieň Hall (2) and in the Abonyiho dóm Dome 
(4), a third separate flow branch from the sinkhole (A) can 
be expected, which at the same time does not interfere with 
the area above (south from) the Marikino jazero Lake (1), 
or over the Sieň obrov site (3). The “third naphthionate” 
peak wave with a shift of then reached the site 1 of Ma-
rikino jazero Lake with time shift of 25.59 days and the 
Sieň obrov (3) within 23.39 days. While the peak recor-
ded under the Sieň obrov (3) was only weak (0.68 ppb), it 

was up to 61.82 ppb in the outlet from the Marikino jazero 
Lake (1), and this peak was no longer recorded either in 
the Eveteš spring (6) or elsewhere in the Krásnohorská 
jaskyňa Cave except for the outlet of the whole hydrologic 
system in the Buzgó spring (6). Obviously, in the vadose 
zone between the area south of the Marikino jazero Lake 
and the sinkhole (A) a third discrete path for potential con-
taminant propagation exists, but with substantially higher 
degree of its dispersion (the time difference between the 
first tracer indication and its maximum was 14.55 days).

Only a weak response was detected by two fluorimeters 
for fluorescein dye tracer applied in the (B) sinkhole. 
Fluorescein peak of maximal 0.24  ppb concentration 
after 13.17 days reached the right-hand tributary in the 
Abonyiho dóm Dome (4), and only after 36.29 days, with 
an intensity of maximal peak concentration only 0.68 ppb, 
a left-hand tributary below the Veľká sieň Hall (2). These 
sites represent the closest monitoring points to the (B) 
application site, and fluorescein was not detected at other 
places in the whole underground hydrological system of 
the Krásnohorská jaskyňa Cave.

Rock environment in the area around the (B) sinkhole 
northeast of Marikino jazero Lake provides good natural 
protection against potential pollution propagation (Figure 
13), as indicated by low levels of detected concentrations, 
very long transit times and low apparent velocities of 
transit. The sinkhole (A) area, on the other hand represents 
the most risky area in terms of potential threats to the 
Krásnohorská jaskyňa Cave underground hydrological 
system. Rapid spreading of potential contamination 
can be expected from these sites, not only towards the 
Krásnohorská jaskyňa Cave, but also to the Eveteš karst 
spring (6; Hrušov municipality). Pollution arrival in several 
waves, in various degrees of dilution due to its different 
dispersion in the rock environment can be expected here 
due to the existence of distinct karst circulation pathways 
in the vadose zone.
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small particles directly in the process of fl oc formation, 
i.e. before they enter the thickener, which, in fact, ensures 
their rapid sedimentation and a high degree of clarifi cation 
of the aqueous phase.

Typically, the process of thickening the benefi ciation 
products with fl occulants occurs in a laminar mode, whe-
rein in order to improve fl occulating activity, fl occulants 
must be selected with a high molecular weight and heavily 
charged macromolecules. The principle of ultrafl occula-
tion allows the fl occulation to reduce the time by about 
100 times and to increase its effi  ciency. This result is 
achieved due to the short-term treatment of the suspension 
in a strongly inhomogeneous hydrodynamic fi eld formed 
in a cylindrical fl occulator.

Due to the need to improve the technical indicators of 
the processing plants on the background of the complexity 
of the composition of processed ores, the importance of 
preparatory operations increases and they accompany the 
main ore dressing processes.

Various products of benefi ciation are subjected to 
condensation: middlings are condensed to remove the wa-
ter before their further processing, concentrates - before 
fi ltration, and tails - to obtain recycled water and reduce 
volumes of tailing dumps. 

• The fl occulating ability of copolymers to form aggre-
gates of fi ne minerals was tested and optimized.

• Optical analysis of two types of non-ionic fl occulants 
shows the advantage of the N100 (a - in Graphical 
abstract) fl occulant over N300 (b).

• The use of ultrafl occulation treatment allowed to 
intensify the processes of thickening products with 
a high content of fi ne-grained size classes.
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Introduction

In the ore dressing processes of non-ferrous and rare 
metals, a large number of concentrated technogenic sus-
pensions are formed and they are separated by condensa-
tion in radial thickeners. In order to accelerate the process 
of sedimentation of particles in the dispersed phase, a so-
lution of fl occulant is added to the suspension before being 
fed into the thickener, designed to bind individual particles 
into relatively large quickly deposited fl occules. Since 
the fl occulant molecules, in most cases, are fairly large 
polymer formations with a molecular weight of about 10-
20 million, their transition requires a fairly long time from 
the initial solution to the suspension, uniform distribution 
in the dispersion medium and adsorption on the surface of 
suspended particles.

To reduce signifi cantly the processing time, it is ne-
cessary to use the ultrafl occulation method, which results 
not only in the rapid and uniform distribution of fl occulant 
molecules in the suspension and their adsorption on the 
surface of the particles, but also the formation of large and 
dense fl occules. An important advantage of ultrafl occular 
processing is that it provides the integration of large and 

Intensifi cation of dehydration processes of lead-zinc
concentrates by ultrafl oсculation
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Abstract: The infl uence of the “Ultrafl ockTester” device on the process of lead-zinc concentrate dehydration 
was investigated. The results of the comparison of the eff ectiveness of the fl occulating action of various 
polyacrylamides with respect to the object of the study showed the advantage of a non-ionic copolymer of the 
“N100” brand in the amount of 21-24 g/t. The optimal dewatering parameters were set: the gradient of the velocity 
of the medium was 1300–1500 s–1, the fi ltration rate was 0.44 m/s, the moisture content of the cake was 24 %. The 
use of ultrafl occulation treatment allowed to intensify the processes of thickening the products with a high content 
of fi nely dispersed size classes. Obviously, the use of ultrafl occulation equipment will signifi cantly reduce the 
turbidity of the discharge, reduce the delivered dose of fl occulant, and improve the fi ltration properties of the cake. 
As a result, it signifi cantly increases the productivity and reduces the production costs of the enterprise.

Key words: Ultrafl ockTester, fl occulation, fl occulants, collective concentrate, thickening, fi ltration, concentration.
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Regarding the above stated principles, in this work we 
have conducted studies to improve the process of thicke-
ning and dehydrating of industrial suspension - a collecti-
ve concentrate of lead-zinc ore from the Shalkiya deposit 
using the ultraflocculation method.

Earlier studies related to flocculation

The research by Bauman (2013, 2015) deals with 
the problem of choosing a radial thickener for mining 
and processing, metallurgical and other industries. The 
purpose of the article is to briefly present a methodology 
for the rapid assessment of the manufacturability of 
radial thickeners in the design of thickening and water 
circulation schemes using reagents. The design parameters 
and the principle of operation of the radial thickener are 
considered, the features of the thickening process are 
described by giving the necessary information for the 
design and selection of the apparatus. The selection criteria 
are analysed for this type of equipment. Difficulties arising 
in the selection of radial thickeners for a particular process 
are described, associated both with the abundance of their 
names and some terminological uncertainty, and the lack 
of specific methodologies for evaluating their adaptability. 
It is noted that the use of coagulants and flocculants in the 
thickening process requires appropriate approaches to the 
choice of equipment and technology management.

In Yeremeyev’s and Yevmenova’s (2006) research, 
the effect of several anionic flocculants was investigated 
on the degree of clarification of sludge waters during the 
thickening of the flotation tailings of coal slimes of two 
coal preparation plants. A polymer flocculant is proposed, 
which is effective in settling sludge in both mechanical and 
column flotation.

The work by Lavrinenko et al. (2012) presents the 
results of flocculation and flotation of fine particles of 
pyrrhotite in the presence of a hydrophobic styrene-
butadiene copolymer and a partially hydrophobic po-
lyoxyethylene with a molecular weight of 4 million. 
Polyoxyethylene has a weaker effect on flocculation and 
flotation of pyrrhotite slurry particles.

On pulps prepared from lead-zinc ores, the process 
of flocculation of thin slimes of classes was studied by 
Kapralov et al. (2011). There was determined that the spe-
ed of flocculation of solid particles by aluminosilicate floc-
culant depends on the flow rate, the added flocculant and 
the amount of slime fraction. It was established that at the 
optimal amount of flocculant, which provides the highest 
rate of the thickening process of slime, the added amount 
is equal to 1.0 mg SiO2 /g.

The work by Novak et al. (2010) about PF “Raspad-
skaya” considers on the processing of coal sludge by the 
method of selective flocculation, describing the technolo-
gical scheme of processing coal slimes. The efficiency of 

the process of selective flocculation is shown in compari-
son with the flotation for coal brand CF at the Raspadskaya 
coal mine.

In study by Peng et al. (2016) the flotation of bitumi-
nous coal with the addition of polyethylene oxide PEO 
was considered. PEO was found to degrade flotation per-
formance in tap water but significantly improves flotation 
in sodium hexametaphosphate solution. In vitro sedimen-
tation experiments, floc observation and analysis of zeta 
potential have shown that sodium hexametaphosphate 
interferes with the flocculation of kaolinite by enabling the 
selective flocculation of coal.

The data of comparative studies of industrial floccu-
lants are presented by Nikanorov et al. (2013), including 
the polyacrylamide and flocculants of the Besfloc brand, 
aiming to intensify the processes of thickening the flota-
tion slurries of gold-bearing minerals. The possibility of 
industrial replacement of polyacrylamide (basic reagent) 
with flocculants of the Besfloc brand (K-4000, K-4020, 
K-4032, K-4041, K-4043, and K-4045) manufactured in 
South Korea was considered as they are the closest in ac-
tivity to the base reagent, as well as the choice of the op-
timal dosage of each of the flocculants studied for gold in 
the gold extraction plant of Sovrudnik LLC. The results of 
optimizing presents the cost of flocculants. A graphical re-
presentation of the dynamics of sedimentation of the pulp 
for various flocculants is given. Besfloc K-4020 in amount 
of 5 g/t, K-4034, and K-4046 - 3 g/t are recommended for 
industrial trials.

The experiments by Mandrov et al. (2013) and Moya-
khe et al. (2017) show that binary flocculant in the form of 
a composition similar to block copolymers of partially hy-
drolyzed polyacrylamide (PAA) and amidoimide polymer 
(AIP) effectively thickens the carbon-clay dispersions, and 
can be successfully used for clarification of the process 
water.

In monograph by Bogdanova & Revnivtseva (eds.; 
1983) and Yeremeyev’s (2008) work the factors affecting 
the thickening and the influence of clay particles on the 
deposition process are described. The process of thicke-
ning, proceeding under the action of gravity, is influenced 
by the mineralogical and granulometric composition of the 
material, the shape of the particles, the pH of the pulp, the 
design of the thickener, etc.

Currently, there are many studied methods of intensi-
fying the process of thickening: improvement of the de-
sign of equipment for thickening; selection of the optimal 
type and flow rate of flocculant; systems of stabilization of 
the quality of raw materials, a.o.

Principles of ultraflocculation

In our studies, in order to intensify the process of con-
densation of beneficiation products, the so-called ultra-
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flocculation treatment of the investigated suspensions was 
applied. The ultraflocculation differs from classical floc-
culation using the modes of hydrodynamic processing of 
suspensions, where the average shear rate (medium velo-
city gradient) reaches several thousand revolving seconds. 
The use of such strongly inhomogeneous hydrodynamic 
fields allows, within a few seconds, not only to achieve a 
uniform distribution of macromolecules of the flocculant 
in the suspension volume and on the surface of flocculent 
particles, but also to form larger and more compact flakes. 
In addition, this approach can significantly reduce proces-
sing time, as well as flocculant consumption (Rulyov et 
al., 2005, 2006).

Experimental works and discussion of results

In our work, samples of Kemira brand acrylamide co-
polymers – non-ionic polyacrylamides (N100, N300) and 
ionic anionic (A150, A150A) and cationic (C455, C456) 
types – were used.

Anionic flocculants are copolymers of acrylamide with 
sodium acrylate with a molecular weight of about 14·106 

and an anion charge of 53–63 %. The molecular weight 
of the non-ionic polyacrylamide is also about 14·106. 
Cationic flocculants (copolymers of acrylamide with 
methyl chloride dimethylamino-propyl-acrylamide) have 
a molecular weight of about 9·106 and cation charge of 
27–39 %.

For performing laboratory studies to improve the pro-
cess of thickening the beneficiation products, suspension 
samples were prepared from a lead-zinc collective concen-
trate of the Shalkiya (CCS) deposit.

At the initial stage of the study, suspensions were pre-
pared from a CCS with a ratio of 150 g per liter of water. 
For better wettability of the sample, the prepared sus-
pensions were pre-mixed with an overhead stirrer before 
the ultraflocculation treatment. Also, pre-selected doses 
and volume of the studied flocculants prepared solutions. 
Preparation of the flocculant solution took place at a tem-
perature of 60–70 °C on a magnetic stirrer for 1 hour.

As an intensifier of dehydration, we used the original 
UltraflockTester device (Fig. 1) created by the Ukrainian 
company “Turboflotservice”, including a mini-flocculator, 
as well as an optoelectronic mechanism for fixing the ef-
ficiency of flocculation according to the average floc size 
and water clarification. By means of this device, it is pos-
sible not only to establish the optimal type and dosage of 

Fig. 1. UltraflocTester-2010.

the flocculant but also to fix the optimum mode of hydro-
dynamic processing of a particular suspension.

The investigated sample of the suspension and the pre-
pared flocculant solution through the pump on the device 
continuously passed through the ultraflocculator, in which 
they were mixed and processed in a hydrodynamic flow 
for 5 seconds. At the output of the device, the processed 
sample, passing through the optical sensor, was analysed 
and the flocculation flow efficiency was determined. The 
principle of operation of the optical sensor was to recogni-
ze fluctuations in the strength of the flow of the sample 
after processing. Data from the optoelectronic mechanism 
appeared on the instrument panel in the form of a numeri-
cal value (from 1 to 99).

The control panel of UltraflockTester (with a constant 
pulp consumption of 1 cm3/s) was able to change the do-
sage of the flocculant, just by changing the rate of rotation 
of the rotor of the device it was possible to adjust the in-
tensity of the hydrodynamic processing of the suspension 
(average gradient of the velocity of the medium was from 
150 to 4 000 s-1).

Tab. 1
Particle size and elemental composition of the bulk concentrate 

Size classes, 
mm

Content
%

Material 
composition

Content
%

+0.1 2.24 Zn 4.83
-0.1+0.074 5.15 Pb 16.75
-0.074+0.044 13.46 Fe 6.55
-0.044+0 79.15 SiO2 34.11

Sобщ. 15.95
other 21.81

Total: 100 Total: 100

The granulometric analysis of the bulk concentrate in-
dicates that 79.15 % is represented by a class minus 44 
microns. The content of the upper size class plus 0.1 mm 
is insignificant and amounts to about 2.24 %. It should be 
noted that due to the significant amount of this class in 
the sample, the flocculation and sedimentation processes 
are complicated. In our work, we deliberately chose this 
type of model suspension, with the intention of testing the 
actual effectiveness of the ultraflocculation treatment.
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The results of the effectiveness comparison of the 
flocculating effect of the non-ionic, cationic and anionic 
polyacrylamides with respect to the lead-zinc collecti-
ve concentrate showed the advantage of the non-ionic 
copolymer. Of the study, the most preferred is the floc-
culant “N-100” of non-ionic type. It was noticeable that 
the selected flocculant allows obtaining significantly better 
flocculating effect compared to other used flocculants. The 
applied flocculant N300 of non-ionic type and the floc-
culant C496 of cationic origin are equally effective with 
respect to the sample. Cationic flocculant C458 showed 
weak activity, at the same time, the anionic flocculants 
A150 and A150A did not have a flocculating effect on the 
sample under study. It is worth noting that the object of 
laboratory research were mainly sulfides of lead, zinc, iron 
and rock-forming mineral components. Obviously, the 
non-ionic flocculant N100 has a higher molecular weight 
and a suitable molecular structure for the flocculation of 
the pulp under study.

According to the data of the laboratory experiment on 
ultrafloccular processing of the sample, graphic depen-
dences of the flocculation efficiency on their consumption 
were constructed (Fig. 2).

The optimum consumption of the most effectively used 
reagents flocculant “N100” was 21–24 g/t. Other floccu-
lants at the same dosage showed lower productivity. At 
this expense, the high purity of the plums and the highest 
density of the condensed product were ensured. The incre-
ase in flocculant consumption led to a decrease in density, 
which is explained by the formation of very large floccu-

les, which formed very porous and friable sediment. The 
results of the study showed that the consumption of the 
reagent 21–24 g/t is optimal and allows to get the highest 
density of the condensed material.

During comparative laboratory testing, the sedimenta-
tion properties (Fig. 3) of the samples after ultrafloccular 
processing were also assessed. Testing to determine the 
deposition rate was carried out in a 250 ml cylinder. Sam-
ples treated with various flocculants with added amount 
of 24 g/t were selected for experiments in cylinders. Due 
to the worst efficiency in relation to the pulp from the col-
lective concentrate, anionic flocculants A150 and A150A 
were not used in these experiments. During the tests in 
the cylinders, the flocculant “N100” also showed the best 
results in the sedimentation rate and purity of the drain. 
Based on measurements of the particle deposition rate, 
deposition curves were plotted, shown in Fig. 3, allowing 
selecting the preferred type of flocculant.

As noted above, the main feature of the used apparatus 
was the ability to process the sample in the hydrodynamic 
model. From the obtained data, a graph of the dependence 
of the flocculation efficiency of the suspension on the ve-
locity gradient of the medium was constructed (Fig. 4). It 
was determined that for a CCS suspension, the concentra-
tion of which is 24 g/l, the optimum value of the velocity 
gradient of the medium lies in the range of 1300–1500 s-1.

The condensed product was filtered on a Buchner fun-
nel using a vacuum pump at a vacuum of 0.02 MPa and the 
duration of the process was recorded.

Fig. 2. Dependence of the efficien-
cy of ultrafloccular treatment on the 
flocculant consumption: suspension 
concentration 150 g/l; medium ve-
locity gradient – 1500 s-1; processing 
time – 5 s.
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Fig. 3. Dependences of the time of 
pulp deposition after ultrafloccular 
processing.

Fig. 4. Dependence of the efficien-
cy of ultrafloccular treatment on the 
velocity gradient of the medium: 
suspension concentration 150 g/l; 
processing time - 5s; flocculant 
“N100”; flocculant consumption 
24 g/t.

Fig. 5. Micrographs of 
CCS suspension after tre-
atment with N100 (a) and 
N300 (b).
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The filtration rate can be represented as the volume of 
filtrate that passes per unit of time through a unit of filter 
surface:

	 W = 

where W – filtration rate, m/s; V – filtrate volume, m³, 
S – filtration area, m², τ – filtration time, s.

At the end of filtration, the cake was weighted and 
dried, after which it was weighted again, the humidity of 
the cake was determined by the difference in weight before 
after drying:

	 T = 	 . 100

where q1 and q2 represent the mass of wet and dry 
cake, g.

Tab. 2
Indicators of thickening and dewatering of the pulps

after ultraflocking.

Fl
oc

cu
la

nt

Fl
oc

cu
la

nt
co

ns
um

pt
io

n,
 g

/t

Fl
oc

cu
la

tio
n 

effi
ci

en
cy

Filtration 
rate, m/s

The moisture 
content

of the filtered 
cake, %

А150 24 2 0.331741 28.14371

А150А 24 1 0.331741 27.54491

С496 24 50 0.398089 24.8503

С498 24 22 0.361899 24.73054

N100 24 105 0.442321 23.9521

N300 24 51 0.408297 24.01198

Samples of the suspension after treatment with floccu-
lants N100 and N300 were examined in transmitted light 
on an Olympus microscope at 40x magnification and pho-
tographed. Comparison of the photographs of the samples 
(Fig. 5), with an enlargement of the particles of the con-
centrate, allows to evaluate the effectiveness of the floccu-
lating effect of two samples of flocculants.

Conclusion

The pulp from lead-zinc bulk concentrate studied in 
operation contains difficultly precipitated small and dissi-
milar fractions. In turn, these factors complicate the pro-
cess of dehydration of this pulp.

As our research revealed, with the selected flocculant 
N100, after ultrafloccular processing, the following op-

timal parameters of thickening and dehydrating the in-
dustrial CCS suspension were obtained:

•• Flocculant consumption 21–24 g/t
•• The velocity gradient of the medium 1 300–1 500 s-1

•• Filtration speed 0.44 m/s
•• The humidity of the filtered cake 24 %.

The use of ultraflocculation treatment allowed to inten-
sify significantly the processes of thickening products with 
a high content of fine-grained size classes. Obviously, the 
use of ultraflocculation equipment will significantly redu-
ce the turbidity of the discharge, reduce the delivered dose 
of flocculant, and improve the filtration properties of the 
cake. As a result, it significantly increases the productivity 
and reduces the production costs of the enterprise.
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Článok prezentuje výsledky výskumu zameraného na 
zlepšenie procesu zahusťovania a dehydratácie priemysel-
nej suspenzie – koncentrátu oloveno-zinkovej rudy – v prí-
padovej štúdii z ložiska Šalkija v Kazachstane (Shalkiya 
deposit) s využitím metódy ultraflokulácie. 

Ultraflokulácia sa líši od klasickej flokulácie 
hydrodynamickým pôsobením na suspenziu, pričom ro- 
tácia miešadla dosahuje až niekoľko tisíc otáčok za 
sekundu. Umožňuje to už v priebehu niekoľkých sekúnd 
dosiahnuť rovnomerné rozdelenie makromolekúl vloč-
kovacieho činidla v rámci celého objemu suspenzie, a tiež 
aj na povrchu rozptýlených častíc v suspenzii. Vedie to 
k vytvoreniu väčších a kompaktnejších vločiek (obr. 5). 
Použitie ultraflokulácie prispieva k skráteniu flokulačného 
procesu a  zníženiu spotreby flokulantu (Rulyov et al., 
2005, 2006).

Účinnosť rôznych flokulačných činidiel v procese 
dehydratácie koncentrátu olova a zinku bola skúmaná vy-

užitím zariadenia UltraflockTester (obr. 1 – 4). Najlepšie 
výsledky boli dosiahnuté neiónovým kopolymérom N100 
pri dávkovaní 21 – 24 g/t. Pri aplikovaní ďalších optima-
lizovaných parametrov dehydratácie – rýchlosti otáčok 
miešadla 1 300 – 1 500/s a rýchlosti filtrácie 0,44 m/s – bol 
dosiahnutý obsah vlhkosti vo filtračnom koláči 24 %.

Použitie metodiky ultraflokulácie umožnilo zintenzív-
niť procesy zahusťovania produktov s vysokým obsahom 
jemne rozptýlených častíc rôznych veľkostných tried. Je 
zrejmé, že aplikácia ultraflokulácie významne zníži za-
kalenie výtoku, zníži potrebnú dávku flokulantu a zlepší 
vlastnosti filtračného koláča. Prispeje to k zvýšeniu pro-
duktivity extrakcie úžitkových zložiek z rôznych roztokov 
a v konečnom dôsledku k zníženiu finančných nákladov na 
technologický proces.
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