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Preliminary results of dating landslides in the Gorce Mts. (Polish Outer Carpathians) are given, where ages of landslide activ-
ity have been poorly constrained. Four landslide zones with minerogenic mires (fens) were selected in order to determine the
age of landslide movements, with depositional sequences of six fens being investigated by boreholes. Conventional radio-
carbon dating of wood samples from mineral sediments sealing the landslide depressions was carried out to establish the
age of landslide formation or rejuvenation. Loss on ignition analyses were obtained at 2.5 cm intervals along the cores to indi-
cate possible delivery of allochthonous material into the peat bogs. Landslide formation in the Gorce Mts. corresponds to
phases of mass movement hitherto identified in the Polish Outer Carpathians. Increased mass movements activity in the
Gorce Mts. relate to cold and humid periods of the Holocene which occurred: ~11.1 ka cal BP, 8.6-8.0 cal BP; 6.5-5.9 ka cal
BP, 4.8-4.5 cal BP, 3.3-2.5 cal BP and 1.75-1.35 cal BP. Loss on ignition analyses revealed changes in sedimentation in
the landslide mires such as formation of mineral and illuvial horizons in peat sequences, and mineral covers overlying fens,
associated with humid climatic phases of the Holocene.
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INTRODUCTION

Mass movements have strongly influenced the relief of the
Outer Western Carpathians (OWGC; e.g., Starkel, 1960; Zietara,
1968; Alexandrowicz and Margielewski, 2010). Landslide de-
pressions filled with water — lakes, subsequently transformed
into fens — are common phenomena in landslide areas
(Margielewski, 2006, 2018; Buczek, 2016). Deposits sealing
the bottoms of these depressions allow dating of the beginning
of landslide formation and the minimum age of the landslides.
The specific sedimentary environment of these depressions
means that the landslide fen deposits are also very sensitive in-
dicators of palaeoenvironmental changes during the Late Gla-
cial and the Holocene (Margielewski, 2006, 2018). Although in
the OWC deposits associated with many landslides (with over
80 radiocarbon dates) have been dated so far, the landslides in
the Gorce Mts. have remained poorly investigated. The only ex-
amples of dated events of mass movement activity involve
studies of landslide lakes: lwankowskie Lake (Bucata et al.,
2014) and Pucotowski Stawek Lake (Buczek, 2016), while the
beginning of accumulation of ombrogenic peat in the ridge-top
trench on Kiczora Mt. has been palynologically referred to the
Subatlantic Phase (Koperowa, 1962).
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Over 20 radiocarbon dates on landside deposits have been
made in the mountain ranges surrounding the Gorce Mts.:
Beskid Wyspowy (Margielewski and Kovalyukh, 2003;
Margielewski, 2006), Beskid Sadecki (Alexandrowicz, 1993,
1996; Margielewski, 1997, 2006; Margielewski et al., 2011) and
Pieniny (Alexandrowicz, 1996, 2009, 2013).

The paper provides new radiocarbon dates of bottommost
landslide deposits in the Gorce Mts. supplementing the data-
base of dated landslides in the OWC, as well as radiocarbon
dates of selected mineral horizons within the fens. These dates
together with geomorphological mapping of the landslides stud-
ied has constrained landslide activity events in the Gorce Mts.
and correlated them with principal phases of mass movements
in the Polish Outer Carpathians.

MATERIALS AND METHODS

Over a dozen landslide depressions in the Gorce Mts. were
investigated by the author using a spiral auger (Fig. 1). The six
with the greatest thickness of infilling sediments were selected
for further analysis (Fig. 1), including previously described or
partly elaborated by the author: the Iwankowskie Lake fen
(Bucata et al., 2014) and Pucotowski Stawek Lake (Buczek,
2016). Logs (cores) from all selected fens were sampled using
an INSTORF peat sampler, 6 cm in diameter. Conventional ra-
diocarbon dating was carried out using wood samples from
mineral sediments sealing the basins as well as from several
illuvial horizons in the depositional sequences. All dates were
obtained in the Laboratory of Absolute Dating in Skata near
Krakéw in order to establish the date of landslide formation or
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Fig. 1. Location of the study area (A), with the landside fens recognized and examined in this paper (B)

1 — Tokarnia fen; 2 — Lelonek fen; 3 — Zawadowskie Lake; 4 —, Iwankowskie Lake (Bucata et al., 2014); 5 — Pucotowski Stawek Lake;
6 — Srokowki fen

rejuvenation. They were calibrated using the OxCal 4.2 soft-
ware (Bronk Ramsey, 2009) with the application of the IntCal13
calibration curve (Reimer et al., 2013). Loss on ignition (LOI)
analyses at a temperature of 550°C (Heiri et al., 2001) were
made for each 2.5 cm long section of the main logs in order to
indicate possible delivery of allochthonous material to the fens
(Margielewski, 2006, 2018). Detailed geomorphological map-
ping of selected landslide areas was carried out on the basis of
LiDAR derived hillshade maps.

STUDY AREA

Study area includes the central and eastern parts of the
Gorce Mts., which are located in the Outer Western Carpathians
(Poland). In geological terms this part of the Gorce Mts. is built
principally of Upper Cretaceous—Eocene flysch rocks of the
Krynica Subunit of the Magura Unit (Burtan et al., 1976; Paul,
1978; Kulka et al., 1987). Only a small part of the study area, situ-
ated to the north of Mt. Gorc (1228 m a.s.l.) is built of deposits of
the Bystrica Subunit of the Magura Unit. The oldest deposits of
the Krynica Subunit in the study area belong to the Szczawnica
Formation (Kulka et al., 1987). These deposits comprise mostly

thin-bedded sandstones and shales and occur mainly along the
upper sections of right tributaries of the Ochotnica river (Burtan et
al., 1976; Paul, 1978; Kulka et al., 1987). Most of the area of the
Gorce Mts., including the highest ridges, are formed by
thick-bedded sandstones and conglomerates of the Magura For-
mation (Poprad and Piwniczna Sandstone members; Kulka et
al., 1987). The strata of the Gorce Mts. are strongly folded and
dislocated by faults. Faults have mostly NNW-ESE and
NNE-WSW directions (Chrustek et al., 2005; Buczek and
Gornik, 2019). The Gorce Mts. are intermediate mountains with
strongly incised V-shaped valleys, relatively flat ridges and steep
slopes (Starkel, 1960). The slopes of the Gorce Mts. are trans-
formed by numerous landslides (Margielewski, 1999; Bucata et
al., 2014; Ptaczkowska, 2014; Buczek, 2016). Apart from ero-
sion, mass movements are the main factor which has reshaped
the relief of the Gorce Mts. Large, deep-seated landslides are re-
sponsible for the creation of the specific relief of most slopes with
numerous depressions which are commonly filled with water, re-
sulting in the formation of landslide lakes and fens (Margielewski,
1999). Mean annual precipitation in the Gorce Mts. ranges from
800—1200 mm, while mean annual temperature varies from 3 to
6°C (Miczynski, 2015).
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Fig. 2. Geomorphological map of the Tokarnia landslide zone (1)

1 — landslide body; 2 — colluvial tongues; 3 — scarps (a — rocky, b — soil); 4 — creeping zones; 5 — rock blocks and
debris; 6 — fens, swamps; 7 — streams, springs; 8 — landslide depressions

SITE DESCRIPTIONS

TOKARNIA LANDSLIDE (LUBAN RANGE)

Northern slope of Mt. Pasterski Wierch (1100 m a.s.l.) is
covered by a complex range of slope deformation structures
(according to Dikau et al., 1996). This landslide zone, the area
of which reaches ~0.8 km? (1.34 x 0.98 km), is one of the largest
in the Gorce Mts. It lies within an altitudinal range of
740-1042 m a.s.l. and is developed in thick-bedded sand-

stones, conglomerates, shales and locally thin-bedded flysch of
the Piwniczna Sandstone Member (Paul, 1978; Kulka et al.,
1987). The landslide was progressively formed by several gen-
erations of mass movements caused by headward erosion of
the Janczurowski Stream (Fig. 2).

The Tokarnia fen is situated on the lower part of the land-
slide area, near to its northern margin (Fig. 2). Recent fen de-
posits fill a large triangular depression within this area reaching
5780 m? (Fig. 3A, B). Based on morphology and plant associa-
tions the Tokarnia fen is divided into two parts. The western and
lower part is overgrown by plant associations characteristic for
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Fig.3. Tokarnia fen with locations of the boreholes (A); view of the Tokarnia fen with a floating mat around the bog pond (B);
2.5 D view of the northern slope of Mt. Pasterski Wierch with the extent of the Tokarnia landslide and location of the fen (C);
sequence of deposits of the Tokarnia fen (D)

Valeriano—Caricetum flavae (Lisowski and Kornas, 1966). The
eastern and higher (0.5 m) part of peat bog is overgrown by
taxa characteristic for raised bogs, e.g. Ledum palustre L.,
Betula pubescens Ehrh., Drosera rotundifolia L. (Lisowski and
Kornas, 1966). The depression is drained by a small, seasonal
stream. The Tokarnia peat bog was investigated by 2 boreholes
located in the central part of the depression (Fig. 3A). The maxi-
mum depth of the peat bog (2.5 m) was is seen in log 2.

The bottom of the Tokarnia fen basin (2.5-2.3 m) is sealed
with mineral sediment (Fig. 3D, log 1 — W2): sandy clay with
small fragments of sandstone. This is overlain by woody peat
(2.3-2.0 m) with many fir needles (Abies alba). Wood frag-
ments from this unit were dated by the radiocarbon method at
3120 + 70 BP (3481-3156 cal BP). The slight drop in the loss
on ignition curve (~10%) above the woody peat marks an illuvial
layer within the peat sequence. A unit of strongly decomposed,
detrital peat occurs upon this illuvial horizon (1.75-0.60 m),
where the percentage of organic material increases, reaching
almost 96% loss on ignition at a depth of 1.5 m. Above this peat
unit, a distinct decline in the loss on ignition curve is visible in
the interval 0.60-0.52 m, indicating delivery of mineral material
to the basin (Margielewski, 2006, 2018). The topmost part of
the peat (the top 0.35 m) is formed of pure Sphagnum peat.

The second borehole, located 10 m to the west of the first, is
characterized by a lesser thickness of sediments (2.0 m) that in-
cludes a thinner layer of decomposed, detrital peat (Fig. 3D,
log 2 —WH1). By contrast with the main log (log 1 —W2), the bot-
tom mineral deposits here (1.7 m) are overlain by clayey or-

ganic silt with wood fragments. In the upper part of this section
(1.30-1.02 m), a distinct decline in the loss of ignition curve oc-
curs (~60%), which indicates a supply of mineral material to the
peat bog (Fig. 3D, log 2 — W1). An interval of pure peat occurs
above 1.02 m, as is clearly marked on loss on ignition curve. In
the middle part of this unit (0.52-0.3 m) an illuvial layer is
marked by a ~10% drop in the loss on ignition curve. Asinlog 1,
the uppermost section of peat is formed of pure Sphagnum peat
(Fig. 3D, log 2 — W1).

LELONEK LANDSLIDE (MT. GORC RANGE)

This landslide lies on the southern slope of Mt. Lelonek
(992 m a.s.l.) in the Mt. Gorc Range. The upper part of the land-
slide, including head scarps and the main landslide body with
fen deposits, was formed in the thick-bedded Magura Sand-
stones, whereas the lower segment is in thin-bedded flysch of
the Szczawnica Formation (Paul, 1978). The movement of the
landslide was generally consequent to the strata dip direction
and was formed due to the lateral erosion of the Mtynne
Stream. The area of the Lelonek landslide reaches 0.17 km?,
and lies in the altitude span of 882—704 m a.s.l. The landslide
area can be divided into two parts: a main landslide body with
fen deposits; and younger, elongated colluvial tongues in the
eastern part of landslide area (Fig. 4). One of the landslide toes
(25 m high) probably blocked the valley floor of the Mtynne
Stream, forming a landslide dam lake.
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Fig. 4 . Geomorphological map of the Lelonek landslide (2)

Explanations as on Figure 2

The Lelonek fen occupies the central part of the landslide
body (788 m a.s.l.), below the steep, 15 m high secondary
scarp. Fen deposits fill an irregular depression some 1060 mZin
area. Presently, there is no evidence of any surface inflow and
outflow from the mire.

The maximum depth of the depression (2.0 m) was mea-
sured in the western part of the mire. The bottom part of the fen
sequence comprises sandy clayey silt. Above this bottom layer,
at the depth of 1.65 m, organic silts are reflected in a rise of the
loss on ignition curve (Fig. 5A). Wood fragments at the bottom of
the sequence were radiocarbon dated at 4010 + 70 BP
(48104756 and 4654—4284 cal BP). Inlog 3, the organic silts in-
clude a mineral layer at the depth of 1.45-1.37 m, though this is
not recorded in the other logs. All logs include a mineral layer at
the depth of ~0.75 cm (Fig.5A), which varies in thickness from
0.2 to 0.5 m. In boreholes from the central part of the peat bog
(log 1 and log 2) this layer includes a thin layer of organic silt.
Above the mineral layer, decomposed peat (0.25-0.5 m) occurs
in all logs, the percentage of organic material reaching 80-85%.

The peat layer thins from log 1 to log 5, due to reduced mineral
supply from the western to the eastern part of the peat bog.

ZAWADOWSKIE LANDSLIDE ZONE (LUBAN RANGE)

Nearly all the northern slope of Mt. Runek (997 m a.s.l.) has
been transformed by a large (0.4 km? in area) multistage land-
slide (Fig. 6). This landform developed within thick-bedded
sandstones and conglomerates of the Poprad Sandstone
Member (Burtan et al., 1976) in the altitude span of
738-943 m a.s.l. The landslide zone was successively formed
by several mass movement generations induced by headward
erosion of the Zawadowski Creek. The main movement of the
landslide was generally consequent to the strata dip direction
(30°). Located near to the drainage divide, low (2.0-2.5 m),
gently dipping scarps are probably remains of the oldest phase
of gravitational movements (Fig. 6). The landslide body below
the scarps consists of several levels of flat, landslide blocks.
The next generation of landslide movements comprised rota-
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Explanation as on Figure 3
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Fig. 6. Geomorphological map of the Zawadowskie landslide zone with the location of Iwankowskie Lake (3)
and Zawadowskie Lake (4)

Explanations as on Figure 2
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Explanations as on Figure 3

tion of large, rock packets from the east towards the west, that
formed an elongated rampart 0.55 km long. The height of the
landslide rampart increases downslope reaching ~25 m in its
lower part. This group of landslide blocks is separated from the
main scarp by a trench, the valley of a small, seasonal creek.
The movement of the largest landslide block caused the forma-
tion of vast depression of Zawadowskie Lake, currently filled
with organic-minerogenic fen deposits (Fig. 7). The formation of
this depression has been radiocarbon dated at 6990 + 70 BP
(7947—-7685 cal. BP) During subsequent mass movements in
the lowermost part of the landslide zone, rotation of the rock
packets formed the depression of the Iwankowskie Lake,
framed by a ~5 m high landslide rampart. The rejuvenation of
the landslide zone has been dated at 2490 + 35 BP
(2727-2435 cal. BP).

The surfaces of both fens have been periodically inundated,
forming some of the largest seasonal lakes in the Polish Flysch
Carpathians (Margielewski, 1997; Buczek and Franczak,
2014). During rapid thaw or heavy rainfall, the lake basins are
completely water-filled, overflowing the landslide ramparts and
forming the Zawadowski Creek.

The deposits filling the lwankowskie Lake basin have been
studied by Bucata et al. (2014). The bottom of the depression
being recognized in numerous boreholes. The longest log
(2.4 m) was obtained from the southern part of the mire in the
marginal zone of the alluvial fan. At the bottom of the fen within
the interval 2.40-2.11 m, sandy silty clay occurs. A wood frag-
ment sampled in this layer was dated at 2490 + 35 BP
(2737-2435 cal BP). This mineral layer is overlain by a 1.36 m
thick unit of decomposed, woody peat characterized by high

loss on ignition values ranging 75-80%. Within this unit, at
1.95-1.75 m, a beech trunk (Fagus sylvatica) was penetrated.
The uppermost part of this peat unit was dated at 1360 + 60 BP
(1355-1181 cal BP). This peat is covered by 0.72 m of alluvial
fan deposits, comprising poorly sorted (o1 ~3¢) sandy clayey silt
with a few thin sand intercalations at 53-56; 32-37 and
11-16 cm (Bucata et al., 2014). Macroscopic charcoal frag-
ments occurring at 0.6 m depth, dated at 183 + 28 BP
(298-... cal BP), indicate a hiatus between the peat unit and the
overlying mineral cover deposits (Bucata et al., 2014).

The longest (5.0 m) core was drilled in the central part of the
fen (Fig. 7A). In the bottom of the depression, in the interval
5.0—4.75 m, coarse silt (¢ 5.8) occurs (Fig. 7B), including a
wood fragment dated at 6990 + 70 BP (7947-7685 cal. BP).
Above 4.75 m a distinct rise of loss on ignition (up to 34%) indi-
cates a layer of organic silt (in the interval 4.75—4.45 m) that
contains numerous wood fragments. The deposition of organic
silts was interrupted at a depth of 4.45 m by minerogenic input
dated at 5420 + 60 BP (6312—-6004 cal BP). Above this mineral
layer the accumulation of detrital peat started. At 3.9-3.6 m a
piece of spruce trunk (Picea abies L.) was drilled. Within the 3.6
m thick woody peat layer several illuvial horizons are marked in
the loss on ignition curve by gradual decreases in values from
~60 to ~40% (Fig. 7B). More distinct illuvial layers occur at the
following depths: 0.85, 1.35, 1.95 and 3.25 m. A spruce cone
found in the last of these layers was dated at 3940 + 60 BP
(4530—4159 cal BP). Loss on ignition values gradually de-
crease in the uppermost part of the log (above 0.2 m) marking
increasing minerogenic supply to the fen.
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WYSZNIA LANDSLIDE ZONE (MT. TURBACZ MASSIF)

Pucotowski Stawek Lake and Srokowki fen are situated
within an extensive landslide zone covering ~0.23 km? in the alti-
tude span of 1027-802 m a.s.l.. These landforms developed in
thick-bedded sandstones, conglomerates, shales and locally
thin-bedded flysch of the Piwniczna Sandstone Member with
marl intercalations (Burtan et al., 1976). The landslide represents
complex translational-rotational gravitational displacements (ac-
cording to Dikau et al., 1996) displaced consequently to the
strata dip and formed in several stages due to headward erosion
by the tributary of the topuszna Stream. In the older stage of
landslide development a wedge-shaped, relatively gently dipping
scarp was formed. Below this scarp a sequence of flat colluvial
ramparts developed, which produced the stair-shaped profile of
the slope. Currently, this scarp and colluvial ramparts are being
dissected by small stream. During the main stage of landslide
development the large (2900 m?), elongated depression of the
Srokowki fen formed. This was dated at 9500 + 90 BP
(11 143-10 653 cal BP). Nowadays, the fen is bounded to the
north by a small seasonal stream (Fig. 9C). During periods of
rapid snow melt or heavy rain the surface of the Srokéwki fen is
temporarily inundated. Due to rejuvenation of the eastern zone of
the landslide area, colluvial material has partially slipped over
older landslide deposits down the step of a 10 m high marginal
scarp. Below this scarp, at 946 m a.s.l., a small (830 mz), circular
depression formed, where a permanent landslide lake (sag
pond) called Pucotowski Stawek is situated (Buczek, 2016). Ac-
celeration of plant overgrowth caused the disappearance of the
lake in 2008 (Fig. 8D). In 2011, due to deepening (“renovation”)
of the lake by its owners ~1.5 m of peat sediments were removed
from it. A wood fragment preserved in the mineral deposits which
seal the bottom of the lake was dated at 2050 + 60 BP
(2290-2277 and 2153-1879 cal BP).

Though all the organic sediments were removed from
Pucotowski Stawek Lake, the mineral deposits, which seal the
bottom of the lake, were preserved. In the central part of
Pucotowski Stawek Lake, 6 cores were made in order to sam-
ple wood fragments adequate for radiocarbon dating. The
depositional sequences, 0.3-0.5 m thick, are composed of
minerogenic deposits (sandy sility clay) with fragments of sand-
stone and nearly no organic matter. Wood fragments were
found in only one core at the depth of 0.43 m (Fig. 8D).

The maximum depth of the Srokéwki fen (4.5 m) was mea-
sured in the central part of the mire (Fig. 8C, E). In the bottom of
the depression, at 4.5-4.1 m mineral-organic deposits contain-
ing many needles of spruce and wood fragments occur. Within
this interval, depths of 4.2 m and 4.14 m, spruce cones were
found. A wood fragment occurring in the lowermost part of the
core was dated at 9500 + 70 BP (11 143—-10 563 cal BP).

Peat appears above 4.1 (Fig. 8E). The lowermost part of
this unit (4.1-3.8 m) is formed by decomposed peat with many
needles and wood fragments. At 3.87 m thin (2 cm) illuvial hori-
zons mark accelerated delivery of allochthonous material to the
basin. Above this, in the interval of 3.89-3.60 m, pure moss fen
peat is present, which includes a substantial increase of wood
detritus above the next thin illuvial horizon (3.6—3.0 m). Above a
cored tree trunk at 3.0-2.9 m, there is considerably decom-
posed detrital peat. Within this thick unit (from 2.9 m to the se-
quence top), intercalations of mineral material occur at 2.8, 2.6,
22,14 and 1.1 m.

THE FORMATION OF LANDSLIDES
IN THE GORCE MTS. IN RELATION TO CLIMATE
CHANGES DURING THE HOLOCENE

The oldest (radiocarbon dated) landslide deposits in the
Gorce Mts. (11 143—10 653 cal BP) indicate the formation of
landslides due to climate cooling and increased humidity during
the later part of the Preboreal Phase. This climatic fluctuation
corresponds to the Schlatten Phase of glacier advance in the
Alps (Bortenschlager, 1982) and to an increase in mass move-
ment activity in the Swiss Alps (Lateltin et al., 1997). Sudden
change to a more humid climate caused lake level to rise in
many lakes in west-central Europe (Magny, 2004) as well as in
the Netherlands (Bos et al., 2007). In the Polish Carpathians,
the formation of a few landsides (Fig. 9), as well as the begin-
ning of depositional gaps in landslide fen deposits, was re-
corded at the Preboreal-Boreal transition (Margielewski, 2006;
Kotaczek et al., 2017).

The next phase of landslide formation recorded in the Gorce
Mts. was dated at 7947—7685 cal BP in Zawadowskie Lake. In-
creased climate humidity and cooling at ~8 ka BP was recorded
by the delivery of coarse deposits to lakes in the Tatra Mts.
(Baumgart-Kotarba and Kotarba, 1993), a minor rise in Vistula
river fluvial activity (Starkel et al., 2013) and the formation of
several landslides in the Polish Outer Carpathians
(Margielewski, 2006, 2018) as well as in the Czech Outer
Carpathians (Panek et. al., 2013).

The next cooling event recorded in the landslide fen depos-
its of the Gorce Mts. led to mineral influx into the sedimentary
sequence of Zawadowskie Lake (Fig. 7B). This period of in-
creased delivery of allochthonous material to the fen basin oc-
curred in between 6312-6004 cal yr BP, and coincides with
Bond event 4 (Bond et al., 1997; Wanner et al., 2011). This
phase corresponds to a significant increase in Vistula River flu-
vial activity (Starkel et al., 2013), higher lake levels in the Cen-
tral European Lowlands (Magny, 2004), and the Rotmoos 1 gla-
cier advance phase in the Alps (Bortenschlager, 1982).

The formation of the Lelonek landslide (4010 £ 70 BP) coin-
cides with a distinct concentration of landslide dates in the Pol-
ish Outer Carpathians during ~4.0-4.9 ka cal BP (Fig. 9;
Margielewski, 2018). The global climate perturbations that mark
the beginning of the Neoglacial phase called the “4.2 ka climatic
event” (sensu Bond et al., 1997) caused intensification of mass
movement activity in mountain areas all around Europe: the
Appenines (Bertolini, 2007), Scandinavia (Matthews et al.,
2009) and the British Islands (Ibsen and Brunsden, 1997) as
well as increased debris flow activity in the Tatra Mts.
(Baumgart-Kotarba and Kotarba, 1993; Ktapyta et al., 2016). In
the Alps, the “4.2 ka BP hydrological event” is considered as the
main deep-seated landslide triggering factor (Zerathe et al.,
2014). The increased delivery of allochthonous material to peat
bogs as thin illuvial horizons, related to this period, has been ob-
served in many landslide fens of the Polish Carpathians
(Margielewski et al., 2010, 2011; Michczynski et al., 2013). In
the Gorce Mts. it has been recorded as a thin illuvial horizon in
the peat sequence of Zawadowskie Lake, dated at
45304159 cal BP.

In the Western Carpathians, the expansion of Abies alba
and Fagus sylvatica taxa, which prefer high moisture availabil-
ity, corresponds to the global “4.2 ka BP” event (Czerwinski et
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al., 2019). Dying-off phases of pine trees (Pinus sylvestris L.)
caused by raised water level closely associated with the in-
crease in climate humidity, have been identified in the Puscizna
Wielka peat bog in the intervals 4330—4200 and 4130-3990 cal
BP (Krgpiec et al., 2016).

Mass movements that caused the formation of the Tokarnia
fen are correlated with a less distinct concentration of landslide
dates in the Polish Carpathians (Fig. 9). This landslide phase is
part of a longer global cool event that occurred in between
3.3 ka and 2.5 ka BP (Wanner et al., 2011) which corresponds
to Bond event 2 (Bond et al., 1997).

The formation of Iwankowskie Lake and Pucotowski Stawek
Lake at ~2.7-2.4 ka and ~2.3—1.9 ka cal BP was related to the
largest concentration of landslide dates in the Polish
Carpathians (Fig. 9). This cooling period has been linked with
glacier advances in the Alps, of the Geoschner 1 stage
(Bortenschlager, 1982). Global cooling at the Subboreal-Sub-
atlanic transition caused an increase in mass movement activ-
ity in mountain areas all around Europe: in the Apennines
(Bertolini, 2007), the ltalian Dolomites (Corsini et al., 2000), ac-
celeration of debris flows in Scandinavia (Matthews et al.,
2009), and the Biritish Isles (Ibsen and Brunsden, 1997). Inter-
calations of high-energy sediments in the lakes of the Tatra
Mts. were associated with heavy downpours occurring during
this wet period (Baumgart-Kotarba and Kotarba, 1993). Mark-
edly increased climatic humidity caused permanent changes in
sedimentary conditions (the mineral cover formation) in many
landslide fens in the Beskid Makowski Mts. and the Beskid
Wyspowy Mts. (Margielewski, 2006, 2018), as well as the for-
mation of numerous mineral and illuvial horizons in peat
(Margielewski, 2006; Margielewski et al., 2010; Czerwinski et
al., 2019). Interestingly, the global humid period at
~3300-2500 cal BP (Wanner et al., 2011) which caused the re-
juvenation of the Zawadowskie landslide zone is not clearly re-
flected in the depositional sequence of the nearby
Zawadowskie Lake (Fig. 7B). The formation of Pucotowski
Stawek Lake coincided with intensification of fluvial activity of
the Upper Vistula River at 2.1-1.7 ka BP (Starkel et al., 2006),

as well as a period of high water level in the Alpine lakes at
1.8-1.7 cal BP (Magny, 2004) and in the Central Europe lakes
(Ralska-Jasiewiczowa, 1989).

The formation of a mineral cover in lwankowskie Lake
(1350-181 cal BP) corresponds with the Dark Ages or the Mi-
gration Period Cooling known also as Bond event 1 (Bond et al.,
1997). The climate cooling at ~1.4 cal BP caused a significant
increase in mass movement activity in the Polish Carpathians
(Fig. 9; Margielewski, 2018). Furthermore, a substantial accel-
eration of mineral delivery to the landslide fens has been re-
corded in neighbouring mountain ranges: the Beskid Wyspowy
Mts. and Beskid Makowski Mts. (Margielewski and Kovalyukh,
2003; Margielewski, 2018).

CONCLUSIONS

Radiocarbon dates of deposits sealing the bottoms of six
landslide depressions (lakes and fens) in the Gorce Mts., allow
determination of the age of landslide formation and stages of
their rejuvenation. These dates were performed in a previously
poorly investigated mountain group, and hence substantially
supplement the database of dated landslides in the Outer West-
ern Carpathians.

All dated landslide events in the Gorce Mts. correspond to
periods of intense mass movement recorded in the mountain
areas in Europe. The dated landslide events as well as the for-
mation of mineral horizons in the peat sequences corresponds
with global cold and humid periods in the Holocene, termed
“Bond events”. The events recorded in the Gorce Mts. fall within
the following periods: ~11.1 ka cal BP, 8.6-8.0 cal BP;
6.5-5.9 ka cal BP, 4.8-4.5 cal BP, 3.3-2.5 cal BP and
1.75-1.35 cal BP.
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