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ABSTRACT

Deglaciation chronology of the Bystra catchment (Western Tatra Mountains) has been reconstructed
based on °Be exposure age dating. Fourteen rock samples were collected from boulders located on three
moraines that limit the horizontal extent of the LGM maximum advance and the Lateglacial recessional
stage. The oldest preserved, maximum moraine was dated at 15.5 + 0.8 ka, an age that could be explained
more likely by post-depositional erosion of the moraine. Such scenario is supported by geomorphologic
and palaeoclimatological evidence. The younger cold stage is represented by well-preserved termino-
lateral moraine systems in the Kondratowa and Sucha Kasprowa valleys. The distribution of the moraine
ridges in both valleys suggest a complex history of deglaciation of the area. The first Late-glacial re-
advance (LG1) was followed by a cold oscillation (LG2), that occurred at around 14.0 + 0.7—13.7 + 1.2 ka.
Glaciers during both stages had nearly the same horizontal extent, however, their thickness and ge-
ometry changed significantly, mainly due to local climatic conditions triggered by topography, control-
ling the exposition to solar radiation. The LG1 stage occurred probably during the pre-Bglling cold stage
(Greenland Stadial 2.1a), however, the LG2 stage can be correlated with the cooling at around 14 ka
during the Greenland Interstadial 1 (GI-1d — Older Dryas). This is the first chronological evidence of the
Older Dryas in the Tatra Mountains. The ELA of the maximum Bystra glacier was located at 1480 m a.s.l.
in accordance with the ELA in the High Tatra Mountains during the LGM. During the LG1 and LG2 stages,
the ELA in the catchment rose up to 1520—1530 m a.s.l. and was located approximately 100—150 m lower
than in the eastern part of the massif. Climate modelling results show that the Bystra glacier (maximum
advance) could have advanced in the catchment when mean annual temperature was lower than today
by 11—-12 °C and precipitation was reduced by 40—60%. This is in accordance with LGM conditions
previously reported for the High Tatras. During the LG1 and LG2 stages the temperature decrease in the
study area reached 10 °C and precipitation was lower by ~30% compare to modern conditions. This
resulted in slightly higher accumulation (20—30%) in the Western Tatra Mountains compare to the High
Tatra Mountains.

© 2016 Elsevier Ltd. All rights reserved.
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et al, 2015). Paleoglaciological investigations combined with
studies on chronology of glacial episodes in mountains of Europe
give the opportunity for reconstructing the principal climatic pa-
rameters (temperature and precipitation) during specific periods
when glaciers were stable. Assuming the sensitivity of glacial sys-
tems, especially mountain glaciers, for even slight climatic fluctu-
ations, it is possible to follow the successive environmental changes
during the process of deglaciation, when series of recessional mo-
raines have been formed. Combination of dating technique using
cosmogenic nuclides and glacier-climate modelling allow to iden-
tify the timing and the strength of cold events and to correlate
events across different regions. Cosmogenic isotopes have been
used for chronological studies in many mountain ranges in Europe
e.g.: Alps (Ivy-Ochs et al., 2008, 2009), Pyrenees (Delmas et al.,
2011; Palacios et al., 2015), Scottish Highlands (Ballantyne, 2010;
Small et al., 2012), Carpathians (Reuther et al., 2007; Rinterknecht
et al.,, 2012; Makos et al., 2013a,b; 2014; Kuhlemann et al., 2013;
Engel et al, 2015), Dinarides (Hughes et al., 2010, 2011), Rila
Mountains (Kuhlemann et al., 2013).

According to the Greenland ice -core chronology, several sig-
nificant climatic fluctuations are observed in the Northern Atlantic
region during the Late Pleistocene, within the time range of
26—11.7 ka (Bjork et al., 1998; Lowe et al., 2008; Rasmussen et al.,
2014). These episodes left a significant geomorphologic imprint in
many mountain ranges across Europe where exposure age chro-
nologies correlate well with the North Atlantic climatic events
(Gonzalez-Sampériz et al., 2006; Kuhlemann et al., 2008, 2009;
Delmas et al., 2008; Sarikaya et al., 2008, 2009; Federici et al.,
2012; Darnault et al., 2012; Engel et al., 2014, 2015; Makos et al.,
2013, 2014).

The most significant cooling during the last glacial cycle, the Last
Glacial Maximum (LGM), took place between 26.5 and 19 ka (Clark
et al., 2009). This episode is recorded as a worldwide drop in a
mean sea level of ~120 m (Peltier and Fairbanks, 2006). The tem-
perature decrease in Central European lowlands could have
reached 5—10 °C, while in mountainous area it could have reached
17 °C with attendant reduction of precipitation between 50 and 70%
(Allen et al., 2008; Strandberg et al., 2011). In the Tatra Mountains
the annual temperature and precipitation were decreased by
11-12 °C and at least 40—60%, respectively (Makos et al., 2014).

Following the LGM, glaciers in the mountains of Europe
retreated rapidly. This episode defined as the LG ice decay was the
most prominent within large ice caps such as the Alpine ice cap,
which lost 80% of its volume before 18 ka (Ivy-Ochs et al., 2008).
During the LG at least few glacier oscillations are recorded across
Europe from the Pyrenees (Delmas et al., 2011) to the Anatolian
Peninsula (Sarikaya et al., 2008). These glacial episodes correlate
well with climatic events recorded in the Greenland ice core (Lowe
et al., 2008; Rasmussen et al., 2014). The first post-LGM oscillation
of the Alpine glaciers occurred during the Greenland Stadial 2c
around 21.2—19.5 ka (Reitner, 2007). Glaciers were stable again
during the Greenland Stadial 2b around 18 ka, when the first post-
maximum recessional moraines were formed in the Rila Mountains
(Kuhlemann et al., 2013) and the Tatra Mountains (Makos et al.,
2014).

Further glacial oscillations in Europe, well-documented in the
Alps (Ivy-Ochs et al., 2006, 2008; Federici et al.,, 2012; Darnault
et al., 2012), the Carpathians (Reuther et al., 2007; Makos et al.,
2013a) and the Pyrenees (Delmas et al., 2008), took place during
Greenland Stadial 2.1a (the Oldest Dryas) at 17—15 ka. In the Central
Alps the final stabilization of ice front during the Gschnitz Stadial
occurred at around 15.7 ka when the summer precipitation was
lower than today by about 10 °C (Ivy-Ochs et al., 2006). In the Tatra
Mountains the drop of annual temperature reached 9—10 °C
(Makos et al., 2013a). Independent data from lacustrine sediments

confirm a significant cooling by about 8 °C in the Swiss Alps
(Larocque-Tobler et al., 2010) and around 6 °C in Northern Romania
(Feurdean et al., 2008). The undoubtedly cold Oldest Dryas (OD)
took place when the North Atlantic Oscillation changed during
Heinrich Event 1 (Hemming, 2004).

The Younger Dryas (YD) was the last major cold event in Europe
(Isarin and Renssen, 1999; Broecker, 2006) and correspond to the
Greenland Stadial 1. Many mountain glaciers in Europe advanced
markedly around 13—12 ka (Delmas et al., 2008; Kuhlemann et al.,
2009; Ivy-Ochs et al., 2009; Rinterknecht et al., 2012; Makos et al.,
2013b). The alpine Egesen Stadial was characterized by 5 °C lower
summer temperature and about 30% lower precipitation. In the
Tatra Mountains these climatic parameters were lower by 4.5 °C
and 25%, respectively (Makos et al., 2013b). The pollen-based mean
annual temperature in NW Romania dropped by about 5 °C
(Feurdean et al., 2008), while the glacier-climate model from the
High Tatras confirm a 6—7 °C decrease (Makos et al., 2013b).
Because the temperature change across Europe during the Younger
Dryas was rather similar, the precipitation could have played a
determining role in the glacier mass balance.

Studies on glacial history of the Tatra Mountains have been
carried on for over 200 years (Klimaszewski, 1988 and reference
therein). Over that time period many ideas were presented and
their evolution has been paralleled with progresses in research
methodologies. Based on geomorphologic analysis of fluvioglacial
sediments in the Tatra's foreland, Lindner et al. (2003) distin-
guished eight glacial cycles in the massif during the Pleistocene.
Their conclusions were based mainly on the thermoluminescence
dating of fluvioglacial deposits. The same methodology gave the
opportunity to divide the last glacial cycle (Wiirm) into three sta-
dials and the last stadial into four phases (Lindner et al., 2003). At
the end of twentieth century, exposure age dating using 3°Cl was
applied for the first time in the High Tatra Mountains (Dzierzek
et al,, 1999). Development of the deglaciation chronology of the
last glacial cycle continued mainly in the eastern part of the
mountain chain (Dzierzek, 2009; Makos and Nitychoruk, 2011;
Makos et al.,, 2013a and b; 2014; Engel et al., 2015). The most
extensive terminal moraines were formed during the global LGM at
around 26—21 ka (Makos et al., 2014). Following the global LGM, at
least four glacier oscillations occurred at around 18 ka, 17—16 ka,
15 ka and 12,5 ka (Makos et al., 2013a and b; 2014; Makos, 2015;
Engel et al., 2015). Older glacial cycles are probably represented
by highly weathered deposits in the foreland of the LGM moraines
(Klimaszewski, 1988; Baumgart-Kotarba and Kotarba, 1997).

The aim of this study is to introduce the reconstruction of the LG
deglaciation pattern and its palaeoclimatic implications in the
Bystra catchment located in the Polish sector of the Western Tatra
Mountains. Our chronology and modelling results together with
already published data allow to assess the palaeoclimatic regimes
of the Western Tatras and the High Tatras (eastern part of the
massif). The chronology of glacial episodes in the study area has
been carried out based on °Be exposure dating, which was
implemented for the first time in the Polish Tatra Mountains.

2. Study area
2.1. Geology and geomorphology

The Tatra Mountains are the highest massif of the Carpathians
(Gerlachovsky Stit - 2655 m a.s.l.) located on the Polish - Slovakian
border (Fig. 1). They were strongly glaciated during the Pleistocene
with large valley glaciers on both southern and northern side of the
chain (Zasadni and Kitapyta, 2014). The Bystra catchment is located
in the Polish part of the Western Tatra Mountains (49°250611N;
19.971455E) and its formerly glaciated area extends between the
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Fig. 1. Location of the study area. White arrow shows location of the Tatra Mountains in the Carpathians chain.

maximum moraine at 1020 m a.s.l. and the cirque headwalls at
~1800 m a.s.I (Fig. 1). The drainage basin covers an area of 16.5 km?
and is composed of the main Bystra Valley and four tributaries:
Kondratowa Valley, Sucha Kondracka Valley, Goryczkowa Valley
and Sucha Kasprowa Valley. All four tributaries are incised within
the crystalline and metamorphic granites as well as gneisses, which
comprise the central part of the Giewont nappe. These granites
form a klippe, covering the younger sedimentary rocks, which are
exposed in the lower part of the catchment, mainly within the
Bystra Valley. The sedimentary set is composed of Trassic and
Jurassic very hard and resistant massive limestones and dolomites
(upper nappe). The latter build a narrow zone between the crys-
talline klippe and Triassic and Jurassic soft dolomites and shales
(lower nappe) located in the lowermost part of drainage basin. The
valleys and cirques are draped with glacially transported material,
which consists of crystalline and metamorphic granites and
gneisses from the Giewont nappe.

An extensive part of the Bystra Valley is covered with ground
moraine/till. In the north, the extent of the glaciated area is limited
by a prominent end moraine (30 m high) terminating at 1020 m
a.s.l. (Fig. 2). The eastern and western segments of this end moraine
are continuous over ~1500 m and reach the level of 1200 m a.s.l. as
lateral moraines. This termino-lateral moraine system represents a
clear constraint for the former glacier geometry reconstruction. The
younger morphostratigraphic unit is located ~1300 m up-valley
from the end moraine. Two well-formed terminal moraines were
deposited at the mouths of the Sucha Kasprowa and Kondratowa/

Sucha Kondracka valleys. The moraines are located at the level of
1250 m a.s.l. (Fig. 2).

The termino-lateral moraine system in the Sucha Kasprowa
Valley is 20 m high, forms as a single ridge, and is continuous from
the terminal part up to the elevation of 1370 m a.s.l. The lateral
segment of this moraine was only preserved on the eastern side of
the valley (Fig. 2). The whole feature is composed of granitic
boulders with long axis up to 3 m and located on the moraine crest.

The terminal moraine in the Kondratowa/Sucha Kondracka
Valley has a steep and high distal slope (up to 50 m). The highest
outer ridge is very well-preserved, composed of big boulders up to
3 m long. The inner part of moraine is composed of many small
ridges and hollows, probably reflecting aerial downwasting of the
glacier's snout. Deposits of the terminal moraine cover the area
between 1250 and 1300 m a.s.l. There is another lateral moraine
ridge in the lowermost part of the Kondratowa Valley. This 20 m
high moraine is located between 1300 and 1350 m a.s.l. and was
formed between two downwasting tongues of the Kondratowa and
the Sucha Kondracka glaciers (Fig. 2).

Younger glacial activity is recorded in the uppermost part of
Sucha Kondracka and Sucha Kasprowa valleys. Both valleys end up
as glacial cirques fully covered by rock debris reworked by peri-
glacial activity (Fig. 2). The elongated and spoon-shaped ridges and
hollows indicate the former activity of a rock glacier. At present
these forms are no more active, thus they are described as fossil
rock glaciers. In the Sucha Kondracka cirque the rock glacier covers
an area of 0.27 km? between 1550 and 1400 m a.s.l. It is located on
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Fig. 2. Geomorphological map of the Bystra catchment (based on Zarnowski, 2015 - modified): 1 — crests and arétes; 2 — summits; 3 — valley and cirque slopes covered with debris
and vegetation; 4 — steep rock walls; 5 — gullies; 6 — talus cones; 7 — glacial trimlines; 8 — terminal and lateral moraine ridges; 9 — ground moraines; 10 — fossil rock glaciers; 11 —
fluvioglacial plains; 12 — fluvial terraces; 13 — rivers and lakes. Red dots mark location of the samples.

the flat valley floor and its upper margin is limited by vast talus
cones covering the headwall of the cirque. In the Sucha Kasprowa
cirque the extent of fossil rock glacier reaches of 0.42 km?. It covers
the valley floor between 1600 and 1300 m a.s.l. The longitudinal
profile of the cover shows a very significant step at the elevation of
1500 m a.s.l. This step reflects the younger front of the rock glacier.
Therefore, there were most likely two phases of periglacial activity
in the valley. An older one with the front at 1300 m a.s.l. and a
younger one at 1500 m a.s.l. There are no glacial erosional forms
preserved on the valley floor. However, poorly preserved glacial
trimlines were mapped on the glacial cirque walls (Fig. 2). In the
Bystra catchment, the mapped trimlines are formed mainly as clear
steps on the slope, separating a steeper slope below from a gentler
slope above. There are no signs of glacial polishing or moulding
visible. Glacial trimlines are slightly inclined towards the mouth of
the valley with respect to the slope of the cirque floors and reflect
the decreasing surface of the glaciers. We assume that the upper
part of the trimline (rock step) is the upper limit of the active
eroding glacier (Kelly et al., 2004; Fabel et al., 2012; Makos et al.,
2013a).

2.2. Climate

The Tatra Mountains are located in the zone of influence of
several air masses. The prevailing polar-oceanic air masses come
into central Europe from the northern Atlantic Ocean and bring a

large amount of precipitation. The other, less important direction of
air masses inflow is from north-east, bringing very dry air and
being responsible for cooling in winter and warming in summer.
Such diversity, with very unstable weather during the year, de-
termines the general climatic conditions in the Tatra Mountains,
and is characteristic for a temperate climate zone (NiedZwiedz,
1992).

In this study we used the data from meteo stations in Zakopane
(850 ma.s.l.) and in Kasprowy Wierch (1991 m a.s.l.) as well as from
temporal meteo sites (precipitation) located in the Bystra catch-
ment: Kalatéwki (1195 m a.s.l.) and Myslenickie Turnie (1360 m
a.s.l.) (IMGW-PIB (CBDH), www.imgw.pl; National Climatic Data
Center, www.ncdc.noaa.gov) (Fig. 3). The data set from the period
between years 1955 and 2000 provides a mean annual temperature
range from around 6 °C in the Tatras foreland to —4 °C on the
highest peaks. In Zakopane, the mean annual temperature is 6.4 °C
and the mean summer temperature (June, July, August) is 14 °C. At
the Kasprowy Wierch station these values are —0.5 °C and 7.2 °C,
respectively. Together these values give a vertical temperature
gradient of 0.6 °C/100 m (Fig. 3). The precipitation distribution is
more diverse and less linear compare to the temperature distri-
bution. We observe higher gradients between 800 m a.s.l. and
1600 m a.s.l. (100 mm/100 m), while above the elevation of 17700 m
a.s.l. the precipitation gradient on the northern slope of the Tatra
Mountains is negative. Such situation is determined by the mean
level of the cloud base during the year (Niedzwiedz, 1992). The
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Fig. 3. Distribution of the present-day climatic parameters along the longitudinal profile of Bystra catchment. The data were used in glacier-climate modelling.

precipitation data set from the study area indicates that the annual
precipitation increases from 1140 mm in Zakopane (850 m a.s.l.) to
1340 mm and 1430 mm in Kalatéwki (1195 m a.s.l.) and
Myslenickie Turnie (1360 m a.s.l.), respectively; and up to 1800 mm
in Kasprowy Wierch (1991 m a.s.l.) (Fig. 3). We calculated a mean
vertical precipitation gradient of ~64 mm/100 m, a value used for
our glacier-climate modelling. The snow cover thickness and its
preservation is directly proportional to the annual temperature and
precipitation. The mean number of days with snow cover varies
from 124 in Zakopane through 186 in Hala Gasienicowa (1520 m
a.s.l.) up to 222 in Kasprowy Wierch.

3. Methodology
3.1. Surface exposure dating

3.1.1. Boulder collections

We collected 14 samples in the Bystra Valley on three different
moraines: four on the maximum moraine (samples BY-11 to BY-14),
five on the Kondratowa LG1 moraine (samples BY-01 to BY-05), and
five on the Sucha Kasprowa LG1 moraine (samples BY-06 to BY-10)
(Fig. 4—6, Table 1). We sampled the largest boulders available at the
surface of the moraines, representing the best stable erratics
available for surface exposure dating. We systematically sampled
the top flat surface with a manual jackhammer assuming that the
boulder top was exposed to secondary cosmic ray since deposition
of the boulder at the front of the ice margin (Figs. 4 and 5). Sample
coordinates and elevations were recorded with a hand held GPS
receiver and shielding by surrounding mountain slopes was
recorded using a compass and a clinometer. All sampled boulders
are composed of granite with a quartz content ranging between
40% and 50%.

3.1.2. Sample preparation and analysis

All samples were crushed and sieved in order to isolate the
250—1000 pm fraction, which was subsequently decontaminated
by successive acid leaching (HCl + H3SiFg then dilute HF). Purified
quartz was spiked with ~100 ul of a 3025 ppm home-made carrier
then dissolved in 48% HFE. Beryllium was complexed by acetyl
acetone in a 50% EDTA solution then extracted using solvent
extraction. Beryllium hydroxides were dried and oxidized at 800 °C
to BeO. Beryllium oxide was mixed to 325 mesh niobium powder
prior its measurement at ASTER the French Accelerator Mass
Spectrometer located at CEREGE, Aix-en-Provence. Data were
normalized directly against the National Institute of Standards and

'/IJ ‘_ 7 \H n

/Wl(.;uuﬂ 2

/////

Fig. 4. Sampled boulders on the maximum moraine in KuZnice. The present-day
topography of the moraine indicates its steep morphology. Blue arrows show the di-
rection of eroding water flow. Red arrows show locations of the evidenced river cuts.
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Fig. 5. Sampled boulders on the recessional moraine systems in the Sucha Kondracka
(BY-01 to BY-05) and Sucha Kasprowa (BY-06to BY-10) valleys.

Technology (NIST) standard reference material 4325 using an
assigned '°Be/®Be ratio of (2.79 + 0.03) x 10~ (Nishiizumi et al,,
2007) and a'°Be half-life of (1.36 + 0.07) x 10° years (Chmeleff
et al., 2010; Korschinek et al., 2010). Analytical uncertainties (re-
ported as 1 sigma) include a conservative 0.5% uncertainty based on
long-term measurements of standards, a 1 sigma statistical error on
counted '°Be events, and the uncertainty associated with the
chemical and analytical blank correction (the '°Be/’Be blank ratio
was 20.88 x 10715).

3.1.3. Surface exposure age calculation

In order to determine surface exposure ages from the °Be
concentrations measured in the quartz fractions, we used a modern
global °Be production rate at sea level and high-latitude derived
from a recalibrated global data set and recent calibration studies
(Heyman, 2014) and the online version of the CRONUS-Earth
calculator (Balco et al., 2009). A recently published Swedish
19Beproduction rate (Stroeven et al., 2015) would generate slightly
younger exposure ages.

We report here the exposure ages calculated with the “Lm”
scaling schemes (Table 1). The “Lm” method provides the closest fit
to existing calibration data and uses the scaling factors proposed by
(Lal, 1991) and (Stone, 2000), and is further accommodated for
paleomagnetic corrections following the description of Nishiizumi
et al. (1989). As such, we think that the exposure ages calculated
with this scaling method (Lm) represent the best age estimation of
the exposure of the samples and we report in the result and dis-
cussion sections the exposure ages calculated with the global
production rate and the “Lm” scaling method. The “Du” method is
mainly a function of cutoff rigidity and atmospheric pressure
(Dunai, 2001) and provides slightly older exposure ages. The “Li”
method proposed by (Lifton et al., 2005) produces exposure ages
slightly older than the “Lm” method and the “De” method proposed
by (Desilets et al., 2006) produces exposure ages slightly younger
than those calculated with the “Du” method. Using the recently
developed LSD (Lifton-Sato-Dunai) scaling scheme by (Lifton et al.,
2014) would increase our exposure ages by ~4%.

The CRONUS-Earth online calculator makes sample specific
corrections for thickness and density (we assumed a density of
2.7 g cm~3). The production rates could be affected by intermittent
snow cover and erosion rate. We do apply a correction for snow
cover as the valley receives substantial precipitation during the
winter months. Samples between 1000 and 1199 m were corrected
for 20 cm of snow for 90 days/year, samples between 1200 and
1599 m were corrected for 20 cm of snow for 120 days/year, and
samples between 1600 and 2000 m were corrected for 20 cm of
snow for 180 days/year. We also apply a 2 mm/ka erosion rate on
our samples. This erosion rate is an estimate used to illustrate the
possible effect of erosional processes on the exposure ages. A
doubling of this estimate would increase the exposure age of a
boulder exposed for 14.0 ka by <2% (~300 years). The production
rates could be further affected by vegetation cover but we do not
apply any correction for this factor as vegetation is mostly
composed of young spruce trees. Finally, surface production rates
were not corrected for sample surface slope as samples come from
the top most flat surface of the boulders, but we do corrected the
surface production rates for topographic shielding due to sur-
rounding topography using the online topographic shielding
calculator available at: http://hess.ess.washington.edu/math/. All
exposure ages of moraine boulders were calculated with assump-
tion of erosion and snow cover correction. All boulders were at least
1 m in diameter and strongly embedded within the matrix on the
moraine's crests (Figs. 4 and 5). We interpret the results as mini-
mum exposure ages.
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Fig. 6. Major terminal and lateral moraines (red lines) with exposure ages, fossil rock glaciers (yellow outline) and sample locations on the LIDAR digital elevation model of the
study area. The mean ages of the moraines in red. The contour interval line (thin grey lines) is 50 m. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.2. Glacier-climate modelling

In order to calculate the climatic parameters (mean annual
temperature, mean summer temperature and annual precipitation)
corresponding to steady state glacier terminus conditions we used
two independent models which have been already used in the Tatra
Mountains (Makos et al., 2013a and b).

3.2.1. Degree-day model

This model is a one dimensional ice flow model which re-
constructs the glacier's profile along the valley axis and simulates
horizontal and vertical extent of the active glacial ice (Sarikaya
et al., 2008, 2009). The model simulates flow of ice induced by
the annual mass balance of the glacier at any point along the
topographic central flowline of the glacier. The mass balance is
calculated as the difference between net accumulation and net
ablation of snow. The elevation where mass balance equals zero
represents the equilibrium line of the glacier.

Accumulation of snow is assumed when precipitation occurs
below zero degrees. If air temperature is below or equal to 0 °C the
whole precipitation supplies the glacial system with snow, above

0 °C it is rain. Total accumulation of snow is determined based on
mean monthly temperatures and precipitation.

Ablation of snow and ice is calculated using the relation be-
tween the sum of positive air temperature and amount of melted
snow and ice during the balance year. This relation is described as
the positive degree-day factors which were used for the first time
by Braithwaite (1995). In our study we applied relations calculated
for alpine glaciers which are 3 mm day ! °C~! for snow and 8 mm
day~! °C7! for ice (Braithwaite and Zhang, 2000). The modelled
mass balance is used as the input for calculation of ice thickness and
its growth using the equations of ice flow presented by Paterson
(1994) and Haeberli (1996). While calculating the ice velocity, the
model assumes only the ice deformation but no basal sliding. The
basal shear stress, however, is calculated without contribution of
the valley shape factor.

The modelling technique requires simulation of mean annual
temperature and annual precipitation changes in relation to mod-
ern conditions. On that base model recreates the glacier along the
valley axis accordingly to the mass balance determined by the
temperature and precipitation. Particular scenarios with glacier
existing in steady-state conditions occur while temperature
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Table 1
19Be sample characteristics and exposure ages from the Bystra catchment.

Sample ID Lat N (DD) Long E (DD) Elevation (m a.s.l.) Quartz (g) Thickness (cm)® Shielding factor® Be carrier (10'° at) ['°Be] (at g ') !°Be age (ka) global PR¢

Maximum moraine

BY-11 49.2653 19.9795 1107 15.9842 6.2
BY-12 49.2667 19.9804 1077 12.9424 54
BY-13 49.2667 19.9804 1077 11.4166 4.0
BY-14' 49.2674 19.9804 1057 9.72600 3.1
Sucha Kondracka V. LG1/LG2

BY-01 49.2500 19.9584 1302 13.2731 6.5
BY-02 49.2501 19.9611 1294 13.6900 4.7
BY-03 49.2503 19.9638 1292 12.7670 6.0
BY-04 49.2503 19.9638 1292 11.2742 4.5
BY-05 49.2503 19.9638 1292 7.82170 5.7
Sucha Kasprowa V. LG1/LG2

BY-06 49.2531 19.9772 1285 20.3054 42
BY-07 49.2531 19.9772 1285 10.3211 4.7
BY-08 49.2531 19.9772 1285 11.8675 3.6
BY-09 49.2531 19.9772 1285 22.0877 3.2
BY-10 49.2529 19.9779 1295 7.50210 3.2

15.5 + 0.8 ¢
0.9933 2.0454 161597 + 5552 16.1 + 0.6
0.9907 2.0404 149259 + 5926 15.2 + 0.6
0.9907 2.0483 149226 + 6183 15.0 + 0.6
0.9907 2.0481 99325 + 5631 10.0 + 0.6

13.7 + 1.2°
0.9808 2.0295 164971 + 7261 14.3 + 0.6
0.9775 2.0365 144422 + 7503 124 + 0.7
0.9860 2.0394 184823 + 6001 16.0 + 0.5
0.9860 2.0446 122253 + 6718 103 + 0.6
0.9860 2.0365 178935 + 9592 154 + 0.9

14.0 + 0.7°
0.9739 2.0505 161654 + 5301 14.0 + 0.5
0.9739 2.0474 152599 + 9658 13.2 + 0.9
0.9739 2.0382 168116 + 7370 14.5 + 0.7
0.9739 2.0398 162471 £ 6072 13.9 + 0.5
0.9767 2.0416 171965 + 7778 14.6 + 0.7

2 Sample tickness includes snow correction: samples between 1000 and 1199 m were corrected for 20 cm of snow for 90 days/year, samples between 1200 1599 m were
corrected for 20 cm of snow for 120 days/year, and samples between 1600 and 2000 m were corrected for 20 cm of snow for 180 days/year.

b Azimuths and angular elevations (0—90°) to calculate the shielding factor were recorded using a compass and clinometer.

¢ All samples measured at the ASTER facility. AMS results are standardized to NIST_27900. '°Be/Be ratios were corrected for a process blank value of 2.22 10715,

4 All ages calculated using the developmental version of the CRONUS-Earth online 10Be exposure age calculator version 2.2 (http://hess.ess.washington.edu/math/al_be_
v22/alt_cal/Heyman_compilation_input_aspublished.html) for the Global production rate (Heyman, 2014).

€ Moraine age corresponds to the arithmetic mean and the error corresponds to the standard deviation of the mean. The error includes uncertainties associated to the
measurement of the nuclide concentration, the scaling scheme (Lm), and the reference rate nuclide production. A standard atmosphere was used. An erosion of 2 mm/ka was

used (see discussion in text). A rock density of 2.7 g cm—> was used.

f Sample removed on the basis of Chauvenet's criterion. The sample was not used in the moraine age calculation.

decreases and precipitation changes from very wet conditions to
extremely dry conditions. The modelling results are limited mainly
by the length of the glacier but also by its thickness and mass
balance. When the geometry of the glacier is simple with one
accumulation area the glacier's length is the best limiting factor for
the model. However, when there are several cirques or tributaries
within the glacial system, the thickness of particular valley glaciers
along the troughs is the main limiting factor. Moreover, in both
cases the mass balance reconstructed by the model can be used.
Usually, model output contains very wide range of scenarios from
extremely dry and cold to extremely wet and warm conditions.
Some of them are unrealistic for glacial systems in specific
geographical location and when constrained by available proxy
data. The required inputs for the ice-flow model are: the present-
day topography of the valley, the spatial distribution of the
present-day monthly mean temperatures, and the total precipita-
tion along the glaciated valley. Valley topography was created from
the digital elevation model of the study area (5 x 5 m). Long-term
monthly mean temperature and precipitation data from meteoro-
logical stations (Zakopane, Kasprowy Wierch, Kalatéwki,
Myslenickie Turnie) located inside the massif and at the foreland
were downloaded from the Global Historical Climatology Network
and from the historical data provided by the Polish Institute of
Meteorology and Water Management. All weather station data
were transferred to sea level using the modern lapse rate, sepa-
rately for each month. While modelling, the model recalculates
temperature and precipitation values along the valley using the
same lapse rates.

3.2.2. Ablation gradient model

This model was previously applied by Kull and Grosjean (2000)
and Ivy-Ochs et al. (2006). The principle underlying this model is
the reconstructed geometry of the glacier. This can be done if there
is sufficient geomorphic records in the valleys and cirques. Two
main features that limit glaciers extent are moraine ridges (termi-
nal and lateral) and glacial trimlines. The terminal moraine de-
termines the horizontal extent of the glacier, while lateral moraine

marks the upper limit of the glacier tongue along the glacial trough.
The glacial trimline is the boundary on the mountain peak or ridge
below which there is evidence for glacial erosion such as striae or
polish and above which the bedrock does not show such evidence,
being jagged and frost-weathered. Typically, the trimline separates
the steep and smooth part of the valley below and the jagged,
shallower slope above (Ballantyne, 1997; Kelly et al. 2004; 2006;
Brocklehurst et al. 2008). This means that the trimline approxi-
mates the former elevation of the active glacial erosion under the
warm-based ice. Trimlines are observed within the trough walls as
well as on the cirque walls. If the glacial forms are absent in some
part of the slope then it is necessary to approximate the glacier's
limit between existing forms, accordingly to the slope of the valley
bottom with special attention for steps and overdeepenings.

Based on the glacier geometry, the principal parameters of the
glacier can be measured: thickness, width, surface area, surface
slope (Table 2), allowing to calculate the equilibrium line altitude
(ELA) and the basal shear stress along the glacier. The ELA was
calculated using the accumulation area ratio (AAR) determined on
the basis of the relation by Kern and Laszlo (2010).

The basal shear stress is the crucial component for calculation of
the total ice flow velocity (sliding and deformation). Both, the ice
sliding velocity and deformation velocity have been determined
using the sliding and deformation factors calculated by Budd et al.
(1979). It follows that the ice-flux through the specified cross-
sections can be calculated along the glacier's tongue between the
ELA and the snout.

From the difference of ice flux between neighboring cross-
sections and the surface area of the glacier between them, the
net ablation of the surface increment can be estimated. The balance
gradient (da/dz) can be then calculated as the relation of the net
ablation between neighboring cross-sections to the elevation of the
glacier surface below the ELA. All necessary equations and variables
are given in Ivy-Ochs et al. (2006)and Makos et al. (2013b). The
ablation gradient is an input value to calculate annual precipitation
and summer temperature.

For the palaeo-climatological interpretations we use the model
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Table 2

Parameters of the Bystra glacier used for mass balance calculations. Cross-sections A-D refer to Fig. 12.

Cross-section Width [m] Thickness [m] Surface slope [°] Valley shape factor Basal shear stress [kPa]
A 790 80 11 0.56 75
B 390 65 6 0.74 46
C 260 50 6 0.71 31
D 165 20 13 0.78 30

that was previously presented by Ivy-Ochs et al. (2006). The model
calculates summer temperature (Ts) at the ELA as the parameter of
ablation with annual precipitation (P) as the parameter of
accumulation.

Ohmura et al. (1992) defined P as the sum of the winter accu-
mulation and summer precipitation, and Ts as the free air tem-
perature in summer (JJA) at the ELA. This relation is described as a
regression equation:

P = 645 + 296Ts + 9Ts? (1)

Based on the data set of Ohmura et al. (1992) and Kuhn (1984),
Ivy-Ochs et al. (2006) suggested equations for calculating the
summer temperature (Ts) and annual precipitation (P) at the ELA of
the glacier. All equations are given in detail in Ivy-Ochs et al. (2006).

Results of both models can be compared mainly based on the
sum of precipitation at the ELA as well as on the balance gradient at
the glacier's front. Therefore, on that basis we can obtain the mean
annual temperature and mean summer temperature, which are
both controlled by precipitation.

4. Results
4.1. Deglacial chronology

We tested each moraine population for statistical outliers using
Chauvenet's criterion (Taylor, 1997), a criterion identifying samples
that have <50% probability of falling within the normal distribution
of the sample population. Sample BY-14 was identified as an outlier
and was removed from the moraine sample population before
calculating the moraine age in Kuznice (maximum moraine). For
each moraine we report the arithmetic mean age and the associ-
ated uncertainties, which include the analytical uncertainties, the
Lm scaling scheme uncertainty, and the production rate uncer-
tainty (Table 1). Three samples from the maximum moraine were
dated between 15.0 + 0.6 and 16.1 + 0.6 ka. The best estimate for
the deposition time of the moraine is 15.5 + 0.8 ka (Figs. 4 and 5).
Five samples from the Kondratowa LG1/LG2 moraine were dated
between 10.3 + 0.6 ka and 16.0 + 0.5 ka and the best estimate for
the deposition time of the moraine is 13.7 + 1.2 ka. Five samples
from the Sucha Kasprowa LG1/LG2 moraine were dated between
13.2 + 0.9 ka and 14.6 + 0.7 ka and the best estimate for the
deposition time of the moraine is 14.0 + 0.7 ka (Figs. 5 and 6). The
moraine ages from the Kondratowa LG1/LG2 and Sucha Kasprowa
LG1/LG2 moraines are undistinguishable and most likely represent
the same glacial event.

4.2. Glacier-climate modelling

We reconstructed the geometry of the glaciers existing in the
Bystra catchment during the maximum advance and two reces-
sional stages (LG1 and LG2) (Fig. 7—9). This reconstruction is based
on the geomorphologic evidence, mainly on the position of ter-
minal and lateral moraines as well as of glacial trimlines (Fig. 2).

Their position suggests that during the maximum advance
within the accumulation area the active ice surface reached 1800 m

a.s.l. on the cirques headwalls and declined slightly towards the
confluence zone at 1300 m a.s.l. accordingly to the slope of the
valley floor. The total area of the glacial system during the
maximum extent was around 7.8 km?. According to the relation by
Kern and Laszlo (2010) its accumulation area ratio (AAR) was 0.62.
This means that the equilibrium line altitude (ELA) of the glacier
was located at the elevation of 1480 m a.s.l.

Post-maximum stabilization of glaciers occurred when the
Sucha Kasprowa, Goryczkowa and Kondratowa glaciers became
separate systems terminating at the elevation of 1250—1300 m a.s.l.
The total area of the Sucha Kasprowa glacier during the first
recessional stage (LG1) was 1.5 km?. The AAR of this glacier is
estimated to 0.51 and the ELA was located at 1530 m a.s.l. (Fig. 8)
During the LG2 stage the Sucha Kasprowa glacier existed in a single
basin and its former additional supplier remained isolated in the
Stare Szatasiska Valley. The ELA of the glaciers in the Sucha
Kasprowa Valley was located again at 1530 m a.s.l. during the LG2
stage (Fig. 9).

The total area of the Kondratowa glacier was 2.5 km? and the
AAR of the glacier is calculated to be 0.54. The ELA was located at
the elevation of 1520 m a.s.l. during the first recessional stage
(Fig. 8). Then the glacier broke up and at the subsequent LG2 stage
there were two separate glaciers: Sucha Kondracka glacier and
Kondratowa glacier. Their ELA remained at the same position as
during the LG1 stage (Fig. 9).

Despite the absence of terminal or lateral moraine in the Gor-
yczkowa Valley we reconstructed the geometry of the glacier
assuming its snout position at the elevation of around 1250 m a.s.l.
where the glacial relief remains hummocky moraine. The elevation
of the glaciers front is consistent with the two adjacent valleys. Our
reconstruction indicates the total area of the Goryczkowy glacier of
1.3 km?. Its AAR was then 0.50 and ELA was located at 1600 m a.s.l.
(Figs. 8 and 9).

The Bystra glacier during the maximum advance in the catch-
ment could have reached the reconstructed geometry while tem-
perature decreased by 8—14 °C and precipitation changed
between +80% and —80%, respectively in relation to present-day
conditions (Fig. 10). The range of reconstructed climatic condi-
tions is controlled by the ice thickness along the accumulation area
which during the maximum advance was located within three
main tributaries (Kondratowa, Goryczkowa and Sucha Kasprowa
valleys).

Modelling results for Kondratowa, Goryczkowa and Sucha
Kasprowa glaciers existing during the first recessional stage are
almost identical and were obtained using the glacier's length
(2300, 2250 and 2260 m, respectively) as the limiting factor. All
three glaciers existed in steady state conditions when temperature
was lower than today by 7—13 °C and annual precipitation was
doubled or lowered by 80%, respectively (Fig. 10). These wide-
ranged climatic parameters determined the ELA position between
1340 and 1500 m a.s.l. and ablation gradients along glacier's tongue
between 0 mm/100 m and 650 mm/100 m. All scenarios in which
the ablations gradient drops almost to zero are considered to be
unrealistic.

In addition, because the degree-day model for the maximum
Bystra glacier was limited mainly by the thickness of particular
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Fig. 7. Reconstructed geometry of the Bystra glacier during the maximum advance. The contour interval is 50 m.

tributaries, we decided to apply the ablation gradient model to
reconstruct the ablation gradient along the glacier below the ELA
and on that basis calculate summer temperature and annual pre-
cipitation at the ELA following the relation by Ohmura et al. (1992)
and Ivy-Ochs et al. (2006). We assumed six scenarios of sliding
contribution in ice velocity between 70 and 95% (Table 3). For such
scenarios the ablation gradient of the Bystra glacier could have
reached values from 98 mm/100 m to 550 mm/100 m. The summer
temperature at the ELA oscillates between —3.6 and 2 °C and
annual precipitation is from 40 to 1360 mm.

5. Discussion
5.1. Timing of moraine formation

When considering the moraine exposure ages it should be
emphasized that the cold climatic pulse responsible for glacier
advance or stillstand must have occurred at least few tens and more
likely few hundred years earlier, due to the glacier reaction time to
full glacial conditions (e.g. [vy-Ochs et al., 2006). This reaction time
is controlled mainly by the size of the glacier, the temperature and
precipitation that determine its mass balance and by consequence
the velocity of ice movement. Warmer and wetter conditions
usually cause higher balance gradients along the glacier and thus
higher velocity of ice movement that decreases the reaction time.
Therefore, during the gradual deglaciation, the particular stages
when glacier remained in steady-state conditions should have

shorter reaction times.

According to the position of the maximum moraine, its age is
surprisingly young. Other maximum moraines in the High Tatra
Mountains that have been dated so far using the 36Cl dating
method, indicate the age of their formation during the global LGM
(26.5—19 ka — Clark et al., 2009) between 25 and 21 ka (Makos
et al., 2014; Makos, 2015) (Fig. 11). While 36Cl and '°Be ages may
not be directly comparable (Wilson et al., 2013), the maximum
moraine in the Bystra catchment represents an unusual case
compare to other mountain ranges across Europe, where most of
maximum moraines were formed during the global LGM (e.g. Engel
et al., 2014; Ivy-Ochs, 2015; Delmas, 2015; Ruszkiczay-Riidiger, in
press). The mean age of the maximum moraine in the Bystra Valley
suggests the most extensive advance of the glacier during the LG.
Final stabilization of the moraine at 15.5 ka may indicate that this
advance was determined by the climate cooling during the
Greenland Stadial 2.1a (OD) (Rasmussen et al., 2014) (Fig. 11). If the
age of moraine is correct, we can consider at least four scenarios,
explaining the absence of the LGM moraine in the catchment.

First, the LGM glacier was terminating at a position behind the
maximum moraine up-valley in the Bystra catchment and there-
fore, during the LG advance the older moraines were overridden
and destroyed.

Second, the LG glacier reached the same or a very similar posi-
tion to that of the LGM and the LGM moraine system was rebuilt
and rejuvenated significantly. However, in such case we should
expect evidence of accretion within the maximum moraine or at
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Fig. 8. Reconstructed geometry of the Sucha Kasprowa, Gorzyczkowa and Sucha Kondracka glaciers during the first recessional stage LG1. The contour interval is 50 m.

least multi-crested moraine system as it is observed in valleys
where older moraines were cut by younger oscillations (e.g.
Sarikaya et al., 2014). Moreover, in the High Tatra Mountains, the
horizontal extent of the first LG advance was a few kilometers
shorter than the LGM one (Makos et al., 2013a, 2014). In conse-
quence, this would document significant discrepancies between
ELA positions in the High Tatra Mountains and in the Bystra
catchment. In the Biata Woda catchment the LG ELA was located at
1650 m a.s.l. (Makos et al., 2013a), therefore if the maximum
advance in the Bystra catchment took place during the LG, then the
ELA position of the Bystra glacier (1480 m a.s.l.) would be almost
170 m below that in the High Tatras. However, the LGM ELA in the
adjacent Sucha Woda catchment and further east in the Biata Woda
catchment was located at 1460 m a.s.l. in strong agreement with
the one reconstructed for the Bystra glacier (Makos and Nitychoruk,
2011; Makos et al., 2014). If indeed the Bystra glacier maximum
advance occurred during the LG, significant implications for
palaeoclimatic conditions should be anticipated in the Bystra
catchment at that time. We further discuss these implications in
section 5.2.

The third scenario assumes that the LGM glacier was more
extensive than the LG one but the moraine is no longer preserved in
the valley. This would require unusual conditions at the front of the
glacier not favorable for classic processes of moraine formation.
This might be a calving glacier front terminating in a lake. This is an
unprecedented situation in the Tatra Mountains and also very
doubtful in the Bystra catchment, because there were no lake

sediments recorded in the valley or in the foreland of the Tatras (e.g.
Klimaszewski, 1988 and references therein).

Finally, it needs to be clearly stated that the exposure ages of
boulders may reflect different exposure histories. Deposition of
boulders at the front of the stagnant glacier is the major activity
that is considered while studying the deglaciation of the mountain
valleys. However, a number of post-depositional processes are also
very important and they may have crucial significance for exposure
histories of moraine boulders and therefore for chronological
interpretation. Such scenario seems to be reasonable in the case of
the maximum moraine in the Bystra Valley. The relatively sharp-
crested ridge is located between two valleys (Bystra and Jawor-
zynki) that are drained by rivers cutting the 400 m long moraine
directly at the foot of the moraine and this from both sides (Fig. 4).
According to the model of Putkonen et al. (2003, 2008), the crest of
a moraine ridge is very sharp and composed of numerous boulders
shortly after deposition. This ridge remains under the influence of
erosion and its cross-profile changes through time reflecting
rounding and lowering of the crest and relocation of the large
boulders from the top to the sides. We interpret the exposure ages
of the four boulders to indicate post-depositional degradation of
the moraine crest likely induced by fluvial sapping of the moraine
base (Fig. 4). Moreover, the moraine ridge also decreases from S to N
between 1110 and 1020 m a.s.l. and the boulders that are present on
the crest could have been removed from their original position by
solifluction and rolling probably during the LG when the relatively
fresh moraine was eroded by meltwater from glaciers in the upper
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Fig. 9. Reconstructed geometry of the Stare Szatasiska, Sucha Kasprowa, Gorzyczkowa, Sucha Kondracka and Kondratowa glaciers during the second recessional stage LG2. The

contour interval is 50 m.

part of the Bystra catchment. Therefore, the relatively young
exposure ages reported from the maximum moraine in the Bystra
Valley may not reflect the time of moraine deposition but could
rather reflect post-depositional erosional processes that deter-
mined the current shape of the ridge. Moreover, the spatial distri-
bution of ages along the ridge suggests that the lowermost part of
the moraine indicates the strongest influence of erosion by the two
converging rivers directly to the north of the ridge. The youngest
exposure age (10.0 ka) is found at the lowest elevation compared
the exposure ages obtained from the upper part of the ridge that
could have stabilized as early as 16.1 ka. The altitude/age gradient
could confirm the strongest fluvial erosion in the lowermost part of
the ridge. This seems to be reasonable in the context of the moraine
position with respect to the confluence zone of both erosive rivers.

Considering all the above scenarios two different chronology
interpretations could be presented for the maximum advance in
the Bystra Valley. If the moraine age reflects the timing of its
deposition then this ridge would have been produced during the
cooling of the Greenland Stadial 2.1a (OD) and the LGM moraine is
absent within the catchment. If the moraine was eroded after
deposition, however, and the exposure ages reflect activity of post-
depositional processes, the ridge would have been formed likely
during the LGM as other dated maximum moraines in the Tatra
Mountains (Fig. 11). The latter chronology seems much more likely
when compared to the other mountain ranges in Europe e.g. Alps
(Ivy-Ochs et al., 2008; Ivy-Ochs, 2015), Pyrenees (Pallas et al., 2006;

Delamas et al., 2011; Delmas, 2015), Balkans (Kuhlemann et al.,
2008, 2013) and Southern Carpathians (Ruszkiczay-Riidiger, in
press).

Two recessional moraine systems in the Kondratowa and Sucha
Kasprowa valleys gave mean ages of 13.7 + 1.2 ka and 14.0 + 0.7 ka,
respectively.

The terminal moraine in the Kondratowa Valley is a part of a
composed moraine system which contains at least two ridges (the
outer and inner ones). The geomorphology of this moraine system
suggests more complicated pattern of deglaciation in the area. The
NE part of the moraine indicates the maximum position of the
glacier (LG1), however, the ridges located further inside the valley
were likely produced during the younger oscillation (LG2). If the
mean age of the form reflects its final stabilization during the LG2
oscillation, the climatic impulse could have occurred few hundred
years earlier. According to the Greenland Ice Core chronology this
might be during the Late-glacial Interstadial 1 (Belling/Allerad
Interstadial) when a cold event took place at around 14 ka (GI-1d —
Older Dryas) (Fig. 11). Therefore, the LG1 advance occurred before
Bolling warm period, during the Oldest Dryas (Greenland Stadial
2.1a) but the exact timing of this stage in the Bystra catchment is
not known. Based on the geomorphologic evidence we were able to
reconstruct the geometry of glaciers during both the LG1 and LG2
stages. The distribution of moraine ridges in the lowermost section
of the ablation area of the LG1/LG2 glaciers suggest that despite the
similar horizontal extent of both stages the LG1 and LG2 glaciers
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Fig. 10. Plot of glacier-climate modelling results in the Bystra catchment. Blue and green lines represent the range of climatic scenario when glaciers reached the position of
moraines from LGM and LG1, respectively. Range of climatic parameters reconstructed for the LGM and Lateglacial (in red and yellow, respectively) in the High Tatra Mountains
based on Makos et al. (2013a and 2014). Black lines with circles represent the most likely scenarios for Bystra catchment. They are limited based on the data set from the High Tatras
as well as other proxy data from Central Europe and the Carpathians (Allen et al., 2008; Feurdean et al., 2008; Strandberg et al., 2011; Heyman et al., 2013; Ruszkiczay-Riidiger et al.,
in press). Red arrows show the potentially 20—30% higher precipitation in the study area than in the eastern part of the massif during the Late-glacial. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Palaeoglaciologic and palaeoclimatic characteristics of the LGM in the Bystra catchment.
Sliding contribution 70% 75% 80% 85% 90% 95%
Ablation gradient [kg/m?2/m] -0.98 -1.70 —2.18 —-2.93 —4.40 —5.55
Precipitation [ELA] [mm)] 39 287 443 675 1086 1361
Temperature June - August [ELA] [°C] -3.57 -1.62 -0.88 0.015 1,28 1.99
AT JJA [°C] -14 -12 -11 -10 -9 -8
AP annual [%] -97 —80 -70 —55 -30 -10

had significantly different geometry, especially in the ablation area
(Fig. 2, 8 and 9). During the post-LG1 deglaciation (Bglling Inster-
stadial), the Kondratowa glacier was losing mass along the south-
ern slope of Giewont where solar radiation (higher temperature)
effectively increased the rate of ablation. Therefore, the Sucha
Kondracka and Kondratowa glaciers lost contact between them-
selves and during the subsequent LG2 oscillation both glaciers
remained separated.

The termino-lateral moraine in the Sucha Kasprowa Valley was
sampled at its northernmost part and all exposure ages are nearly
concordant providing ages between 13.2 + 0.9 ka and 14.6 + 0.7 ka
with a mean moraine age of 14.0 + 0.7 ka (Fig. 6). Therefore, the
termino-lateral moraine in the Sucha Kasprowa Valley reflects
glacial activity during the LG2 stage. The lateral ridge is separated
from the valley wall by a deep erosional cut which was most likely a
marginal channel for melt water during the deglaciation of the area.
This moraine was accumulated when the snout of the glacier
melted-down strongly, especially along the southern slope of the
Zawrat Kasprowy. It seems that the solar radiation was the main
factor inducing the increased ablation rate also here. The position of
the left arm of the terminal moraine shows that the vertical extent
of the glacier on the right side of the valley was at least 30 m higher
than the present-day position of the right lateral ridge. This may

suggest formation of the moraine system during two stages. The
position and exposure age of the right side moraine reflect the LG2
cold stage at around 14 ka, however, the left side moraine limits the
glacier extent during the previous stage (LG1). The LG1 glacier was
composed of two valley glaciers: the Sucha Kasprowa glacier and
the Stare Szatasiska glacier. During the subsequent Bglling warming
the snout of the Stare Szatasiska glacier retreated up-valley. During
the LG2 stage the Sucha Kasprowa glacier reached the position of
LG1 moraine again, accumulating a long arm of the lateral moraine
located along the southern slope of the Zawrat Kasprowy. This
episode occurred likely during the short cooling of the GI-1d at
around 14 ka and the LG1 stage occurred likely during the pre-
Balling cold stage (Oldest Dryas) (Fig. 11).

The LG2 stage in the Bystra catchment correlates well with the
GI-1d climate oscillation (Older Dryas). This is the first chronolog-
ical evidence of a glacial cold stage at 14 ka in the Tatra Mountains.
It seems that the glacier stillstand during the LG2 stage occurred
simultaneously with the M3 advance in the Retezat Mountains
(Ruszkiczay-Ridiger et al., in press).

The extensive debris covers in the Sucha Kondracka and the
Sucha Kasprowa valleys indicate a mass movement activity likely
during the B/A Interstadial, of which oscillating climatic conditions
favored instability of cirque walls. The large number of gullies
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Fig. 11. Plot of exposure ages for samples from the study area and other locations in the Tatra Mountains against the GRIP ice-core record (Rasmussen et al., 2014). Shaded bands
correspond to published time ranges of the LGM (Clark et al., 2009), the H1 event (Hemming, 2004), the Belling/Allered and the YoungerDryas (Rasmussen et al., 2014). Squares
show samples from the moraine boulders and circles those of samples from the bedrock surfaces below glacial trimlines.

among these walls as well as the abundance of rock-fall cover
below, record that a huge volume of rocks was transported from the
slopes into the valley axis, probably directly onto the surface of
melting glaciers. The morphology of the debris covers with
numerous lobated and elongated ridges suggests that they were
reworked by periglacial activity and existed as a rock glaciers
during the LG and maybe even until the onset of Holocene.

The chronology from the Bystra catchment indicates three epi-
sodes of glacial activity. The oldest one occurred probably during
the LGM, however, exposure ages do not reflect such timing due
most likely to post-depositional erosion of the maximum moraine
in Kuznice. The first recessional stage LG1 is inferred based on
geomorphologic record and it occurred probably during the pre-
Bolling cold stage (Oldest Dryas) when the Kondratowa and Sucha
Kasprowa glaciers terminated at the elevation of 1250 m a.s.l. for
the first time (Figs. 8 and 11). Subsequent glacier stillstand at
around 14 ka (GI-1d) allowed formation of terminal and lateral
moraines of LG2 stage. The Sucha Kondracka and Sucha Kasprowa
glaciers reached the elevation of 1250 m a.s.l. again, however, their
former tributaries terminated separately higher up-valleys at that
time (Figs. 9 and 11).

5.2. Palaeoclimatic interpretation

Both model used for this reconstruction gave a very wide range
of results that need to be considered in the light of proxy data
(palaeobotanical studies, ocean-atmosphere models), which can
significantly restrict the calculated values.

The maximum advance of the Bystra glacier, based on evidence

presented above, is assumed to have occurred during the global
LGM. If so, the degree-day model indicates 8—14 °C lower tem-
peratures and —80% to +80% change of precipitation during that
time. These results were modelled for the three main tributaries
(Kondratowa, Goryczkowa and Sucha Kasprowa glaciers) of the
Bystra glacier. These tributaries had glaciers with ice thicknesses, of
70 m, 100 m and 90 m, respectively. In case of a compound glacial
basin this is the only possible limiting factor when using the one-
dimensional ice-flow model. However, these results are in the
range of reconstructed LGM climatic parameters in the High Tatra
Mountains (Makos et al., 2014). They were restricted based on ice
thickness, ELA position as well as ablation gradient of the Velicka
and Mlynicka glaciers. In addition, temperature data were
compared to the modelling results with central European palae-
oclimate proxies reported by Jost et al. (2005), Kageyama et al.
(2006), Allen et al. (2008); Heyman et al. (2013) and Strandberg
et al. (2011). These proxy data indicate that the LGM temperature
decrease in relation to modern conditions at the level of 11-12 °C
(Fig. 10). Such cooling requires 50—60% drier conditions in the High
Tatras (Makos et al., 2014) and 40—60% lower precipitation in the
Bystra catchment to preserve glaciers in stable conditions (Fig. 10).
Thus, the LGM climatic conditions in the High Tatras and in the
Bystra catchment are comparable and are supported by the almost
identical position of the ELA (1460 m a.s.l.) and can be considered as
reasonable parameters controlling the mass balance of glaciers
during that time.

The ablation gradient model applied for the ablation area of the
Bystra glacier gave also a wide range of possible conditions for
stable glaciers (Fig. 12; Table 3). The diversity between particular
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Fig. 12. Longitudinal profile of the Bystra glacier during the maximum advance. Cross-

sections A, B, C and D were used for calculation of mass balance and ablation gradient along

the glacier's tongue between cross-section A and terminal moraine. Detailed methodology of calculation in Ivy-Ochs et al. (2006). Details for calculation in Table 2.

scenarios is controlled mainly by the sliding contribution in the
total velocity of the glacier which is assumed to reside between 70%
and 95%. Such values are reasonable for warm-based glacier, which
is drained by a well-developed subglacial system, although we do
not know the exact thermal regime of the Bystra glacier. Assump-
tion on its hydrologic regime can be made based on the glacial
morphology of the valley, which shows effective subglacial erosion
with a significant contribution of pressurized water flow, as shown
by valley topography. According to the study by Gadek (1998), a
glacier of average thickness of ~50 m has a relation between basal
sliding and the total velocity above 0.5, typically between 0.8 and
0.975. These values correspond to the velocity values found for the
Bystra glacier. These values determine the ablation gradient along
the tongue between 97 mm 100 m~! (70% sliding) and 545 mm
100 m~! (95% sliding). The former scenario is extremely cold and
dry, however the latter one is much warmer and wetter. If the basal
sliding is only 70% of the total velocity, the annual precipitation
sum at the ELA of the glacier (1460 m a.s.l.) will be around 40 mm
and the mean summer temperature (JJA) will reach —3.6 °C. On the
opposite side, the 95% sliding gives the precipitation at the level of
1360 mm and the T (JJA) of 2 °C. The present-day precipitation and
mean summer temperature at the level of the LGM ELA are
1500 mm and 10.3 °C, respectively. Thus, according to the ablation
gradient model and the assumed scenarios, the LGM annual pre-
cipitation was lower than today between 97% and 10% and T (JJA)
decrease was between 14 °C and 8 °C, respectively. These two
radical scenarios reflect rather extremely dry and wet conditions
according to the proxy data from central Europe (Jost et al., 2005;
Kageyama et al.,, 2006; Allen et al., 2008; Heyman et al., 2013;
Strandberg et al., 2011) and some scenario in between will be more
plausible. Our data set suggests that aa 85% sliding scenario gives
the most reasonable climatic parameters for the LGM Bystra glacier.
The ablation gradient of the glacier is then ~300 mm 100 m~'. Such
mass balance was controlled by the precipitation and T(JJA) at the
ELA of 670 mm and 0 °C, respectively. This means colder and drier
conditions than present-day ones by about 10 °C and 55%. This is in
accordance with the reconstructions made in the High Tatra
Mountains where Sucha Woda and Biata Woda glaciers have been
modelled (Makos and Nitychoruk, 2011; Makos et al., 2014). Such
scenario is also in agreement with results of the degree-day model
where 11-12 °C mean annual temperature reduction gave precip-
itation decrease of 50—60% in relation to the modern values. In
summary, our modelling results show that the Bystra glacier during
the LGM was a warm-based glacier with sliding contribution of
~85% and is in general agreement with glaciological assumptions
for valley glaciers of that size (Gadek, 1998).

We also considered the scenario when the maximum advance in
the Bystra catchment occurred during the LG. The former palae-
oclimatological studies in the High Tatra Mountains (Makos et al.,
2013a) indicate a LG mean annual temperature decrease of
around 9—10 °C. This gives 30—50% lower precipitation than today.
The modelling results for the Bystra glacier suggest a significantly
different situation. If the temperature drop reached 9—10 °C then
the precipitation would have been from +30% to —10%, respectively
(Fig. 10). Therefore, the same temperature scenario for the High
Tatras and the Bystra catchment requires much more moisture (up
to 60%) in the study area and even wetter (+30%) conditions than
today. Available palaeobotanical data from the Tatra's foreland,
however, indicate a tundra-like vegetation and rather cold and dry
conditions during the GS2.1a (OD) (Koperowa, 1962). Much drier
conditions (40—50%) than today were also inferred in Central Car-
pathians (Feurdean et al., 2008). Moreover, the ablation gradient
model of the Bystra glacier indicates that mean summer tempera-
ture decrease of around 8 °C during the GS2.1a (Renssen and Isarin,
2001) would require only a slight (10%) reduction in precipitation.
There is thus a significant discrepancy in precipitation scenarios
between the study area and the High Tatras as well as the Central
Carpathians when we assume that the maximum advance of the
Bystra glacier took place during the OD. An LGM age for the
maximum advance is the more likely scenario for the Bystra
catchment and is supported by the Late Pleistocene glacial chro-
nology in the High Tatra Mountains as well as the results of glacier-
climate modelling.

The recessional stages LG1 and LG2 both occurred during the
Lateglacial and are correlated with the GS-2.1a (pre- Bplling) and
GI-1d (Older Dryas), respectively. The glacier-climate modelling for
both stages was done using the degree-day model. The horizontal
distance between moraines of both stages as well as the pattern of
deglaciation described in detail above do not allow for two separate
simulations due to the limited resolution of the one-dimensional
ice flow model. The close position of the glacier fronts during the
LG1 and LG2 stages suggests that they were both controlled by very
similar climatic conditions. Modelling results show that the exis-
tence of all three LG glaciers in the Bystra catchment (Kondratowa,
Goryczkowa and Sucha Kasprowa glaciers) was determined by the
same conditions with mean annual temperature decrease of
7—13 °C and precipitation change between +100% and —80%,
respectively (Fig. 10). This wide range of scenarios needs to be
constrained with available proxy data. The temperature record in
the Central Carpathians during the OD indicates lower values than
today by ~7 °C (Feurdean et al., 2008). Renssen and Isarin (2001),
however, suggest a GS-2a annual temperature decreased of ~12 °C
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in southern Poland. In the central Alps, the mean summer tem-
perature was lower than today by 8.5—10 °C and precipitation was
only 30% of today's values (Ivy-Ochs et al., 2006). In the High Tatra
Mountains, however, the most reasonable temperature reduction
during the GS-2.1a was in the range of 9—10 °C and the precipita-
tion was reduced by 30—50% compared to modern values (Makos
et al., 2013a; Makos, 2015) (Fig. 10). Such cooling in the Bystra
catchment requires higher precipitation than in the High Tatras.
Our modelling results show that if the temperature decrease was
9 °C, the precipitation must have been about the same as today.
However, 10 °C cooling determines 30% lower precipitation. Half of
today's precipitation in the Bystra Valley could have occurred when
temperature was 11 °C lower than today (Fig. 10). For every tem-
perature scenario the precipitation in the study area is between 20%
and 30% higher than in the High Tatra Mountains. But the relatively
small area of the Tatra Mountains and in consequence the small
distance between particular catchments suggests a rather uniform
horizontal distribution of temperature. Therefore, we assume a
constant temperature decrease along the northern fringe of the
massif during the LG. Our results indicate that the glaciers in the
western part of the massif were supplied with more moisture
during the LG. All cirque floors in the Bystra catchment and LG ELA's
are located approximately 100—150 m lower than in the High Tatras
and the glacier's fronts in both the Western and High Tatras reached
almost the same elevation of 1250—1300 m a.s.l. Therefore, the
precipitation and general moisture supply in the Bystra catchment
were likely higher than in the eastern part of the massif and
influenced the relatively long extent of the glaciers. The higher
precipitation in the Western Tatra Mountains could have been
controlled by the atmospheric circulation pattern over central
Europe during the LG with the main moisture transport coming
from the west and north-west. The prevailing NW wind direction
during cold phases of the Pleistocene was suggested based on the
spatial distribution of cirques in the High Tatra Mountains (Krizek
and Mida, 2013). Thus, slightly higher amount of precipitation
was probably received in the western catchments. Such diversity is
observed also currently, where two third of the year is controlled by
the air masses inflow from the NW (Niedzwiedz, 1992). There is
about 10% more precipitation falling in the Western Tatra Moun-
tains (Ornak meteo station - 1480 mm) than in the High Tatra
Mountains (Roztoka meteo station - 1350 mm), when measured at
the same elevation of 1050 m a.s.l. The additional factor that may
have determined higher amount of accumulation was a relatively
smooth relief of the main mountain ridges around the Bystra
catchment with deep and wide cols that served as corridors for
wind-blown snow from adjacent valleys and cirques. According to
the proxy data from the northern Tara's foreland (Koperowa, 1962)
a scenario of 9 °C cooling with the present-day amount of precip-
itation during the GS-2.1a seems unlikely and we suggest that a
scenario with 30% drier conditions and 10 °C colder temperature
than today to be more likely.

6. Conclusions

The glacial geomorphologic imprints in the Bystra catchment
coupled with the exposure age chronology based on '°Be dating
indicate that Late Pleistocene glaciation took place in the study
area: the maximum advance at the elevation of 1020 m a.s.l. and
two recessional stages, of which terminal moraines are preserved
between 1250 and 1350 m a.s.l. Despite the LG exposure age of the
maximum moraine in the Bystra valley, it has been inferred based
on geomorphologic evidence, deglaciation chronology of adjacent
valleys, ELA position as well as glacier-climate modelling results,
that the moraine age is too young and the ridge was likely eroded
after deposition. We suggest that the maximum advance in the

Bystra Valley occurred most likely during the global LGM as it was
shown to be the case in the High Tatra Mountains (Makos et al.,
2014; Makos, 2015; Engel et al., 2015).

Two younger recessional stages took place during the LG. They
can be correlated with the GS-2.1a (pre- Bglling) and GI-1d (Older
Dryas). The horizontal extent of both stages was very similar and
they were determined likely by almost uniform climatic conditions.
It seems that post-LG1 glacier retreat was controlled mainly by the
stronger insolation (higher ablation rates) on the south-facing
slopes during the Belling/Allered Interstadial.

The LGM glacier advance occurred when the annual tempera-
ture was lower than today by about 11—12 °C and precipitation was
reduced by 40—60%. These results are in agreement with modelled
proxies in the High Tatra Mountains (Makos et al., 2014). The LG1
and LG2 stages were controlled by 10 °C decreased in temperature
and about 30% lower precipitation. Such scenario show that during
the LG, the accumulation in the Western Tatra Mountains could
have been slightly (20—30%) higher than in the eastern part of the
massif. The observed diversity and complicated pattern of the
precipitation spatial distribution in the Tatra Mountains during the
LG is based on a very limited data set at the moment and other
palaeoclimatological studies in the massif are strongly needed.
Such studies should be also extended into other formerly glaciated
areas in the Carpathians. This would give the opportunity to
reconstruct the general atmosphere circulation pattern over central
Europe during the termination of the last ice age.
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