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ABSTRACT

10Be exposure age chronology of the last glaciation was established in a key area at the southern slopes of
the High Tatra Mts., Western Carpathians. In-situ produced '°Be in moraine boulders, glacially trans-
formed bedrock surfaces and rockfall accumulations constrains the timing of the Last Glacial Maximum
(LGM) glacier expansion and provides chronological evidence for the post-LGM decay of one of the
largest paleoglaciers in the range. The uncertainty-weighted mean age of 22.0 + 0.8 ka obtained for the
terminal moraine in the forefield of the Velka Studena dolina Valley indicates that the oldest moraine
was deposited close to the global LGM. This finding confirms that well-preserved moraines in the range
were formed during the last glacial cycle and that glaciation on the southern flank of the range was more
extensive than earlier in the last glacial cycle. The maximum glacier extent correlates with late Wiirmian/
Weichselian glacier phases in the Alps, the Bavarian/Bohemian Forest and the Krkonose Mts., but
probably postdates the period of maximum glaciation in the Southern Carpathians. Re-advance moraines
at the mouth of the Velka Studena dolina Valley and in the middle part of the Mala Studena dolina Valley
were deposited no later than around 20.5 ka and 15.5 ka, respectively. The timing of these advances is
broadly synchronous within the High Tatra Mts. as well as with glacier advances in the Alps, Bavarian/
Bohemian Forest and Krkonose Mts. °Be exposure ages obtained from glacially transformed bedrock
surfaces range between 20.5 + 1.7 ka and 10.7 + 0.3 ka constraining the onset and the final phase of the
deglaciation. Surface exposure dating of four rockfall accumulations produced uncertainty-weighted
mean ages of 20.2 + 1.2 ka, 170 + 0.7 ka, 16.5 + 0.4 ka and 15.6 + 0.7 ka. These ages indicate that
activation of rock-slope failures occurred under paraglacial conditions within a few centuries up to 1400
years after the formation of re-advance moraines.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

1500 km (UNEP, 2007). The Carpathian arc extends from the
eastern margin of the Alps to the Balkan Peninsula spanning a

The Carpathians belong to the most extensive mountain range in considerable area in both latitude (44—50° N) and longitude
mainland Europe with an area of 210,000 km? and a total length of (17—27° E). A number of former glaciers within the Carpathians

offer an opportunity for the investigation of climatic conditions
across a large area between the central European uplands and the
Black Sea during past glaciations (e.g. Heyman et al., 2013). The
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former existence of glaciers in the Carpathians was first recognised
in the High Tatra Mts., Western Carpathians, in the mid-19th cen-
tury (Zejszner, 1856). The initial studies focused on the
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identification of glacial landforms and the probable extent of
mountain glaciers. Most of the cirques and moraines were recog-
nised by Partsch (1882) who also reconstructed the thickness,
length and equilibrium line altitude (ELA) of local glaciers. Two
contrasting hypotheses were considered for the probable extent of
formerly glacierised area. Dénes (1902) suggested extensive glaci-
ation with a piedmont glacier lobe along the southern flank of the
range whereas later studies rejected this hypothesis and suggested
glaciation confined to cirques and valleys (Partsch, 1923). Several
glacial episodes were identified in the range based on morpho-
logical characteristics and the relative position of the moraines in
the landscape. Dénes (1902) and Partsch (1907) hypothesised two
or three glaciations, whereas de Martonne (1911) assigned all the
moraines to the last glacial period. The hypothesis of a single
glaciation was rejected and a sequence of two to four glaciations
was tentatively proposed (Partsch, 1923; Romer, 1929). Subse-
quently, the moraines of the last glaciation were described in detail
and attributed to five to seven re-advances based on geo-
morphologic criteria (Halicki, 1930; Luknis, 1959; Klimaszewski,
1960; Baumgart-Kotarba and Kotarba, 1997).

Initial attempts to constrain the timing of glaciations via abso-
lute dating occurred in the 1980s when radiocarbon dating and the
pollen analysis were applied to sedimentary sequences in moraine-
dammed lakes. These studies provided evidence of ice-free periods
in Przedni Staw Polski Lake in the Pieciu Stawoéw Polskich Valley
(Krupinski, 1984), Czarny and Zielony Staw Gasienicowy Lakes in
the Sucha Woda Valley (Baumgart-Kotarba and Kotarba, 1993) and
Mate Zabie Oko Lake in the Rybi Potok valley (Baumgart-Kotarba
and Kotarba, 1995, 1997). Glacier advances were dated based on
thermoluminescence (Proszynska-Bordas et al., 1988; Butrym et al.,
1990; Lindner et al., 1990, 1993; Lindner, 1994) and optically stim-
ulated luminescence data (Baumgart-Kotarba and Kotarba, 2001)
from glacial and glaciofluvial sediments in the north-facing valleys
and along the northern foreland of the range. In recent years,
exposure ages allowed the reconstruction of the glacier retreat in
the Sucha Woda and Pieciu Stawéw Polskich/Roztoka valleys
(Dzierzek et al., 1999; Baumgart-Kotarba and Kotarba, 2001;
Dzierzek, 2009; Makos et al., 2013a,b; see Fig. 1 for the location).

Despite this long history of glacial research, the chronology of
glaciations in the High Tatra Mts. remains poorly constrained. In
particular, chronological data are available for only a few valleys
and the results of different dating methods are partly contradictory.
The aim of this paper is to present chronological data for the most
complete sequence of moraines and related landforms in the
southern part of the range, and to interpret the glacial history of
this region in the light of recent studies in the Carpathians and
other mountain regions in central Europe.

2. Study area

The High Tatra Mts. (49°05'—49°20’ N, 19°35'—20°25’ E), the
northernmost part of the Western Carpathians, are a 26 km long
and 17 km wide range. The range represents the highest part of the
Carpathians reaching a maximum elevation of 2655 m above sea
level (a.s.l.) at the top of Gerlachovsky stit Mountain. The southern
part of the range, including its main ridge, is built of Variscan
granitoids which are covered with Paleogene flysch of the Liptov
Trough in the south (Jurewicz, 2007). The crystalline basement is
overlain by Mesozoic sedimentary sequences, which consist of an
autochthonous sedimentary cover, the High-Tatric and Krizna
nappes in the northern part of the range (Putis, 1992). In an
orographic sense the range emerged due to Miocene rotational
uplift that resulted in the asymmetric horst structure of the massif
(Kralikova et al., 2014 and references therein). The asymmetry is
expressed in higher elevation of the southern ridges and in

generally shorter and more inclined southern valleys compared to
north-facing valleys (Luknis, 1973). The massif is deeply dissected
by glacial valleys and cirques, displaying the most pronounced
glacial morphology within the Carpathians. However, at present
there are only glacierets, or firn-ice patches, below north-facing
rock walls (Gadek, 2008).

The climate in the High Tatra Mts. is influenced mainly by
maritime air masses (Niedzwiedz, 1992). The range represents an
orographic barrier to air masses moving from the Atlantic Ocean,
which results in higher precipitation on the NW flank. The mean
annual precipitation generally increases with the altitude up to
1900 mm in the highest areas (Niedzwiedz, 1992). The number of
days with snow cover varies from 124 per year at the foothills to
228-236 days at 2000 m a.s.l. (Hess, 1996). The mean annual air
temperature ranges from ~8 °C in the southern foothills to —3.7 °C
at the top of Lomnicky stit Mountain (2633 m a.s.l.). The climatic
snow line at the southern slopes is located above the highest
summits at ~2700—2800 m a.s.l,, while it lies ~200 m lower on the
northern slopes (Zasadni and Ktapyta, 2009).

The Velka Studena dolina (VS) and Mala Studena dolina (MS)
valleys are located in the eastern part of the High Tatra Mts. SE from
the main ridge. The valleys are incised into the southern part of the
crystalline core consisting of biotite granodiorite-tonalite to
muscovite-biotite granodiorite (Nemcok et al., 1994). Compound
cirques surrounded by headwalls up to 400—500 m high form the
upper part of the valleys above 1950—2000 m a.s.l. Extensive talus
cones descend from the lower sections of the headwalls and cover
most of cirque floors. A compound cirque in the VS Valley extends
along a 3 km long section of the main ridge and belongs to one of
the most extensive cirques in the range. The narrow Diva kotlina
Cirque in the western part of the VS Valley head is separated by the
prominent Svistovy chrbat hard rock ridge from the wide and less
constrained cirque-in-cirque forms of the central and eastern part
of the valley head (Fig. 2A). The MS valley head consists of two
prominent cirques with their bottoms at ~2000 and 2190 m a.s.l.
(Fig. 2B). Rock steps up to 400 m high represent the transition from
compound cirques to troughs (Fig. 2C). The VS trough is 4 km long
and it is significantly wider than the MS hanging trough which
terminates ~150 m above the main trough (Fig. 2D). The pro-
nounced glacial morphology of the troughs is modified by promi-
nent gravity accumulations that cover the major part of the trough
surfaces. The forefield of the VS trough is dominated by a complex
topography of glacial deposits that are up to ~100 m thick. The
morphologically pronounced moraines have been attributed to the
last (Wiirmian) glaciation using morphological criteria and
weathering characteristics of moraine boulders (Luknis, 1973).
However, this hypothesis has yet to be confirmed by numerical-age
dating.

3. Methods
3.1. Sampling strategy

The overall sampling strategy was designed to identify and
sample all relevant surfaces that could provide information about
the local glaciation chronology. We sampled (1) boulders on the
moraines, which best represent the timing of glacier advances and
past climatic fluctuations (e.g., Gosse, 2005; Kerschner and Ivy-
Ochs, 2008), (2) glacially-transformed bedrock surfaces, which
indicate the timing and the rate of glacier retreat (e.g., Gosse et al.,
1995; Briner et al., 2009), and (3) rockfall accumulations that have
been formed as a direct consequence of deglaciation during the
paraglacial period (sensu Ballantyne, 2002). We use the term
rockfall accumulation for landforms resulting from free or bound-
ing movement of rock fragments (Luckman, 2013).



108 Z. Engel et al. / Quaternary Science Reviews 124 (2015) 106—123

%
W A v,,z"'
s 3

;}}jt»:

v

~

Fig. 1. Overview of the High Tatra Mts. and its position in Central Europe (inset). The LGM extent of glaciers (blue shades) in the High Tatra Mts. and Central Europe after Zasadni
and Kiapyta (2014) and Ehlers et al. (2011), respectively. The valleys cited in the paper are indicated by full name or abbreviation (PK: Pod Kotem, P: Pusta, B: Buczynowa, PSP: Pieciu
Stawow Polskich, ZM: Za Mnichem). Dark blue areas show the moraine-dammed lakes with dated sedimentary sequences (ZSG: Zielony Staw Gasienicowy, CSG: Czarny Staw
Gasienicowy, PSP: Przedni Staw Polski, MZO: Mate Zabie Oko) and a dashed line indicates the divide. A dotted line marks the location of the study area.

Surface exposure dating reflects a complete exposure history of
morainic boulders, and the ages obtained may record an inheri-
tance from an earlier exposure, post-glacial degradation and posi-
tion changes of the boulder (e.g., Hallet and Putkonen, 1994; Ivy-
Ochs and Kober, 2008). The selection of boulders for sampling is
therefore an essential step in obtaining accurate ages. In order to
achieve this, only large boulders situated on moraine crests have
been sampled. Moreover, we sampled multiple boulders on the
same moraine to minimise the impact of a sample with an anom-
alous exposure history (Gosse and Phillips, 2001). Following
Putkonen and Swanson (2003), three boulders were sampled on
small sharp-crested moraines and up to seven samples were
collected on degraded moraine surfaces with gentle relief. A re-
advance moraine below the mouth of the MS trough represents
the only exception from our sampling rules as the lack of preserved
boulders suitable for sampling precluded the collection of sufficient
number of samples. Overall, 20 boulders were sampled on the
moraines at the mouth of the VS trough (SD-01 to SD-03 and SD-05
to SD-15) and in the middle part of the MS trough (MSD-04 to MSD-
06). In addition, three boulders (MSD-13 to MSD-15) were sampled
on an ice-marginal fan close to the terminal moraine to constrain
the timing of the initial glacier recession and the related moraine

reworking. The sample site locations are shown in Fig. 3, and the
site characteristics are given in Table 1.

Glacially polished bedrock surfaces were sampled to determine
the timing of the glacier recession in those sections of the study
area where alternative rock surfaces suitable for the dating of
glacier retreat were not preserved. The samples were collected
from surfaces formed by or significantly smoothed by glaciers to
reduce the possibility of bedrock inheritance (e.g. Kelly et al., 2006;
Ivy-Ochs and Kober, 2008; Dielforder and Hetzel, 2014). Only sur-
faces without vegetation, soil or debris cover were sampled to in-
crease the probability of uninterrupted surface exposure since the
time of deglaciation (Ivy-Ochs and Kober, 2008). Four samples were
collected at the bottom of the troughs (SD-04, MSD-09, VSD-08 and
VSD-09), three from the compound cirque steps (MSD-02, MSD-03,
VSD-07) and three from the glacially polished rock steps that dam
cirque lakes (MSD-01, VSD-05, VSD-06). In addition, four samples
were collected at four different elevations on the Svistovy chrbat
hard rock ridge that separates individual cirque-in-cirque forms of
the VS valley (Figs. 3 and 4A). These bedrock samples (VSD-01 to
VSD-04) are expected to give the timing and the rates of glacier
thinning in the accumulation zone, provided that the glacier had
the capacity to erode the rock ridge substantially.
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Fig. 2. (A) View of the Velkd Studend dolina Valley head from SE. Full orange line shows sampled hard rock ridge and dotted line marks bedrock step between the cirque area and
adjacent trough. Note contrast with the deep and narrow cirque in the Mald Studend dolina Valley seen from SE (B). (C) The backwall at the transition between the MS trough and
adjacent cirque. (D) The junction of the MS (left) and VS (right) troughs.

moraine boulder (23)
/.“\\\\T\rockfall block (18)
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Fig. 3. Location of sample sites in the study area.

To constrain the timing of the glacier recession in the VS trough the mouth of the MS (SD-21 to SD-26) and Vareskova dolina
we sampled four rockfall accumulations that directly overlay the hanging troughs (SD-27 to SD-31), and in the middle part of the MS
trough bottom or glacial accumulations. These accumulations are trough (MSD-07 to MSD-08). The rockfall accumulation at the
located at the distal end of the VS trough (SD-16 to SD-20), below confluence of the VS and MS troughs covers the south-west-facing



Table 1

Sample sites characteristics and '°Be surface exposure ages from the study area.

Sample Altitude(m)  Boulder  Surface Sample Topographic ~ Snow cover Total Production 10Be concentration  '°Be 10Be age  Analytical Total

height dip/aspect thickness  shielding depth/duration  shielding  rate (at™'g™ uncertainty  (yr) uncertainty (+yr)  uncertainty

(m)? ) (cm) factor (cm/month) factor (at™'glyr ) (xyr)
MSD-01 2190 - 11/115 4 0.97122 64/7 0.90716 21.786 243,229 9495 11,153 435 804
MSD-02 1994 - 5/140 4 0.99516 59/7 0.93436 19.520 272,270 7979 13,939 409 939
MSD-03 2046 - 15/350 3 0.99252 60/7 0.93092 20.192 217,352 6418 10,749 317 725
MSD-04 1652 5.0 5/125 3 0.97960 49/6 0.93660 15.196 231,022 6922 15,186 455 1026
MSD-05 1634 1.5 Horizontal 4 0.98004 49/6 0.93702 15.000 237,285 8509 15,803 567 1113
MSD-06 1613 5.0 Horizontal 2 0.97627 48/6 0.93426 14.723 229,553 7207 15,574 489 1064
MSD-07 1580 35 Horizontal 4 0.97625 47/6 0.93508 14.366 229,452 9135 15,955 635 1157
MSD-08 1576 6.0 Horizontal 4 0.97731 47/6 0.93609 14.339 240,717 7208 16,772 502 1134
MSD-09 1469 - 5/10 4 0.99110 44/5 0.95839 13.518 205,333 6072 15,165 448 1022
MSD-10 1199 1.5 Horizontal 4 0.99946 36/5 0.97228 11.084 177,604 6285 15,989 566 1123
MSD-11 1160 3.0 10/110 4 0.99967 35/4 0.97850 10.808 156,099 5171 14,404 477 995
MSD-12 1160 2.0 Horizontal 3 0.99967 35/4 0.97850 10.810 126,273 4005 11,642 369 796
MSD-13 972 2.0 Horizontal 4 0.99933 30/4 0.98111 9.300 149,096 4369 15,984 468 1076
MSD-14 972 0.8 Horizontal 5 0.99972 30/4 0.98149 9.306 197,392 6705 21,176 719 1471
MSD-15 970 1.5 15/50 2 0.99949 30/4 0.98126 9.282 184,412 5462 19,828 587 1338
SD-01 1141 2.0 Horizontal 3 0.99897 35/4 0.97782 10.599 238,068 26,965 22,437 2541 2883
SD-02 1148 1.5 Horizontal 4 0.99902 35/4 0.97787 10.567 180,956 18,049 17,083 1704 1993
SD-03 1158 1.0 7/18 3 0.99875 35/4 0.97761 10.737 153,114 15,648 14,217 1453 1689
SD-04 1188 - 7/145 4 0.99693 36/5 0.96982 10.827 221,973 18,376 20,472 1695 2100
SD-05 1167 1.6 Horizontal 5 0.99815 35/5 0.97174 10.580 226,130 7199 21,344 680 1462
SD-06 1133 2.7 Horizontal 2 0.99860 34/4 0.97804 10.619 164,868 15,568 15,483 1462 1737
SD-07 1123 2.2 Horizontal 4 0.99839 34/4 0.97784 10.358 248,005 31,144 23,923 3004 3335
SD-08 1115 1.9 20/230 2 0.99741 34/4 0.97688 10.457 258,770 54,810 24,732 5238 5449
SD-09 1095 4.0 Horizontal 4 0.99932 33/4 0.97933 10.143 224,024 23,263 22,056 2290 2652
SD-10 1083 2.5 Horizontal 2 0.99953 33/4 0.97954 10.212 219,420 20,720 21,456 2026 2408
SD-11 1078 22 Horizontal 3 0.99953 33/4 0.97954 10.088 234,821 29,720 23,253 2943 3263
SD-12 1086 3.8 8/190 4 0.99953 33/4 0.97954 10.072 235,038 14,878 23,310 1476 2043
SD-13 999 13 Horizontal 6 0.99989 31/4 0.98107 9.243 200,452 12,660 21,644 1367 1894
SD-14 1007 2.1 Horizontal 3 0.99979 31/4 0.98097 9.534 268,423 43,664 28,150 4579 4887
SD-15 1032 1.2 5/310 1 0.99979 31/4 0.98097 9.896 171,945 26,614 17,329 2682 2841
SD-16 1227 45 4/230 2 0.98815 37/5 0.96055 11.241 257,713 23,538 22,910 2092 2512
SD-17 1231 2.0 6/170 2 0.98822 37/5 0.96062 11.278 207,025 21,485 18,322 1901 2202
SD-18 1246 13 Horizontal 5 0.98582 38/5 0.95757 11.098 264,821 39,176 23,848 3528 3813
SD-19 1242 5.1 5/250 3 0.98584 37/5 0.95831 11.261 131,259 13,702 11,615 1212 1402
SD-20 1223 1.7 22[70 4 0.99356 37/5 0.96582 11.082 199,729 27,039 17,987 2435 2668
SD-21 1382 5.5 15/180 5 0.98865 41/5 0.95817 12.359 219,028 33,505 17,692 2706 2911
SD-22 1406 44 14/180 6 0.98865 42/5 0.95746 12.486 204,994 32,506 16,385 2598 2782
SD-23 1409 6.0 Horizontal 2 0.98865 42/5 0.95746 12.938 210,065 13,896 16,206 1072 1454
SD-24 1312 4.7 19/150 2 0.99241 39/5 0.96325 12.061 211,518 23,910 17,506 1979 2245
SD-25 1312 5.6 15/185 3 0.99259 39/5 0.96343 11.966 210,288 23,794 17,543 1985 2252
SD-26 1307 43 horizontal 2 0.99206 39/5 0.96291 12.011 233,506 31,056 19,415 2582 2838
SD-27 1613 4.1 11/42 6 0.98109 48/6 0.93887 14.356 214,047 22,227 14,882 1545 1790
SD-28 1618 5.1 Horizontal 4 0.98196 48/6 0.93970 14.663 197,823 33,141 13,463 2255 2399
SD-29 1636 3.8 Horizontal 5 0.98203 49/6 0.93893 14.721 210,691 24,380 14,285 1653 1866
SD-30 1622 42 12/295 3 0.98194 48/6 0.93968 14.823 242,428 15,346 16,333 1034 1432
SD-31 1622 4.1 13/312 3 0.98194 48/6 0.93968 14.823 271,868 35,367 18,325 2384 2630
VSD-01 2077 - 4/155 5 0.99540 61/7 0.93264 20.558 313,733 10,431 15,258 507 1055
VSD-02 2138 — Horizontal 3 0.99849 63/7 0.93359 21.486 342,904 10,756 15,961 501 1090
VSD-03 2154 14 15/130 4 0.99801 63/7 0.93315 21.720 353,159 12,014 16,263 553 1131
VSD-04 2216 - 7/20 5 0.99918 65/7 0.93230 22.657 400,565 13,397 17,691 592 1225
VSD-05 2075 — Horizontal 3 0.99372 61/7 0.93107 20.497 305,471 9493 14,899 463 1015
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side of the VS trough, and the three other accumulations are located
on the north-east-facing slopes of the trough. The samples from
these accumulations should provide an age of paraglacial rockfall
events indicating a minimum age estimate of the initial glacier
retreat in the trough. In order to increase the accuracy of the
resulting chronology, five to six blocks were sampled on each
rockfall accumulation (except for the accumulation in the MS
trough where only two boulders were sampled). While dating
multiple samples does not guarantee that the timing reconstructed
is correct, it increases the probability that the oldest age will
coincide with the landform's age (Zreda and Phillips, 1995). The
samples have been collected from the blocks located on the ter-
minal section of the rockfall accumulations to reduce the possibility
of sampling a single block that fell later than during the main event
(Delunel et al., 2010).

The samples were collected preferentially from boulders larger
than 1 m. This was aimed to reduce the possibility of post-
depositional exhumation of boulders and to avoid the effects of
snow and vegetation cover. Only horizontal to slightly dipping top
surfaces of the boulders were sampled at the centre to minimise
edge effects (Gosse and Phillips, 2001) and the effects of neutron
loss (Masarik and Weiler, 2003). The samples were collected using a
chisel and a hammer to the depth of 2—5 cm. The dip and orien-
tation of the sampled surfaces were measured with a clinometer
and a compass. The geometry of the surrounding topography was
recorded using a digital camera with fish-eye lens, and the location
and altitude of the sample sites were determined with GPS. All the
sampled surfaces were composed of medium-grained to coarse-
grained biotite monzogranite. Overall, 41 samples were collected
from the boulders on the glacial (23 boulders) and slope (18 blocks)
accumulations and 14 samples were collected from bedrock
surfaces.

A Schmidt hammer (SH) was used to derive rebound (R) values
for the sampled surfaces to allow an approximate correlation of the
moraines in the range and the identification of individual boulders
that are affected by inheritance. Inheritance could be indicated by a
discrepancy between the measured R-values and exposure ages, or
by apparently higher ages compared with the adjacent moraines
(Engel et al., 2014). The mean R-value of each moraine was calcu-
lated based on 150 SH measurements undertaken on boulders.
Horizontal surfaces of six boulders were measured with a SH, each
with 25 impacts, following Moon's (1984) guidelines. The mean R-
values from the six boulders were averaged and the resulting value
was taken as representative for a given moraine. Analysis of vari-
ance was used to determine if any differences exist in the mean R-
value among the groups of moraines. The significance of the rela-
tionship was tested by the F test with p-level of 0.05.

3.2. Sample preparation and data treatment

The granite samples were crushed, sieved and cleaned with a
mixture of HCl and H,SiFs. The extraction method for °Be (Ty
2 = 1.387 + 0.012 Ma; Korschinek et al., 2010; Chmeleff et al., 2010)
involves the isolation and purification of quartz and the elimination
of atmospheric °Be. A weighed amount (~0.1 g) of a 3025 ppm
solution of °Be was added to the decontaminated quartz. Beryllium
was subsequently separated from the solution by successive
anionic and cationic resin extraction and precipitation. The final
precipitates were dried and heated at 800 °C to obtain BeO and
finally mixed with niobium powder prior to the measurements,
which were performed at the French Accelerator Mass Spectrom-
etry (AMS) National Facility. The beryllium data were calibrated
directly against the National Institute of Standards and Technology
beryllium standard reference material 4325 using an assigned
value of (2.79 + 0.03)- 107!, Age uncertainties include AMS internal



112 Z. Engel et al. / Quaternary Science Reviews 124 (2015) 106—123

Fig. 4. (A) Ice-scoured slabs on the Svistovy chrbat hard rock ridge at 2077 m, location of the sample VSD-01. (B) Lateglacial moraine in the Rovienkova kotlina Cirque between the

sample sites VSD-05 and VSD-06.

variability (<0.5%), an external AMS uncertainty of 0.5% (Arnold
et al., 2010), blank correction and 1c uncertainties. Long-term
measurements of chemically processed blanks yield ratios in the
order of (3.0 + 1.5)-10" for '°Be. A sea-level, high-latitude spall-
ation production of 4.03 + 0.18 at g~ '-yr—! was used and scaled for
latitude (Stone, 2000) and elevation. This production rate is a
weighted mean of recently calibrated production rates in the
Northern Hemisphere: North-eastern North America (Balco et al.,
2009), Northern Norway (Fenton et al., 2011), Southern Norway
(Goehring et al., 2012) and Greenland (Briner et al., 2012). All the
individual production rates have been corrected relative to a '°Be
half-life of 1.387 Ma. Cosmic Rays Exposure ages were calculated
using the equation described by Braucher et al. (2013).

The surface production rates were also corrected for the local
slope and topographic shielding due to the surrounding terrain
following Dunne et al. (1999). Shielding from snow was estimated
according to Gosse and Phillips (2001) using an average snow
density of 0.3 g cm 3, the mean depth and duration of snow cover
in the study area. These values were estimated from data collected
during the years 1960/61—1989/90 at five weather stations
(827-2635 m a.s.l.) in the range (Kocicky, 1996). As the snow cover
is unevenly distributed and its variation since the exposure of
sampled surfaces is unknown, the real effect of snow shielding
remains uncertain. However, most of samples were extracted from
windswept sites without vegetation and we therefore suspect that
temporal variation in snowfall has had a minor effect on snow
conditions at these sites.

3.3. Exposure age interpretation

Cosmogenic exposure dating is a powerful method for re-
constructions of Quaternary glaciation histories of mountain re-
gions (Balco, 2011). A multi sample approach has been frequently
applied on moraines and mass movement accumulations to in-
crease the accuracy and reliability of the obtained exposure data
(e.g. Gosse and Phillips, 2001; Rinterknecht et al., 2006; Briner,
2009). However, multi exposure data have been treated in
different ways, which may result in contrasting exposure age in-
terpretations. In some studies, the exposure age of the oldest
boulder was interpreted as best reflecting the deposition age of the
sampled moraine (e.g., Zreda et al., 1994; Putkonen and Swanson,
2003; Briner et al., 2005). Alternatively, the error-weighted mean
(e.g., Tschudi et al., 2000; Briner et al., 2001) and the arithmetic
mean (e.g., [vy-Ochs et al., 2007) of all ages were preferred when
age distributions overlap within a 1-c uncertainty. If the compar-
ison of exposure data from a single accumulation reveals unrea-
sonably low or high ages, outliers should be excluded from the

treated dataset. Unfortunately, there is no generally accepted pro-
cedure to identify and remove outliers from multiple sample
datasets. In cases where there are at least three ages, several sta-
tistical criteria may be used. The chi-square test (e.g. Ward and
Wilson, 1978), Chauvenet's criterion (Rinterknecht et al., 2006)
and Peirce's criterion (Dyke et al., 2014) are the most commonly
applied procedures in dating applications.

In this study, we applied the method proposed by Dunai (2010)
to multiple exposure ages (n) from our sampled accumulations. The
distribution of exposure ages obtained from a given accumulation
was examined, and the ages of boulders affected by inheritance
(apparently old ages) or post-depositional changes (young ages)
were identified as outliers. The outliers were excluded from the
sample (age) population of a given accumulation using chi-square
(%2) analysis. A 95% critical value for x> with n-1 degrees of
freedom was calculated and compared with the theoretical value. If
the calculated value was lower than the theoretical one, all ages
were used to calculate the mean exposure age. Alternatively, out-
liers were excluded from further consideration until the distribu-
tion passed the y? test. The arithmetic mean exposure age and the
error-weighted mean exposure age with associated analytical un-
certainties were calculated from the final dataset and taken as
representative for the moraine. Exposure ages with a 1o uncer-
tainty are reported in the 1°Be time scale.

Analytical uncertainties were taken into account when the
mean exposure ages were compared with the remaining exposure
ages from the sample sites. The mean exposure ages with related
uncertainties were interpreted as representing the timing of
deposition of all but two of the sampled moraines and slope ac-
cumulations. In these cases, we took into account that the mean
exposure age of boulders differs from the timing of moraine
deposition and age distributions tend to tail to a younger age
(Phillips et al., 1990; Zreda and Phillips, 1995). Consequently, the
oldest exposure ages obtained for these accumulations were
interpreted to represent the timing of deposition. The set of the
obtained exposure ages was used to establish a local glaciation
chronology following general interpretation strategies (Ivy-Ochs
et al., 2007; Phillips et al., 1990). Exposure ages from rockfall ac-
cumulations were used to constrain the deglaciation chronology
and their detailed interpretation is a subject to another paper.
Moreover, 1°Be ages from the bedrock samples were used to
quantify the rates of glacier decay. '°Be ages obtained for trough
and cirque floor sites allowed for the determination of rates of
glacier termini retreat (e.g. Briner et al., 2009) whereas the ages
from the elevation transect were used to quantify the rates of
glacier thinning (e.g. Stone et al., 2003). The established glacial
chronology and glacier retreat rates were subsequently compared
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with previously published chronological data from the High Tatra
Mts. and other relevant sites in central Europe. For these compar-
isons, 6% maximum uncertainty associated with the production
rate and 1% uncertainty associated with the half-life estimation
have been added to the analytical uncertainties (Stone, 2000).

3.4. GIS analysis and modelling

Digital elevation models (DEMs) of former glaciers were
generated following the procedure described by Mentlik et al.
(2013). The models were used to calculate the glacier area, the
volume and the ELA for the glaciation phases identified in the study
area. The reconstruction of glacier extent was based on the de-
limitation of moraine ridges and glacially polished bedrock sur-
faces. The topography of landforms identified in the field was
extracted from the existing 15 m grid DEM produced by digital
photogrammetry from aerial photographs. Due to the absence of
moraines in the upper part of the both valleys, the approximate
extent of the youngest phase was inferred from dated bedrock
surfaces. The upper headwall limit of ice was estimated by
extrapolating the ice surface from geomorphological evidence to a
point on the backwall cliff (Hughes, 2010). The surfaces of former
glaciers were contoured by extrapolating from points at the sug-
gested ice margins. Ice surface contours were drawn as concave in
the upper part, convex in the lower part and straight in the middle
parts of the former glaciers (Carr and Coleman, 2007). The
modelled glacier surfaces were superimposed over the current
topography and the approximate ice volume for glaciation phases
was calculated neglecting the postglacial valley infill. The relevant
ELAs were calculated using the accumulation area ratio (AAR) and
steady-state AAR (ssAARg) methods (e.g. Benn et al., 2005; Kern and
Laszlo, 2010; Makos et al., 2014).

4. Results
4.1. Moraines and rockfall accumulations

All but one exposure ages obtained for the boulders on the
terminal moraine and related left lateral moraines are consistent.
Seven samples collected from the terminal moraine have a mean
exposure age of 22.0 + 0.8 ka (Fig. 5 and Table 2). One sample (SD-
06) from the adjoining lateral moraine was identified and rejected
as an outlier on the basis of the %2 analysis. Three other samples
yield a mean exposure age of 21.5 + 0.7 ka. Altogether, ten samples
from the oldest preserved moraine yield a mean exposure age of
21.7 + 0.5 ka. Out of the three samples extracted from the ice-
marginal fan in front of the terminal moraine, one (MSD-13) was
rejected as an outlier. The remaining two samples yield a mean
exposure age of 20.4 + 0.5 ka.

A prominent group of re-advance moraines at the mouth of the
VS trough is represented by six boulder samples. However, the
exposure ages obtained for these boulders reveal considerable
scatter, ranging from 22.4 + 2.5 to 11.6 + 0.4 ka (Table 1). Out of the
three samples extracted from the double-ridged moraine surface
on the left side of the Studeny potok Brook (Fig. 5), the youngest
one (SD-06) was excluded from further consideration based on the
results of the 2 test. The other two samples yield a mean exposure
age of 18.7 + 14 ka. Three exposure ages obtained for a more
pronounced moraine on the right side of the brook have a scattered
pattern which precludes the selection of two overlapping ages. The
most deviating age of 11.6 + 0.4 ka (MSD-12) was removed from the
dataset using the 2 analysis however the other two samples also
failed the test. The older of these samples (MSD-10) was subse-
quently considered together with samples SD-1 and SD-2 from the
double-ridged moraine but it appears to be an outlier. Therefore,

the final data set for the re-advance moraines at the mouth of the
VS trough consists of only two samples. Possible reasons for
inconsistent exposure ages are discussed in the Section 5.1. The
exposure ages obtained for the boulders on the re-advance moraine
in the MS trough are consistent and yield a mean exposure age of
15.5 + 0.3 ka.

Out of the 18 exposure ages obtained for the boulders on rockfall
accumulations, only one was rejected as an outlier on the basis of
the y? test. The outlying age was obtained for sample SD-19 on the
surface of the lowermost sampled rockfall accumulation (Table 2).
The remaining four samples collected on this accumulation yield a
mean exposure age of 20.2 + 1.2 ka. Six samples from the accu-
mulation below the mouth of the MS yield a mean exposure age of
17.0 + 0.7 ka and five samples collected below the Vareskova dolina
hanging trough give a mean exposure age of 15.6 + 0.7 ka. The small
accumulation in the MS trough has a mean exposure age of
16.5 + 0.4 ka.

The variability of the R-values measured on the moraines and
rockfall accumulations is low (Table 2). A mean R-value of 38.5 + 4.5
obtained for the terminal moraine overlaps within the standard
deviation with the mean R-values calculated for the ice-marginal
fan (36.0 + 5.7) and re-advance moraines (346 + 4.5 to
39.0 + 6.8). Among the moraine belts and rockfall accumulations
(34.5 + 4.5 to 41.4 + 5.6), there are no significant differences in the
mean R-values either. The absence of significant differences may be
attributed to the relatively short interval (~22—15.5 ka) from which
the sampled landforms originate. The low variability of Schmidt
hammer data from different accumulations also suggests that the
effects of post-exposure erosion and weathering on the sample
surfaces are negligible.

4.2. Bedrock surfaces

Fourteen samples extracted from the trough bottom, cirque
floor and the hard-rock ridge in the accumulation zone of a former
VS glacier gave surface exposure ages ranging from 20.5 + 1.7 ka to
10.7 + 0.3 ka. All the ages are consistent with the geomorphological
position of the sampled bedrock surfaces, increasing from the lower
section of troughs to cirques or decreasing with the elevation of the
Svistovy chrbat hard rock ridge (Figs. 5 and 6). The distribution of
the exposure ages (Fig. 7) indicates three populations of glacially
transformed surfaces that may represent the intervals of local
glacier recession discussed in Section 5.1.

The exposure ages obtained for glacially modified bedrock sur-
faces in the VS valley range from 20.5 + 1.7 ka in the lower part of
the trough to 14.9 + 0.5 ka in the largest cirque located on the valley
axis (Fig. 5). The succession of the exposure ages represents a
consistent record of a glacier retreat from the trough. The °Be age
of 18.8 + 0.6 ka obtained for the sample VSD-07 indicates the
timing of the emergence of the dividing ridge between the main
cirque and the erosional extension of the trough towards the
northernmost cirque-in-cirque form (Figs. 2A and 3). The exposure
ages obtained from the Svistovy chrbat hard rock ridge decrease
consistently from the upper section of the ridge (17.7 + 0.6 ka) to its
lower part (15.3 + 0.5 ka) providing an exceptional opportunity to
establish a glacier thinning rate in the cirque (see the Section 5.2.).

The exposure ages from the bottom of the MS hanging valley
decrease with the increasing elevation from 15.2 + 0.4 ka to
11.2 + 0.4 ka. These ages were obtained for surfaces with clear
evidence of glacial erosion (polished rock with grooves), which are
located far from the surrounding blockfields. The only sample
collected from a lateral position above the MS valley floor (MSD-03)
yields an age of 10.7 + 0.3 ka, which is lower than the age of
13.9 + 0.4 ka obtained for the lowermost site (MSD-02) on the
cirque step. The lower age for the MSD-03 sample is consistent with
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Fig. 5. '°Be exposure ages for bedrock surfaces and weighted mean ages (in bold) for moraines and rock-falls in the study area. Full lines indicate outer limit of moraines, lines with

triangles show rock-fall accumulations and dashed lines mark the deglaciation chronology.

later deglaciation of the upper part of the cirque step but the age
difference between the two sites appears too large. Possible ex-
planations are presented in Section 5.1.

5. Interpretation and discussion
5.1. Glaciation chronology in the study area

The exposure ages obtained for the terminal moraine in the
forefield of the VS valley indicate that the oldest preserved moraine
ridges represent the global LGM in Marine Isotope Stage (MIS) 2
(e.g. Hughes et al., 2013). Both the arithmetic and error-weighted
mean exposure ages of 225 + 2.6 ka and 22.0 + 0.8 Kka,

respectively, suggest that the VS glacier reached its maximum
extent close to the peak of the last glacial period (Table 2). Even the
oldest age of 28.2 + 4.6 ka from the terminal moraine falls within
the interval between the onset of the expansion of ice sheets and
their maximum extent (Clark et al., 2009). This view contradicts the
chronology proposed by Luknis (1964) which matches the greatest
glacier extent below the VS valley with the Middle Wiirmian
glaciation (MIS 4). However, this assumption was based on
morphologic criteria and relative-age indicators, which provide
very rough age estimates.

The arithmetic mean age of 22.5 + 2.9 ka calculated for the
terminal moraine below the VS valley correlates (within total un-
certainties of exposure data) with the mean 36Cl exposure ages

Table 2
10Be surface exposure ages and the mean Schmit hammer R-values from moraines and rockfall accumulations (RA) in the VS and MS Valleys.
Phase Landform Minimum R-value Number of samples/  Critical 95% Weighted mean Arithmetic mean Arithmetic Maximum
altitude sample code ¥2 %2 age + analytical age + analytical mean age + analytical
(mas.l) uncertainty (yr) uncertainty (yr) age + total uncertainty
uncertainty (kyr)
(kyr)
LGM Terminal moraine 870 38,5 +4.5 7/SD-09 to SD-15 12.59 5.94 22,045 + 760 22,457 + 2604 225+29 282+46
Lateral moraine 1090 41.6 + 3.7 4/SD-05 to SD-08 7.81 1527
3/SD-05, SD-07, SD-08  5.99 1.08 21,521 + 658 23,333 +£3345 233+36 247+52
Ice-marginal fan 920 36.0 +57 3/MSD-13 to MSD-15  5.99 47.23
2/MSD-14, MSD-15 3.84 2.11 20,367 + 455 20,502 + 653 205+14 21.2+0.7
Re-advance Left lateral moraine 1080 34.6 + 45 3/SD-01 to SD-03 5.99 8.04
2/SD-01, SD-02 3.84 3.06 18,744 + 1415 19,760 + 2109 198 +24 224 +25
Right lateral moraine 1100 382 +51 3/MSD-10to MSD-12 599 48.04
2/MSD-10, MSD-11° 3.84 4.59
1/MSD-10 - — 16.0 + 0.6
Deglaciation RA at the VSD mouth 1220 414 +5.6 5/SD 16 to SD-20 949 31.08
4/SD-19 excluded 7.81 4.55 20,226 + 1151 20,767 + 2529 208 +28 238+35
RA at the MSD mouth 1290 38.1 +6.2 6/SD-21 to SD-26 11.07 1.68 16,968 + 742 17,458 +2210 175+25 194+26
RA in the VSD trough 1590 409 + 8.0 5/SD-27 to SD-31 9.49 3.56 15,582 + 691 15,458 + 1870 155+21 183 +24
RA in the MSD trough 1570 345 + 45" 2/MSD-07, MSD-08 3.84 1.02 16,458 + 394 16,364 + 576 164 +1.1 168 +0.5
Re-advance moraine 1610 39.0 + 6.8 3/MSD-04 to MSD-06  5.99 0.78 15,478 + 287 15,521 + 505 155+11 158 +0.6

2 The sample excluded based on comparison with ages of adjacent moraines.
b The mean of two values only.
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reported by Makos et al. (2014) for the terminal moraines in the
Velicka (24.7 + 1.4 ka) and Sucha Woda (20.1 + 1.1 ka) valleys
(Figs. 1 and 9). These figures confirm the view that all the moraines
preserved in the range were formed during the last glacial period
(Dzierzek, 2009) and that the largest expansion of glaciers occurred
no later than 21.5 ka (Makos et al., 2013a). Similar conclusions have
recently been reported from the Bavarian Forest (Reuther et al.,
2011) and the KrkonoSe Mts. (Engel et al., 2011), located 500 and
350 km W of the study area, respectively (Fig. 10). A larger expan-
sion of local glaciers during MIS 2 than in earlier phases of the last
glacial period is also in accordance with the evolution of glaciations
in the Alps (van Husen, 2011) and the Southern Carpathians
(Ruszkiczay-Riidiger et al., 2014). In the Rodna Mts. (Eastern Car-
pathians), located 400 km ESE of the study area (Fig. 10), the most
extensive glacial advance occurred within the last glacial period,
but before ca. 37 ka (Gheorghiu et al., 2011). The LGM ELA at 1640 m
a.s.l. calculated for VS and MS glaciers (Table 3) is in accordance
with the ELA values reported by Makos et al. (2014) for the
Mlynicka (1650 m a.s.l. AAR 0.65) and Velicka (1700 m a.s.l. AAR
0.63) glaciers on the southern flank of the range. At the same time,
the ELA was ~180 m lower in the north-facing valleys of Sucha
Woda and Panszczyca (Makos et al., 2014).

The initial retreat of the VS glacier from its LGM position re-
mains undated. However, the exposure ages obtained for the ice-
marginal fan suggest that the western margin of the latero-
frontal moraine was breached around 20.4 + 0.5 ka. This moraine
section might have been reworked at the time of the post-LGM
glacier recession or even later during the subsequent glacier re-
advance/recession. Because the first re-advance terminated no
later than 20.5 + 1.7 ka, the initial post-LGM retreat must have
occurred well before ~21 ka. This inference is in agreement with the
tentatively suggested onset of the post LGM deglaciation in the
range around 21.5 ka (Makos et al., 2013a). Moreover, by around
21 ka the Alpine glaciers had started to retreat from their maximum
position (Preusser, 2004; Ivy-Ochs et al., 2004; Pellegrini et al.,
2005; Preusser et al., 2011).

The first re-advance of the VS glacier after the local LGM
occurred before about 20.5 ka. This re-advance resulted in the
deposition of lateral moraines near the mouth of the VS trough
around 1.4 km up-valley from the terminal moraine (Fig. 5). The
exposure age of 20.5 + 1.7 ka has to be considered a minimum for
the moraine deposition because it indicates a subsequent glacier
retreat from the bedrock surface (SD-04) behind the moraine. This

15.3+0.5 ka

—

Roc (n=17):22.5 + 2.1
16.5+0.3
Mor (n=16): 21.9+ 0.5
156.5+0.3
Bed (n=14): 18.4 £ 0.4
15.4£0.2
10.9+0.3

Relative Probability

Exposure Age ('°Be ka)

Fig. 7. The probability distribution of '°Be exposure age obtained for rockfall accu-
mulations (blue), moraines (red) and bedrock surfaces (black). Open circles and col-
oured lines show individual exposure ages with analytical uncertainties. Thick lines
mark Kernel Density Estimation and vertical lines with shading indicate mean ages
with proportions for modelled peaks (Vermeesch, 2012). Data are presented on a
logarithmic scale.

interpretation is supported by the exposure age and the position of
a rockfall accumulation close to the bedrock site showing that this
section of the valley was ice free around 20.2 + 1.2 ka. By contrast,
the exposure data from individual moraine boulders show pre-
dominantly lower ages and considerable scatter (Table 2). A com-
parison of the ages obtained for the moraine boulders, the bedrock
site and the rockfall accumulation suggests that the boulder
exposure ages are mostly younger than the true age of deposition.
Only two boulder ages that passed the 2 test yield mean ages that
overlap within the uncertainties of °Be ages for the above-
mentioned bedrock site. The maximum age obtained from the
recessional moraine (22.4 + 2.5 ka) is in accordance with the
maximum ages from the terminal and related recessional moraines
and with the exposure ages for the apparently younger bedrock and
rockfall accumulation above the moraine. The second exposure age
(171 + 1.7 ka) from the reduced dataset represents a small inner
ridge of the double-ridged left lateral moraine. According to the

Fig. 6. Location of sample sites on the Svistovy chrbat hard rock ridge and reconstructed glacier surfaces corresponding to each site.
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Fig. 8. Reconstruction of the VS and MS glaciers during the LGM (A), around 20.5 ka
(B), 15.5 ka (C) and 12 ka (D). All views from SE. No vertical exaggeration.

morphology of moraines and the available exposure ages, the first
post-LGM advance was followed by a glacier retreat from the
recessional moraine and a subsequent re-advance that terminated
close to the previous advance.

A large scatter of the boulder exposure ages can be partly
explained by the lack of moraine boulders available for sampling.
The number of upright boulders embedded in the moraine crests is
limited on the right lateral moraine and even more restricted on the
opposite moraine where surface degradation is also more signifi-
cant. The lower exposure ages from these relics may be attributed
to the post-depositional thawing of dead ice, frost-heave and
related movements of the sampled boulders (e.g. Putkonen and

Swanson, 2003; Ivy-Ochs et al., 2007). The effect of position
changes, burial by glacial sediments or dead ice was recently
considered as a potential reason for the lower than expected
exposure ages for a similar moraine in the Mlynicka Valley (Makos
et al,, 2014). The reasons for the scattered and considerably low
exposure ages from the right lateral moraine in the study area are
not known. The well-preserved morphology of this moraine and
significantly fewer indices of its surface degradation suggest that
burial and subsequent exhumation of moraine boulders is not
probable. However, post-depositional surface weathering, rotation
or toppling of the boulders cannot be excluded as well as the effects
of vegetation and snow cover shielding (e.g. Favilli et al., 2009;
Balco, 2011; Heyman et al., 2011).

The first re-advance (>20.5 ka) of the glaciers in the study area
after the maximum LGM advance overlaps with the formation of
the “inner” terminal moraine in the Sucha Woda Valley, where six
exposure ages range from 20.9 to 16.7 ka (Makos et al., 2014).
Within the total uncertainties, the age of 20.5 + 2.1 ka also co-
incides with the exposure ages reported by Makos et al. (2014) from
lateral moraines in the Velickd (22.8—19.5 ka) and Mlynicka
(19.6—17.8 ka) valleys (Fig. 9). However, these moraines were
related to the maximum extent of the glacier and the reported ages
were considered as too young (Makos et al., 2014). The timing of the
initial post-LGM glacier re-advance prior to 20.5 ka in the study
area is broadly synchronous with the younger LGM glacier expan-
sion in the Alps (~21 ka; e.g. Starnberger et al., 2011; van Husen,
2011) and the Bavarian/Bohemian Forest (~22 ka; Mentlik et al.,
2013). It is also consistent with the two-fold glacier advances dur-
ing the global LGM interval in the KrkonoSe Mts. (Engel et al., 2014).
Chronological indices for equivalent glacier expansion have not
been reported from the Carpathians apart from the High Tatra Mts.

The exposure age of 20.5 + 1.7 ka from the bedrock site at the
mouth of the VS trough represents the earliest evidence of glacier
recession after the first post-LGM re-advance. The exposure of the
sample site indicates a retreat of the glacier terminus from the
forefield of the VS valley into the trough. The initial phase of the
recession is also constrained by the exposure ages from the bedrock
sites in the upper part of the valley. The exposure age of
18.8 + 0.6 ka obtained from a hard rock divide in the eastern part of
the cirque documents a downwasting in the accumulation zone of
the glacier. The thinning of the glacier due to the melting led to the
emergence of the dividing bedrock ridge and a subsequent disin-
tegration of the glacier to individual lobes from cirque-in-cirque
forms (Fig. 8B). As a result, the ice flow from the main cirque over
the rock barrier eastward was reduced and eventually ceased. The
main glacier flow was restricted to the right side of the valley that
joins the VS trough as a hanging valley. The lobes from the northern
section of the compound cirque were confined to the left side of the
trough. The timing of an overall glacier recession after ~20 ka
supports the hypothesis of a prolonged period of post-LGM climate
warming and related deglaciation in the range that lasted until
18—17 ka (Makos et al., 2013a). The retreat of the glaciers in the
study area is also in accordance with the phase of the early Late-
glacial ice decay in the Alps that was reported from both the Alpine
foreland and inner valleys (e.g. Reitner, 2007; Dielforder and Hetzel,
2014).

Post-LGM glacier retreat was interrupted by a glacier re-advance
no later than 15.5 + 0.3 ka. At that time, the MS glacier advanced
down-valley, depositing recessional moraines at 1610 m a.s.l.
(Fig. 5). Although there is no evidence for similar glacier re-
advances in the VS valley, synchronous moraines are preserved in
other valleys in the range. Within the total uncertainties, an
arithmetic mean age of 15.5 + 1.1 ka overlaps with mean ages of
14.6 + 1.3 ka and 14.3 + 1.2 ka calculated based on the published
36CI exposure data (Dzierzek, 2009; Makos et al., 2014) for the
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et al., 2013a,b; 2014) data from the High Tatra Mts. Grey squares show 'C data re-
ported by Baumgart-Kotarba and Kotarba (2001) for moraine lakes. The time scale on
the left-hand side of the figure is based on theGICCO5 data for the GRIP ice core (Lowe
et al,, 2008; Rasmussen et al., 2014). The timing of Younger Dryas and Belling-Allered
chronozones after Rasmussen et al. (2014), Heinrich Stadial 1 after Sanchez Goni and
Harrison (2010) and LGM after Clark et al. (2009).

Morske Oko inner moraine in the Rybi potok Valley and for the
recessional moraine located at 1330 m a.s.l. in the Mlynicka Valley,
respectively (Fig. 9). Moreover, the exposure ages reported by
Makos et al. (2014) yield a coincident mean 3°Cl age of 15.0 + 0.9 ka
for the recessional moraines located at 1550 m a.s.l. in the Velicka

Valley. Finally, the C age of sediments from Zielony Lake in the
Sucha Woda Valley indicates that the moraine dam of the lake
formed well before 12.6 + 0.4 ka (Baumgart-Kotarba and Kotarba,
2001), implying its possible origin during a regional re-advance
around 15 ka. The exposure age of 15.5 + 0.3 ka obtained from
the moraine relics in the MS trough correlates well with the '°Be
exposure age estimate of 15.7 + 0.6 ka and 15.3 + 0.5 ka reported for
glacier re-advances in the Bohemian Forest (Mentlik et al., 2013)
and the Krkonose Mts. (Engel et al., 2014), respectively. This re-
advance phase tentatively corresponds with Gschnitz or Clavadel/
Senders oscillations in the Central and Eastern Alps (e.g. lvy-Ochs
et al., 2008; Hippe et al., 2014).

The glacier re-advance around 15.5 ka was followed by degla-
ciation that terminated at the beginning of the Holocene. The ter-
minus of the VS glacier retreated from the bottom of the main
cirque (1974 m a.s.l.) to its upper part between 15.5 + 0.5 and
14.9 + 0.5 ka (Fig. 5). The youngest age from the bedrock step at
2075 m a.s.l. indicates ice-free conditions on the dam of the largest
cirque lake. The position of the sample site suggests the consider-
ably small volume of the remaining cirque glacier that probably
melted soon after 14.9 ka. The early deglaciation may be attributed
to the SE orientation and a widely open shape of the cirque
(Fig. 2A), which precludes the effective sheltering of its surface
from insolation. Relics of a small recessional moraine at
2050—2060 m a.s.l. (Fig. 4B) imply that a small glacier rejuvenated
and re-advanced ~400 m down-cirque. Although the timing of this
re-advance remains unknown, it could be tentatively related to
local Younger Dryas (YD) ice advances that have been described
within the range (Baumgart-Kotarba and Kotarba, 2001; Dzierzek,
2009; Makos et al., 2013b).

The exposure age of 13.9 + 0.4 ka reveals the onset of the ice
decay in the MS cirque that became free of glaciers around
10.7 + 0.3 ka (Fig. 5). The age difference of ~3 ka between the MSD-
02 and MSD-03 samples obtained for two elevations on the cirque
step is conspicuously large considering the relatively small eleva-
tion difference of 50 m between the sample sites (Fig. 3). The
substantial difference in the exposure ages may be attributed to
either an unrealistically young age for the MSD-03 site or a slow
retreat rate of the MS glacier. Among the factors that may lead to
unrealistically young surface exposure ages, both post-glacial
erosion and shielding of the sample site can be excluded. A pol-
ished and striated bedrock surface precludes significant erosion or
weathering of the sample site. The shielding of the sample site by
snow cover, soils or sediments seems to be improbable regarding
the exposed position, southern orientation, high elevation and the
relatively high dip (15°) of the sampled surface. The second hy-
pothesis suggests that the glacier retreat rate must have been
0.05—0.08 m yr~! to account for the difference in the exposure of
the bedrock sites and therefore one to two orders of magnitude
lower than the rates determined elsewhere in the study area. This
slow rate could be explained by the terminus oscillations of the
glacier at the cirque step resulting in delayed or interrupted
exposure of its upper part. The hypothetical glacier re-advance or
oscillations between 13.9 + 0.4 ka and 10.7 + 0.3 ka overlap with
the YD cold period, which is recorded in the moraine sequences in
the Sucha Woda, Roztoka and Za Mnichem valleys (Dzierzek, 2009;
Makos et al., 2013b). Although the post-glacial shielding of the site
MSD-03 cannot be completely excluded, our conclusion is that the
exposure age of 10.7 + 0.3 ka is reasonably accurate and it reflects a
glacier oscillation at the cirque step during the Lateglacial/Holocene
transition.

The timing of deglaciation in the study area between around
15.5 and 10.7 ka is in good agreement with the recessional periods
constrained by the 3°Cl exposure ages at other sites within the
range. The deglaciation occurred around 15—13 ka and 1110 ka in
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Fig. 10. Summary of published chronological data related to LGM glacier advances in Central Europe. The time (ka) and ELA (in italics) intervals after Engel (2003), Reuther (2007),
Vocadlova and Kiizek (2009), Kuhlemann et al. (2009, 2013a,b), Laszl6 et al. (2013), Mentlik et al. (2013), Engel et al. (2014), Makos et al. (2014) and Ruszkiczay-Riidiger et al. (2014).
ETOPO1 dataset (Amante and Eakins, 2009) is used for topography. The LGM extent of ice sheet and mountain glaciers after Ehlers et al. (2011), Engel et al. (2014) and Zasadni and

Kitapyta (2014).

Table 3
Morphological characteristics of former glaciers and ELAs in the study area.
10Be age chronology (ka) Lowermost point (m a.s.l.) Surface area (km?) Volume ELA (m a.s.l)
(km?) % of LGM ssAARg AAR 0.50
~22.0 (LGM) 970 14.04 1.21 100 (0.65) 1640 1710
>20.5 1120 12.14 0.92 76 (0.65) 1720 1790
~15.5 1680 (MS) 1.32 0.06 5 (0.55) 2130 2070
1920 (VS)
~12 2110 (MS) 0.62 0.01 0.8 (0.45) 2290 2260
2180 (VS)

the Pieciu Stawéw Polskich Valley (Dzierzek, 2009), and lasted from
~15.9 to 10.9 ka in the Za Mnichem Valley (Makos et al., 2013b). The
presence of small glaciers in the cirques within the VS and MS
valleys (Fig. 8D) tentatively related to the YD cold period is
consistent with the indices from the range. A limited extent of
glaciers during the YD was initially proposed for the Sucha Woda
Valley based on radiocarbon dating of the sediments from moraine-
dammed lakes (Baumgart-Kotarba and Kotarba, 2001) and it has
been recently confirmed by a mean 36Cl exposure ages of
12.7 + 1.3 ka and 12.6 + 0.6 ka from moraines in the Pieciu Stawéw
Polskich and Za Mnichem valleys, respectively (Dzierzek, 2009;
Makos et al.,, 2013b). The equilibrium lines in these north-facing
valleys were calculated at the elevation of 1890 and 1990 m a.s.L
(Makos et al., 2013b), i.e. ~300 m lower than in the VS and MS
valleys (Table 3).

The onset of deglaciation in the range is nearly synchronous
with the glacier retreat following the local re-advances around 15.7
and 15.3 ka in the Bohemian Forest and the Krkonose Mts. (Mentlik
et al, 2013; Engel et al.,, 2014). Around the same time, glaciers

started to retreat from the Clavadel/Senders moraines in the Alps
(Ivy-Ochs et al., 2008). The subsequent phase of glacier recession in
the Bohemian Forest and the KrkonoSe Mts. (Mentlik et al., 2013;
Engel et al., 2014) was interrupted by a prominent re-advance
around 13.7 ka, which has not yet been chronologically con-
strained in either the Alps or the High Tatra Mts. The subsequent
phase of ice decay in the High Tatra Mts., separated by a prominent
re-advance during the YD followed by the final downwasting of the
glaciers at the beginning of the Holocene, is well documented in the
KrkonosSe Mts., the Alps, the Eastern and the Southern Carpathians
(e.g. Ivy-Ochs et al., 2009; Rinterknecht et al., 2012; Engel et al.,
2014; Ruszkiczay-Riidiger et al., 2014).

5.2. Glacier retreat and surface lowering rates

The exposure ages obtained for the bedrock surfaces offer an
exceptional opportunity to determine the rate of glacier recession
in the study area (Table 4). However, the average rates calculated
below have to be regarded as a minimum because the period of the
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Table 4

119

Rates of glacier retreat in the High Tatra Mountains. The retreat rates for the VS and MS valleys are based on '°Be surface exposure ages for bedrock sites. 36Cl exposure ages for
other sites after Dzierzek et al. (1999) and Dzierzek (2009). The onset of initial glacier retreat from the Lysa Polana site was proposed by Makos et al. (2013a).

Valley Section Retreat rate (m yr~!) Distance (m) Sample Elevation (m a.s.l.) Age (yr)
Velka Studena Trough 0.9 + 0.5 4030 SD-04 1188 20,472 + 1695
Cirque step 19+ 25 1400 VSD-09 1822 16,222 + 521
Cirque 08 +14 480 VSD-06 1974 15,476 + 482
VSD-05 2075 14,899 + 463
Mala Studena Trough 0.5+ 0.2 3590 SD-04 1188 20,472 + 1695
Cirque 04 +0.1 1020 MSD-02 1994 13,939 + 409
MSD-01 2190 11,153 + 435
Biata Woda/Roztoka Trough 14+03 5300 Lysa Polana 960 21,000
T95-13WM 1090 17,300 + 700
Pieciu Stawdéw Polskich Cirque 02+0.2 690 T95-7DPSP 1692 20,100 + 1700
T96-21D5SP 1637 16,600 + 1300

overall retreat may include several oscillations or advances of the
glacier termini.

The VS glacier experienced relatively rapid downwasting after
the LGM. The glacier terminus started its initial retreat from the
mouth of the VS trough after 20.5 + 1.7 ka and receded ~4 km to the
upper part of the trough around 16.2 + 0.5 ka at an average retreat
rate of 0.9 + 0.5 m yr~ L. Subsequently, the glacier rapidly retreated
above the upper edge of the trough at an average retreat rate of
1.9 + 2.5 m yr~ L This rate was double that recorded during reces-
sion in the VS trough and the highest observed in the study area.
The glacier recession to the central part of the main cirque pro-
ceeded without any recognisable disruption until 15.5 + 0.5 ka
when a short glacier re-advance occurred as indicated by a small
moraine at 2050—2070 m a.s.l. Thereafter, the glacier receded at an
average rate of >0.8 + 1.4 myr~ ! over the step of the central cirque-
in-cirque form which became ice-free around 14.9 + 0.5 ka.

In the MS hanging trough, the glacier retreated at a lower rate
than in the main valley. An average rate of 0.5 + 0.2 m yr~! was
determined for glacier terminus recession from the trough. How-
ever, this value has to be considered as a minimum average retreat
rate because the period of overall recession after 20.5 + 1.7 ka was
interrupted by a small-scale re-advance around 15.5 + 0.3 ka. The
glacier receded from the trough until 13.9 + 0.4 ka when the main
cirque step was initially exposed. The subsequent glacier retreat in
the upper MS valley decelerated as indicated by an average rate of
0.4 + 0.1 m yr~' obtained for the deglaciation of the Dolinka pod
Sedielkom Valley head. The final decay of the cirque glaciers after
11.2 + 0.4 ka was probably rapid, as no indications of a receding
tongue stabilisation are found up-valley from the MSD-01 site.

Table 5

The calculated average retreat rates (0.2—1.9 m yr—!) fit well
with the chronological data from the north-facing valleys of the
range, where post-LGM deglaciation started ~21 ka (Makos et al.,
2013a). Considering the distance of about 5.3 km between the
LGM moraine at ysa Polana and the dated bedrock outcrop near
the Mickiewicz Waterfall (17.3 + 0.7 ka; Dzierzek et al., 1999), the
age difference of 3700 years yields an average annual retreat rate of
14 + 03 m yr~! for the Biata Woda Valley (Table 4). In the Pieciu
Stawow Polskich Valley, the average retreat rate between
20.1 + 1.7 ka and 16.6 + 1.3 ka (Dzierzek, 2009) was 0.2 + 0.2 myr~ L
The observed rates are also in accordance with the post-LGM values
reported from the Colorado Front Range (Ward et al., 2009). Finally,
the rates derived in the study area are order of magnitude lower
than the reported rates of the glacier retreat after YD in the Scottish
Highlands (Lukas and Benn, 2006) and in the post-Little Ice Age
(LIA) period in the Alps (e.g. Mazza, 1998; Zumbiihl et al., 2008).

The exposure ages from the Svistovy chrbat hard rock ridge give
direct evidence of the VS glacier thinning in the accumulation area
between 17.7 + 0.6 ka and 15.3 + 0.5 ka (Fig. 6). The figures pre-
sented in Table 5 indicate that the glacier surface lowered at an
average rate of centimetres per year over this period. The average
thinning rate increased from 0.04 + 003 m yr! to
0.09 + 0.12 myr~! towards the end of the period. The derived range
of values is in accordance with the glacier thinning rate calculated
for other sites in the range based on the published exposure ages
(Table 5). The ages obtained by Makos et al. (2013a) along a vertical
profile in the Pusta Valley yielded a consistent rate of glacier
thinning that ranged between 0.01 + 001 m yr' and
0.02 + 0.03 m yr~! during Termination I. Assuming the elevation

Glacier thinning in the High Tatra Mountains. >6Cl surface exposure ages for the Pusta and Roztoka Valleys after Makos et al. (2013a) and for the Za Mnichem Valley after Makos

et al. (2013b).

Valley Transect Sample Elevation (m a.s.l.) Exposure age (yr) Thinning rate (m yr—') Period

Velka Studena Svistovy chrbat VSD-04 2216 17,691 + 592 0.04 +0.03 GS-2a
VSD-03 2154 16,263 + 553 0.05 + 0.19
VSD-02 2138 15,961 + 501 0.09 + 0.12
VSD-01 2077 15,258 + 507

Pusta Kotowa Czuba P-16 1991 21,500 + 1600 0.01 +0.01 Post-LGM
P-14 1973 19,100 + 900 0.02 + 0.03
P-12 1957 18,200 + 800
P-11 1885 14,700 + 700 0.01 + 0.00 Lateglacial
P-10 1880 11,800 + 600

Roztoka Kozi Wierch K-8 1810 16,900 + 800 0.05 + 0.02 GS-2a
K-2 1637 13,500 + 700

Za Mnichem Mnich M-10 1996 15,900 + 700 0.07 + 0.09 GS-2a
M-11 1937 15,000 + 500

Zadni Mnich M-5 2011 11,600 + 600 0.15 + 0.28 Post-YD

M-4 1921 11,000 + 500 0.38 +3.80
M-7 1883 10,900 + 500
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Table 6

Average thickness changes of Alpine glaciers for the post-LIA period.
Glacier Period Surface lowering (m yr~') Reference
Grosser Aletschgletscher 1880—1999 0.2t0 0.8 Bauder et al., 2007
Rhonegletscher 1878—1999 0.33 to 0.87 Nishimura et al., 2013
Unteraar Glacier 1880—1997 0.24 to 0.89 Steiner et al., 2008
Unterer Grindelwald Glacier 1860—2004 0.26 to 0.90 Steiner et al., 2008
6 Alpine glaciers 1850—1985 0.1to 0.6 Haeberli et al., 2013
20 Alpine glaciers 1900—2008 0.1to 0.6 Huss et al., 2010

difference between the upper and lower trimlines in the Roztoka
Valley and their exposure around 16.9 ka and 13.5 ka (Makos et al.,
2013a), the rate of glacier thinning was 0.05 + 0.02 m yr~. The
exposure ages reported by Makos et al. (2013b) from the vertical
transects in the Za Mnichem Valley yield the thinning rate of
0.07 + 0.09 myr~! for time span 15.9—15 ka and the increased rate
0f 0.15 + 0.28 m yr~ ! for the post-YD period. The calculated values
suggest that annual surface lowering in the range of centimetres
was common for the accumulation zone of the valley glaciers over
the post-LGM period. However, this rate is order of magnitude
lower than that for the period of rapid deglaciation after the YD.
Finally, the accelerated post-YD thickness changes are similar to
those reported for the entire surface of Alpine glaciers since the LIA
(Table 6) but generally higher than the lowering rates observed in
the upper reaches of these glaciers (e.g. Bauder et al., 2007; Steiner
et al., 2008; Nishimura et al., 2013).

5.3. Paraglacial accumulations

The established deglaciation chronology and the exposure ages
obtained for the selected rockfall accumulations indicate that these
accumulations formed within a relatively short period after the
glacier retreat (Fig. 9). The rockfall accumulation located at the
mouth of the VS trough coincided with the glacier retreat as indi-
cated by a small difference between the exposure age of the adja-
cent SD-04 site (20.5 + 1.7 ka) and a mean age obtained for the
accumulation (20.2 + 1.2 ka). Considering the large age un-
certainties, activation of this rockfall prior to the initial ice retreat
cannot be excluded. However, the undisturbed morphology of the
accumulation and its position close to the valley axis suggest that
this rockfall must have occurred after the retreat of the main ice
body. The rockfall activity at the mouth of the MS hanging trough
and in the centre of this trough occurred hundreds of years after the
glacier retreat. Considering the initial deglaciation at the SD-04 site
around 20.5 ka and the glacier retreat rate over the hanging trough
step (0.2 + 0.1 myr~') and within the trough (0.5 + 0.2 myr~'), the
older and younger rockfalls occurred ~100 and 200 years after the
glacier had left the trough step and the central section of the
trough, respectively.

The rockfall in the upper part of the VS trough is the only
sampled accumulation with a relatively long lag-time between the
glacier retreat and the failure of the slopes. If the glacier wasted out
of the trough at an average rate of 0.9 + 0.5 m yr~, this failure
occurred around 1400 years after the ice retreat. Although this lag-
time is relatively long, it falls within the typical range of response
times reported for large glacially conditioned slope failures (Prager
et al., 2008; McColl, 2012; Ballantyne et al., 2014a, 2014b). There-
fore, all the sampled rockfalls may be considered as resulting from
(paraglacial) stress release following deglaciation (Ballantyne,
2002; Geertsema and Chiarle, 2013).

6. Conclusions

10Be exposure ages from the moraines and the bedrock sites in

the VS and MS valleys provide a chronology of the last glaciation on
the southern flank of the High Tatra Mts. The arithmetic mean age
of 22.5 + 2.9 ka calculated for the terminal moraine in the forefield
of the VS trough indicate that the maximum advance of coalesced
glaciers occurred close to the global LGM. Along with the chrono-
logical data reported by Makos et al. (2014) from the Velicka and
Sucha Woda valleys it is possible to constrain the timing of the local
LGM glacier expansion in the range to 26—20 ka. The chronology of
this glacier advance is broadly synchronous with the LGM glacia-
tion period in the Alps, the Bavarian Forest, the Krkonose Mts. and
the Southern Carpathians (Engel et al., 2011; Reuther et al., 2011;
van Husen, 2011; Ruszkiczay-Riidiger et al., 2014), but it lagged
behind the period of greatest glacier extent in the Eastern Carpa-
thians (Gheorghiu et al., 2011). The ELA of glaciers in the study area
was located at 1640 m a.s.l. well within the range of ELA values
reported by Makos et al. (2014) for the valleys on the southern flank
of the range.

The first post-LGM glacier re-advance occurred no later than
20.5 + 1.7 ka when the glacier terminated at the mouth of the VS
trough. The timing and largest extent of the initial post-LGM re-
advance is in accordance with glacier expansion in the Sucha Woda,
Velicka and Mlynicka valleys where the glaciers advanced prior to
~19 ka terminating close to the LGM moraines (Makos et al., 2014).
This re-advance is also consistent with the younger LGM glacier
expansion in the Alps, the Bavarian/Bohemian Forest and the
KrkonoSe Mts. (Starnberger et al., 2011; Mentlik et al., 2013; Engel
et al.,, 2014). The onset of the glacier recession in the study area
around 20.5 ka constrains the timing of post-LGM deglaciation in
the High Tatra Mts., which lasted until 18—17 ka (Makos et al.,
2013a). The subsequent period of an overall glacier recession was
interrupted by glacier re-advance in the central section of the
troughs no later than 15.5 + 1.1 ka. This re-advance is broadly
synchronous with the glacier expansion in the Velicka, Mlynicka,
Rybi potok and Sucha Woda valleys (Baumgart-Kotarba and
Kotarba, 2001; Dzierzek, 2009; Makos et al., 2014) and it also cor-
relates with glacier advances in the Central and Eastern Alps, the
Bohemian Forest and the KrkonoSe Mts. during the Lateglacial
(Mentlik et al., 2013; Engel et al., 2014; Hippe et al., 2014).

During the YD cold period, glaciers were restricted to the upper
parts of the investigated valleys. In the MS Valley, glacier termini
descended slightly out of the cirque-in-cirque forms and retreated
back over the cirque steps around 11.2—10.7 ka. The limited extent
of the YD glaciers in the range was initially proposed for the Sucha
Woda Valley based on radiocarbon dating of the moraine-dammed
lakes (Baumgart-Kotarba and Kotarba, 2001). This concept has been
recently confirmed by a mean 3°Cl exposure ages of ~12.5 ka re-
ported from the moraines in the Roztoka and Za Mnichem valleys
(Dzierzek, 2009; Makos et al., 2013b). The retreat of glaciers after
~11 ka in the range is in accordance with the onset of the post-YD
glacier recession in central European mountains including the
Alps, the Krkonose Mts. and the Carpathians (e.g. Ivy-Ochs et al.,
2009; Engel et al., 2014; Ruszkiczay-Riidiger et al., 2014).

The cosmogenic data allowed for the reconstruction of glacier
retreat and thinning in the study area. These data demonstrate that
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during the progressive ice decay between 20.5 + 1.7 and
16.2 + 0.5 ka the VS glacier receded ~4 km up-valley at the average
retreat rate of 0.9 + 0.5 m yr— . The subsequent retreat from the
trough occurred at a significantly higher rate of 1.9 + 2.5 m yr—'
whereas the final recession in cirque probably decelerated to
0.8 + 1.4 m yr L. The same order of magnitude was determined for
the retreat of the MS glacier in both the trough and the cirque areas.
The observed retreat rates are in accordance with the values
calculated for the post-LGM recession in the Pieciu Stawéw Pol-
skich and Biata Woda/Roztoka valleys in the northern part of the
range based on the previously published 36Cl exposure ages
(Dzierzek et al., 1999; Dzierzek, 2009).

The exposure ages from the VS valley indicate that the glacier
surface lowered at an average rate of centimetres per year between
17.7 ka and 15.3 ka. The average thinning rate increased from
0.04 + 0.03 myr~! to 0.09 + 0.12 m yr—! towards the end of the
period. These values are well within the range of the post-LGM
glacier thinning rate calculated for the High Tatra Mts. based on
the 38CI exposure ages published by Makos et al. (2013a,b). The
combination of our data and recently published exposure ages from
the Za Mnichem Valley (Makos et al., 2013b) allows us to suggest
that post-LGM glacier downwasting in the range was an order of
magnitude lower than during the post-YD period. During the latter
period, glacier surfaces lowered by tenths of a metre per year,
which is a rate that has been observed since the termination of the
LIA in the Alps.

The established chronology of the glacier retreat and the
exposure data obtained for rockfall accumulations in the VS and MS
valleys suggest that the major rockfall events in the study area are
glacially conditioned. The timing of the sampled rockfalls around
20.2 ka, and between 17.0 and 16.5 ka is synchronous with the
deglaciation periods and hundreds of years after glacier retreat. The
rockfall failure around 15.6 ka occurred more than a thousand years
after the glacier had left, but probably also as a result of glacial
debuttressing. The combination of the exposure data from both
glacial landforms and rockfall accumulations represents the first
chronological evidence of paraglacial processes in the High Tatra
Mts. These data also represent one of few direct constraints of
rockfall accumulations conditioned by the post-LGM retreat of
mountain glaciers.
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