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The studied dataset from the Southern Carpathians permitted the quantification of a considerable amount of
inherited 10Be in the glacial boulders and bedrock samples in the cirque area. The samples from the glacial phases
of largest extension display no signs of significant inheritance, and enabled the establishment of a deglaciation chro-
nology in the southern valleys of the Retezat Mts. The timing of the maximum glacier extent (20.6+0.8/−1.3 ka) co-
incided with the Last Glacial Maximum, which was followed by five deglaciation phases during the Lateglacial
having partly overlapping ages due to fast glacier retreat (at 18.4+0.7/−1.1 ka; 16.9 ± 0.9 ka, 15.8+0.9/−0.6 ka,
15.6+0.8/−0.8 ka and 14.4 ± 0.5 ka) but could be distinguished by the position of their terminal moraines.
The currently available geochronological data do not support the assumption of any major glacial re-advance
after Greenland Stadial 2.1a in the Retezat Mts.
Given the lack of independent geochronological data, the amount of inherited cosmogenic nuclides is tentatively es-
timated by accepting the youngest cosmic ray exposure age(s) as the time ofmoraine deposition and abandonment
by the glacier. The calculated amount of inherited 10Be enables the estimation of a glacial erosion depth of 1.1–1.6m
for the bedrock samples and 1.4–1.8 m for the glacial boulders. The duration of the ice-covered and ice-free periods
was adjusted in relation to independent paleoenvironmental and paleoclimatological data. The glacial denudation
rate in the cirques was estimated at 19–28 mm/kyr and 24–33 mm/kyr for bedrock and boulders, respectively.
The limited glacial erosion in the cirques during the last glaciation is attributed to frozen-bed conditions with no
considerable glacial deepening during themore extended glacial phases. Onlywhenwarming led to the retreat of
the glaciers to their cirques, they become steeper and shift to beingwarm-based and thusmore erosive. However,
the limited time spent under these conditions appears to be too short to removematerial from the cirquefloors in
sufficient depth (>3 m) to reset the cosmogenic clock. This suggests that the development of the cirques must
have taken place during several subsequent glacial phases, providing an indirect confirmation of repeated Qua-
ternary glaciations in the Retezat Mts.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Mid-latitudemountain landscapes bear the unequivocal signs of effec-
tive erosion by glaciers during the Quaternary glaciations. Glacial cirques,
U-shaped troughs, stoss-and-lee landforms (or roches moutonées),
whalebacks and striated rock surfaces are typical macro- and meso-
scale landforms shaped by past glacial erosion (Hugget, 2007). Part of
the eroded material is deposited in the form of lateral and terminal (or
frontal) moraine ridges in the ablation zone, at the sides and termination
of the glacier tongues. Pushmoraines can develop during glacier advance,
while successive build-up of moraines at stationary glacier margins has
diger).
e.

. This is an open access article under
also been widely reported (Benn and Evans, 2010; Evans, 2014), both in-
dicating the termination of the glacier snout. These landforms and sedi-
ments can therefore serve as benchmarks in reconstructing the ice
extent in previous glacial phases and from this to make inferences
concerning the interpretation of paleoclimate – provided that the age of
their stabilization could be determined (Florineth and Schlüchter, 1998;
Benn and Evans, 2010; Lukas, 2006).

Over the last three decades, advances in Cosmic Ray Exposure (CRE)
dating methods using in situ produced 10Be as a single nuclide or in
combination with 26Al or 14C in quartz and 36Cl in carbonates have en-
abled the direct age determination of glacial landforms, thereby revolu-
tionizing our knowledge of glacial chronologies worldwide (Ivy-Ochs
et al., 1996; Balco, 2011, 2020; Shakun et al., 2015). Dedicated samples
originate from large moraine boulders or glacially scoured barren bed-
rock surfaces (Heyman et al., 2016; Fabel and Harbor, 1999; Jansen
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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et al., 2019; Prud'homme et al., 2020). The main geological factors that
may lead to erroneous inferred ages are (1) exposure prior to glaciation
and (2) incomplete exposure due to post-depositional shielding or de-
nudation. In case of (1), the presence of certain amount of “inherited”
cosmogenic nuclide inventory leads to inferred exposure ages that ex-
ceed the age of deposition. In scenario (2), shielding from cosmic rays
by overburden or erosional loss can yield to a reduced amount of cos-
mogenic nuclides, and thus to apparent exposure ageswhich underesti-
mate the deposition age (Heyman et al., 2011; Applegate et al., 2012).

The possibility of the presence of inherited cosmogenic nuclideswas
suggested in single-nuclide studies, in which the apparent CRE ages for
a coherent landform tend to be biased towards greater ages (Harrison
et al., 2010; Applegate et al., 2012). Several studies have found that nu-
clide abundances in glacially polished surfaces are considerably higher
than in nearby glacially transported boulders or moraines (Briner and
Swanson, 1998; Bierman et al., 1999; Briner et al., 2006; Crest et al.,
2017; Jansen et al., 2019) or inversely, the cosmogenic nuclide concen-
trations of the glacially transported boulders exceeded that of the
polished bedrock (Prud'homme et al., 2020). In other cases, an indepen-
dent age control revealed that apparent exposure ages inferred from the
cosmogenic nuclide concentrations tended to overestimate the true age
of deglaciation, suggesting the probable presence of cosmogenic nuclide
inheritance (Clark et al., 1995; Briner et al., 2016; Wirsig et al., 2017).

Several studies have suggested that the existence of cosmogenic nu-
clides accumulated in bedrock before the last glaciation is indicative of
limited glacial erosion on high elevation plateaus (Stroeven et al.,
2002; Briner et al., 2006; Bierman et al., 2015, Margreth et al., 2016;
Young et al., 2018; Jansen et al., 2019). Some studies have also revealed
that inmountain glaciations the glacial denudation of the cirques might
have also been limited during the last glacial phase (Delmas et al., 2008;
Crest et al., 2017; Valletta et al., 2017; Wirsig et al., 2017; Barr et al.,
2019; Prud'homme et al., 2020).

If the inherited portion of the cosmogenic nuclide inventory can be
estimated, it can be used for the quantification of the amount and/or
rate of subglacial erosion (Fabel et al., 2004; Briner et al., 2006, 2016;
Margreth et al., 2016; Crest et al., 2017; Knudsen and Egholm, 2018;
Corbett et al., 2019; Jansen et al., 2019) or to reveal repeated phases of
glacier advance and retreat (Bierman et al., 1999; Goehring et al.,
2011; Schaefer et al., 2016; Crest et al., 2017; Wirsig et al., 2017).

The presented research aims at improving our knowledge of the de-
glaciation chronology of the Southern Carpathians via the 10Be CRE dat-
ing of glacial landforms in the southern valleys of the Retezat Mts. The
new dataset is compared to the published data from the northern val-
leys (Reuther et al., 2007; Ruszkiczay-Rüdiger et al., 2016). In the cirque
area, where the 10Be concentrations of the samples provide exception-
ally old apparent exposure ages, the inherited 10Be inventory in the bed-
rock and boulder surfaces could be estimated. The calculated amount of
inherited 10Be is then used for the estimation of the depth of glacial ero-
sion and the glacial erosion rate during the last glaciation.

2. The study area

2.1. The topography and climate of the Southern Carpathians

The Carpathians form a mountain loop around the Pannonina Basin
in Central Europe between theMediterranean to the south, Alpine areas
to the west and the Eastern European lowlands to the north and east
(Fig. 1). The ~300 km long, E-W trending Southern Carpathians
(~45.2–45.6° northern latitude) have the highest average elevation
with 10 peaks culminating above 2500 m asl. Glacially sculpted land-
scapes are typical above ~1100 m above sea level (asl) in the highest
mountains (Urdea, 2004; Urdea et al., 2011). Due to the continental cli-
mate and relatively low elevation of the range, glaciation was patchy
and consisted primarily of glaciated cirques and plateaus, with valley
glaciers restricted to the mountain ranges and not extending into the
forelands (Urdea, 2004; Urdea et al., 2011; Mîndrescu et al., 2010;
2

Popescu et al., 2017). Currently the area is ice-free. The altitude of the
+2 °C annual isotherm is located at about 1600 m, while the−2 °C an-
nual isotherm enclose only the highestmassifs above ~2100masl (Micu
et al., 2015). The annual precipitation increases from 500 to 800 mm in
the foothill areas to 900–1300 mm above 800 m asl (Micu et al., 2015).
The south-western slopes of the Retezat Mts are receiving more than
1000–1100 mm of precipitation yearly. In the Southern Carpathians
winter precipitation usually falls in solid form above an elevation of
~1000 m. The season with continuous snow cover starts in mid-
October and the snow melts between end of April and mid-June (Micu
et al., 2015). Snowpack could be continuously present on ground up to
200–250 days/year in the alpine belt (Micu, 2009; Voiculescu and
Ardelean, 2012).

Fir-spruce and fir-spruce-birch forest is typical under ~1600 m and
densely growing dwarf pines in the ~1600–1800 m asl elevation
range. Alpinemeadowswith patches of dwarf pines dominate the land-
scape in the ~1800–2200 m asl elevation range, while blockfields and
rocky slopes are typical in the highest elevation belt.

2.2. The glacial landscape of the Retezat Mountains

The Retezat Mountains are in the western part of the Southern
Carpathians with the highest peaks exceeding 2500 m asl (Fig. 1).
They are characterised by the highest percentage of formerly glaciated
areas (26.8%) and the lowest mean elevation of terminal moraines of
the local Maximum Ice Extent (MIE) in the range (1100–1200 m asl;
Urdea and Reuther, 2009).

In the RetezatMts glacial cirques formed in every aspect around a cen-
tral plateau and a main ridge. The cirques have their outflow through U-
shaped glacial troughs descending in each direction (Urdea, 2000). The
complex cirques of the Lăpuşnicu–Judele–Bucura system are carved into
the southern side of the main ridge hosting the highest peaks (>2300 m
asl). The main valley of this system (Lăpuşnicu Mare) accommodated
the largest, ~16 km long glacier of the Southern Carpathians (Urdea,
2004). The present study aims at the age determination of glacial land-
forms in this valley system (Figs. 1, 2). Considering the mainly granitic li-
thologies of almost the entire area (Berza et al., 1994), time constraints of
the local MIE and the following deglaciation phases can be provided by
CRE dating using in situ produced cosmogenic 10Be.

Another characteristic feature is the presence of two, 300–1200 m
wide and flat-topped ridges extending south from the main ridge,
which occupy an elevation range of 2000–2200 m asl, with an overall
dip towards the south (Radeş-Zlata and Slaveiu plateaus; Fig. 2). Pla-
teaus at 1800–2200 m asl are typical in the Southern Carpathians and
are remnants of a formerlymore extended peneplain called the Borǎscu
surface (Urdea et al., 2011). The plateaus are surrounded by glacial
cirques with steep walls, and were home to ice fields during the most
extended glacial phases, similarly to the neighbouring Godeanu Mts
(Niculescu, 1965; Urdea et al., 2011; Ruszkiczay-Rüdiger et al., 2018;
Ignéczi and Nagy, 2016) (Figs. 1, 2).

The cirques are typically wide and shallow, with two characteristic
levels: a higher at ~2100–2200 m, and a lower at ~2000 m. Along the
plateau edges cirques developed with cirque floors down to ~1800 m.
The cirque-floor elevations of the southern valley heads are at similar el-
evation or somewhat above that of the cirque floors on the northern
side of the range. The cirque floors are frequently occupied by glacial
lakes dammed by bedrock steps and/or terminal moraines (Figs. 2, 3).
In the U-shaped valleys, several lateral and terminal moraines have
been described and mapped (Urdea, 2000). In the lower valley sec-
tions, moraines are more difficult to recognise due to their older
age – which means there has been more time for their destruction
by erosion – and also due to more dense vegetation. In this study
the succession of terminal moraines in the Lăpuşnicu–Judele–Bucura
valley system has been interpreted in a morphostratigraphic frame-
work (Hughes et al., 2005), providing a solid basis for a geochrono-
logical study using the cosmogenic radionuclide (CRN) 10Be. They



Fig. 1.A: Location of the RetezatMts in Europe (red rectangle). B: Digital elevationmodel of thewestern and central part of RetezatMtswith the studied valley systems highlighted by red
contours. The yellow rectangle is the study area as shown in Fig. 2. The dashed lines are the topographic profiles shown in Fig. 9 (white: ridge, yellow: valley). The glacier extent during the
LGM (M1) is after Ruszkiczay-Rüdiger et al. (2018). 1. Lake Brazi, 2. Lake Galeş.
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were interpreted as a sequence of moraines formed during the final
deglaciation of the range, with the oldest moraine at the distal edge
and the youngest one on the up-valley side of the system.

2.3. The hitherto published glacial chronology of the region and the
study area

Since the beginning of the 21st century an increasing number of
studies have been dedicated to the numerical age determination of
the glaciations in the Western Carpathians, above all the Tatra Mts.
(Engel et al., 2015, 2017; Makos et al., 2013a, 2013b, 2014, 2016,
2018; Zasadni and Kłapyta, 2016; Zasadni et al., 2020). Much less
work has focussed on the age determination of glacial landforms in
the Eastern (Gheorghiu, 2012; Rinterknecht et al., 2012) and Southern
3

Carpathians (Reuther et al., 2007; Kuhlemann et al., 2013; Gheorghiu
et al., 2015; Ruszkiczay-Rüdiger et al., 2016).

The data show a wide scatter concerning the timing of the final
deglaciation: at some areas glaciers had already melted before the
GS-1 or Younger Dryas (YD, 12.9–11.7 ka; Rasmussen et al., 2006),
while at other locations they disappeared during or even after the
YD (Makos et al., 2013b, 2018). The position of the moraines of the
Last Glacial Maximum (LGM) phase is also under debate both
throughout the Eastern (Gheorghiu, 2012; Kłapyta et al., 2020) and
Southern Carpathians (Reuther et al., 2007; Ruszkiczay-Rüdiger
et al., 2016). Here the term LGM is used in its broader sense (26–18
ka; Shakun and Carlson, 2010; Hughes et al., 2013) and the
Lateglacial is considered as the period between the LGM and the Ho-
locene (18–11.7 ka).

Image of Fig. 1


Fig. 2. Digital elevation model (DEM) and glacial landforms of the study area (modified after Urdea, 2000) with sample locations and CRE ages. M1-M4 indicates the position of the
terminal moraines of the glacial phases discussed in this work (lateral moraines are indicated where sampled). Numbers are the CRE ages (ka) obtained by this study. A: The entire
study area. Coordinates of the DEM: 45.37221N, 22.72200E (top left) and 45.29382N, 22.93783E (bottom right). For location refer to Fig. 1. B: Enlargement of the upper reach of the
Bucura and Peleaga valleys. For sample codes see Table 2 and Fig. S1. In addition, the sample locations in KMZ format are added to the supplementary material.
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In the Retezat Mts previous chronological works were restricted to
the northern, Pietrele–Stânişoara valley system and no numerical ages
of glacial landforms were available from valleys descending in other di-
rections (Reuther et al., 2007, Ruszkiczay-Rüdiger et al., 2016). The first
10Be CRE dating work (Reuther et al., 2007) combined with pedological
investigations tentatively placed the MIE in the alpine early Würm (MIS
4) or an older phase (Riss, MIS 10-6) (Reuther et al., 2007; Urdea and
Reuther, 2009). More recently, a recalculation of these 10Be exposure
ages in combination with new data suggested that the local MIE
corresponded to the LGM (M1: 20.8+0.8/−1.4 ka; Ruszkiczay-Rüdiger
et al., 2016, the ages were recalculated using the same correction factors
of this study, see Section 3.3 and Table S2). The deglaciation of the north-
ern side occurred during the Lateglacial with four subsequent phases
4

(M2a: 18.7+0.8/−0.9 ka; M2b: 17.0+0.7/−0.6 ka; M3: 15.5+0.8/−0.8 ka and
M4:14.9+0.6/−0.6 ka).

3. Materials and methods

3.1. Geomorphological mapping, fieldwork and sample collection

During the pre-fieldwork desk-mapping, the hand-drawn geomor-
phological map of the Retezat Mts (Urdea, 2000) was georeferenced
and the glacial landforms were digitized in an ArcGIS environment.
Next, the glacial landforms (lateral and terminal moraines, trimlines, gla-
cially polished surfaces, plateus) were adjusted using a 10 m horizontal
resolution digital elevation model (DEM), assisted by 3D imagery

Image of Fig. 2


Fig. 3.Main ridge of the RetezatMts, the Lake Bucura and the Berbecilor Cirquewith the glacial landforms and the CRE ages (ka). The photowas taken from the Bucura peak, for location of
the photo refer to Fig. 2.
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provided by GoogleEarth. In the course of the fieldwork itself, the glacial
geomorphological maps were refined and the targeted glacial landforms
were selected (Fig. 2). The Lăpuşnicu–Bucura valley system is much lon-
ger and more gently sloping than the northern valleys, which enabled
us to refine the previously established morpho-stratigraphic framework
describing four to five deglaciation phases from the northern valleys
(Urdea, 2000, 2004; Reuther et al., 2007; Ruszkiczay-Rüdiger et al.,
2016). As a result, six deglaciation phases were distinguished. Keeping
the scheme of the original fourfold division, these phases were termed
as M1, M2a, M2b, M3a, M3b and M4, from the oldest/most extensive to-
wards the youngest/least extensive phase (Fig. 2).

The samples were collected in 2015 (n = 29, among which four
(Re15-4, -5, -6, -28) were not processed, and thus are missing from
Tables 1, 2 and S1) and in 2016 (n = 16). The targeted objects were
mostly large moraine- or solitary glacial boulders and, at two locations,
ice-moulded bedrock surfaces. One sample from each boulder or bed-
rock surface was taken and at least two, but preferably three or more
samples were taken from each moraine to provide a solid basis for the
age determination of the relevant deglaciation phase.

The boulders were selected based on the following criteria: size (as
large as possible), stable position (close to the moraine crest and with
a top surface as flat as possible), with no signs of erosion or chipping
(Balco, 2011, 2020; Heyman et al., 2016) (Figs. 4, 5). The samples
were collected using hammer and chisel by chopping 1–3 cm thick
chips from the rock surface. The position of the samples was measured
using a hand-held GPS (Garmin etrex 30) and the elevation values were
derived from theDEM. The strike and dip of the samplesweremeasured
using a Suunto Tandem compass-clinometer (Tables 1, S1).

In the following the sampled locations are described in the context
of their morpho-stratigraphic position, which served as a guideline for
our sampling strategy.

During the MIE, large plateau glaciers occupied the high elevation
(2100–2200 m asl) smooth Radeş-Zlata plateau to the northwest of
the Judele valley and the smooth, flat topped Slăveiu ridge (2200–
2000 m) between the Judele and Lăpuşnicu valleys. The valley glaciers
were partially fed by these ice fields, as it has been also reconstructed
5

in the case of the neighbouring Godeanu Mts (Ignéczi and Nagy, 2016)
(Fig. 1). The highest peaks (>2300 m asl) rose above the ice field, sepa-
rating the southern, northern and western glacier systems (Figs. 1, 2).
The present-day drainage divide between the northern and southern
valley systems likely coincides with the former ice-divide (Figs. 1, 3).
The terminal moraine (M1) of the MIE was difficult to map in the
Lăpuşnicu valley, due to the presence of the artificial Lake Gura Apei.
Large boulders were grouped at an elevation of ~1130 m asl elevation
on the lower slopes of the valley, and these may be interpreted as rem-
nants of the latero-frontal moraine complex of the MIE (samples Re15-
01, -02, -03, Fig. 4A, for sample codes inmap view see Fig. S1). Besides, a
huge erratic boulder was sampled on the valley floor of the Lăpuşnicu
valley between the M1 and M2a moraines (Re15-29).

In the next, M2a glacial phase the glaciers coming from the Godeanu
Mts and from the Judele valley were separated from the main,
Lăpuşnicu glacier. The glacier descending from the Judele valley
approached its confluence with the Lăpuşnicu valley, at an elevation of
~1280 m, where its frontal moraine was sampled (Re15-07, -08, -09;
Fig. 4B). Three additional samples (Re15-04,-05,-06)were also collected
close to this moraine, but these were not processed due to their less
favourable morphological position. In the Lăpuşnicu valley the terminal
moraines belonging to the M2a phase were mapped further up-valley,
at ~1450 m asl (not sampled due to the lack of suitable boulders). The
substantial loss of its feeding area could lead to the observed more
considerable retreat of the main, Lăpuşnicu glacier, compared to
the relatively smaller retreat of the Judele glacier. A lateral moraine
of this phase was sampled ~200 m above the valley floor close to
the confluence of the Bucura and Peleaga valleys (Re16-01, -02;
Figs. 2, 3). The boulder of the Re16-02 sampled was lying on a sloping
surface and was partly covered by soil. In the lack of other suitable
boulders on the targeted moraine its uncovered part was sampled.
It was interpreted as exhumed from under an up to ~30 cm thick
soil cover. Therefore, a mean soil cover of 15 cm was estimated for
the entire exposure duration of this sample and the calculated age
was corrected using this value. If no soil cover was applied, the
resulting CRE age would be 11% younger, and the application of a

Image of Fig. 3


Table 1
Sample data for cosmogenic 10Be exposure age determination. Some boulders in the lower, forested area were covered by a thin organic-rich soil, whose density was estimated at 0.9 g/cm3.
These samples and the corresponding thickness of the soil cover are the following: Re15–01: 6 cm, Re15-02: 5 cm, Re15-03: 1 cm, Re15-07: 3 cm, Re15-08: 7.5 cm, Re15-09: 2 cm, Re15-
23: 2 cm and Re16-02: 30 cm (more developed soil with a density of 1.2 g/cm3). The rest of the samples were uncovered. M1: relevant glacial phase; fm: frontal moraine; lm: lateral moraine;
bf: boulderfield; gb: glacial boulder; rm: rochemoutonnée; Lap: Lăpuşnicu valley; Buc: Bucura valley; Pel: Peleaga valley; Jud: Judele valley;M.Buc: BucuraMoraine;M.Vio: VioricaMoraine; C.
Ber: Berbecilor Cirque. For more sample data refer to Table S1.

Sample ID Latitude Longitude Elevation Thickness Boulder size (m) Valley Morphostrat

(N,°) (E,°) (m, asl) (cm) Length Width Height

Re15-01 45.32296 22.73947 1134 1.0 6.5 4.0 5.0 Lap M1, fm
Re15-02 45.32246 22.73967 1125 0.9 3.0 2.0 1.5 Lap M1, fm
Re15-03 45.32265 22.74004 1133 1.0 3.6 1.3 0.8 Lap M1, fm
Re15-07 45.31234 22.80453 1295 0.9 4.0 2.2 1.6 Jud M2a, fm
Re15-08 45.31189 22.80410 1281 2.0 3.5 4.5 3.5 Jud M2a, fm
Re15-09 45.31153 22.80382 1274 2.5 4.8 2.9 2.8 Jud M2a, fm
Re15-10 45.35852 22.86547 2088 1.0 1.7 1.6 1.3 M.Vio M4, fm
Re15-11 45.35852 22.86547 2088 1.0 2.6 1.5 1.3 M.Vio M4, fm
Re15-12 45.35854 22.86512 2087 1.0 1.7 1.5 1.2 M.Vio M4, fm
Re15-13 45.35946 22.87180 2072 1.5 2.0 2.5 0.8 M.Buc M4, fm
Re15-14 45.35934 22.87236 2070 1.5 4.8 3.8 0.9 M.Buc M4, fm
Re15-15 45.35794 22.8737 2047 0.9 3.7 2.7 2.1 M.Buc M4, fm
Re15-16 45.35705 22.87696 2051 2.0 2.1 2.1 1.2 M.Buc M4, fm
Re15-17 45.35646 22.87538 1998 2.5 2.8 2.1 1.1 Buc M3b, lm
Re15-18 45.35556 22.87626 1985 1.0 4.9 4.1 3.5 Buc M3b, lm
Re15-19 45.35481 22.87662 1960 1.5 4.2 2.2 1.8 Buc M3b, lm
Re15-20 45.35176 22.87788 1912 2.5 4.0 3.3 2.9 Buc M3b, fm
Re15-21 45.35176 22.87788 1912 1.5 3.3 2.4 2.3 Buc M3b, fm
Re15-22 45.35307 22.87612 1914 0.9 10.0 5.0 2.6 Buc >M3b, gb
Re15-23 45.34473 22.88634 1745 1.0 2.7 1.9 1.6 Buc M3a, fm
Re15-24 45.34414 22.88720 1730 1.0 3.6 3.2 1.9 Buc M3a, fm
Re15-25 45.34387 22.88781 1727 1.5 4.1 3.4 2.0 Buc M3a, fm
Re15-26 45.33970 22.89464 1629 3.0 5.8 4.4 2.6 Lap M2b, bf
Re15-27 45.33831 22.89507 1625 1.0 6.0 5.5 3.2 Lap M2b, bf
Re15-29 45.31425 22.78038 1167 1.0 15.0 5.0 5.0 Lap >M1; gb
Re16-01 45.33355 22.89755 1773 2.0 4.0 5.5 0.9 Lap M2a, lm
Re16-02 45.33334 22.89734 1774 1.0 2.7 2.4 0.7 Lap M2a, lm
Re16-03 45.35686 22.91037 1869 1.5 6.0 4.5 4.2 Pel M3b, fm
Re16-04 45.35641 22.91056 1870 1.5 3.3 2.7 1.6 Pel M3b, fm
Re16-05 45.35652 22.91052 1874 1.5 2.6 2.2 1.5 Pel M3b, fm
Re16-06 45.35788 22.90961 1876 1.0 5.0 3.3 1.4 Pel M3b, fm
Re16-07 45.35776 22.90919 1892 0.8 3.3 1.7 3.8 Pel M3b, fm
Re16-08 45.35721 22.90879 1904 2.0 2.4 1.7 1.0 Pel M3b, lm
Re16-09 45.36327 22.88187 2161 2.0 – – 1.0 C.Ber >M4; rm
Re16-10 45.36297 22.88244 2141 2.0 3.8 2.7 1.6 C.Ber >M4; gb
Re16-11 45.36144 22.87944 2117 2.0 4.1 4.5 3.1 C.Ber >M4; gb
Re16-12 45.36092 22.87987 2128 1.5 6.0 2.7 2.4 C.Ber >M4; gb
Re16-13 45.36090 22.87974 2129 2.0 – – 1.0 C.Ber >M4; rm
Re16-14 45.35576 22.87102 1977 0.8 4.9 3.4 2.1 C.Buc >M3b; gb
Re16-15 45.35603 22.87077 1983 2.0 3.8 3.5 1.2 C.Buc >M3b; gb
Re16-16 45.33778 22.89467 1614 1.8 4.2 3.6 2.6 Lap M2b, bf
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double thickness of soil cover would make the CRE age 12% older.
Keeping the soil cover within 10 cm and 20 cm, as estimated in the
field, leads to a variability of 4% of the CRE age, which is within the
uncertainty of the method.

The boulderfield in the junction of the Bucura and Peleaga valleys con-
sists of several large boulders scattered on a wide and relatively flat area
at ~1620m asl. According to the geomorphological mapping, the position
of these boulders may correspond to a moraine representing the glacier
termination during the M2b phase (Figs. 2, 4C), however the moraine it-
self has most probably been reworked by fluvioglacial and paraglacial
processes. Three samples were taken from this landform (Re15-26, -27,
Re16-16), hoping that their size prevented them to be considerably dis-
turbed by these post-depositional processes.

After this phase the receding Lăpuşnicu glacierwas split up to its two
main tributaries occupying the Bucura and Peleaga valleys. In the
Bucura valley, the terminal moraine of the M3a glacier was recon-
structed at ~1710 m (Re15-23, -24,-25; Fig. 4D). In the Pelega valley it
was less expressed at ~1680 m, and it could not be sampled in the
lack of suitable boulders. The frontal moraine of the M3b phase is dam-
ming the Lake Lia (~1910 m; Re15-20, -21), and it has a well-defined
left-lateral moraine (Re15-17, -18, -19, Figs. 2, 3, 4E, F). A sample was
6

taken from a glacial boulder situated on the valley floor above Lake Lia
(Re15-22). Higher in this valley, at ~1870masl, a latero-frontalmoraine
and some glacial boulders behind the moraine were mapped, consid-
ered to belong to the M3b phase (Re16-03, -04, -05, -06, 07, 08). Two
glacial boulders were sampled next to Lake Ana, in a position between
M3b and M4 moraines (Re16-14, -15).

Themoraines of the cirque areas in front of Lakes Bucura and Viorica
were considered to belong to the youngest deglaciation phase (M4)
with terminal moraines at ~2050–2090 m asl. Samples were collected
in two cirques of the Bucura valley: in front of Lake Viorica (Re15-10,
-11, -12) and in front of Lake Bucura (Re15-13, -14, -15, -16). The
large, shallow Berbecilor Cirque above Lake Bucura is characterised by
a glacially sculpted landscape with frequent occurrence of glacially
moulded roches moutonnées and whalebacks of 10 to 20 m height.
Most of these landforms are uncovered except for scattered glacial boul-
ders deposited on their top and in between (Figs. 3, 8). In order to test
whether glacial erosion was deep enough in the cirque area to remove
all CRN inventories from preceding exposures, the stoss-and-lee land-
formswere sampled at two locations (Re16-09; Re16-13) and boulders
were sampled next to the glacial knobs (Re16-10, -11) and on top of
them (Re16-12).



Table 2
Measured 10Be concentrations and calculated surface exposure durations. Themeasured 10Be/9Be AMS ratioswere corrected for full processed blank ratios: (4.07±0.49) × 10−15 for sam-
ples Re15-01 to -14; (3.30± 0.50) × 10−15 for samples Re15-15 to -29; (3.13± 0.60) × 10−15 for samples Re16-01 to -07; (3.43± 1.12) × 10−15 for samples Re16-08 to -14 and (3.67±
0.83) × 10−15 for samples Re16-15 to -16. Age uncertainties: the 1st number is the internal uncertainty (AMSmeasurement, weighting, carrier, blank and half-life; 1σ) and the 2nd num-
ber (external uncertainty, in parenthesis) includes the uncertainty of the reference production rate as well. *Every reported age was corrected for topographic- and self-shielding.
**Corrected also for surface denudation (2 mm/kyr), uplift (1 mm/yr) and snow and soil shielding. For correction factors used for the age calculation, refer to Table S1. The exposure du-
rations calculated using all corrections are acceptd and discussed by this study (printed in bold).

Sample ID Blank corrected 10Be
concentration (at/grSiO2)

Exposure duration*(ka) Exposure duration*(ka)

No correction All corrections**

Re15-01 195,329 ± 7588 19.6 ± 0.8 (1.8) 21.1 ± 0.8 (1.9)
Re15-02 180,515 ± 6130 18.2 ± 0.6 (1.6) 19.4 ± 0.7 (1.7)
Re15-03 191,915 ± 6506 19.3 ± 0.7 (1.7) 20.6 ± 0.7 (1.8)
Re15-07 179,259 ± 6023 16.2 ± 0.6 (1.4) 17.2 ± 0.6 (1.5)
Re15-08 186,479 ± 6478 17.4 ± 0.6 (1.6) 18.8 ± 0.7 (1.7)
Re15-09 180,421 ± 6379 17.1 ± 0.6 (1.5) 18.2 ± 0.7 (1.6)
Re15-10 271,848 ± 9373 13.2 ± 0.5 (1.2) 15.3 ± 0.5 (1.4)
Re15-11 292,942 ± 10,485 14.2 ± 0.5 (1.3) 16.5 ± 0.6 (1.5)
Re15-12 255,357 ± 8532 12.4 ± 0.4 (1.1) 14.4 ± 0.5 (1.3)
Re15-13 317,827 ± 11,228 15.5 ± 0.6 (1.4) 18.1 ± 0.7 (1.6)
Re15-14 288,153 ± 9754 14.3 ± 0.5 (1.3) 16.7 ± 0.6 (1.5)
Re15-15 324,684 ± 21,047 16.1 ± 1.1 (1.7) 18.3 ± 1.2 (1.9)
Re15-16 354,329 ± 14,557 17.7 ± 0.7 (1.6) 20.6 ± 0.9 (1.9)
Re15-17 263,086 ± 12,368 13.7 ± 0.7 (1.3) 15.9 ± 0.7 (1.5)
Re15-18 290,511 ± 12,139 15.0 ± 0.6 (1.4) 16.7 ± 0.7 (1.5)
Re15-19 263,012 ± 10,816 14.0 ± 0.6 (1.3) 15.8 ± 0.7 (1.5)
Re15-20 255,046 ± 18,621 14.2 ± 1.0 (1.6) 15.7 ± 1.2 (1.7)
Re15-21 285,192 ± 16,032 15.8 ± 0.9 (1.6) 17.5 ± 1.0 (1.8)
Re15-22 239,699 ± 7960 13.1 ± 0.4 (1.1) 14.5 ± 0.5 (1.3)
Re15-23 216,726 ± 7318 14.0 ± 0.5 (1.2) 15.5 ± 0.5 (1.4)
Re15-24 229,067 ± 7639 14.7 ± 0.5 (1.3) 15.9 ± 0.5 (1.4)
Re15-25 233,970 ± 11,418 15.2 ± 0.8 (1.5) 16.4 ± 0.8 (1.6)
Re15-26 229,290 ± 12,093 15.8 ± 0.8 (1.6) 16.9 ± 0.9 (1.7)
Re15-27 260,797 ± 12,640 17.8 ± 0.9 (1.7) 19.1 ± 0.9 (1.8)
Re15-29 103,086 ± 13,394 10.3 ± 1.3 (1.6) 10.7 ± 1.4 (1.7)
Re16-01 276,136 ± 11,005 16.8 ± 0.7 (1.5) 18.5 ± 0.7 (1.7)
Re16-02 246,651 ± 9865 14.9 ± 0.6 (1.4) 18.4 ± 0.8 (1.7)
Re16-03 296,997 ± 13,388 17.3 ± 0.8 (1.6) 19.1 ± 0.9 (1.8)
Re16-04 230,750 ± 9035 13.7 ± 0.5 (1.2) 15.3 ± 0.6 (1.4)
Re16-05 No current No current No current
Re16-06 291,447 ± 12,902 16.9 ± 0.8 (1.6) 19.5 ± 0.9 (1.8)
Re16-07 297,129 ± 11,848 17.2 ± 0.7 (1.6) 19.0 ± 0.8 (1.7)
Re16-08 252,034 ± 20,434 14.4 ± 1.2 (1.7) 16.5 ± 1.3 (1.9)
Re16-09 389,814 ± 14,971 18.3 ± 0.7 (1.7) 21.5 ± 0.8 (2.0)
Re16-10 No current No current No current
Re16-11 343,696 ± 13,123 16.5 ± 0.6 (1.5) 18.4 ± 0.7 (1.7)
Re16-12 349,112 ± 13,687 16.7 ± 0.7 (1.5) 18.6 ± 0.7 (1.7)
Re16-13 367,412 ± 14,022 17.6 ± 0.7 (1.6) 20.7 ± 0.8 (1.9)
Re16-14 313,159 ±1 2,005 16.3 ± 0.6 (1.5) 18.6 ± 0.7 (1.7)
Re16-15 308,130 ± 16,588 16.3 ± 0.9 (1.6) 18.9 ± 1.0 (1.9)
Re16-16 203,806 ± 12,102 14.1 ± 0.8 (1.4) 15.0 ± 0.9 (1.5)
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3.2. Sample treatment and measurement

Sample processing was performed at the Cosmogenic Nuclide
Sample Preparation Laboratory of the Institute for Geological and
Geochemical Research (Budapest, Hungary). Samples were crushed
and sieved to a grain size of 0.25–1 mm. The quartz content of the
samples was enriched via density separation using heavy liquids
(LST Fastfloat). Chemical sample processing followed the proce-
dures of Merchel and Herpers (1999) and Merchel et al. (2019):
Each sample (~100 g) was chemically etched using a 1:1 mixture
of HCl and H2SiF6, then the atmospheric 10Be inventory was re-
moved by the stochiometric dissolution of the outer 1/3 part of
the quartz grains. The quality of the purified quartz was checked
optically using a stereomicroscope and, if necessary, XRD (Rigaku
Miniflex). 20–30 g of pure quartz was dissolved in HF (48%) in
the presence of 300 μg 9Be carrier (0.980 mg/g 9Be Scharlab Be
standard solution BE0350100). After having substituted HF with
HCl, ion exchange columns (Dowex 1 × 8 and 50Wx8) were used
to extract 10Be. Purified BeO was mixed with Nb powder and tar-
gets were prepared for AMS (Accelerator Mass Spectrometry)
7

measurement of their 10Be/9Be ratios at ASTER, the French national
AMS facility located at CEREGE, Aix en Provence (Arnold et al.,
2010). The Beryllium measurements were calibrated against
the ASTER in-house STD-11 standard (10Be/9Be = (1.191 ±
0.013) × 10−11, equivalent to NIST_27900 (Braucher et al., 2015),
considering the 10Be half-life of (1.387 ± 0.012) × 106 years
(Chmeleff et al., 2010; Korschinek et al., 2010). Analytical uncer-
tainties (reported as 1σ) include uncertainties concerning sample
weighing, AMS counting statistics, 10Be/9Be ratios of the standards
and chemical blank measurements and an external AMS error of
0.5% (Arnold et al., 2010).

3.3. Calculation of the 10Be CRE ages

In the lithosphere, terrestrial in situ-produced cosmogenic 10Be is
mainly produced from O and Si within quartz mineral lattice at or
close to the surface. Interactions with three main types of secondary
particles, high-energy neutrons, slow and fast muons, induce in
situ-production of cosmogenic nuclides (Lal, 1991). Assuming that the
production and denudation rates remained constant through time, the



Fig. 4. Photos of sampled boulders (indicated byyellowarrows)with their sample code, CRE age (ka) and glacial phase in the top right corner. For locations refer to Table 1 and Figs. 2 and S1 and
the supplementary kmz file.

Fig. 5. Panoramic view of the Bucuramoraine with the sampled boulders and their apparent CRE ages (ka). The photowas taken from the eastern termination of theM4 terminal moraine
at Lake Bucura. For location see Fig. 2.
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change of 10Be concentrations over exposure time can be calculated
using Eq. (1) (Braucher et al., 2003):

N x,ε,tð Þ ¼
Psp: exp − x
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where N(x,ε,t) is the nuclide concentration in function of depth x
[g/cm2], denudation rate ε [g/cm2/y] and exposure time t [y]. Psp, Pμslow,
Pμfast and Ln, Lμslow, Lμfast are the production rates and attenuation
lengths of neutrons, slowmuons and fast muons, respectively. Site spe-
cific production rates of in situ produced cosmogenic 10Be were calcu-
lated using the CosmoCalc 3.0 Excel add-in (Vermeesch, 2007)
employing the time-independent Lal (1991)/Stone (2000) scaling and
a sea level high latitude (SLHL) spallogenic 10Be production rate (PSLHL)
of 4.01 ± 0.33 at/g/yr (Borchers et al., 2016). Pμslow, Pμfast are based on
Braucher et al. (2011). The Ln, Lμslow, Lμfast values used in this paper are
160, 1500 and 4320 g/cm2, respectively (Gosse and Phillips, 2001;
Heisinger et al., 2002a, 2002b). λ is the radioactive decay constant of
10Be: (4.9975 ± 0.0432) × 10−7 y−1. Ninh is the inherited nuclide con-
centration [at/g]. The internal uncertainties of the reported ages com-
prise the analytical uncertainties and the uncertainty of the half-life of
10Be. External uncertainties include the uncertainty of the 10Be produc-
tion rate (Table 2).

Site-specific production rates were corrected for topographic
shielding, self-shielding, snow-shielding (SSw) and soil-shielding (if
relevant). Topographic shieldingwas calculated using the 10m resolution
DEM in ArcGIS environment (Codilean, 2006; Li, 2013). The correction for
self-shielding occurred using the exponential function of Lal (1991) as-
suming a rock density of 2.7 g/cm3. Self-shielding, snow-shielding and
soil-shielding (if relevant) were calculated as using equations given by
Vermeesch (2007) as described by Ruszkiczay-Rüdiger et al. (2020).

Snow shielding, which is a considerable factor in the calculation of
exposure durations (Hippe et al., 2014), was estimated from the mean
annual snow depth and snow cover duration at each sample site (ρsw =
0.3 g/cm3,Λn=160 g/cm3).Mean annual snowdepth at the sampling lo-
cations was calculated from corresponding values extracted from the
gridded (1 × 1 km) datasets of monthly mean snow depth of Romania
(Dumitrescu et al., 2017). Themean annual snowpack duration is usually
above 250 days in the Alpine region of the Romanian Carpathians (>2000
m asl; Micu, 2009) so this value was assigned to all sampling locations
above 2000 m asl. The duration of the continuous snow cover correlates
closely with altitude (Micu, 2009) with an empirically determined eleva-
tion gradient of 8 days/100 m, in the Southern Carpathians (Micu et al.,
2015). Accordingly, the duration ofmean annual snow cover at the eleva-
tion of the sampling points under 2000m asl was estimated using this el-
evation gradient: starting from 250 days/year at 2000 m asl, and
decreasing 8 days with every 100 m downwards. The mean annual
snow cover was corrected for boulder height due to the fact that high
boulders are covered by thinner snow layer and for shorter time com-
pared to the ground level (Heyman et al., 2016). The correction was
based on a field-based conservative estimate of the relationship between
the decrease of snow cover with boulder height: in cases where the boul-
der was at least 60 cm higher than the average snow depth during the
snow-covered season, the mean annual snow cover was reduced by
20%. If the height difference was more than 120 cm, the snow cover
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was reduced by 40%. The production rates were not corrected for vegeta-
tion cover.

The sampled boulders were mostly uncovered. In cases when a few
cm thick layer of moss and a peat-like skeletal soil covered the boulder
(like in Fig. 4A and B), the site specific production rates were corrected
for the soil cover at a density of 0.9 g/cm3. Assuming that during thefirst
part of the exposure history of the boulder it was uncovered yet, the soil
correction factor was calculated considering half of the measured soil
depth (Tables 1, S1, S2). For the sample Re16-02, for which a former,
more developed soil cover of ~30 cm was estimated (see Section 3.1)
the correction for soil cover was calculated at a soil density of 1.2 g/cm3.

The surface denudation rate of crystalline rocks in alpine environ-
ments is typically slow, 0.5–2.5 mm/kyr (Balco, 2011). In this study, a
surface denudation rate of 2 mm/kyr is considered a conservative
value, falling between the 3 mm/kyr suggested for granitic boulders
(Ivy-Ochs et al., 2004) and the 0.2 mm/kyr suggested for homogeneous
crystalline rocks (André, 2002) in a mid-latitude alpine environment.

According to thermochronologic and kinematic studies, the Cenozoic
deformation pattern of the Southern Carpathians allows for a very limited
amount of Quaternary uplift of the Retezat Mts (Maţenco, 2017). On the
basis of geodetic data (Zugrăvescu et al., 1998) the recent, 1 mm/yr uplift
rate was used during the CRE age calculations. CRE ages both with and
without correction for snow- and soil-shielding, denudation and uplift
are presented (Table 2), but only the corrected ones will be discussed in
the following.

For the comparison of the new data with the formerly published
data from the northern valleys of the Retezat Mts (Reuther et al.,
2007; Ruszkiczay-Rüdiger et al., 2016), the latter were recalculated
using the newly acquired, DEM-based topographic shielding and eleva-
tion values, self-, snow- and soil-shielding, local denudation rate, and
uplift rate as described in this section (Table S2).

In order to reveal any systematic bias in the calculated exposure ages
stemming from the application of the time independent Lal-Stone scal-
ing, all CRE ageswere calculated using the online calculators aswell: the
Cosmic ray Exposure Program (CREp; Martin et al., 2017), the Cronus-
Earth online calculator version 3 (CronusV3; Balco et al., 2008) and
the Cronus-Earth Web Calculator version 2.0 (CronusWeb; Marrero
et al., 2016). For the age calculations both the time dependent Lal/
Stone scaling Lm; (Balco et al., 2008) and the Lifton-Sato-Dunai scaling
models (LSD and its nuclide dependent version LSDn; Lifton et al., 2014)
were used. All calculators were set to use the most recent calibration
dataset, the ERA-40 atmosphere model and the geomagnetic database
of Lifton et al. (2014 for CronusWeb) and Lifton (2016) (for CronusV3
and CREp). The calculators were accessed in June 2020.

3.4. Selection of outliers and calculation of the most probable exposure ages
of the deglaciation phases

For the calculation of themost probable CRE age of each deglaciation
phase, samples belonging to the frontal and lateral moraines of each
phase were considered. The glacial boulder (Re15-22, Re16-11, -12,
-14, -15) and roche moutonnée samples (Re16-09, -13) are supposed
to give an age post-dating the formation of the moraine above which
they were released by the melting glacier. Accordingly, these were not
considered during the calculation of themost probable age of the degla-
ciation phases.

Asmoraine stabilizationmust have been governed by regional climate
change, the deglaciation is supposed to be synchronous in all valleys
within a few kilometres distance of the study area. Even if local factors
lead to somedifference in thefinal stabilization, this is expected to remain
under the uncertainty of the CRE datingmethod. Accordingly, in case of a
moraine of a certain deglaciation phasewas sampled at two locations, the
CRE ages were treated together to derive the most probable age of mo-
raine stabilization (relevant for the M2a, M3b and M4 phases).

For the estimation of the landform ages, samples with exposure du-
rations overlappingwithin uncertainties were considered. Interestingly,
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the moraines in the cirque area (M3b, M4), which are supposed to be
representative of the last deglaciation phases, provided exposure dura-
tions with a large scatter between ~14 and ~21 ka (see Table 2 and
Section 4.2). For age distributions of such a wide scatter statistical
methods fail in the selection of the outliers (Balco, 2011), as data pairs or
triplets would be statistically acceptable from the young middle or old
part of the age distribution. However, relative chronological order of mo-
raine generations is a priori constrained by their morphostratigraphical
position implying that during the deglaciation process glacier still-
stands and smaller re-advances leave a moraine succession with each
landform being younger than its neighbour down-valley and the cirque
glaciers being the last to disappear. Using this clue enabled us to reveal
that the dataset for the uppermost landforms was strongly biased to-
wards long exposure durations. This distribution suggests i) the CRE
ages of these moraines scatter more than expected from measurement
uncertainty only; ii) the main reason for the scatter may be the presence
of variable amount of inherited 10Be fromprior exposure. Accordingly, for
these landforms (M3b and M4) the approach of Applegate et al. (2012)
was followed by accepting the youngest coherent group of samples
(M3b) or the single youngest sample as the best estimate of the age (i.e.
containing the least amount of inherited 10Be) of the landform and the
relevant phase of deglaciation.

Unfortunately, the widely scattered exposure durations of the three
samples from the probably reworked boulderfield at the position of the
M2b moraine could not be treated as a statistically coherent dataset ei-
ther. Following the same line of arguments as before, the CRN age of the
single sample that fulfilled the criterion to be younger than the adjacent
moraine down-valley and older than themoraine up-valleywas accepted
as the best estimate of the age of the M2b deglaciation phase (Figs. 6, 7).

As a next step, probability density functionswere fitted to each coher-
ent CRE age group using the “Camelplot”MATLAB code (Balco, 2009). The
10Be CRE ages of each deglaciation phase correspond to themost probable
values of the studied probability density distributions and the associated
uncertainties to the 68% confidence interval (±1σ) (Fig. 7). In the follow-
ing these will be discussed as most probable exposure ages.

3.5. Quantification of the amount of inherited 10Be, thickness of rock eroded
and tentative estimation of glacial erosion rates

In a sample set affected by inheritance themeasured 10Be concentra-
tion will be the lowest for the sample with no (or with the smallest) in-
heritance. The differences between the measured 10Be concentration of
Fig. 6.Apparent CRE ages plotted against the elevations of the sample locations. Light blue
arrowrepresents the expectedmorphostratigraphic trendof deglaciation-related terminal
moraines being younger at higher position. Note that for the last two deglaciation phases
(M3b and M4, above 1800 m asl) only the youngest samples follow this trend.
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the sample with no (or minimum) inheritance and all other samples
will provide the best estimate on the amount of inherited cosmogenic
10Be in these samples. Making use of the function describing the expo-
nential decrease of the concentration of cosmogenic nuclides with
depth (Eq. (1)), the inherited 10Be inventory enables the calculation of
the thickness of rock eroded during the last glacial phase. For these cal-
culations the present day conditionswere assumed for the estimation of
the 10Be production during theprevious ice-free periods (correction fac-
tors, denudation rate, uplift as described in Section 3.3).

In this study, twomodels are presented showing the possible thickness
of rock removed by the glacier. The first model is restricted to the last
glacial-interglacial phase, while the second model extends back to the
penultimate glacial cycle as well. The duration of glacier-covered and
ice-free periods is estimated using speleothem U-Th ages gathered from
several relict alpine caves in the Făgăraș Mts, to the east of the study
area in the Southern Carpathians (Tîrlă et al., 2020). Speleothem growth
in alpine karstic areas is a clear indicator of milder climate (i.e. warm
andwet conditions and soil activity) while the lack of speleothem growth
is typically interpreted as evidence of particularly dry and/or cold condi-
tions (e.g. Spötl and Mangini, 2007; Ayalon et al., 2013; Stoll et al., 2013;
Isola et al., 2019). This is because glacial conditions in the infiltration
area of a cavewould be a factor for reduced or ceased speleothem growth
due to the depressed air temperatures (both at the surface and sub-
surface) strongly limiting water infiltration (Berstad et al., 2002) and to-
tally inhibiting soil activity (McDermott, 2004).

In the alpine elevations of the Southern Carpathians speleothem for-
mation occurred duringwarmer periods, largely corresponding to inter-
glacial conditions. Hence, periods of speleothem growth in these relict
caves situated in the cirque region (~2300 m asl) can be reliable indica-
tors of ice-free conditions not only in the FăgărașMts but also in the sur-
roundingmassifs, such as the Retezat Mts. This dataset was used to find
a suitable threshold separating the glacial and ice-free conditions in the
study area in the benthic δ18O record (Lisiecki and Raymo, 2005), which
is a proxy for the global ice volume. Several threshold δ18O values have
been tested to find the most suitable threshold effectively separating
glacial and interglacial conditions (Knudsen and Egholm, 2018). A
δ18O value of 4.25‰ was found suitable to separate periods with ice
free conditions (i.e. speleothem growth) and likely glaciated conditions
in the cirque region of the Southern Carpathians.

Additionally, once the thickness of material removed by the glacier
and the duration of the glacial period are estimated, the time-averaged
glacial denudation rate can also be assessed. However, during the inter-
pretation of time-averaged glacial denudation rates it has always to be
considered that glacial erosion is a discontinuous process, with glacial
erosion possibly occurring only during restricted time intervals of the
ice covered period. Taking into consideration that these long-term glacial
denudation rates are not representative of the nature of subglacial erosion
processes they are used merely for a comparison with results of studies
providing similar data (Briner et al., 2006, 2016; Delmas et al., 2008;
Crest et al., 2017; Valletta et al., 2017; Wirsig et al., 2017).

4. Results

4.1. The 10Be concentrations and derived CRE ages

Altogether, 45 samples were taken, of which 41 were processed.
Two of the processed samples had 10Be/9Be ratios under the detection
limit of the AMS measurement (Tables 1, 2).

The 10Be concentrations of the samples varied between (389.8 ±
15.0) × 103 at/gSiO2 and (179.3 ± 6.0) × 103 at/gSiO2 with a single value
as low as (103.1 ± 13.4) × 103 at/gSiO2 considered as an outlier. The
mean analytical uncertainty was 4.2%. The calculated CRE ages are be-
tween 21.5 ± 0.8 ka and 14.4 ± 0.5 ka, with a single sample (Re15-29)
providing an apparent CRE age of 10.7 ± 1.4 ka (Table 2, Fig. 2).

The calculated 10Be exposure ages showanormalmorphostratigraphic
trend, with decreasing ages up-valley from themoraines of themaximum
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Fig. 7. Probability density distributions of the sample data andmost probable 10Be CRE durations of the glacier advances recognised in the Retezat Mts (thick black curves and numbers).
For the M2b and M4 phases CRE age of a single sample could be accepted as the best estimate of the age of moraine abandonment by the glacier (red curves and numbers). Thin curves
represent individual boulder CRE ages with the assumed Gaussian distribution of their uncertainty (red: accepted, grey: omitted as outlier).
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ice extent (M1) up to ~1800m asl, the elevation of the terminal moraines
of the M3a phase (Fig. 6). The three samples from the M1 moraine pro-
vided a most probable CRE age of 20.6+0.8/−1.3 ka. Unfortunately, the
large boulder behind this moraine (Re15-29) provided an apparent expo-
sure duration of 10.7 ± 1.4 ka most probably due to chipping or toppling
of the boulder during the early Holocene. Based on five samples from ter-
minal moraine in the Judele valley and the lateral moraine of the
Lăpuşnicu valley, the most probable CRE age of the subsequent phase of
deglaciation (M2a) was 18.4+0.7/−1.1 ka (Figs. 6, 7, Table 2).

The wide scatter of the data coming from three samples from the
boulderfield found at the position of the terminal moraine of the next
(M2b) phase is problematic (Figs. 6, 7, Table 2). Among the three
dated boulders, the CRE age of 16.9 ± 0.9 ka of sample Re16-26 is con-
sidered as best age estimate of this phase,fitting to the geochronological
sequence of moraines, being always younger than the landform down-
valley and older than the next moraine up-valley. The three samples
taken from the frontal moraine of the subsequent deglaciation phase
(M3a) provided a most probable CRE age of 15.8+0.9/−0.6 ka (Figs. 6, 7).

The samples from the moraines of the M3b phase were taken from
both the Bucura and Peleaga valleys (n=10) and yielded apparent expo-
sure durations distributed around two peaks (~19 ka and ~15.6 ka)
(Fig. 7). The younger peak is in agreementwith themorphostratigraphical
position of the landform, suggesting that the remaining samples contain
inherited 10Be from prior exposure. Following the suggestion of
Applegate et al. (2012) for moraines potentially affected by inheritance,
themost probable CRE age of the younger coherent age group is accepted
as the exposure age of the M3b stage at 15.6+0.8/−0.8 ka (Re 15-17, -19,
-20, Re16-04; Figs. 6, 7).

Seven sampleswere collected from themoraines of the last, M4 phase
of deglaciation in two adjacent cirques of the Bucura valley (Fig. 2). The
apparent CRE ages of these samples showed a wide scatter between
14.4 ± 0.5 ka (Re15-12) and 20.6 ± 0.9 ka (Re15-16), an age equivalent
to theMIE orM1 (Figs. 2, 3, 7; Table 2). Themorphostratigraphic position
of this landformsuggests that only the youngest apparent age is a relevant
estimate of the time of moraine abandonment by the glacier (Fig. 6). The
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large number of apparent CRE ages much older than the most probable
CRE age of the previous moraine (M3b), implies that the major part of
the sampled M4 boulders carries a variable amount of cosmogenic 10Be
from prior exposure; therefore the CRE age of youngest sample (14.4 ±
0.5 ka; Re15-12) was accepted as the best estimate age of moraine stabi-
lization for this phase.

The sampled glacial boulders and polished rock surfaces also provided
considerably older ages than itwas expected on the basis of their geomor-
phic position. Two boulders sampled between theM3b andM4moraines
next to Lake Ana provided 18.6 ± 0.7 ka and 18.9 ± 1.0 ka apparent ex-
posure ages, which would correspond to the age of the second largest,
M2a phase, when the glacier termination was ~13 km down-valley.
Above the moraines of the M4 phase, the polished surface of the stoss-
and-lee landforms from the Berbecilor Cirque yielded apparent exposure
durations of 21.5±0.8 ka (Re16-19) and 20.7±0.8 ka (Re16-13), similar
to the exposure age of the moraine generated during the LGMmaximum
ice extent (M1). The boulder samples from the same area provided expo-
sure durations of 18.4 ± 0.8 ka (Re16-11) and 18.6 ± 0.7 ka (Re16-12),
again resembling the age of theM2a phase (Fig. 8). The long apparent ex-
posure durations of these samples at high altitude also provide a strong
piece of evidence for the presence of excessive abundances of cosmogenic
10Be in the cirque area due to an inherited CRN inventory (Figs. 6, 7, 8).
The CRE age of a single boulder above the M3b moraine at Lake Ana
(Re15-22; 14.5±0.5)was younger than itsmorphostratigraphic position,
most probably due to post-depositional chipping of its surface.

4.2. The CRE age estimates using time-dependent scaling schemes via online
calculators

The CRE exposure durations using the same correction factors (de-
scribed in Section 3.3) as applied during our calculations using Eq. (1)
were also calculated by the online calculators, which enable the com-
parison of several scaling schemes in terms of the resulting CRE ages.

The time dependent Stone scaling (Lm) via the CREp (Martin et al.,
2017) calculator provided 0.3–3.2% younger ages, the CronusV3 (Balco
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Fig. 8. Glacially sculpted landscape of the Berbecilor Cirque with roche moutonnée-s and
glacial boulders. Sample locations are indicated. The probability density plots of their
CRE ages show that apparent CRE durations of the bedrock and boulder samples (black
numbers, ka) are similar to those of the MIE (M1) and M2a phases, respectively.
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et al., 2008) resulted in 0.3% older to 4.1% younger ages and the
CronusWeb (Marrero et al., 2016) provided 2.4% older to 0.8% younger
ages compared to the values calculated using Eq. (1) and time indepen-
dent Lal/Stone scaling (Table 2).When the LSDn scalingwas applied the
results varied between±4.2%with the CREp,+3.6% to−6.7% using the
CronusV3 and +5.4% to −2.8% using the CronusWeb calculator com-
pared to the calculations using Eq. (1) with the Stone (2000) time inde-
pendent scaling carried out in the present research.

Accordingly, exposure durations calculated by the time-dependent
scaling models using the online calculators are within uncertainty, and
thus indistinguishable from the values calculated in this study using the
Fig. 9. South-north transect along the Lăpuşnicu and Bucura valleys to the Piertele valley (fo
durations (ka) of the relevant glacial phases. Note that the southern valley is much longer and
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time-independent Lal/Stone scaling via Eq. (1). Besides, the calculated
ages varied up to ~5% between calculators (due to using a slightly different
set of equations and CRN production rate calibration datasets) and also
displayed a degree of variability over a similar range depending on the at-
mosphere model and geomagnetic database used for the elevation-
atmospheric pressure conversion and for the time-variant scaling, respec-
tively. Therefore, in this study the exposure durations presented in Table 2,
calculated using the time-independent Lal/Stone scaling via Eq. (1) are
considered as reliable and will be discussed in the following.

5. Discussion

5.1. The deglaciation history of the study area

In this section the last deglaciation of the Retezat Mts be will be
discussed using the most probable exposure durations of the mapped
deglaciation phases derived from the new cosmogenic 10Be data from
the southern valleys and the recalculated data from thenorthern valleys
(Figs. 2, 9; S1, Tables 2, S2).

The largest mapped ice extent (M1) was dated to 20.6+0.8/−1.3 ka in
the southern and to 20.8+0.8/−1.3 ka in the northern valleys. During this
phase the Lăpuşnicu Glacier was also fed by the Judele Glacier and by
glaciers to the south of the Retezat Mts, descending from the Godeanu
Ice Field (Ignéczi and Nagy, 2016). No glacial landforms and sediments
could be mapped in lower, more distal positions (Figs. 1, 2). If there
were previous, more extended glaciations, their signs have been
destroyed by erosion. The MIE coinciding with the LGM (MIS 2) is in
line with several published glacial chronologies from the continental
areas of Central, Eastern, and Southern Europe.

In theWestern Carpathians the LGM typically appears to be themost
extended phase (Engel et al., 2015, 2017), although occasionally the ex-
istence of a previous, more extensive glacial advance has been con-
firmed (Makos et al., 2018). In the central Balkan Peninsula, the MIE
moraines were attributed to the LGM (Kuhlemann et al., 2009, 2013,
Ruszkiczay-Rüdiger et al., 2020), as was also the case of mountain
ranges in Western Central Europe (Mentlik et al., 2013; Engel et al.,
2014). In the Alps the glaciers reached their largest LGM position be-
tween ~26 and ~23 ka (Ivy-Ochs, 2015;Wirsig et al., 2016), slightly ear-
lier than the M1 in the Retezat Mts. However, previous Alpine
glaciations (MIS 6 or older) have been described as more extensive
(Van Husen, 2004; Graf et al., 2015; Salcher et al., 2015). Similarly, the
terminal moraines of the MIE were considered to have been produced
by pre-LGM glaciations along the Adriatic Coastal Ranges (Hughes
et al., 2010, 2011), although LGM ages were also reported (Çiner et al.,
2019; Sarıkaya et al., 2020).

The considerable shortening of the Lăpuşnicu Glacier between M1
and M2a must have been the result of the separation of the glaciers
draining from the Godeanu Ice Field and by the Judele glacier from the
main, Lăpuşnicu Glacier. The age of this stage is 18.4+0.7/−1.1 ka and
r location refer to Fig. 1B). The position of the terminal moraines and most probable CRE
gently dipping compared to the north. n.a.: not applicable.
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18.7–0.8/−0.9 ka in the south and north, respectively. From the
neighbouring Paring Mts, Urdea and Reuther (2009) reported five
10Be CRE ages between 16.7 ± 1.5 and 17.9 ± 1.6 ka attributable to
theM2 stage (not divided in sub-stages). Unfortunately, insufficient in-
formation regarding these sample sites and calculation of their CRE ages
preclude the recalculation of these data. However, as the recalculation
of the CRE ages of Reuther et al. (2007) provided ~16% older ages on av-
erage (Table S2), these ages likely belong to the M2a stage.

Due to the wide scatter of data from the boulderfield representing
the next, M2b phase, its age of abandonment could be estimated at
16.9 ± 0.9 ka based on a single sample selected as representative on
morphostratigraphic basis (see Section 4.1, Figs. 7, 8). The lack of con-
vergence of the CRE durations is most probably the result of the long-
lasting evolution and consequent transformation of the moraine com-
plex into a wide boulderfield at the confluence of the two tributaries
(Fig. 2). The age estimate of the M2b stage on the southern valleys of
the RetezatMts is in agreementwith the 17.0+0.7/−0.6 kamost probable
CRE age of this phase on the northern slopes (Fig. 9).

The moraines of the subsequent M3a phase stabilized at 15.8+0.9/−0.6

ka in the Bucura valley, while no age constraint is available in the north.
The large number of old outliers in the next, M3b sample set suggests
that a considerable part of the boulders transported by the glacier during
this phase contains a non-negligible amount of inherited 10Be (Fig. 7).
The cluster of the four youngest samples was used for the determination
of the most probable CRE age of this phase at 15.6+0.8/−0.8 ka. Around
this phase the glacier retreat apparently accelerated, as the M3a and
M3b phases provided statistically indistinguishable most probable ages.
The recalculated CRE age of theM3b phase is 15.5–0.7/−0.8 ka in the north-
ern valleys, which is in agreement with the timing of this phase in the
south (Figs. 8, 9).

Several studies reported phases of rapid ice retreat, on the basis of
indistinguishable 10Be age populations (Goehring et al., 2008; Briner
et al., 2009; Koester et al., 2017; Corbett et al., 2019). This is due to
the fact that the precision of the CRN data (in this study 4–5% inter-
nal and 9–10% external uncertainty) is not good enough to distin-
guish between millennial scale climate events (Delmas et al., 2008;
Balco, 2020).

The CRE ages of the dataset belonging to the last, M4 deglaciation
phase, resulted to be largely scattered andmostly yielding old ages com-
pared to themorphostratigraphic position of this landform (Fig. 6). This
pattern, again, suggests the presence of certain amount of inheritance
(Balco, 2020). Due to the lack of an age cluster in the widely scattered
M4 dataset, the CRE age of the youngest sample, 14.4 ± 0.5 ka, was ac-
cepted as the best estimate for the time of abandonment of the mo-
raines (Applegate et al., 2012). This age estimate is in agreement with
the morphostratigraphic position of the M4 moraine, postdating the
moraine of the M3b phase (Figs. 2, 6, 7, 9). This age estimate is similar
to the recalculated most probable exposure age of 14.9+0.6/−0.5 ka of a
dated moraine on the north (n = 2; Ruszkiczay-Rüdiger et al., 2016).

The bedrock and boulder samples collected from the Berbecilor
Cirque lay well above the M4 moraines, therefore they must have
been abandoned by the receding glacier after theM4 phase. Conversely,
the bedrock surfaces and boulders provided apparent exposure dura-
tions equivalent to the local M1 and M2a phases, when the glacier ter-
minus was ~18 and ~6 km down-valley, respectively (Figs. 2, 6, 7, 8).
The absence ofmoraines in higher positionswithin the cirques suggests
that the fast glacier retreat recorded by the overlapping ages of theM3a
and M3b moraines continued after the abandonment of the M4 mo-
raines. Following this line of evidence, the complete deglaciation of
the cirque area could have taken place within a few hundred years
after the abandonment of the M4 moraines. Hence, the time of the de-
glaciation of the area was tentatively placed to ~14 ka.

In order to verify or reject the CRE age estimates of the M3b andM4
phases and also the timing of the deglaciation of the cirque area, the fol-
lowing section is dedicated to the study of independent regional and
local paleoclimate data.
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5.2. Independent data constraining the age of the last deglaciation of the
Retezat Mts

In the Retezat Mts fast melting of the glaciers between ~16 and ~14
ka was suggested by overlapping CRE durations of the subsequent ter-
minal moraine generations of the M3a, M3b and M4 glacial phases.
The Greenland Ice Core Chronology (GICC) places the onset of the
Greenland Interstadial-1 (GI-1, or Bölling/Alleröd interstadial) to this
time, suggesting abrupt warming between ~14.7 and ~14.1 ka (GI-1e)
(Rasmussen et al., 2014).

The chironomid-inferred mean July air temperature record at Lake
Brazi (a lake within theM3amoraine in a northern valley of the Retezat
Mts, Figs. 1, S2) suggests a warming of 2.8 °C between ~14.7 and ~14.5
ka cal BP, at the onset of the GI-1 (Tóth et al., 2012). This warming
was also observable in the vegetation record, which indicates the ex-
pansion of forests from 14.5 ka cal BP in the Southern Carpathians
(Magyari et al., 2011, 2012). The temperature signal of branched
tetraether lipids from the NW Black Sea sediments indicates ~3 °C
warming of the catchment at ~15.0–14.5 ka, and these warmer condi-
tions continued between ~14.5 and ~13.5 ka (Sanchi et al., 2014). The
warming between ~15 ka and ~14 ka indicated by these paleo-
temperature reconstructions suggest that this period was favourable
for glacier melting in Southeast Europe.

The studies of the sediment sequences and age-depth modelling
based on radiocarbon dating of two lakes behind the M3b moraines in
the Retezat Mts yielded results comparable to the CRE dating of these
landforms. In the northern Gales valley (Figs. 1, S2), the onset of lacus-
trine sedimentation was estimated at ~15.1 ka (Lake Gales; Magyari
et al., 2009; Hubay et al., 2018), in agreement with the ~15.5 ka CRE
age of the M3b moraines. Interestingly, in the southern Bucura valley
the modelled onset of sediment deposition was ~17.1 ka (Lake Lia;
Hubay et al., 2018), which seems to be much earlier than the age of de-
glaciation of that part of the valley. However, the bottom sequence of
the studied core consisted of purely minerogenic silt fraction, most
probably representing the fluvioglacial facies of fast deposition in front
of the glacier tongue. Accordingly, it does not represent a lacustrine sed-
imentation. Regarding the modelled age of the depth level where silt
dominated sediment changes to gyttja, which likely corresponds to
the actual onset of lacustrine sedimentation in the Lia basin, an age of
~13.2 ka cal BP can be inferred from the published age-depth plot
(Hubay et al., 2018), which is setting aside the contradiction with the
~15.6 ka CRE age of the M3b phase suggested by the present study.

Unfortunately, the sediment core of Lake Bucura, lying behind the
moraine of the M4 phase, did not reach the bedrock. At a depth of 5
m, the age of the sediment was ~10.4 ka cal BP (Hubay et al., 2018),
which can only be taken as a minimum age of the abandonment of
the moraines of the M4 phase.

In summary, the CRE age suggested by the youngest sample clus-
ter of the M3b moraines seems to be acceptable, and consequently
devoid of considerable amount of inherited 10Be. The abandonment
of the last M4 moraine between ~15 and ~14 ka as well as the ~14
ka date for the final deglaciation of the cirque area are also supported
by independent climate- and geochronological data. Similarly to the
northern valleys of the Retezat Mts, the Jablanica Mt. in the Central
Balkan Peninsula and the Bohemian Forest, no GS-1 (YD) glacial ad-
vance has been recorded in the study area, most probably due to the
cold and dry climate conditions in these areas (Vočadlová et al.,
2015; Ruszkiczay-Rüdiger et al., 2016, 2020). This finding suggests
higher ELA than considered for the recent reconstruction of large-
scale continental pattern of the ELA across Europe (Rea et al.,
2020). The 14 ka age of deglaciation will therefore be taken as a
working hypothesis for the calculation of the inherited 10Be
inventory and modelling of the glacial denudation. Naturally, an un-
derestimation of the deglaciation age would generate higher
inherited 10Be concentrations and a smaller depth of glacial denuda-
tion than presented below.
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5.3. Estimating the duration of glacier-covered and ice-free periods

The inherited nuclide inventory can be used for the calculation of the
depth of glacial erosion and glacial erosion rate provided that the dura-
tion of the ice-cover can be estimated. Two modelling scenarios were
implemented: (1) considering the last interglacial-glacial cycle only,
supposing that during the penultimate glaciation the glacial erosion
was deep enough to remove the total amount of inherited CRN; (2) con-
sidering the last two glacial cycles, to test the effect of the inheritance of
previous exposures. In both models the interglacial conditions are sup-
posed to be similar to present.

In order to find the most suitable threshold between ice-free and
glacier-covered conditions in the study area, a combination of the
speleothem growth periods in the relict caves situated in the cirque re-
gion (~2300m asl) in the FăgărașMts (Tîrlă et al., 2020) and the benthic
δ18O record (Lisiecki and Raymo 2005)was used (Fig. 10C). Speleothem
growth phases in these alpine caveswere established by the kernel den-
sity estimate (Vermeesch, 2012) of the speleothem U-Th ages from the
past 300 k years (Tîrlă et al., 2020). A reasonable thresholdwas found at
4.25‰ in the benthic δ18O stack record above which ice-free conditions
can be assumed in the Southern Carpathians, as indicated by the
speleothem growth phases in the alpine karst of the area during former
interglacial conditions of MIS 5 and MIS 7. Using this threshold, the
Fig. 10. A: The evolution of 10Be concentrations and modelled depth of glacial erosion
during the last glacial cycle in the bedrock (blue) and boulder (red) samples of the
Berbecilor Cirque The cosmogenic clock was reset during the penultimate glacial cycle
(Model 1). The dotted line indicates the 300 cm denudation depth, which is deep
enough to reduce the inherited 10Be inventory below detection limit for both boulders
and bedrock. The grey shadow indicates the range between the 10Be inventory produced
in situ with no inheritance and the maximum measured value. B: The evolution of 10Be
concentrations and modelled depth of glacial erosion during the last glacial cycle for the
bedrock surfaces. Different depths of glacial erosion during the penultimate glacial (MIS
6) are considered. The green dotted line shows the 350 cm denudation depth that is
deep enough to reset the cosmogenic clock even if the denudation during the previous
glaciation was as shallow as 50 cm. Fig. 12 shows the denudation rates modelled for
both bedrock and boulder surfaces. C: The benthic δ18O record and Marine Isotope
Stages (Lisiecki and Raymo, 2005; solid black line) and kernel density estimate of
speleothem U-Th age data from alpine caves in the Făgăraș Mts (Tîrlă et al., 2020;
orange plot). The dashed line shows the δ18O value of 4.25‰, which best fits both the U-
Th speleothem data and the MIS stages. This threshold value is used to estimate the
duration of unglaciated and glacier-covered periods in the study area (light blue
shadows). For details refer to the text.

14
glaciated periods were estimated at ~191–130 ka (MIS 6) and ~71–14
ka (MIS 4–2) and the ice-free periods at ~243–191 ka (MIS 7), ~130–
71 ka (MIS 5) and ~14–0 ka (MIS 1) (Fig. 10). Barr et al. (2019) sug-
gested that cirques in the British Isles (somewhat more northerly, but
at lower elevations than the Retezat Mts) were ice-free for 52 ± 21
kyrs during the last ~120 ka. This number is in agreement within error
with the 57 kyrs duration of the last glacial cover and 63 kyrs ice-free es-
timated by this study during the same period. Accordingly, the above
defined intervals of glaciated and non-glaciated phases will be used
for themodelling of the depth of glacial erosion and glacial erosion rate.
5.4. Quantification of the inherited CRN inventory and depth of glacial
erosion in the cirque area

To estimate quantitatively the inherited cosmogenic 10Be inventory,
the bedrock and boulder samples from the Berbecilor Cirque were used
(Tables 1, 2; Figs. 2, 3, 8). In order to assess the inherited 10Be concentra-
tions the 10Be inventory produced in situ during the current exposure
was calculated via Eq. (1) using the same correction factors as described
in Section 3.3 (Tables S1, S2) and the presumed ~14 kadate of the degla-
ciation of the cirque area (Fig. 10). As a next step, this nuclide inventory
was subtracted from the measured 10Be concentration to get the
inherited 10Be inventory of (80.4 ± 3.1) × 103 at/gSiO2 and (84.1 ±
3.3) × 103 at/gSiO2 for the boulder samples and (133.6 ± 5.1) × 103 at/
gSiO2 and (116.1±4.4) × 103 at/gSiO2 for the bedrock surfaces (Fig. 11A).

This inherited component was produced at depth z during the pen-
ultimate exposure, which depth equals the depth of rock removed by
glacial erosion (Fig. 11B). The depth z could be determined by inverse
modelling via Eq. (1) using the above defined duration of the last inter-
glacial as exposure duration (130–71 ka, 59 kyrs) and the same correc-
tion factors as for the recent exposure (described in Section 3.3).

In the simple model (1) considering only the last interglacial-glacial
cycle, the inheritance (Ninh in Eq. (1))was considered to be zero at the be-
ginning of the last interglacial. For the bedrock surfaces on top of the stoss-
and-lee landforms the depth of glacial erosion was between 117± 10 cm
and 123 ± 9 cm (Re16-09 and Re16-13, respectively; 107–132 cm in
total). For the boulders the denudation depth was somewhat larger, 150
± 11 cm and 147 ± 11 cm (Re16-11 and Re16-12, respectively; 136–
161 cm in total) (Figs. 10A and 11C). The model also demonstrated, that
a denudation depth of ~300 cm would have been enough to reduce the
inherited 10Be concentrations below the detection limit (orwithin the un-
certainties of the measured values after 14 ka exposure; Fig. 10A). In case
of previous exposure durations and lower analytical uncertainties the gla-
cial denudation necessary to remove the cosmogenic nuclides accumu-
lated during previous exposures may be larger. For instance, in SW
Norway glacial erosion of over 5 m was required to remove detectable
traces of inherited 10Be (Briner et al., 2016).

In model (2) the evolution of the 10Be concentrations over time was
examined for the last two interglacial-glacial cycles in order to trace the
potential effect of the previous exposures on themodelled depth of gla-
cial erosion. In this model, the depth of glacial denudation during the
last (MIS 4-2) glacial was modelled with several erosion depths during
the previous (MIS6) glacial (Figs. 10B, 12). The first observation is that
even if the depth of glacial erosionwas zero during the penultimate gla-
cial, 179+15/−11 cm and 149+15/−12 cm glacial denudation is enough to
reach themeasured 10Be concentrations in the boulder and bedrock sur-
faces, respectively. Then the thickness to be eroded during the last gla-
cial is reduced with the increase of the erosion depth during the MIS
6. However, for erosion depths over 150 cm during the MIS 6, the
change of the modelled erosion depth for the MIS 4-2 is minimal
(around 150 for boulders and 120 cm for bedrock).

The depth of glacial erosion necessary to reset the cosmogenic clock
during the last glaciation remains ~300 cm if at least ~100 cm of rock
was eroded during the MIS 6, similarly to the single stage model
(Fig. 10A, B). In case of theMIS 6 glacial erosion is shallower, the erosion
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Fig. 11. The change of 10Be concentrations with depth in the bedrock and boulder samples of the Berbecilor Cirque considering the last interglacial-glacial cycle. A: The change of 10Be
concentrations with depth during the recent exposure (MIS 1, 14–0 kyr) with the measured, inherited and in-situ produced 10Be inventories indicated. B: The change of 10Be
concentrations with depth during the previous exposure (MIS 5, 130–71 ka). The calculated inherited amount of 10Be is used to derive z depth of glacial erosion during the last glacial.
C: The modelled depth of glacial erosion (z) (with uncertainties as grey shadows) as calculated using the inherited 10Be concentrations (orange dotted lines, grey shadows show the
uncertainties).
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of at least ~350 cmof rockwould be necessary during theMIS-4-2 to re-
duce the inherited CRN concentration under detection limit (Fig. 10B).

As it is well visible on Figs. 10A, B and 12 the depth of glacial erosion
during the previous glaciation has a limited effect on the modelled gla-
cial denudation depth during the last glaciation. The depth to be eroded
to reduce the inherited cosmogenic nuclide inventory below detection
limit is 300 to 350 cm. The measured 10Be concentrations in bedrock
and boulder surfaces is reached by 118+14/−11 cm and 147+14/−11 cm
of glacial erosion in case of no inheritance, while this value is 149+15/
−12 cm and 179+15/−11 cm for the extreme case of no erosion during
the penultimate glaciation. Accordingly, the required increase of glacial
erosion during the last glacial is up to 18–20% considering the two end-
member scenarios: at least 4 m and zero denudation during the previ-
ous glaciation.

5.5. Spatial and temporal pattern of glacial denudation in the Retezat Mts

Following the same line of thought, the long-term average glacial
denudation rate can be estimated using the depth of glacial erosion
and the duration of the ice-covered period calculated above (Section
5.3, Fig. 10). The uneven and episodic nature of glacial erosion prevents
this value from being suitable for the estimation of a constant glacial
erosion rate (which contradicts the nature of glacial erosion) however,
Fig. 12. Depth dependence of glacial erosion during the last (MIS 4-2) glaciation on the
depth of glacial denudation during the previous (MIS 6) glaciation. Note that an erosion
depths over 150 cm during the MIS 6, leads to minimal change of the modelled erosion
depth during the MIS 4-2.
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it can be useful for the data comparison from different time and geolog-
ical settings.

During the last glacial phase (MIS 4-2) in the Berbecilor Cirque of the
Retezat Mts the mean glacial erosion rate was 20–24 mm/kyr and 25–
29 mm/kyr for the bedrock and for the boulder samples, respectively,
if the cosmogenic nuclide clockwas successfully reset during the penul-
timate glacial phase. In case the rock thickness removed by the penulti-
mate glaciation was not insufficient for the complete removal of the
cosmogenic 10Be inventory (Figs. 10B and 12) the glacial erosion rate
can be estimated to 19–28 mm/kyr for bedrock and 24–33 mm/kyr
for boulder surfaces. The boulders are mostly grabbed from the lee
side of the stoss-and-lee landforms, where the glacial erosion and
plucking is more efficient than on their top surfaces (Wirsig et al.,
2017), which explains the somewhat larger estimated erosion rate for
boulder samples.

By way of comparison, in the Făgăraș Mountains 600 mm/kyr has
been suggested as the glacial erosion rate of a cirque based on cirque
morphometry (Tîrlă et al., 2020). This value can be considered a maxi-
mum estimate, as the applied model supposed a single stage evolution
of the cirque during the last glacial period (MIS 4-2) and ignored cirque
evolution during previous glaciations. Briner and Swanson (1998) used
in situ produced 36Cl data also on stoss-and-lee landforms and boulders
onMt. Erie (Cordilleran Ice Sheet). They showed that less than 1–2m of
rockwas removed by glacial erosion during the last glacial phase, which
means glacial erosion rates of 90–350mm/kyr. In the Eastern Pyrenees,
Crest et al. (2017) observed that the 10Be and 26Al CRE ages of the cirque
floors were older than the relevant moraine ages. They concluded that
subglacial cirque-floor denudation rates were typically 0–120 mm/kyr
(occasionally up to >300 mm/kyr). The glacial denudation rates esti-
mated for the Berbecilor Cirque in the Retezat Mts are in the lower
range of the reported values. Wirsig et al. (2017) described higher gla-
cial denudation rates (from 100 mm/kyr to >5000 mm/kyr) from bed-
rock surfaces in the Eastern Alps however, over a considerably shorter,
700–3300 years timespanpreceding the Little Ice Age. The higher values
were estimated towards the centre of the glacial valley and on the lee-
ward side of the bedrock knobs on the valley floor.

However, due to the already mentioned intermittent nature of gla-
cial erosion, two main issues might complicate the comparison of pub-
lished glacial erosion rates: the methodology and the time considered:
i) according to a global review of glacial erosion rates, CRE dating pro-
vided systematically lower glacial denudation rates compared to other
methods (Delmas et al., 2009); ii) the considered period of glacial ero-
sion and its duration is also an important issue, and depend on the ap-
proach of whether to integrate the entire glacial phase or just a
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restricted period (e.g. glacier expansion,maximumor recession). For in-
stance, 2 m of erosion considered for a period of 10 kyrs or 60 kyrs
makes a proportional difference for he estimated denudation rate (i.e.
200 mm/kyr or 33 mm/kyr).

The effect of the inheritance in the study area is striking in the upper
part of the valleys, in other words, only landforms belonging to the last
two glacial phases appear to be affected. Most probably, when the gla-
ciers weremore extensive, major part of the glacially transportedmate-
rial originated from lower elevations, where glacial erosion carved
deeper into the valleys. This is in agreement with the suggestion that
cirques grow mainly when glaciers are restricted to the cirque zone
rather than during periods of extensive glaciation (Barr and Spagnolo,
2015). During full glacial periods, glacier erosion was focused on the
lower sections of the glacial valley, leaving the cirque floors less affected
by denudation. The main reasons for the limited glacial erosion in the
cirques during the extended glacial phases might stem form cold-
based and shallow, low-gradient glaciers (absence of rotational flow)
in the cirques, coupledwith glacier-load starvation (because permafrost
drastically decreases the potential for clast supply) (Crest et al., 2017).
In these conditions the ice is frozen to the underlying bedrock where
stress (and basal shearing) reduces to zero. As a consequence, the ice-
rock interface remains below the pressure melting point and overlying
ice moves via internal plastic deformation only. Cold-based glaciers
have been reported as the primary reason for the considerable amount
of inherited 10Be in themoraine boulders of small alpine and cirque gla-
ciers in East Antarctica as well (Valletta et al., 2017).

As the glaciers retreat and the ELA is approaching the cirque area, the
conditions switch to those favourable to glacial erosion: the shortened
glaciers become steeper and their thermal regime changes to temperate
(warm-based). In warm-based glaciers bedrock is eroded by the sliding
basal ice, with temperatures above the pressure-melting point (Benn
and Evans, 2010). Besides, the sediment supply may increase due to
the warmer air temperature promoting frost cracking and thereby sup-
plyingmore abrasive debris to the glacier (Barr et al., 2019). Contempo-
rary glacial erosion rates, together with ice fluxes and sliding speeds for
15 outlet glaciers in Patagonia have shown that rising temperatures in-
crease the erosive potential of glacial ice (Koppes et al., 2015). In the
Retezat Mts however, the fast deglaciation of the upper valleys (in 1–3
kyrs) could not provide enough time to remove at least ~3 m of rock
to zero the cosmogenic nuclide clock.

Barr et al. (2019) have suggested that continuous cirque growth dur-
ing glacier occupation is unlikely, and proposed that cirques attained
much of their size during the first occupation of a non-glacially sculpted
landscape. During subsequent glacier occupations, cirque growth may
have slowed considerably, with the highest rates of subglacial erosion
focused during periods of cirque glaciation. Considering the well-
developed glacial landscape observed in the Retezat Mts, coupled with
the limited glacial erosion during the LGM suggested by the CRN inven-
tories of the landforms of the cirque area, implies that glacial landscape
of the Retezat Mts must have been formed in the course of at least two,
or possiblymore glacial phases. In the absence of numerical ages for gla-
cial landforms older than LGM, this is the first evidence of pre-LGM gla-
ciation of the Southern Carpathians.

6. Conclusions

i) Deglaciation chronology: The MIE in the Retezat Mts was syn-
chronous with the LGM, which was followed by a fast glacier re-
cession during the Lateglacial. These findings are closely
matching the glacial chronologies published in the NW
Carpathians (Engel et al., 2017; Makos et al., 2018). On the
basis of the 10Be CRE data the final deglaciation occurred around
~14 ka, a date supported by independent paleoclimate recon-
structions. No evidence of a Younger Dryas (GS-1) glacial ad-
vance has been recorded in the study area so far, which finding
will help to refine the large-scale continental pattern of the
16
reconstructed ELA trend across Europe.
ii) Glacial erosion: the presence of inherited cosmogenic 10Be in

moraines, glacial boulders and bedrock samples of the cirque re-
gion hinders the age determination of the last and penultimate
deglaciation phases. This nuclide inventory must have accumu-
lated during exposure(s) prior to the last glaciation,which points
to the limited erosional efficacy of cirque glaciers during the last
glacial phase. Modelling of the depth of glacial erosion suggests
that 1.1–1.8m of rockwas eroded by the glaciers from the cirque
area, at a glacial erosion rate of 19–33 mm/kyr during the last
glacial period (MIS 4-2). The absence of inherited 10Be inventory
from the lower/older moraine samples suggests that carving of
the glacial troughs during the LGM and early Lateglacial periods
was deep enough to remove the cosmogenic nuclides from pre-
vious exposures. During these phases of extended glaciation
most probably the cirque region was conserved under cold-
based ice. In future research where the studied paleo-glaciation
might have been dominated by cold-based glaciers, careful eval-
uation of the possibility of insufficient erosion and an inherited
CRN inventory is recommended.

iii) Landscape evolution: The limited glacial erosion in the cirques
during the LGM suggests that the development of these land-
forms must have taken place during several subsequent glacial
phases, providing an indirect piece of evidence for repeated Qua-
ternary glaciations in the Retezat Mts. The apparent absence of
pre-LGM landforms is most probably the consequence of LGM
glaciers overriding the previous glacial features and/or the diffi-
culty of recognising the severely eroded remnants of a possibly
more extended previous glaciation in the lower valleys.

iv) Future tasks: The next step to provide a better estimate of the
timing of the last deglaciation of the area will be the use of the
short-lived in situ produced 14C. The more precise age estimate
of the final deglaciation will also enable, if necessary, the re-
assessment of the depth of glacial erosion and glacial erosion
rates.
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