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Abstract: The legacy of Pleistocene glaciation in the Babia Góra massif (1725 m a.s.l.) has been the subject of vigor-
ous debate for over a century. These controversies have been largely influenced by the poor preservation of glacial 
landforms and their extensive overprint by rock slope failures (RSFs). In this context, geomorphological criteria alone 
have proven insufficient for a comprehensive interpretation of glacial features in flysch lithology, which has been 
heavily shaped by landslides. In this study, we present the results of field and LiDAR-supported geomorphological 
mapping, clast morphology analysis and micromorphological examination of sand-sized quartz grains. This multi-
proxy approach, when combined with previously published Schmidt-hammer data, provides robust evidence for the 
presence of glaciation in the Babia Góra massif. The Late Pleistocene palaeoglacier (area 0.87 km2, 2.2 km long) was 
reconstructed in the headwaters of the Szumiąca Woda valley. Mapped latero-frontal moraines mark the extent of the 
glacier front at 930 m a.s.l. The glacier equilibrium line altitude (ELA) calculated from glacier hypsometry with the area 
altitude balance ratio (AABR) 1.6 was 1272 m. However, after accounting for the topographic effect of additional snow 
accumulation, the climatic ELA was recalculated and placed at 1354 m a.s.l. These findings suggest that, in addition to 
the previously known eastward horizontal gradient of ELA rise, a southward trend of rising ELA was also observed 
across the Western Carpathians.
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Introduction

Glacial processes are effective geomorpholog-
ical agents in shaping mountain relief regardless 
of hillslope topography, latitude and climate. The 
rate of glacial erosion is approximately an order 
of magnitude larger than that of fluvial erosion 
over time (Wilner et al. 2024); thus, pronounced 
glacial activity can significantly alter the original 

fluvial-erosional landscape. Glacier erosion par-
ticularly affects the areas located just below the 
glacier equilibrium line altitude (ELA), where 
glacial processes are the most effective (Pedersen, 
Egholm 2013). Glacial cirques form in the gla-
cier accumulation zone (Evans 2006, 2021, Barr, 
Spagnolo 2015), whereas the longitudinal pro-
files of glaciated valleys are steepened in their 
upper sections and gradually flattened towards 
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the terminal moraines, which mark the glacial 
limit in the ablation zone (Anderson et al. 2012, 
Barr, Lovell 2014).

The bedrock lithology has a significant im-
pact on glacier formation and cirque develop-
ment (Evans 1977, Hughes et al. 2007, Mîndrescu, 
Evans 2014), as well as clast morphology and 
debris cascades in glaciated mountain environ-
ments (Lukas et al. 2013). The sedimentary flysch 
rocks (sandstones and mudstones) are considered 
relatively weak lithology, where glacial features 
are much poorly developed than in the crystal-
line and limestone lithology (Hughes et al. 2007, 
Mîndrescu, Evans 2014, Kłapyta et al. 2023a). The 
soft and highly anisotropic flysch clasts show 

potentially fast glacial abrasion and concomitant 
fracturing (Lukas et al. 2013).

In the Carpathians, glacial landscapes have 
been documented in 36 mountain massifs 
(Pawłowski 1936, Urdea et al. 2022, Kłapyta et al. 
2023a) (Fig. 1A). In the Eastern Carpathians, most 
glaciers developed within flysch formations. 
The morphological similarity between mapped 
moraines and rock slope failures (RSFs) was al-
ready highlighted by geomorphologists study-
ing in this area (Sawicki 1912, Pawłowski 1936, 
Świderski 1938, Sîrcu 1962, 1963, Wójcik 1994). 
As a result, glacier reconstruction based solely on 
the geomorphological record proved to be chal-
lenging. To address this, the term ‘pseudoglacial 

Fig. 1. Location of the study area within the regional context of the glaciated mountain massifs in the 
Carpathians, according to Kłapyta et al. (2023a, b). A – distribution of precipitation anomalies in relation to the 
mean (1970–2000) in the Western Carpathians based on the climate data (Worldclim 2.1 dataset; Fick, Hijmans 
2017). The extent of glaciers according to Zasadni and Kłapyta (2014) and Pyrda (2025). B – general view of the 
morphology of the northern slope of Babia Góra. The geomorphological map (Kłapyta 2020) is projected onto 
the LiDAR-derived digital terrain model (DTM). C – yellow circles indicate the location of scanning electron 

microscopy (SEM) sampling sites.
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morphology’ was introduced in the Polish geo-
morphological literature (Sawicki 1913, Ziętara 
1962) to describe atypical features that could be 
similar to glacial but formed by non-glacial pro-
cesses, mainly RSFs. Despite these limitations, 
the use of sedimentological methods reveals no-
table differences in the roundness and sorting of 
gravel fractions between moraines and fluvio-
glacial deposits in the Chornohora (Miller 1963) 
and Svydovets massifs (Ananev 1981). Clast 
morphology analyses carried out in selected test 
areas in the Eastern Carpathians (Kłapyta et al. 
2021b, 2022a, b) showed that the key determi-
nant of moraine clast morphology in the flysch 
areas is the rounding index (RA), which allows 
for distinguishing moraines from slope and flu-
vial deposits. These findings are consistent with 
the debris cascade model in glaciated areas built 
with highly anisotropic rocks (known as type II 
catchments; Lukas et al. 2013), where the initial 
significant angularity of clasts is reduced through 
subglacial and fluvial transport with minor shape 
changes.

In the Western Carpathians, glacial landscapes 
have developed in the areas built mostly with 
igneous and metamorphic rocks (Lukniš 1964, 
Zasadni, Kłapyta 2014) of the Palaeozoic base-
ment (Maglay et al. 2011) (Fig. 1). The Babia Góra 
massif is the only formerly glaciated area in the 
Western Carpathians built with flysch. The legacy 
of the Pleistocene glaciation in this area has been 
a contentious issue for over a century (Sawicki 
1913, Ziętara, Ziętara 1958, Ziętara 1962, Kłapyta 
2020, Łajczak 1981, 1998, 2023). These controver-
sies were related to poor morphological preserva-
tion of glacial landforms and their extensive over-
print by RSFs. Previous studies primarily relied 
on geomorphological evidence, which proved to 
be unreliable in areas with a high frequency of 
landslides, leading to inconsistencies in interpret-
ing glacial features (Ziętara, Ziętara 1958, Ziętara 
1962). The advent of LiDAR digital elevation 
models (DEMs) and results of detailed geomor-
phological mapping (Kłapyta 2020) have opened 
a new perspective for more robust interpretation 
of landforms in this area and detailed inventory 
of RSFs (Kłapyta et al. 2025). Additionally, appli-
cation of Schmidt-hammer relative age dating al-
low to establish the evolutionary pattern of land-
slides on the northern slope of the Babia Góra 
(Kłapyta et al. 2025).

This study aims to present geomorpholog-
ic and sedimentological evidence of Pleistocene 
glaciation in the Babia Góra massif. In this study, 
we provide a multiproxy approach that combines 
LiDAR-based geomorphological mapping, sedi-
mentological analysis and scanning electron mi-
croscopy (SEM) analysis of sand-size quartz grain 
micromorphology. Additionally, we reconstruct 
the glacier geometry and associated ELAs as well 
as discuss the impact of local topo-climatic fac-
tors. By incorporating a combination of sedimen-
tological methods and relative dating of deposits, 
we aim to overcome the limitations of tradition-
al geomorphological assessments and provide a 
more accurate reconstruction of the glacial land-
scape in this region.

Study area

Babia Góra with the peak Diablak (1725 m a.s.l.) 
is the highest massif in the Western  Flysch 
Carpathians and the Western Beskidy Mountains, 
located 45  km south of the front of the Car
pathians and 50  km north-west (NW) from 
the Tatra Mountains (Fig.  1). The landscape 
of Babia Góra was developed within resist-
ance 1  km thick Magura-type sandstones form-
ing the syncline which overlies strongly fold-
ed, weak claystone/siltstone dominated flysch 
of the Hieroglyphic Beds  (Książkiewicz 1971, 
1983). Magura-type sandstones are Upper Eocene 
fine to medium-grained sandstones with a clay and 
silica-rich matrix, as well as coarse-grained sand-
stones with an iron-rich cement (Książkiewicz 
1983, Jankowski, Garecka 2022).

Due to the Neogene tectonic uplift, Babia Góra 
stands out as a 10-km long isolated ridge with 
distinct local topography (up to 1 km) and strong 
structural asymmetry between northern precipi-
tous anti-dip and gentle, southern dip slopes. The 
northern slope of the massif was shaped by one 
of the largest RSFs in the Western Carpathians 
(Alexandrowicz 1978, Kłapyta 2020, Łajczak 
2023), with individual landforms reaching >2 km² 
in area (Kłapyta 2020, Kłapyta et al. 2025). The to-
tal area affected by the RSFs (9.5  km²) accounts 
for 77% of the sandstone cuesta slope area 
(Fig. 1C). Geomorphological mapping reveals the 
occurrence of all major types of RSFs, including 
rock slope deformations, rock slides and rock 
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avalanches, with a total volume of approximate-
ly 418 Mm3 (Kłapyta et al. 2025). The RSF reflects 
a multistage evolutionary process with the most 
recent phase that began shortly after the last gla-
cial maximum (LGM) and continued throughout 
the Holocene.

The landslide and fluvial morphology domi-
nate the relief of the massif and was only slight-
ly transformed by Quaternary glaciations. The 
only glacial cirque is incised into the north-west-
ern slope between Mt. Diablak (1725 m) and Mt. 
Kościółki (1620  m) (Łajczak 1981, 1998, 2023, 
Kłapyta 2020), while shallow cirque/niche was 
developed on the southern slope of Mt. Diablak 
at the Głodna Woda site (Fig.  2). Periglacial 
processes left a strong fingerprint in the high-
est part of the ridge in the altitudinal range of 
1425–1725  m. These include a variety of peri-
glacial landforms such as relict blockfields and 

blockstreams, cryoplanation terraces and small 
(1–2 m high) relict pronival ramparts (Jahn 1958, 
Ziętara 1989, Łajczak, Włoch 2004, Łajczak 2013, 
Kłapyta 2020).

Babia Góra is influenced by the preferential 
(65%) NW atmospheric circulation and moisture 
transport and due to its isolation acts as a dis-
tinct local topographic barrier (Fig.  1B). Due to 
orographic effect the windward northern slopes 
receive some of the highest precipitation in the 
region with an annual means exceeding 1450 mm 
and a maximum daily intensity >200 mm at an 
altitude of 1200  m (Obrębska-Starklowa 2004). 
The massif exhibits positive precipitation anom-
alies, with average precipitation totals of approx-
imately 500 mm higher than the mean values re-
corded in the Western Carpathians in the period 
1970–2000 (Fig. 1B). The prevailing winter winds 
from the south-west and south (Niedźwiedź et 

Fig. 2. The extent of glaciation in the Babia Góra massif according to previous studies. The extent of the 
Szumiąca Woda glacier presented in this study is marked with blue dashed lines. A – first geomorphological 
map of the Babia Góra massif according to Sawicki (1913). B – extent of moraine deposits according to Wójcik 

et al. (2010). C – extent of glacial and periglacial features according to Łajczak and Migoń (2007). D and E – 
reconstruction of glacier geometry and extent of moraines and landslide deposits according to Kłapyta (2020). 

F – extent of glaciers and snow patches during the last glaciation according to Łajczak (2023b).
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al. 1985, Obrębska-Starklowa 2004) cause snow to 
be blown from the gentle southern slopes, lead-
ing to its redeposition by snow avalanches on the 
precipitous leeward slope, where the thickness of 
slope cover can exceed 5 m (Łajczak 2016). The 
MAAT ranges from 6°C at an elevation of 700 m 
a.s.l. to approximately 0°C at the Diablak summit 
(Obrębska-Starklowa 2004). Despite the negative 
annual temperatures, no evidence of contempo-
rary permafrost was found in the summit area 
(Dobiński et al. 2016).

Previous research and concepts on the 
glaciation of the Babia Góra.

The glaciation of Babia Góra was first suggest-
ed by Tietze (1888), although without supporting 
geomorphological evidence. The glacial cirque 
between Mt. Diablak and Mt. Kościółki was iden-
tified by Pax (1905) and Hanslik (1907). The first 
map of the glacial relief for this mountain range, 
published by Sawicki (1913), shows the locations 
of cirques, maximal and recessional moraines, as 
well as the extent of fluvioglacial covers (Fig. 2A). 
Sawicki also mentioned small-scale features such 
as roche moutonnées and glacially moulded bed-
rock, although these were not confirmed by sub-
sequent research. He proposed the existence of 
an ice cap-type glaciation (approximately 10 km² 
in area) on both slopes of the massif during the 
maximal Würm glaciation with the lower limit of 
ice at 1050 m a.s.l. on the northern and 1400 m 
a.s.l. on the southern slope (Fig.  2A). The pres-
ence of smaller ice body was also stated on the 
northern slope of Mt. Mała Babia Góra (1515 m 
a.s.l.) (Fig. 2A). The presence of at least 12 small 
cirque/niche glaciers (300–400 m long and total 
area of 33 ha) were inferred between Mt. Sokolica 
and Mt. Mała Babia Góra during the recession-
al stage, which he attributed to the alpine Bühl 
stage (Fig.  2A). Sawicki (1913) also inferred the 
position of the ELA during the maximal glacia-
tion at 1350–1400 m a.s.l. on the northern slope 
and 1550  m a.s.l. on the southern slope, and at 
1440–1600  m a.s.l. during the recessional stage. 
Later, Klimaszewski (1948, 1952) associated these 
glacial stages with the maximal Pleistocene glaci-
ation and the Last Glaciation.

Ziętara and Ziętara (1958) and Ziętara (1962), 
based on field mapping, largely rejected the 

concepts of Sawicki (1913) on the glacial genesis 
of many scars and hummocky boulder deposits 
and confirmed the dominance of landslide re-
lief in the Babia Góra massif. While they did not 
rule out the possibility of glaciation, they found 
no glacial features, as the current morpholo-
gy appeared to be entirely the result of intense 
landslide activity. Other authors (Starkel 1960, 
Książkiewicz 1963, 1966, Niemirowski 1963, 
Midowicz 1974) have also considered the possi-
bility of glaciation of Babia Góra, but aside from 
brief descriptions, they did not provide docu-
mentation of their locations. According to Łajczak 
(1981, 1998) and Łajczak and Migoń (2007), three 
landslide scarps were reshaped by glacial erosion 
into glacial cirques, while six other scarps (in-
cluding the Głodna Woda niche on the southern 
slope) were altered by nival processes (Fig. 2C). 
The limit of glaciers on the northern slope of Mt. 
Babia Góra was estimated at ca 1200 m a.s.l. and 
the largest ice body is 700 m long and 400 m wide 
(Fig. 2C). By contrast, Wójcik et al. (2010) present-
ed a significantly broader distribution of glacial 
sediments, extending as low as 950 m a.s.l., cov-
ering a large portion of the northern slope of the 
Babia Góra massif, from the Markowe Szczawiny 
glade in the west to the Słonowy stream in the 
east (Fig. 2B). The presence of an isolated patch 
of moraine deposits was also reported below the 
Mt. Sokolica (1367 m a.s.l.).

Kłapyta (2020), based on LiDAR-supported ge-
omorphological mapping and Schmidt-hammer 
relative age-dating, discovered remnants of ter-
minal moraines in the Szumiąca Woda valley at 
925 m a.s.l. and reconstructed the geometry of the 
paleoglacier (Fig. 2D). He found that a significant 
part of the former glacier extent was overprinted 
by mass movement processes. Łajczak (2023) re-
vised his previous interpretation of the glacier’s 
extent, lowering it to the level of the terminal mo-
raines in the Szumiąca Woda valley. However, he 
proposed a different glacier geometry compared 
with Kłapyta (2020), including a right tributary 
from the Szeroki Żleb gully and a separate ice 
mass in the Urwisko area. Additionally, he pro-
posed a reassessment of the origin of the previ-
ously identified Kościółki rock avalanche deposits 
in the Kamienna Dolinka valley (Alexandrowicz 
1978, Ziętara 1989, Kłapyta 2020), suggesting that 
these deposits may actually represent a relict rock 
glacier that formed during deglaciation.



44	 Piotr Kłapyta, Dawid Siemek

Methods

Geomorphological mapping and clast shape 
measurements

Geomorphological mapping of glacial land-
forms and sediments was carried out in the 
Szumiąca Woda Valley, situated in the central 
part of the Babia Góra massif, where evidence 
of past glaciation has been identified in previous 
studies (Wójcik et al. 2010, Kłapyta 2020, Łajczak 
2023) (Fig. 1C). The fieldwork was complement-
ed by the analysis of an airborne LiDAR-derived 
DEM with a 1-m horizontal resolution (GUGiK 
2025) and colour orthophotos with a 25 cm pixel 
size, obtained from the Centre for Geodesy and 
Cartography of the Małopolska Council. Special 
attention was given to the geomorphological re-
lationship between landslide features and pre-
sumed moraine landforms and sediments. For 

the delineation of cirques and their floors, topo-
graphic maps, DEM-derived hillslope maps, and 
contour lines were employed. Basic morphomet-
ric parameters of glacial cirque size and shape 
were automatically calculated using the ACME 
GIS toolbox (Spagnolo et al. 2017). In the glacial 
termination zone, the maximum size (a-axis) and 
position of the largest boulders were measured. 
Separately, the mean a- and b-axes was measured 
for 50 clasts of the moraine, landslide colluvia, 
and Holocene and Pleistocene alluvia. The lon-
gitudinal and transversal topographic profiles 
were generated using GIS software. A geomor-
phological map of the study area was produced 
and supplemented with the results from previ-
ous Schmidt-hammer dating campaigns (Kłapyta 
2020, Kłapyta et al. 2025).

Due to the relatively weak geomorphological 
expression of glacial morphology, clast shape 
measurements (Glasser et al. 2009, Brook, Lukas 

Fig. 3. Geomorphology of the Szumiąca Woda valley. A – Geomorphological map of the Szumiąca Woda valley 
with marked location and result of Schmidt-hammer measurements (Kłapyta et al. 2025). B – general view 

from the north on the headwall of the glacial cirque and scarps of rock avalanches. C – a headwall of the glacial 
cirque remodelled by RSF, view from the ridge of the Late Glacial protalus rampart. KD, Kamienna Dolinka 
valley; KRa, Kościółki Rock avalanche; KSP, Kotlinka Suchego Potoku; SZRa, Szeroki Żleb Rock avalanche.
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2012) were conducted to support the interpreta-
tion of the mapped sediments. The clasts trans-
ported by glaciers typically exhibit a higher pro-
portion of blade- and elongate-shaped forms, 
along with more pronounced rounding com-
pared with those found in scree and landslide 
deposits. However, they are generally more an-
gular than clasts from fluvial sediments (Lukas 
et al. 2013). Clast shape and roundness analy-
ses were performed in the glacial termination 
zone (S1 site) and on the cirque floor (S2 site), 
and compared with control samples of known 
environments: fluvial alluvia in stream channel 
and Pleistocene alluvial fan (S3 site), rockslide 
(S4 site) and rock avalanche deposits (S5 site) 
(Fig. 3).

The measurements were conducted on 
Magura-type sandstones, the predominant li-
thology in the study area. For each site, the three 
orthogonal axes (a, b and c—long, intermediate 
and short) were measured for 50 clasts using a 
steel ruler. Clast roundness was visually as-
sessed for each clast using a modified Powers 
(1953) scale. Tertiary diagrams following Sneed 
and Folk (1958) were created using the TRIPLOT 
Excel spreadsheet (Graham, Midgley 2000). The 
C40 index, which represents the percentage of 
clasts with a c/a axial ratio ≤0.4, was then cal-
culated for each sample site. The C40 coefficient 
serves as an indicator of sediment transport 
types in glacial environments. Additionally, the 
RA ratio (percentage of angular and very an-
gular clasts) and the RWR ratio (percentage of 
rounded to well-rounded clasts) were calculated 
for each site. The RA and RWR ratios help dis-
tinguish between sharp-edged clasts transported 
supraglacially and rock fragments that have un-
dergone edge rounding during subglacial trans-
port (Lukas et al. 2013). To better understand the 
transportation and depositional histories of the 
clasts, covariance plots were generated using 
both RA-C40 and RWR-C40 (Benn, Ballantyne 
1994, Lukas et al. 2013). To examine the effects of 
flysch lithology on clast morphology in glaciated 
environments, the data from the Babia Góra mas-
sif (Kłapyta et al. 2025) were compared with clast 
morphology data from three mountain massifs 
in the Eastern Carpathians (Kłapyta et al. 2021b, 
2022a, b), all of which built with flysch lithology.

Microscopic analyses of quartz grains 
microtextures

Micromorphology of quartz sand grains (0.5–
0.7 mm) was analysed at four sites (SEM 1–4) in-
cluding landslide (SEM 1), moraine (SEM 2 and 
3) and slope sediments (SEM 4) (Fig. 1). The sam-
ples were wetly sieved, digested in 10% HCL to 
remove carbonates and adhering particles, and 
washed at least four times in distilled water. At 
least 100 quartz grains were randomly collected 
from each sample under an optical microscope. 
Subsequently, each sample was analysed in terms 
of rounding and frosting of the grains’ surface ac-
cording to Cailleux (1942) with modifications of 
Mycielska-Dowgiałło and Woronko (1998) and 
with the application of 9° grain shape classifica-
tion of Krumbein (1941). This method allows for 
recognition of the sedimentation environment by 
assigning each grain to one of the seven classes: 
angular and fresh (NU), aeolian well-rounded 
(RM), aqueous well-rounded (EL), aeolian mod-
erately rounded (EM/RM), aqueous moderately 
rounded (EM/EL), broken (C) and intensively 
weathered (O) (Mycielska-Dowgiałło, Woronko 
1998, Kalińska-Nartiša et al. 2017).

A total of 20 quartz grains were chosen ran-
domly from each sample for microtextural 
analysis under the SEM Hitachi SU8600 at the 
Scanning Electron Microscopy and Microanalysis 
Laboratory at Jagiellonian University. This anal-
ysis presumes the visual observation of each 
grain and the recognition of microtextures, sets 
of which are interpreted as indicators of certain 
depositional environments, like fluvial, marine, 
aeolian or glacial (Mahaney 2002, Vos et al. 2014).

Each grain was first scanned and photo-
graphed in full size and then zoomed and ana-
lysed with the magnification between ×70 and 
8000. Interpretation of the surface microtex-
tures was performed according to Higgs (1979), 
Mahaney (2002), Woronko (2016) and Vos et al. 
(2014). We applied qualitative analysis to record 
the presence or lack of single microtextures on 
every grain. However, in the case of frost weather-
ing microtextures (e.g. small and fresh conchoidal 
fractures with poor microrelief and fresh breakage 
blocks, Woronko, Hoch 2011) every noticed mi-
crotexture was counted. We used simple statistics 
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to combine the frequency of single microtextures. 
Special attention was given to discriminate fresh 
mechanically induced microtextures such as con-
choidal fractures, linear steps, subparallel linear 
fractures, parallel ridges and arc-shaped steps. 
This freshness parameter was determined sub-
jectively by comparing sharp (fresh) or etched/
rounded (more weathered) edges of the fractures.

Glacier reconstruction and ELA calculation

Glacier geometry was reconstructed on the 
basis of geomorphological relations using the 
GlaRe toolbox, a semi-automated GIS-based 
method (Pellitero et al. 2015). The mapped dis-
tribution of glacial sediments was also used to 
estimate the maximum ice extent in the Szumiąca 
Woda Valley, and the headwall of the glacial 
cirque marks the uppermost ice extent in the ac-
cumulation area. Ice thickness along the central 
flowline was calculated using a glacier profile 
model (Benn, Hulton 2010), with a calculated val-
ley shape factor and basal shear stress (τb) values 
ranging from 20 kPa to 80 kPa, which are typical 
for low gradient and relatively shallow ice thick-
ness (Žebre, Stepišnik 2014, Ruszkiczay-Rüdiger 
et al. 2022). Since the ice thickness was derived 
from the current bed topography, these values 
should be considered as minimum estimates.

The reconstructed glacier geometry was used 
for calculation of the former ELA, which serves as 
an important indicator of regional paleoclimatic 
conditions during the maximal glacial advance. 
Unlike older publications (Sawicki 1913), which 
relied on simple hypsometric relationships in cal-
culating the ELA, we used the area altitude bal-
ance ratio (AABR) which is the most advanced 
method of ELA calculation. It takes into account 
the vertical distribution of the glacier surface and 
the mass balance ratio of 1.6, which is close to the 
global median value of monitored glaciers (1.56; 
Oien et al. 2020) and is commonly applied in pre-
vious studies across the Carpathian and Balkan 
region (Zasadni et al. 2020, Kłapyta et al. 2021a, 
b, Ruszkiczay-Rüdiger et al. 2021).

The calculation of ELA position based on the 
hypsometric characteristics of past glaciers is 
strongly influenced by local topo-climatic fac-
tors (shading, snow drift and avalanches), which 
can significantly affect the glacier mass balance 
(Mitchell 1996, Benn, Lehmkuhl 2000, Benn, 

Ballantyne 2005, Coleman et al. 2009) and signifi-
cantly underestimates the regional ELA position 
(Dahl, Nesje 1992, Whalley 2009). To include a 
potential additional mass input to the glacier sur-
face by snowblow and avalanches, we estimate a 
snow contribution area (sca) using the approach 
of Benn and Ballantyne (2005). The sca consists 
of the snowblow area, defined as the terrain lo-
cated above AABR1.6 ELA, sloping towards the 
glacier and opposing slopes with inclinations of 
up to 10° (Sissons, Sutherland 1976, Coleman et 
al. 2009), as well as the avalanche area, defined 
as slopes around the glacier with inclinations 
>20° (Sissons, Sutherland 1976). The snowblow 
factor (SBF) and avalanche factor (AF), based on 
the ratio of the surface areas of the snowblow and 
avalanche areas to the total glacier surface, were 
adopted as measures of the additional contribu-
tion the glacier mass balance. Finally, we calcu-
late scaELA, which includes inferred additional 
sca as the maximum estimate of climatic or re-
gional ELA (Benn, Ballantyne 2005).

To measure the magnitude and imprint of 
glaciation (Kłapyta et al. 2023a), we calculate the 
∆ridge-ELA index as the difference between the 
mean elevation of the ridge that limits the con-
tributing area and the scaELA. This index was 
used to quantify the quantitative interrelation 
between Pleistocene ELA and mountain topogra-
phy (Kłapyta et al. 2021b, 2022a, 2023a, b).

Results

Glacial landforms in the Babia Góra massif

One definite (grade 3), simple form glacial 
cirque (Kotlinka Suchego Potoku cirque) was 
distinguished in the headwaters of the Szumiąca 
Woda valley (Table 1). The cirque is northward 
oriented (17.5°) and 707 m long, 779 m wide and 
369 m deep (Table 1). A sloping floor (mean 19°) 
is bounded by a 100  m high, moderately steep 
headwall with the maximal slope reaching 77°. 
The mean cirque area is 50 ha, the floor area is 
20  ha and the perimeter averages 2896  m; 67% 
of the cirque area was reshaped by rock slides 
and rock avalanches in which rock scarps make 
retrogression of the cirque headwalls (Fig.  3). 
The Kościółki rock avalanche (0.16 km2 in area, 
2.64 × 106 m3 volume) and the Upłazy rock slope 
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failure (RSF) complex (0.22 km2 in area, 4 × 106 m3 
volume) (Kłapyta et al. 2025) were formed due 
to the collapse of the cirque headwalls after de-
glaciation as is indicated by Schmidt-hammer 
weathering indexes (Fig. 3). The area above the 
cirque headwall is prone to rock slope deforma-
tions which is supported by the presence of ten-
sion cracks, double-crested ridge, downhill- and 
uphill-facing scarps (antiscarps) (Fig.  3A). The 
mean floor altitude of the cirque is 1357 m a.s.l. 
with moraine deposits that are preserved be-
yond the landside colluvia in the northernmost 
part of the cirque. Their SH weathering index 
(R-value  =  30.4–31.2) (Kłapyta et al. 2025) sup-
ports its much older age than the surrounding 
RSFs (R-value = 41.2–44.2; Fig. 3).

Small (125 m long and 2 m high), curved ridge 
of the protalus/pronival rampart (Hedding, 
Sumner 2013) was formed at the margin of a shal-
low hollow located in the SE corner of the cirque 
headwall at 1585 m a.s.l. (Fig. 3). The feature is 
built with angular-shaped clasts and, according 
to SH data, was formed during the Late Glacial 
(R-value = 33.3) (Kłapyta et al. 2025).

On the southern slope of Mt. Diablak in the 
Głodna Woda area, the marginal cirque/nival 
niche was developed due to its small size (129 m 
long, 183  m width), gentle headwall with the 
maximal slope of 51° and rounded crest (Table 1); 
its glacial origin is debatable. Due to its small 
size and shallow form, it is rather nival than gla-
cial landform. This hollow is closed at 1620  m 
a.s.l. with a 300-m long debris ridge, where 

sandstone boulder exhibits the same weathering 
index (R-value = 31.2) as moraine covers in the 
Szumiąca Woda valley (Fig. 3).

The thickness of the moraine deposits on the 
northern slope of the massif can be estimated be-
low the cirque threshold in the scarp of the his-
torical Urwane rock avalanche (1858 CE), where 
a 2–5  m thick diamict, consisting of a sandy-
silty matrix with cobble- to boulder-sized clasts 
are resting on bedrock built with Magura beds 
(Fig.  3). Downslope, large (>2  m), subrounded 
boulders are scattered throughout the body of 
the rock avalanche, particularly along its front, 
where one of the largest boulders (2.3–2.5 m) has 
been documented (Figs 3 and 4A).

The terminal moraine zone is exposed at an 
altitude of 925  m a.s.l., at the base of Szumiąca 
Woda Valley, where a 20  m high latero-frontal 
moraine rises above the flat valley floor (Fig. 4). 
The maximum extent of the glacial deposits is 
clearly marked by a lithologic contrast between 
the local bedrock, consisting of weak claystone 
and siltstone-dominated, thin-bedded flysch of 
the Hieroglyphic Beds, and the moraine materi-
al, which is primarily composed of Magura-type 
sandstone boulders and cobbles (Fig. 4). The lat-
ero-frontal moraines form a steep (20–30°) ridge, 
with the inner zone characterised by debris-rich 
hummocky topography typical of debris-cov-
ered glaciers. This topography extends continu-
ously from the terminal moraines to the front of 
the Urwane rock avalanche (Fig. 3).The terminal 
moraines pass into a 2 m high terrace built with 

Table 1. Basic morphometric parameters of glacial cirque size and shapes in the Babia Góra massif.
Parameter Unit Kotlinka Suchego Potoku Głodna Woda niche

Length
[m]

707 129
Width 779 183
Elongation L/W [–] 0.91 0.70
Perimeter [m] 2896 683
Circularity [–] 1.16 1.28
Area Entire cirque

[ha]
49.80 0.23

Cirque floor 20.300 0.095
Bottom area/cirque area [%] 40.9 41.0
Median aspect of cirque axis

[°]
17.5 156

Maximal cirque slope 77 51
Maximal elevation of cirque edge

[m a.s.l.]
1664 1671

Minimal elevation of cirque bottom 1295 1598
Mean elevation of cirque floor 1357 1620
Height range [m] 369 73
Length/height range

[–]
1.91 1.77

Grade 4 5
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sandstone sandy gravels with maximal cobbles 
of size ~1  m (Fig.  4). We link this feature as a 
remnant of fluvioglacial cover formed during the 
maximal extent of glaciation (Fig. 3). This terrace 
is nested within older, Pleistocene alluvial covers 
which form distinct alluvial fan situated at ele-
vations from 12 m to 20 m above the present-day 
channel (Fig. 3). The fan is built with 1.6 m thick 
well-rounded sandy gravels (with maximal 
clast dimension of 0.15  m) which were depos-
ited on bedrock built with Hieroglyphic Beds. 
The remnants of the terminal moraine zone are 
overprinted by rock slide colluvia from both the 
slopes of the valley. Their SH weathering index 
(R-value  =  34.8–38.4) (Kłapyta et al. 2025) sup-
ports its much younger age in relation to moraine 
deposits (Fig. 3).

The moraine sediments consist of matrix-sup-
ported, subrounded and subangular boulders 

and cobbles (1–1.5 m in diameter), with the larg-
est perched boulders reaching up to ~3 m (Figs 4 
and 5). The mean clast dimensions found in the 
moraine deposits (a = 1.3 m, b = 0.8 m) is much 
higher than measured for the Holocene alluvia 
(a  =  0.67  m, b  =  0.46), Pleistocene alluvial fan 
(a = 0.09 m, b = 0.06 m), Szeroki Żleb rock ava-
lanche (a = 0.75 m, b = 0.46) and Buczynowe rock-
slide (a = 0.47 m, b = 0.28) (Fig. 5).

Moraine deposits in the Babia Góra massif 
are built with sandstones with the dominance of 
partially rounded (20–60%) and slightly angular 
clasts (20–30%), with a smaller proportion of an-
gular and rounded clasts (up to 5–10%) (Fig. 5). 
The higher angularity was found in the terminal 
moraine zone (RA = 38%, S1 site), which could 
be linked with a higher proportion of passively 
transported supraglacial debris in comparison 
with the cirque area (RA = 4%, S2) (Fig. 5). The 

Fig. 4. Moraine landforms and sediments in the Babia Góra massif. A–C – examples of large surface boulders 
at the surface of moraine covers (for location see Fig. 3A). D – a steep 15 m high front of moraines in the 

Szumiąca Woda valley (view from the east). E – laterofrontal moraines in the Szumiąca Woda valley (view 
from the west). F – longitudinal profile along the axis of the Szumiąca Woda valley (for location see Fig. 3A). 

G – transversal profile across moraine covers in the Szumiąca Woda valley (for location see Fig. 3A).
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C40 indices for moraine deposits range between 
21% and 36%, thus aggregating predominant-
ly compact blade and compact elongate clasts. 
Notably higher C40 indexes (60–63%) were cal-
culated for landslide deposits and present-day 
fluvial gravels (50%) (Fig. 5), indicating the dom-
ination of platy clasts. The difference between 
moraine and other sedimentary environments 
is even better visible when taking the RWR ra-
tio (Fig. 5). The RWR values are low for moraines 
(mean 5%), very low for landslides (mean 0%) 
and high (71%) for fluvial sediments.

Micromorphology of quartz grains

Microscopic analyses of quartz grains (0.5–
0.7 mm) indicate that weathered grains (O type) 
with medium to high relief comprise approxi-
mately 80% of each sample (Fig. 6). These grains 
exhibit chemically altered surfaces, characterised 
by dissolution surfaces, and microtextures such 
as solution pits, solution crevasses and amor-
phous silica precipitations (Figs 6A and 7A). By 
contrast, fresh and angular grains (NU type), and 

cracked grains (C type) account for 4.5–12% of the 
studied samples (Figs 6 and 7D). NU-type grains 
are more common (8.5%) in the SEM 2 sample, 
while C-type grains (12%) dominate in the SEM 
3 sample.

Abrasion microtextures are frequently ob-
served in all samples, with their freshness and 
preservation serving as key differentiators be-
tween the samples (Figs 7B–H and 7K). The pres-
ence of mechanically induced microtextures is 
particularly evident in SEM 1–3 samples. These 
features are primarily seen as large conchoidal 
fractures, often forming cleavage surfaces (cf. 
Higgs 1979, Vos et al. 2014, Fig. 7I). Linear steps, 
arc-shaped steps and subparallel linear fractures 
are also commonly seen. Although fresh surface 
is observed on 20–50% of the grains depending 
on all the samples, single fresh conchoidal frac-
tures and breakage blocks are noticed in 80% of 
the SEM 3 sample. This sample also exhibits the 
highest proportion of linear steps, micro steps, 
cracks, sawtooth fractures and small breakage 
blocks (Figs 7G–I). Notably, small breakage 
blocks (<10  µm) predominate in this sample, 

Fig. 5. Sedimentological analysis of clast in the Szumiąca Woda Valley. A – boulder and clast fraction 
measurements in the terminal moraine zone in the Szumiąca Woda valley. B – roundness (histograms) and 
clast shape data (ternary diagrams) for sampled sites in the Szumiąca Woda area. Red solid line marks the 

position of C40. Site locations are depicted in Fig. 3. RA and C40 are defined in the text.
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Fig. 6. Variations of observed microtextures according to general features and genetic processes. Frost 
weathering microtextures depicted on micrographs A and B (explanations as in Fig. 7) were counted 

according to Woronko and Hoch (2011). Rounding and frosting types were according to Cailleux (1942) with 
modifications of Mycielska-Dowgiałło and Woronko (1998).
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Fig. 7. Micrographs of quartz grains: A – subrounded grain with medium relief and chemically weathered 
surface; B – subrounded grain with high relief and dissolution/precipitation surface overprinted by 

mechanical weathering; C – the contact zone between the older chemically weathered surface and younger 
abrasion surface of large fracture; D – angular grain with high relief and fresh surface. The grain is considered 
crushed during glacial transport due to almost complete reshaping of its surface by large conchoidal fractures 

and other abrasion features; E – details of abrasion features of the grain shown in D; F – details of probably 
older abrasion features. Edges of the fractures are slightly rounded, and precipitation features are frequent; 

G – glacially abraded/crushed grain with high relief and fresh surface. Elongated depressions created probably 
along the crystals’ contacts and numerous abrasion features are interpreted as the effects of glacial abrasion; 
H – details of the upper part of the grain in G showing the irregular abrasion patterns; I – angular grain with 

high relief. Abrasion surfaces are of different freshness – more weathered and probably older (upper left), 
adjoin fresh and sharper ones (top centre). The flat cleavage plane propagated along the crystal structure and 

is the most weathered; J – subrounded grain with medium relief and euhedral quartz overgrowths of different 
freshness, which are slightly altered due to chemical etching and mechanical weathering; K – subrounded 

grain with high relief. Although grain represents in situ slope covers, many abrasion features can be seen. They 
are subordinate to large conchoidal fractures and possibly arise during the separation of grain from the host 
rock; L – arc-shaped steps covered by solution/precipitation features. The relief is rejuvenated by a relatively 

fresh conchoidal fracture, which is slightly etched and precipitated by amorphous silica.
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whereas they are nearly absent in the others 
(Fig. 6). Yet, in all samples, most of the fractures 
are etched with slightly rounded edges  (Fig. 7C). 
In a few grains, abrasion microtextures represent 
the oldest microtextures observed within the 
samples, as they are partially masked by dissolu-
tion surface (Fig. 7L).

The frequency of certain other microtextures 
also differentiates the samples. For example, 
grains with euhedral silica (Fig. 7J) display signif-
icant variation across the samples, ranging from 
10% in SEM 1 sample to 85% in SEM 4 sample. 
Even among the moraine samples, the difference 
is substantial, reaching 30%. It is also worth not-
ing that V-shaped percussion cracks are present 
in 5–10% of the grains in SEM 3 sample. However, 
microtextures of aeolian origin, such as crescen-
tic percussion marks and upturned plates, are ab-
sent across all samples.

Glacier reconstruction and ELA calculation

The Szumiąca Woda cirque-valley glacier 
was reconstructed on the northern slope of the 
Babia Góra (Fig. 8). The mean glacier length was 
2.2 km and its area (0.87 km2) was <1 km2. The 
glacier terminated at 930 m a.s.l., and its eleva-
tion range was 700 m. The area-averaged glacier 
thickness was 19 m, whereas the maximum thick-
ness reached 47 m in the cirque area (Fig. 8B). The 
ELA (AABR1.6) of the reconstructed palaeogla-
cier was at 1272 m a.s.l., which is slightly lower 
compared with the value obtained by applying 
the AAR 0.5 method (1294 m a.s.l.).

The total potential snowblow area was 
0.55 km2 and encompasses gently sloping south-
ern slopes between Mt. Diablak and Kościółki 
(Fig. 8A). The SBF was similar to the area of the 
reconstructed glacier (0.79), thus the additional 

Fig. 8. Glacier and equilibrium line altitude (ELA) reconstruction of the paleoglacier in the Szumiąca Woda 
valley and snow-ice body in the Głodna Woda area. A – distribution of potential snowblow areas and 

potential avalanche areas of the Szumiąca Woda palaeoglacier. The position of ELA area altitude balance ratio 
(AABR1.6) and scaELA are marked in dashed and solid red lines, respectively. B – glacier thickness of the 

palaeoglaciers.
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snowblow delivery could significantly control 
the size of the glaciers and the ELA position. The 
snow contribution by avalanches was less impor-
tant (0.34 km2) as the AF was 0.38. The inclusion 
of sca in the ELA calculation (Benn, Ballantyne 
2005, Kłapyta et al. 2022a, b) gives the mean scaE-
LA at 1354 m a.s.l., which is 82 m higher than the 
AABR1.6 ELA. The difference between the mean 
elevation of the ridge that limits the contributing 
area of the glacier (1634 m) and the mean ELA of 
the glacier (∆ridge-ELA) was 280 m.

Discussion

Glacier landforms in the Babia Góra massif 
in relation to the previous concepts

The results of geomorphological and sed-
imentological analysis confirm the legacy of 
Pleistocene glaciation in the Babia Góra massif. 
Detailed mapping of the Szumiąca Woda valley 
reveals that 68% (87 ha) of the total glaciated area 
has been affected by RSFs, with glacial deposits 
preserved only in two altitudinal zones: 925–
1000 m and 1180–1380 m (Figs 1 and 3). The po-
sition of the glacial cirque between Mt. Diablak 
and Kościółki aligns with all previous interpre-
tations, dating back to the earliest observations 
(Pax 1905, Hanslik 1907, Sawicki 1913).

By contrast, we cannot support the presence of 
a glacial cirque in the Szeroki Żleb and Urwisko 
areas (Łajczak, Migoń 2007, Łajczak 2023, Łajczak 
et al. 2023). In pioneer studies (Sawicki 1913) the 
Szeroki Żleb area was even thought as glacial 
through. The Szeroki Żleb is a 650 m long, 270 m 
wide, steeply sloped (55-65°) rock cavity with a 
very high L/W ratio of 2.41, which is uncommon 
in the morphometry of glacial cirques (Fig. 3B). 
The typical mean L/W ratio for cirques is close 
to 1 (Evans 2006). In the Carpathians, the mean 
L/W ratio is 0.9 for all 631 cirques in Romania 
(Mîndrescu, Evans 2014) and 0.94 for the 214 
cirques in the Eastern Carpathians (Kłapyta et 
al. 2023a). In the case of the Kotlinka Suchego 
Potoku cirque and Głodna Woda niche, these 
ratios are 0.91 and 0.7, respectively (Table  1). 
Below the Szeroki Żleb rock cavity, a 700  m 
long tongue-shaped debris piles the floor of the 
Szumiąca Woda valley. The high RA, C40 and 
low RWR indexes measured for debris support 

the RSF genesis of this feature, whereas the 
Schmidt-hammer results (R-value  =  34–38) in-
dicate its much younger age in comparison with 
moraine covers (R-value = 30.4–31.2; Fig. 3). This 
indicates that the Szeroki Żleb represents a rock 
avalanche scar which was formed after deglaci-
ation of the study area (Kłapyta et al. 2025). Its 
RSF origin is additionally supported by the mean 
volume of the debris accumulation (4.36 M m3), 
which fits well with the volume of the RSF scarp 
(4.38 M m3).

The Urwisko is a steep scarp of old landslide, 
which was remodelled by succeeding rock ava-
lanches (Fig. 3) without signs of cirque floor and 
ice marginal features. This feature is outsloping 
(>20°) and shallow landform that did not favour 
accumulation by snow avalanches at its steep 
bottom (1240–1260  m a.s.l.), which was located 
below the local glacier equilibrium line.

Palaeoclimate implications

The Babia Góra massif was the northern-
most glaciated area in the Carpathians (49°34′N) 
(Fig. 1A). with the reconstructed climatic ELA at 
1354 m a.s.l. This value is the same as the mean 
elevation of the cirque floor (1357  m a.s.l.) ob-
tained in this study. According to Mîndrescu and 
Evans (2014), the mean elevation of the cirque 
floor could be used as a proxy for the lowest ELA 
during maximum glaciation; thus, our result 
strengthens the palaeoclimate significance of this 
proxy for ELA estimation. Despite its marginal 
position relative to the mountain front and the 
strong orographic effect that promoted high pre-
cipitation, the reconstructed climatic ELA in the 
Babia Góra massif (1354 m a.s.l.) was not the low-
est within the range. The lowest regional climat-
ic ELA in the entire Carpathian arc (1289 m and 
1352 m) was placed in the Polonyna Rivna and 
Borzhava, respectively, located in the NW part of 
the Eastern Carpathians (Fig. 1A). This local phe-
nomenon was linked with the combined effects 
of relatively cold air temperatures and orograph-
ic-induced precipitation, which was amplified by 
the effect of colder winters and shorter ablation 
seasons in the more continental interior (Kłapyta 
et al. 2022a, b, 2023a, b).

According to previous studies (Sawicki 1913, 
Pawłowski 1933, 1936, Wójcik 1994), evidence 
of former glaciation in the Western Flysch 
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Carpathians has been documented also in the Mt. 
Pilsko massif (1557 m a.s.l.), located 16 km to the 
west of the Babia Góra massif (Fig. 1B) (Sikora, 
Żytko 1960). These concepts were further ques-
tioned by Ziętara (1962) and Łajczak (1998, 2015), 
who attributed the morphology in the Hala 
Miziowa area with RSF activity. These observa-
tions are in line with LiDAR data which confirm 
that local terrain depression enclosed by an ar-
cuate ridge is the upper part of the large (70 ha) 
rockslide descending to the Kamienna valley.

In the Western Carpathians, evidence of 
Pleistocene glaciation has been identified in five 
mountain massifs (Fig.  1B; Table  2). However, 
except for the Tatra and Low Tatra Mountains, 
where valley-type glaciation was dominant 
(Lukniš 1964, Zasadni, Kłapyta 2014, 2022, 
Kłapyta, Zasadni 2018, Zasadni et al. 2021, Pyrda 
2025), the Malá and Veľká Fatra Mountains were 
primarily affected by marginal and cirque-type 
glaciation (Paulo 1937). In the latter regions, glaci-
ation was largely influenced by local topography, 
which favoured the accumulation of windblown 
snow in the lee-side cirques. The spatial patterns 
of paleo-ELA suggest a dominant western mois-
ture transport to the Tatra Mountains during the 
Last Glacial Maximum (Zasadni et al. 2018). A 
distinct eastward rise in the ELA of 100–130  m 
was observed over a distance of 40 km between 
the Western (1450 m) and High Tatras (1580 m). 
This pattern is in line with an ELA position in the 
Malá Fatra Mountains located ca 60  km to the 
west, which was inferred at 1392 m a.s.l. (Paulo 
1937, Table  2). New data from this study indi-
cate an additional southward rising ELA trend 
in the Western Carpathians, spanning from the 
Babia Góra massif (1354 m a.s.l.) to the Western 
Tatras (1450 m a.s.l.; Zasadni et al. 2018) and the 
Low Tatra Mountains (1431 m a.s.l.; Pyrda 2025). 
However, this last value may be underestimated 
due to the lack of inclusion of additional sca in 
ELA calculation (Kłapyta 2022).

Mutual relationships between the ELA and 
mountain hypsometry can quantitatively define 
the degree of glacial relief development (Kłapyta 
et al. 2023a). Studies in the Eastern Carpathians 
(Kłapyta et al. 2023a) suggest that mountain-type 
glaciation could have been initiated in mas-
sifs standing at least 100  m above the ELA. In 
the Babia Góra massif, the ∆ridge-ELA reaches 
280 m, indicating the presence of an intermediate 
level of glaciation. This is characterised by cirque 
and valley glaciers exclusively on the northern 
slopes, as well as small cirque glaciers on the 
southern slope. The glaciation asymmetry is pro-
nounced, and the cirques predominantly belong 
to type 3 (definite). In the Eastern Carpathians, 
this level of glaciation has been observed in 
the Svydovets massif, the Pietros group of the 
Chornohora Mountains and the Maramureş 
Mountains (Kłapyta et al. 2021a, b, 2023a, b, 2024). 
The best analogues were the Jupania paleoglacier 
in the Maramureş Mountains, which exhibit sim-
ilar area and length (area 0.85 km2, 1.7 km long) 
(Kłapyta et al. 2023b, 2024).

In this context, the presence of a small nival 
field in the Głodna Woda area appears to be 
supported by the local topo-climatic conditions, 
which favour snow accumulation in a depression 
located on the leeward side. The shallow niche 
could have resulted from nival remodelling of 
an older landslide scarp. These specific local 
topo-climatic conditions are evident even un-
der current climatic conditions, with the Głodna 
Woda depression, despite its southern exposure, 
hosting the largest and longest-lasting snow 
patches in the entire massif (Łajczak 2016).

Glacial impact on moraine clast reworking in 
the flysch area

Sandstones are highly susceptible to glacial 
abrasion compared with crystalline rocks, but in 
the moraine deposits composed of these rocks, 

Table 2. Late Pleistocene ELA position in the Western Carpathians (AABR, area altitude balance ratio).

Mountain massif
Altitude ELA position

Method Reference
[m a.s.l.]

Babia Góra 1725 1354 AABR1.6 This study
Malá Fatra 1708 1392 Cirque floors Paulo (1937)
Western Tatras 2250 1450 AABR1.6 Zasadni et al. (2008)
High Tatras 2655 1580 AABR1.6 Zasadni et al. (2008)
Low Tatras 2043 1431 AABR1.6 Pyrda (2025)
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very low values of the C40 index (spheroidal and 
isometric forms resulting from abrasion) were 
not observed. This can be explained by the con-
tinuous fracturing of the rock particles, which 
commonly occurs during glacial transport and 
abrasion (Lukas et al. 2013). Granulometric anal-
ysis of fine matrix (Kłapyta et al. 2025) reveals 
that moraines have the highest mean grain size 
(Mz) and the lowest content of the finest fractions 
(~40%) in comparison with the scree, landslide 
and fluvial sediments.

Covariance plots for the moraine deposits 
in flysch lithology show that debris cascade in 
the Babia Góra massif built with Magura type 
sandstone is similar to the flysch massifs in the 
Eastern Carpathians and correspond well with 
the model of debris cascade model in glaciated 
areas built with highly anisotropic rocks (Lukas 
et al. 2013) (Fig. 9). The differences between gla-
cial sediments and fluvial and slope deposits is 
related to rounding (RA index). A clear evidence 
of actively transported clasts (subglacial) was 
found in the cirque (S2 site, Figs 3 and 9) at a dis-
tance of ~800 m from the upper rim of the cirque. 
Similarly, the lowest RA (0–5%) and the high-
est RWR (20–30%) values were obtained in the 
Polonina Rivna and Borzhava for moraine sites 
located 0.7–1.0 km down valley from the cirque 
headwalls; however, the minimum distance of 
clast reworking in the flysch part of the Eastern 

Carpathians was noticed at 250–300 m (Kłapyta 
et al. 2022). The markedly higher RA values 
(~40%) typical for passive glacial transport were 
found in the terminal moraine zone, which could 
be linked with the presence of supraglacial debris 
cover (Fig. 9) and the hummocky topography.

Glacial impact on quartz grain reworking in 
the flysch area.

This study is the first application of SEM anal-
ysis of quartz grain microtextures in a glaciated 
flysch area of the Carpathians. The recognition of 
glacial activity based on changes in the grains’ re-
lief is possible when pre-glacial processes are re-
vealed and compared with microtextures that re-
sulted from glacial abrasion during the transport.

This study reveals that before the glacial re-
working, quartz grains were subjected to intensive 
chemical weathering and physical disintegration. 
Chemical alteration of the grains led to the etch-
ing and precipitation of amorphous silica (Figs 
7A, 7J and 7O), which may have undergone in 
marine environment in more alkaline conditions, 
enhancing silica solubility (Wray, Sauro 2017) or 
within the subtidal zone where oriented etch pits 
(up to 35% in SEM 1, Fig.  6) may arise (Vos et 
al. 2014). Nevertheless, the possibility of quartz 
dissolution within soil profiles cannot be exclud-
ed. Evidence of quartz etching has been reported 

Fig. 9. Covariance plots for the moraine deposits in flysch lithology in the Babia Góra massif (A – Kłapyta et al. 
2025), Svydovets (B – Kłapyta et al. 2021a, b, Supp. data 1), Polonyna Rivna and Borzhava (C and D – Kłapyta 

et al. 2022a, b) in comparison with the debris cascade model in glaciated areas built with highly anisotropic 
rocks (E – Lukas et al. 2013). Each plotted point represents a sample group of 50 clasts.
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in regions characterised by tropical climates (e.g. 
Doornkamp, Krinsley 1971, Pye 1983). According 
to Pye and Mazzullo (1994), under such environ-
mental conditions – specifically within podzolic 
soils – quartz etching may proceed relatively rap-
idly, occurring within <8000  years, particularly 
in the presence of high rainfall, low pH (3–4.5) 
and elevated concentrations of organic acids. 
Conversely, in such settings, the rate of quartz 
loss can also be significantly lower, as exempli-
fied by the slow dissolution observed in sapro-
lites studied by Schulz and White (1999). Quartz 
dissolution can also occur in temperate climates 
over much longer timescales, up to 13 million 
years, as demonstrated by Howard et al. (1996).

Another scenario is that the grains represent 
detrital material from earlier sedimentary cycles, 
with dissolution/precipitation occurring under 
subaerial conditions. As we do not observe many 
grains with low relief, V-shaped percussion 
cracks and dulled surface, prolonged water abra-
sion was not a significant factor influencing the 
grains’ relief, and it may support the turbiditic 
flows as the primary depositional agent.

Our observations of physical weathering (Figs 
7B, 7C and 7K), which superimposes intense 
chemical weathering but occurred before gla-
cial transport, closely resemble the micrographs 
presented by Brown (1973) and Higgs (1979) of 
freshly weathered quartz from granitic rocks. 
The separation of the grains from the host rock 
could explain not only the relative abundance of 
large conchoidal fractures creating flat cleavage 
surfaces but also their characteristic appearance. 
They are usually poorly developed, but occasion-
ally they exhibit highly diversified relief with 
many linear and arc-shaped steps. Flat cleavage 
surfaces were associated with glacial or aeolian 
environments by Vos et al. (2014) and Mahaney 
(2002), but in our case, we did not observe any 
microtextures related to aeolian abrasion, and 
these features were present in every sample, not 
just those from glacial environments. We also 
do not observe any fresh microtextures, such as 
percussion marks or fracture faces, which were 
reported by Mahaney (2002) and Roverato et 
al. (2015) from mass-wasted grains. These fea-
tures are absent in the SEM 1 sample (Sokolica 
RSF), which was initiated shortly after the LGM. 
Additionally, a higher frequency of cracks is 
observed in the SEM 3 and 4 samples, further 

excluding rock sliding as a mechanism responsi-
ble for the decomposition of quartz grains during 
transport.

A glacial reworking is commonly associated 
with the occurrence of high-stress microtextures, 
such as arc-shaped steps, subparallel linear frac-
tures and large conchoidal fractures (Woronko 
2016 and references therein). These microtextures 
we observe in moraine SEM 2 and 3 samples, as 
well as in the SEM 4 sample, which represents in 
situ weathered slope cover. Thus, we cannot pre-
sume that the occurrence of single microtextures 
is a definitive indicator of a glacial environment. 
Instead, we attribute mechanically induced mi-
crotextures also to P-type frost weathering, 
which is associated with the movement of quartz 
grains relative to each other during the growth 
of ice lenses (Woronko, Hoch 2011, Woronko 
2016). Interestingly, the best examples of frost 
action were found in the SEM 4 sample, where 
a few grains deviate from the general pattern of 
frost-weathering microtextures exhibiting poorly 
developed microrelief (cf. Woronko, Pisarska-
Jamroży 2016, Woronko 2016). However, com-
pared with non-glacial SEM 1 and 4 samples, only 
moraine samples (SEM 2 and 3) show fresh and 
sharp conchoidal fractures, along with many ir-
regularly spaced subparallel linear fractures and 
arc-shaped steps, covering at least 50–70% of the 
grains’ surface (Figs 7D, 7E, 7G and 7H). These 
observations follow Molén’s (2014, 2023) con-
clusions that glaciogenic grains typically exhibit 
fresh, irregularly abraded surfaces, but indicate 
that the degree of grain surface transformation is 
also diagnostic. The presence of breakage blocks 
could either be the result of subglacial erosion 
(Sharp, Gomez 1986, Rose, Hart 2008, Woronko 
2016), and in the case of SEM 3 sample, a higher 
proportion of this microtexture also indicates ac-
tive subglacial transport. Nonetheless, only irreg-
ular patterns and large fractures covering most 
of the grains’ surface appear to be the sole dis-
tinguishing features between glacially crushed 
grains and frost-weathered grains, though both 
processes could have occurred simultaneous-
ly under the glacier (Woronko 2016). Using this 
criterion, in our case, only 5% of the grains were 
subjected to active subglacial transport during 
the LGM, and an additional 20% of the grains 
show a similar appearance, but they are clearly 
not fresh (Fig. 7F).
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The presence of abrasion microtextures, and 
the general outline of the grains, with large (100–
200  µm) conchoidal fractures, indicate effective 
subglacial crushing and abrasion (Sharp, Gomez 
1986, Rose, Hart 2008, Woronko 2016). Recent 
studies have highlighted that even small moun-
tain glaciers can effectively erode their beds and 
overprint quartz grains (Engel et al. 2010, 2011, 
Mentlík et al. 2010, Mahaney et al. 2011, Traczyk, 
Woronko 2010). Thus, the relatively low percent-
age of glacial grains in the SEM 2 and 3 samples 
can be attributed to the mixing of supraglacial 
material with subglacial till within the moraines, 
rather than insufficient glacier erosion. It may 
also explain the occurrence of grains with more 
weathered (older) abrasion microtextures, which 
could be the remnants of former glacial advances 
(pre-LGM) or the effects of frost-derived disin-
tegration. Moreover, the comminution of quartz 
grains was more intense in the inter-terminal 
zone than in the accumulation area, which is re-
vealed by the differences in moraine samples  – 
the SEM 3 sample, for example, displays more 
microtextures such as straight grooves and saw-
tooth fractures than the SEM 2 sample. There is 
also a gradual decrease in the obliteration of eu-
hedral quartz, from 85% in SEM 4 (slope covers), 
to 55% in SEM 2 (cirque moraine), and to 25% in 
SEM 3 (terminal moraine) which further proves 
downslope grading glacial reworking.

Conclusions

In this study, we integrate recently published 
and new acquired geomorphological data, includ-
ing mapped glacial landforms, glacier reconstruc-
tions and sedimentological documentation, all of 
which support the presence of local glaciation in 
the Babia Góra massif. We documented the mor-
phometry of glacial erosional and accumulation 
features in the Szumiąca Valley, where a small 
cirque-valley glacier (0.87 km² in area and 2.2 km 
long) developed during the Late Pleistocene.

The Babia Góra massif is the only region in the 
Western Carpathians, composed of flysch that 
was glaciated, where glacial landforms have been 
significantly (68%) overprinted by subsequent 
RSF. However, remnants of terminal moraines 
and a glacial cirque are still preserved in the 
landscape. We argue that the geomorphological 

criteria used in previous studies alone are insuffi-
cient to confirm or reject glaciation in areas heav-
ily reshaped by landslides. Our findings suggest 
that the application of clast morphology, quartz 
grain microtextures and Schmidt-hammer dating 
overcomes the limitations of traditional geomor-
phological methods and provides valuable indi-
cators of glacial sediment genesis.

Textural indicators of glacial origin in the sedi-
ments are associated with the presence of perched 
boulders (up to ~3 m in size), a higher proportion 
of blade- and elongate-shaped forms and more 
pronounced rounding compared with clasts 
found in scree and landslide deposits. Glacial re-
working of the Magura-type sandstones reduced 
their initial angularity with only minor shape 
changes. This is similar to other flysch massifs in 
the Eastern Carpathians and aligns with the de-
bris cascade model for glaciated areas composed 
of highly anisotropic rocks (Lukas et al. 2013).

Microscopic analyses revealed that all four 
samples were primarily composed of chemi-
cally altered grains with medium to high relief. 
Examination of 80 quartz grains from different 
depositional environments showed that active 
glacial reworking was the primary process in-
fluencing the grains’ micromorphology during 
transport. Although only 5% of the grains could 
be unambiguously identified as glacially abraded 
and crushed, due to fresh and irregular fractures 
on their surfaces, SEM analysis proved useful in 
distinguishing between glacial and non-glacial 
samples.

The reconstructed climatic ELA in the study 
area (1354 m a.s.l.) closely matches the mean el-
evation of the cirque floor (1357 m), supporting 
the position of the lowest Pleistocene snow line 
in the Western Carpathians. The glaciation mag-
nitude is typical of intermediate-level glaciation 
found in the Svydovets massif, the Pietros group 
of the Chornohora Mountains and the Maramure-
Mountains in the Eastern Carpathian
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