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Abstract 

The northern Valaisian Alps represents a glacially overprinted landscape, characterized by abundant glacial deposits 
and landforms. Well-preserved moraine systems, commonly found in the region, were deposited by glacier fluctua‑
tions after the Last Glacial Maximum (LGM). In this study, we focus on the glacial evolution of the tributary valleys 
of Belalp and Luesgenalp, west of the Great Aletsch glacier, during the Lateglacial and Early Holocene. To reconstruct 
the glacier advances, a combination of geomorphological mapping, surface exposure dating with cosmogenic 
10Be, and glacier reconstruction were used. Our results indicate that glacier fluctuations occurred at 12.0 ± 0.9 ka 
in the Belalp valley and 12.0 ± 1.0 ka in the Luesgenalp valley during the Younger Dryas cold phase. Based on the gla‑
cier reconstruction, an equilibrium line altitude (ELA) of 2700 m asl was estimated for the maximal extent of these 
paleoglaciers. ELA depressions of 330 m to 430 m relative to the Little Ice Age for the Unnerbaech paleoglacier 
in the Belalp valley and 400 m for the Hostock paleoglacier in the Luesgenalp valley were calculated, corresponding 
to annual temperature decreases of 2.1 to 2.8 °C and 2.6 °C, respectively. The precipitation pattern shows no sig‑
nificant change in the amount of precipitation between YD and today. Our findings are consistent with the YD 
paleoglaciers documented throughout the Alps and provide insights into the climate dynamics during the Egesen 
stadial in the Alps. Additionally, our findings contribute to the broader understanding of glacial responses to climatic 
fluctuations.

Keywords  Cosmogenic 10Be, Surface exposure dating, Alps, Glacier reconstruction, Younger Dryas, Paleoclimate

1  Introduction
The last major glacier readvance phase of the Lategla-
cial occurred during the Younger Dryas cold period 
(YD), between 12.9 ka and 11.7 ka (Alley and Clark, 
1999; Rasmussen et al., 2006; Ivy-Ochs et al., 2023). This 

cooling event is the final cold phase of the Last Glacial 
cycle before the transition to the Holocene, during 
which an abrupt temperature increase is observed (Ivy-
Ochs et al., 1996; Ivy-Ochs, 2015; Baroni et al., 2021 and  
references therein). The YD is a key period for under-
standing not just the demise of the Last Glacial cycle, 
but also the remarkable and still poorly understood re-
advances of glaciers during the Lateglacial, as well as their 
influence on regional climate from the Last Glacial Maxi-
mum (LGM) to the present day (Alley, 2000; Bakke et al., 
2009; Rea et al., 2020). Several proxies have recorded this 
climate fluctuation with a similar magnitude, i.e. ice cores 
(Rasmussen et  al., 2006), lake sediments (Schwander 
et  al., 2000) and speleothems (Affolter et  al., 2019). All 
indicate an abrupt temperature drop at the beginning and 
a strong temperature increase at the end of the YD (Alley, 
2000; Bakke et al., 2009).
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Multiple glacier readvances, associated with the Egesen 
Stadial in the Alps, occurred during the YD climate oscil-
lation (Ivy-Ochs et  al., 2023 and references therein). As 
a result, glaciers formed prominent moraine systems and 
complexes in the valleys and cirques (Ivy-Ochs et al., 2006; 
2015; 2023). These moraine systems are crucial geomor-
phological markers for reconstructing YD glacier fluc-
tuations in the Alps, as glaciers respond sensitively and 
rapidly to climate changes (Ohmura et al., 1992; Ivy-Ochs 
et al., 2007; Baroni et al., 2021). Therefore, variations in 
glacier size reflect changing climate conditions, particu-
larly in temperature and precipitation pattern over time 
(Kerschner, 2005; Oerlemans, 2005; Schimmelpfennig 
et al., 2014; Baroni et al., 2021). In addition, the extent of 
glaciers, glacial landforms, and deposits from different 
advances allow for the quantitative reconstruction of gla-
ciological and climatological parameters, i.e. equilibrium 
line altitude (ELA), ELA depression (ΔELA) and temper-
ature decrease (ΔT) compared to the Little Ice Age (LIA) 
ELA, the paleotemperature of July (Tjul) and paleoprecip-
itation (Ohmura et al., 1992; Kerschner et al., 2000; Ker-
schner, 2005; Ohmura and Boettcher, 2018; Baroni et al., 
2021).

Numerous studies on Egesen moraines across the Alps 
have been conducted over the past decades (Ivy-Ochs 
et  al., 1996; Kelly et  al., 2004; Schindelwig et  al., 2012; 
Schimmelpfennig et al., 2014; Protin et al., 2019; Baroni 
et al., 2021; Ivy-Ochs et al., 2023 and references therein). 
Although the extent of the Alpine glaciers during 
the Egesen stadial is well established in the larger and 
more prominent glacier systems, the fluctuations and 
re-advances in smaller tributary valleys still need to 
be investigated. In particular, understanding the YD 
remains crucial for exploring the still poorly understood 
re-advances of glaciers and for interpreting post-LGM 
glacier dynamics and regional paleoclimate variability in 
the Alps (Ivy-Ochs et al., 2023). Despite substantial pro-
gress, key questions remain about the precise timing and 
extent of YD glacier fluctuations, particularly in less stud-
ied tributary valleys. Additionally, several studies have 
revealed the importance of local factors, such as valley 
orientation, hypsometry and catchment area, in modulat-
ing glacier responses in addition to overall regional fac-
tors (e.g., Schindelwig et al., 2012 and references therein).

With this study, we aim to enhance the understanding 
of glacier fluctuations in the Alps during the Lateglacial 
and Early Holocene by focusing on the northern Valai-
sian Alps. Specifically, we analyze the moraine systems 
in two tributary valleys west of the Great Aletsch Gla-
cier, namely the Belalp and Luesgenalp valleys (Fig.  1). 
This setting offers a unique opportunity to test and com-
pare the response of glaciers of different sizes to Younger 
Dryas climate fluctuations, from the small tributary 

glaciers to the Great Aletsch Glacier, the largest glacier 
in the Alps today. Our goal is to determine when they re-
advanced, how long they stayed in the expanded position, 
and which climatic deteriorations caused their advances. 
To achieve this, we conducted detailed surficial geo-
logical and geomorphological mapping, established the 
chronology of glacier fluctuations using surface exposure 
dating with cosmogenic 10Be, and performed a geomor-
phology-based reconstruction of the paleoglaciers to 
determine ELA and ELA depression. These reconstruc-
tions allowed us to infer paleotemperature and paleopre-
cipitation conditions. Finally, we assessed the regional 
paleoclimatic evolution of the northern Valaisian Alps by 
comparing our results with existing climate proxies from 
the broader Alpine region.

Our results provide new detailed insights into the YD 
advances in these tributary valleys, filling a critical gap in 
the Alpine paleoclimate record. Furthermore, these geo-
morphologically based reconstructions offer robust con-
straints for refining the existing numerical glacier models 
for the Alps (Seguinot et  al., 2018; Jouvet et  al., 2017; 
2023) and improving simulations of ice field evolution in 
the region (cf. Leger et al., 2025). By combining high-res-
olution field mapping with surface exposure dating, this 
study advances the understanding of how local topogra-
phy influences glacier sensitivity during abrupt climate 
shifts and sets a foundation for enhancing model predic-
tions of glacier behavior under climate change scenarios.

2 � Study area
The study area is located in the southeastern part of 
the Bernese Alps in the canton of Valais, Switzerland, 
covering an area of approximately 9 km2 (Fig.  1). It 
includes the south-southeast facing Belalp and Lues-
genalp tributary valleys, situated north of Blatten bei 
Naters and west of the Great Aletsch Glacier. Belalp is 
a U-shaped valley that extends 5 km in length and up to 
2.3 km in width (Fig. 2). It is confined to the north by 
the Unnerbaech cirque, surrounded by the Grisighorn 
(3177 m above sea level; asl), Unnerbaechhorn (3554 m 
asl), and Hostock (3225 m asl) summits (Figs. 1 and 2). 
This valley hosts the Unnerbaech glacier, which covered 
an area of 0.3 km2 in (Christl, et  al., 2017) (Linsbauer 
et  al., 2021) (Fig.  2). In contrast, Luesgenalp valley is 
formed by the Hostock cirque, measuring 3.3 km in 
length and up to 1.4 km in width. It is enclosed to the 
west, north and east by the Hostock (3225 m asl), Hül-
senhorn (3165 m asl) and Sparrhoru (3020 m asl) peaks 
(Figs.  1 and 2). The Hostock glacier, which had been 
present since the Little Ice Age, remained until at least 
1973 (Müller et  al., 1976). However, according to the 
Swiss Glacier Inventory of 2016 (Linsbauer et al., 2021), 
it had completely melted by 2016 (Fig. 2). Additionally, 
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Fig. 1  Geological overview map of the study region (adapted after GA25 geological map sheet 1269 Aletschgletscher (Steck, 2011). Blue and red 
rectangles show the study sites of the Belalp and Luesgenalp valleys. Inset (a) illustrates the position of the study area in Switzerland (red rectangle). 
The green-colored glacial deposits are attributed to the LGM, while the light ochre-colored glacial deposits represent Lateglacial to LIA advances

Fig. 2  Unmanned air vehicle picture of the study area. Left, the U-shaped Belalp valley and right the Luesgenalp valley. Dashed lines show the LIA 
extent of the Unnerbaech and Hostock glaciers for the cirques in the Belalp and Luesgenalp valleys, respectively. View towards the north
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a second small cirque, Lengi Egga, is located in the 
central eastern part of Luesgenalp (Schindelwig et  al., 
2012) (Figs. 1 and 2).

The crystalline bedrock in the Belalp and Luesgenalp 
valleys belong to the Aar Massif, part of the Helvetic tec-
tonic unit (Meyer, 2017) and is one of the External Crys-
talline Massifs of the Alps (e.g. von Raumer et al., 1993). 
Five major geological units are found at the study sites: 
the Gärsthorn Gneiss Complex, the Massa Gneiss Com-
plex, the Ofenhorn-Stampfhorn Gneiss Complex, the 
Baltschieder Granodiorite, and the Central Aar Granite 
(Fig. 1). The oldest three complexes are classified as pre-
Variscan polycyclic metamorphic rocks (Schneeberger 
et  al., 2019). The Gärsthorn Gneiss Complex consists 
mainly of augen gneiss and coarse-grained two-feldspar 
gneiss. In contrast, migmatites and migmatitic gneiss 
form the Massa Gneiss Complex (Berger et al., 2017). At 
the study area, the Ofenhorn-Stampfhorn Gneiss Com-
plex, comprises of biotite-plagioclase gneiss with mag-
matitic amphibolite bodies (e.g. Steck, 2011; Berger et al., 
2017 and references therein). The younger two units are 
lower Variscan and upper to post-Variscan intrusive 
plutonic rocks that were subjected to greenschist-facies 
metamorphism during Alpine deformation (Steck, 2011; 
Meyer, 2017; Schneeberger et  al., 2019). Quaternary 
sediments in the central and southern part of the inves-
tigation area are of glacial and glaciofluvial origin (Steck, 
2011). At Belalp, a moraine complex with multiple ridges 
is present on the left part of the valley between 2100 
and 2550 m asl (Schindelwig et  al., 2012), whereas the 
moraine complex at Luesgenalp is located in the central 
part between 2300 and 2660 m asl (Fig. 1).

3 � Methodology
3.1 � Photogrammetry
To reconstruct the glacier fluctuations and to determine 
the paleoclimate of our study area, we generated a high-
resolution digital elevation model (DEM) and orthopho-
tograph with a resolution of 5 cm/pixel for both Belalp 
and Luesgenalp. Aerial photographs were taken using 
a DJI Mavic Pro 2 unmanned aerial vehicle (UAV) over 
the course of 10 flights. The flight missions were planned 
using Litchi® in Mission Hub (https://​flyli​tchi.​com/​hub). 
Each flight was conducted at a height of 200 m above 
ground and at a speed of 45 km/h. The overlap between 
photographs within the same flight line was 80%, cap-
turing a photograph every 34 m or approximately every 
2.7 s. The distance between two flight lines was 100 m, 
achieving a lateral overlap of 60%. The collected images 
were processed at the Institute of Geology in Bern using 
Agisoft Metashape® photogrammetry software (Agisoft, 
2014, 2017).

3.2 � Detailed mapping
The surficial geology of the study area was mapped by 
combining field and remote mapping techniques. Field 
mapping was conducted during the summers of 2022 
and 2023, systematically crossing the study area multiple 
times following the approach proposed by Chandler et al. 
(2018). For the remote mapping, we utilized orthophoto-
graphs and DEMs generated through photogrammetry, 
the GA25 geological map sheet 1269 Aletschgletscher 
(Steck, 2011), and the GK500-Tekto map (Tektonische 
Karte der Schweiz, 1:500,000. 2005). Additionally, we 
created a red relief image map (RRIM) following Daxer 
(2020). This type of map highlights concavities and con-
vexities on a surface of topographic features (Chiba et al., 
2008; Daxer, 2020), which facilitated the identification of 
linear landforms. Detailed surficial geological and RRIM 
maps were generated using QGIS®.

3.3 � Surface exposure dating
By applying surface exposure dating with cosmogenic 
nuclides (e.g. 10Be), the glacial deposits and landforms 
can be dated, determining how long they are exposed on 
the surface (Ivy-Ochs and Kober, 2008). This method is 
often used to establish the time of deposition of boul-
ders on moraines or to determine since when a glacially-
polished bedrock is no longer covered by ice (Kelly et al., 
2004). As moraines mark glacier culminations of the past, 
dating these landforms allows to reconstruct chronolo-
gies of the past glacial environments and link them to 
past climatic fluctuations (Kerschner and Ivy-Ochs, 2008; 
Schindelwig et  al., 2012). Defining glacial chronologies 
and comparing them with glaciological and climatologi-
cal parameters improve our understanding of past cli-
matic changes and can contribute to assessing the impact 
of the ongoing climate warming (e.g. Rasmussen et  al., 
2014; Schimmelpfennig et al., 2014).

To determine the timing of glacier fluctuations in our 
study area, we applied surface exposure dating with the 
cosmogenic nuclide 10Be. 14 granitic samples were col-
lected from moraine crests at Luesgenalp for cosmogenic 
10Be analysis. In addition, we recalculated 21 exposure 
ages originally published by Schindelwig et al. (2012) for 
the Belalp valley, based on original raw data. For con-
text and comparison, we also use exposure ages from 
other Alpine valleys reported by Ivy-Ochs et  al. (2023), 
who recalculated those from earlier primary sources. The 
samples at Luesgenalp were collected from the top sur-
faces of boulders using an angle grinder, hammer, and 
chisel, following the strategies defined in previous stud-
ies (e.g. Akçar et al., 2011). For each sample, we recorded 
geographic information, boulder height, sample thick-
ness, and topographic shielding (Dunai, 2010) (Table 1). 

https://flylitchi.com/hub
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The height of the sampled boulders ranged from 0.5 to 
2.2 m, and sample thickness varied between 3.5 and 5 cm.

The sample preparation was conducted at the Surface 
Exposure Dating Laboratory of the University of Bern. 
We crushed and sieved the samples to a grain size of 
250–400 μm, then isolated and purified the quartz fol-
lowing the technique described by Akçar et  al. (2017), 
after Kohl and Nishiizumi (1992). 10Be was subse-
quently extracted from the samples applying the method 
described in Akçar et  al. (2012). The accelerator mass 

spectrometry (AMS) measurements of 10Be/9Be ratios 
were performed on the MILEA system (Maxeiner et al., 
2019) at the ETH AMS facility in Zurich. A half-life of 
1.39 Ma for 10Be (Chmeleff et al., 2010; Korschinek et al., 
2010) was used, and the results were normalized to the 
ETH in-house standards S2007N and S2010N (Christ 
and Kubik, (Christl, et  al., 2013)). The 10Be/9Be ratios 
were then corrected with the long term-weighted average 
full process blank ratio of (3.34 ± 0.23) × 10–15. The 10Be 
exposure ages were determined using the version 3 of the 

Table 1  Sample information from the Belalp and the Luesgenalp valleys

* Schindelwig et al., 2012

Sample name Altitude (m 
a.s.l.)

Latitude, °N (DD.
DD) WGS84

Longitude, °E (DD.
DD) WGS84

Boulder 
height (m)

Sample 
thickness (cm)

Factor of 
shielding 
correction

Surface 
orietation 
(azimuth/dip)

LUES-1 2461 46.39006 7.97827 1.4 4.5 0.9890 Flat

LUES-2 2465 46.38978 7.97100 2.0 4.0 0.9898 Flat

LUES-3 2458 46.38940 7.97144 1.0 5.0 0.9898 Flat

LUES-4 2421 46.38824 7.97452 2.2 5.0 0.9951 Flat

LUES-5 2546 46.39398 7.97573 0.8 4.0 0.9803 Flat

LUES-6 2559 46.39363 7.97414 0.8 3.5 0.9886 Flat

LUES-7 2569 46.39400 7.97283 1.4 5.0 0.9812 Flat

LUES-8 2567 46.39426 7.97197 1.2 4.0 0.9812 Flat

LUES-9 2604 46.39432 7.96960 1.0 5.0 0.9720 Flat

LUES-10 2606 46.39454 7.96958 1.0 5.0 0.9720 Flat

LUES-11 2607 46.39462 7.96959 0.5 4.5 0.9720 Flat

LUES-12 2520 46.39135 7.96978 1.6 4.0 0.9896 Flat

LUES-13 2525 46.39245 7.97721 0.5 4.0 0.9845 Flat

LUES-14 2522 46.39233 7.97717 0.7 4.0 0.9845 Flat

*VBA-1 2239 46.38540 7.96544 1.6 5.0 0.9890 Flat

*VBA-2 2238 46.38531 7.96548 1.2 5.0 0.9890 Flat

*VBA-3 2275 46.38613 7.96578 1.6 5.0 0.9680 Flat

*VBA-4 2507 46.39249 7.96541 1.0 5.0 0.9670 Flat

*VBA-5 2460 46.39141 7.96547 0.6 2.0 0.9370 Flat

*VBA-6 2330 46.38804 7.96532 1.0 5.0 0.9840 Flat

*VBA-11 2172 46.38221 7.96417 1.5 2.0 0.9830 Flat

*VBA-12 2205 46.38385 7.96526 1.7 2.0 0.9830 Flat

*VBA-13 2160 46.38159 7.96366 1.8 4.0 0.9750 Flat

*VBA-14 2148 46.38111 7.96294 1.5 3.0 0.9750 Flat

*VBA-15 2143 46.38043 7.96335 1.5 5.0 0.9750 Flat

*VBA-16 2146 46.38054 7.96346 1.0 3.5 0.9750 Flat

*VBA-17 2244 46.38719 7.96320 3.0 1.5 0.9760 Flat

*VBA-18 2378 46.38961 7.96460 1.2 3.0 0.9760 Flat

*VBA-19 2424 46.39070 7.96480 1.8 2.0 0.9830 Flat

*VBA-20 2426 46.39075 7.96480 2.0 2.5 0.9830 Flat

*VBA-22 2122 46.37851 7.96380 1.2 1.5 0.9750 Flat

*VBA-23 2138 46.37917 7.96435 1.0 4.0 0.9720 Flat

*VBA-24 2166 46.38041 7.96530 1.1 4.0 0.9730 Flat

*VBA-25 2158 46.38006 7.96500 2.2 4.0 0.9730 Flat

*VBA-26 2139 46.37922 7.96440 1.5 3.0 0.9720 Flat
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online exposure age calculator, formerly known as the 
CRONUS-Earth online exposure calculator (http://​hess.​
ess.​washi​ngton.​edu/​math/​v3/​v3_​age_​in.​html) written by 
Balco et  al. (2008). We applied altitude/latitude scaling 
for the production rate according to the time-depend-
ent Lal (1991)/Stone (2000) scheme. Our calculations 
accounted for sample thickness (applying an exponential 
attenuation length of 160 g/cm2), topographic shield-
ing (Dunne et al., 1999), an erosion of 1 mm/ka (André, 
(Andre, and André, 2002)), and a rock density of 2.65 g/
cm3. Shielding correction factors were calculated after 
(Tikhomirov et al., 2014). Sample information is detailed 
in Table 1. No snow cover correction was applied to the 
exposure ages, we specifically selected large, high-stand-
ing boulders situated on moraine crests and elevated 
above the surrounding topography. These boulders are 
likely to be windswept and free of persistent snow cover 
(Gosse and Phillips, 2001; Ye et al., 2023). The same set-
tings were used for recalculating the data of Belalp val-
ley published in Schindelwig et al. (2012). In addition, we 
analyzed the data using the probabilistic cosmogenic age 
analysis tool (P-CAAT) (Dortch et al., 2022), which runs 
in a MATLAB environment, to identify potential outliers 
and obtain probability density function plots of the 10Be 
exposure ages.

3.4 � Glacier reconstruction
In this study, we applied geomorphology-based glacier 
reconstruction (cf. James et  al., 2019). The reconstruc-
tion of the Unnerbaech paleoglacier at Belalp valley and 
the Hostock paleoglacier at Luesgenalp valley was con-
ducted using the toolbox GlaRe® (Pellitero et  al., 2016) 
in ArcGIS®. The SwissALTI3D® relief map, with a reso-
lution of 0.5 m per pixel, served as the base map for gla-
cier reconstruction. Where present, moraines were used 
to confine the glacier margin. We reconstructed these  
paleoglaciers at their maximum extent and the Little Ice 
Age (LIA). Subsequently, ELA was calculated using the 
ELA® toolbox (Pellitero et al., 2015) with the accumula-
tion area ratio (AAR) technique (Porter 1975). We deter-
mined the ELAs using AAR ratios between 0.5 and 0.8. In 
this study, we used the ELAs obtained with an AAR ratio 
of 0.67, as it is the best-fitting value for valley and cirque 
glaciers in the Alps according to Gross et al. (1978). We 
then calculated the ELA depressions. Using these depres-
sions, the temperature decreases compared to the LIA 
were estimated by applying a temperature gradient of 
0.65 °C/100 m.

To reconstruct the paleotemperature for the hottest 
month, July (Tjul), we used chironomid assemblages at 
Lago Piccolo di Avigliana in Italy (365 m asl; 45° 30 N 
45°03′ N 7°23′ E), located 150 km southeast of Belalp and 
Luesgenalp. Larocque and Finsinger, (2008) determined 

a Tjul of about 16.0 °C at this location. This temperature 
was adjusted to the ELA of the maximal paleoglacier 
extent at our study area. The annual paleo-precipitation 
(Pann) at the ELA was defined using the temperature/pre-
cipitation equations described in Ohmura and Boettcher 
(2018). We calculated the precipitation with both the lin-
ear approximation (Pann = 264.1 T + 957) and the quad-
ratic approximation (Pann = 5.82 T2 + 230 T + 966), where 
T corresponds to Tjul.

4 � Results
4.1 � Surficial geology
The Belalp and Luesgenalp valleys show a glacially over-
printed landscape, and glacial deposits and landforms 
dominate the area (Fig. 3). Both valleys have undergone 
human impact during the last century (Figs.  3 and 4). 
For example, several erratic boulders in the Belalp val-
ley were destroyed or moved during the construction of 
the ski resort during the 2000’s (Fig. 4a). In the Luesge-
nalp valley, moraines were partially destroyed to build ski 
tracks and cable car (Fig. 4b and c). In addition, a 20,000 
m2 large artificial lake was built between 2008 and 2011 
during which moraines in the eastern part of Luesgenalp 
were destroyed (Fig. 4b and c).

In the northern halves of the two valleys, the bed-
rock either outcrops with an ice-molded morphology or 
is overlain by a thin veneer of till (Figs. 2 and 3). In the 
northern half of the Belalp valley, the bedrock consists 
of the Ofenhorn-Stampfhorn Gneiss Complex and Cen-
tral Aar Granite. In the southern half, bedrock outcrops 
are sporadic and comprise the Massa Gneiss Complex in 
the central part, Baltschieder Granodiorite in the east, 
Gärsthorn Gneiss Complex in the southeast. In the Lues-
genalp valley, the bedrock is made of Central Aar Gran-
ite in the north, Baltschieder Granodiorite in the central 
part, and Massa Gneiss Complex in the south (Figs. 1 and 
3).

The Quaternary deposits and landforms are largely 
present at the study area and are covered by vegetation, 
which consists of grass and sporadic small shrubs. Along 
the flanks and in the southern parts of Belalp and Lues-
genalp valleys, lateral and terminal moraines dominate 
the landscape (Figs. 3, 5, 6 and 7). A total of 33 moraines 
were mapped across the study area, consisting of 23 ter-
minal moraines and 10 lateral moraines. The length of 
the terminal moraines varies between 50 and 1250 m, the 
width between 10 and 40 m and the height is 0.5 m to 6 
m. The lateral moraines, on the other hand, have length 
of 60 m to 2 km, widths of 30 m to 100 m and heights of 
3 m to 15 m. Lateral moraines thus tend to be wider and 
higher than the terminal moraines.

In this study, the relative chronology of the moraines 
was used to differentiate glacial deposits into “older” 

http://hess.ess.washington.edu/math/v3/v3_age_in.html
http://hess.ess.washington.edu/math/v3/v3_age_in.html
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and “Younger Dryas and younger” till by using the cos-
mogenic 10Be chronology after Schindelwig et al. (2012) 
(Fig.  3). Till outcrops are generally small, less than 
around 100 m2, except for two man-made outcrops, each 

approximately 1000 m2, located near the artificial lake in 
the Luesgenalp valley. They are mainly confined along 
the stream and on the right flank at the Belalp valley, and 
around the left lateral moraine at the Luesgenalp valley 

Fig. 3  Surficial geological map of the Belalp and Luesgenalp valleys
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(Fig. 3). The till is composed of poorly sorted crystalline 
clasts in a silty to sandy matrix. Across the study area, 
crystalline erratic boulders (≥ 1m3) and block fields are 
disseminated and lie predominantly on the till (Fig.  3). 
At the Luesgenalp valley, we mapped 14 flutes oriented 
nearly north–south, reflecting the ice flow direction of 
the paleoglacier, as they are always aligned parallel to 
the glacier (Chandler et al., 2018 and references therein). 
They range from 40 to 200  m length and up to 5 m in 
width (Fig.  7). At the Belalp valley, clast-supported  
glaciofluvial deposits are present along the current bed of 
the mainstream (Fig. 3).

Along the flanks of the Unnerbächhorn (Belalp) and 
Hostock cirques (Luesgenalp), and to the north of Lengi 
Egga in the Luesgenalp, slope debris covers the till and 
bedrock (Figs. 1, 2 and 3). In the central of the Luesgenalp 
valley, we mapped narrow, elongated stone runs com-
posed of cobbles and boulders up to 1 m3 in size (Fig. 3). 
Based on their morphology and alignment, we interpret 
them as relict periglacial deposits, rather rockfall depos-
its resulting from adjacent cliffs (cf. Kim and Ma, 2023). 

A snow avalanche debris deposit, approximately 250  m 
long, 100 m wide, and a few meters high, is located on the 
east side of the Belalp valley (Fig.  3). The accumulation 
of debris from repeated snow avalanches over time can 
result in the formation of snow avalanche ridges (Akçar 
et  al., 2007). However, the absence of ridge morphol-
ogy in this debris suggests that snow avalanche activity 
in this area is either sporadic or has only recently begun. 
Furthermore, the lack of vegetation on the surface of the 
debris indicates that the process is still active (Fig. 2).

In the study area, streams and ephemeral streams are 
distributed over the entire area and springs and spring 
horizons are frequent (Fig.  3). Smaller streams dry up 
during summer. Alluvial fans are up to 400 m in length 
and 200  m in width but are more and larger in size at 
Belalp (Fig.  3). The alluvial fans at the Luesgenalp val-
ley are situated at the small cirque of Lengi Egga and 
have a length of about 100 m and a width of about 80 m. 
The overdeepened part of the cirque is filled by alluvial 
deposits (Fig. 3). Ephemeral wetlands are present at the 
floor of the Belalp valley and in the southern part of the 

Fig. 4  Human impact at the study area. a Example of destroyed and moved erratic boulders in the Belalp valley mapped as human impact in Fig. 3 
(picture modified after Schindelwig et al. (2012). View towards the east. b Situation in the eastern part of the Luesgenalp valley in 2008. c Situation 
in the eastern part of the Luesgenalp valley after the completion of the artificial lake in 2011



Page 9 of 27     16 Lateglacial to Early Holocene glacier

Luesgenalp valley (Fig.  3). They are formed when the 
uppermost part (< 20  cm) of the till veneer is saturated 
due to snow melt in spring and early summer. The six 
ponds were identified at the Luesgenalp valley: three at 
Lengi Egga and three near the artificial lake. They are 
less than 1.5 m deep and cover a maximal area of 400 m2 
(Fig. 3).

4.2 � Surface exposure dating
The amount of dissolved quartz, 9Be spike, AMS ratio, 
error in AMS ratio, 10Be concentration and exposure 
ages within 1σ uncertainties are listed in Table 2. At the 
Belalp valley, the recalculated 10Be exposure ages range 
from 9.7 ± 1.0 ka to 14.8 ± 0.6 ka (after Schindelwig et al., 
2012). At the Luesgenalp valley, 10Be concentrations vary 
between (29.74 ± 0.82) × 104 at/g and (36.46 ± 0.55) × 104 
at/g, and the exposure ages between 10.6 ± 0.4  ka and 
12.9 ± 0.4  ka. The exposure ages include the corrections 
for sample thickness, dip of rock surface, topographic 

shielding and erosion. No correction for snow cover 
was applied. The reported uncertainties are internal (cf. 
Balco et al., 2008), i.e. do not include the production rate 
errors. Whereas the uncertainties given in parenthesis 
include the production rate errors (external sensu Balco 
et  al., 2008) (Table  2). In the discussion section, we use 
the exposure ages with external uncertainties when we 
compare our dataset with other climate proxies.

4.3 � Glacial history
4.3.1 � Belalp valley
In the Belalp valley, we identified at least eight glacier 
advances based on geomorphological evidence (Fig. 3 and 
7). These moraines are numbered in chronological order, 
from the outermost (MB1) to the innermost (MB8), thus 
from the morphostratigraphically oldest to youngest. 
Moraines MB1 to MB8 are preserved on the left lateral 
valley side, whereas only moraines MB1, MB2, and MB3 
were found on the right lateral side (Fig.  7). Moraines 

Fig. 5  Field photographs of the Belalp valley. a View on the left lateral moraine complex and the latero-terminal moraines MB1 to MB8 
in the Belalp valley. In the upper left of the picture the lower western part of the moraines ML1 to ML4 in the Luesgenalp valley are visible. View 
toward southeast. b Boulder VBA-25 on moraine MB3 sampled by Schindelwig et al. (2012) (View towards the north). c Boulder VBA-2 on moraine 
MB6 sampled by Schindelwig et al. (2012) (view towards the north)
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MB1 to MB7 form a lateral moraine complex on the left 
lateral side, extending for 2 km from 2100 m asl and 2550 
m asl. In the upper part of the moraine complex, between 
2550 m asl and ca. 2400 m asl, the moraines intertwine 
and bifurcate (Fig.  7A). Making them difficult to distin-
guish. They reach a maximal height of ca. 15 m and width 
of ca. 100 m. In the central and lower part of the com-
plex, between ca. 2390 m asl and 2100 m asl, moraines 
MB1-7 gradually intermingle from each other, forming 
individual terminal ridges (Fig. 7 and B).

The observed superposition of the moraine complex 
are characteristic of composite lateral moraines, which 
are commonly found in the Valaisian Alps (cf. Schnee-
beli, 1976; Le Roy et al., 2024). Such moraine structures 
are formed through successive glacier fluctuations at 
the lateral margin, where advancing ice deposits sedi-
ment on top of pre-existing moraines. If the advance is 
less extensive than the previous one, or if the ice flow is 
redirected laterally due to changes in bed morphology or 
constrained valley walls, the glacier overtops the older 

moraine ridge, adding new sediment layers (Schneebeli, 
1976; Winkler, 2009; Lukas et  al., 2012; Le Roy et  al., 
2024). Over time, this repeated  "overtopping"  behavior 
archives multiple glacier advances within the same lateral 
moraine, resulting in complex, fragmented structures. 
This process has been well-documented in the Alps, such 
as the Holocene (sensu lato) lateral moraines of the Fin-
delen Glacier, where advances during the Little Ice Age 
reworked older moraine deposits (Röthlisberger, 1976; 
Lukas et  al., 2012; Le Roy et  al., 2024). The composite 
structure observed in the Belalp valley is thus interpreted 
as evidence of multiple glacier fluctuations, resulting in 
the fragmented and overlapping moraine ridges. Schin-
delwig et al. (2012) dated four boulders on this left lateral 
moraine complex (recalculated exposure ages); VBA-3 
(14.8 ± 0.6 ka), VBA-4 (10.2 ± 0.7 ka), VBA-5 (11.7 ± 0.6 
ka) and VBA-6 (12.1 ± 0.6 ka) (Fig.  5 and 7; Table  2). 
However, based on their position, it is not possible to 
associate them with any specific terminal moraine MB1 
to MB7 (Figs. 7A and B). Schindelwig et al. (2012) suggest 

Fig. 6  Field photographs of the Luesgenalp valley. a View on the terminal moraines ML1, ML2, ML3, ML4 and ML7 south of Lengi Egga (Fig. 2 
for reference). View towards the north-northeast. b Boulder LUES-1 on the left lateral moraine east of Lengi Egga (view towards the north). c Boulder 
LUES-4 on moraine ML3 (view towards the west)
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that VBA-4 was likely affected by post-depositional pro-
cesses such as displacement or exhumation, as it yielded 
a significantly younger exposure age compared to other 

boulders on the same moraine (cf. Akçar et  al., 2011); 
therefore, we excluded this boulder from further discus-
sion. Moraine MB1 is the outermost terminal moraine in 

Fig. 7  Red Relief Image Map of the Belalp and Luesgenalp valleys, with sample ages and moraine names indicated. Black rectangles on the map 
highlight the zoomed-in areas shown in pictures A-D
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this valley (Fig. 7). The ridge is broad-crested and reaches 
a height of 1 m on the western side. MB1 marks the max-
imum extent and the lowest position (2080 m asl) of the 
Unnerbaech paleoglacier (cf. Fig. 2). The moraine can be 
traced for ca. 400 m from the west to the east side of the 
valley. Moraine MB2 is a terminal moraine 50 m north of 
MB1, ca. 1 m high and 300 m long. MB1 and MB2 merge 
into a single moraine ridge on the left-hand side of the 
valley at 2100 m asl, forming the lowermost part of the 

moraine complex. The combined moraine MB1-2 extends 
for ca. 450 m towards the northeast. The moraine ridge 
consists of a clast-supported openwork deposit, forming 
a small hummock approximately 0.3 m in height. Embed-
ded within the moraine are aligned crystalline boulders, 
some up to 2 m long and 1 m high.

Approximately 100 m north of MB2, MB3 is a well-
preserved terminal moraine, which extends down to ca. 
2100 m asl (Fig. 7). This moraine is ca. 900 m long, ca. 1 m 

Table 2  Cosmogenic 10Be data of the samples from Belalp and Luesgenalp valleys 

* Schindelwig et al., 2012

Sample Quartz 9Be spike AMS ratio Error in AMS 10Be Erosion corrected

name dissolved (g) (mg) (× 10–13) ratio (%) (104 at/g) (ε = 1.0 mm ka−1)

exposure age (ka)

LUES-1 50.1638 0.1985 13.29 3.15 35.05 ± 1.11 12.9 ± 0.4 (1.1)

LUES-2 50.0562 0.1993 12.68 3.34 33.64 ± 1.13 12.4 ± 0.4 (1.0)

LUES-3 49.6972 0.1985 12.32 6.41 32.80 ± 2.11 12.2 ± 0.8 (1.2)

LUES-4 51.0760 0.1932 12.39 5.68 31.24 ± 1.78 11.9 ± 0.7 (1.1)

LUES-5 49.9168 0.1898 12.90 3.71 32.69 ± 1.22 11.6 ± 0.4 (1.0)

LUES-6 50.9248 0.1968 13.08 5.15 33.68 ± 1.74 11.7 ± 0.6 (1.1)

LUES-7 50.0028 0.1996 12.36 3.33 32.87 ± 1.10 11.5 ± 0.4 (1.0)

LUES-8 50.0079 0.1986 11.41 3.76 30.19 ± 1.14 10.6 ± 0.4 (0.9)

LUES-9 49.9755 0.1983 13.46 3.33 35.60 ± 1.19 12.3 ± 0.4 (1.0)

LUES-10 49.9629 0.1986 12.39 2.19 32.82 ± 0.72 11.4 ± 0.3 (0.9)

LUES-11 50.1047 0.2001 13.69 1.50 36.46 ± 0.55 12.5 ± 0.2 (1.0)

LUES-12 50.0500 0.1896 13.42 1.50 33.88 ± 0.51 12.0 ± 0.2 (0.9)

LUES-13 49.9895 0.1994 11.75 1.96 31.24 ± 0.61 11.2 ± 0.2 (0.9)

LUES-14 49.9710 0.1989 11.21 2.76 29.74 ± 0.82 10.7 ± 0.3 (0.9)

*VBA-1 51.3337 0.3044 8,63 5.1 30.47 ± 1.59 13.1 ± 0.7 (1.2)

*VBA-2 50.6890 0.3032 7,55 4.9 26.81 ± 1.35 11.6 ± 0.6 (1.1)

*VBA-3 50.1619 0.3101 9,40 3.9 34.67 ± 1.38 14.8 ± 0.6 (1.3)

*VBA-4 50.3689 0.3024 7,66 6.4 27.28 ± 1.79 10.2 ± 0.7 (1.0)

*VBA-5 49.9685 0.3042 8,43 4.6 30.53 ± 1.44 11.7 ± 0.6 (1.1)

*VBA-6 50.0468 0.3032 8,22 5.0 29.60 ± 1.52 12.1 ± 0.6 (1.1)

*VBA-11 57.3627 0.2808 9,21 5.5 26.88 ± 1.51 12.0 ± 0.7 (1.1)

*VBA-12 46.3229 0.3051 7,41 5.5 28.95 ± 1.64 12.5 ± 0.7 (1.2)

*VBA-13 57.4723 0.2871 8,54 5.5 25.38 ± 1.43 11.7 ± 0.7 (1.1)

*VBA-14 53.6796 0.3046 7,65 5.1 25.77 ± 1.35 11.9 ± 0.6 (1.1)

*VBA-15 51.5483 0.3044 5,84 9.7 20.30 ± 2.04 9.7 ± 1.0 (1.2)

*VBA-16 50.0859 0.3041 7,31 5.2 26.32 ± 1.41 12.2 ± 0.7 (1.1)

*VBA-17 51.2960 0.3035 6,89 4.6 24.14 ± 1.15 10.4 ± 0.5 (0.9)

*VBA-18 43.0575 0.3029 6,31 5.4 26.20 ± 1.46 10.4 ± 0.6 (1.0)

*VBA-19 39.7133 0.3045 6,18 4.9 27.96 ± 1.42 10.6 ± 0.5 (1.0)

*VBA-20 48.2637 0.2943 7,85 5.8 28.44 ± 1.69 10.8 ± 0.6 (1.0)

*VBA-22 50.0867 0.3031 7,40 4.5 26.56 ± 1.23 12.3 ± 0.6 (1.1)

*VBA-23 50.6423 0.2999 7,50 6.5 26.35 ± 1.76 12.3 ± 0.8 (1.3)

*VBA-24 50.0641 0.4943 4,44 6.8 25.52 ± 1.82 11.7 ± 0.8 (1.2)

*VBA-25 50.6108 0.2989 7,29 5.5 25.52 ± 1.45 11.8 ± 0.7 (1.1)

*VBA-26 50.1216 0.3049 6,49 6.5 23.32 ± 1.57 10.9 ± 0.7 (1.1)
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high, up to 10 m wide and broad-crested. MB3 intercepts 
moraine MB1-2 at a low angle at ca. 2175 m asl and con-
tinues as MB1-3 for ca. 700 m as a fragmented moraine 
towards the northeast. Schindelwig et al. (2012) sampled 
five boulders on the moraine MB3 (recalculated expo-
sure ages): VBA-22 (12.3 ± 0.6 ka), VBA-23 (12.3 ± 0.8 ka), 
VBA-24 (11.7 ± 0.8 ka), VBA-25 (11.8 ± 0.7 ka), VBA-26 
(10.9 ± 0.7 ka) (Figs. 3, 5b and 7; Table 2). The probabil-
ity density function plot shows a unimodal distribution 
with a tight peak, giving a weighted mean age of 11.8 ± 0.3 
(± 1.0) ka.

MB4 is a left latero-terminal moraine that separates 
from MB1-4 complex at ca. 2330 m asl and disappears at 
2120 m asl (Figs. 5a and 7B). The ridge is ca. 900 m long 
but is highly disintegrated and only partially preserved. It 
is marked by an array of boulders ranging from 0.5 to 1 m 
in height.

Ridge MB5 is a 1 km long left latero-terminal moraine 
60 m north of MB4 (Fig. 7), with its terminal part extend-
ing down to 2120 m asl, where it is cut by glaciofluvial 
deposits from the stream (Fig. 3). The terminal and upper 
parts of the ridge are well preserved. They are ca.1.5 
m high, up to 15 m wide and narrow-crested. In con-
trast, the central section is almost completely eroded. 
This moraine is composed of a clast rich sandy till and 
contains crystalline boulders up to 1 m long and 0.5 m 
high. Ridge MB5 joins the moraine complex MB1-4 at 
a low angle at ca. 2335 m asl and continues northward 
as MB1-5 (Figs.  5a and 7B). Schindelwig et  al. (2012) 
dated two boulders on moraine MB5 (recalculated expo-
sure ages): VBA-15 and VBA-16 with exposure ages 
of 9.7 ± 1.0 ka and 12.2 ± 0.7 ka, respectively (Table  2). 
We excluded VBA-15 from further discussion, as this  
pyramid-shaped boulder may have experienced toppling, 
according to Schindelwig et al. (2012). The age of MB5 is 
12.2 ± 0.7 (1.1) ka.

Moraine MB6 is a 950 m long, well-defined latero-
terminal moraine (Figs.  5a and 7). It branches off from 
the moraine complex MB1-6 at an altitude of ca.2370 m 
asl and descends to 2140 m asl (Fig.  7B). Ridge MB6 is 
narrow-crested, up to 1 m high and 10 m wide. A total 
of six samples were collected on moraine MB6, yield-
ing exposure ages of 13.1 ± 0.7 ka (VBA-1), 11.6 ± 0.6 ka 
(VBA-2), 12.0 ± 0.7 ka (VBA-11), 12.5 ± 0.7 ka (VBA-12), 
11.7 ± 0.7 ka (VBA-13), and 11.9 ± 0.6 ka (VBA-14) (recal-
culated ages from Schindelwig et al., 2012) (Figs. 5c and 
7; Table 2). The weighted mean age of MB6 is 12.1 ± 0.3 
(1.0) ka.

Ridge MB7 is a highly disintegrated and partially 
preserved latero-terminal moraine. MB7 is ca. 600 m 
long, ca. 0.5 m high, and extends from ca. 2190 m asl 
to ca. 2390 m asl, where it intersects the moraine com-
plex MB1-6 (Fig.  7). The moraine continues northward 

as MB1-7 (Fig.  7B). This ridge is approximately 400 
m upstream from MB6 and is the last moraine to have 
reached the valley floor (Figs. 3, 5a and 7).

MB8 is the innermost ridge in the Belalp valley and is a 
well-defined and preserved left latero-terminal moraine 
(Fig. 7). The ridge runs continuously from ca. 2220 m asl 
to ca. 2700 m asl near the eastern end of the Unnerbaech 
cirque. MB8 is cut at ca. 2220 m asl by the alluvial fans 
present at the beginning of the valley floor (Fig. 3). The 
moraine is 1250 m long, 1 to 3 m high, 10 m wide and 
narrow-crested. It consists of a clast rich to clast sup-
ported sandy till, with clasts that are slightly smaller in 
size compared to those in moraine MB5. Schindelwig 
et al. (2012) dated four boulders on this moraine (recal-
culated exposure ages): VBA-17 (10.4 ± 0.5 ka), VBA-
18 (10.4 ± 0.6 ka), VBA-19 (10.6 ± 0.5 ka) and VBA-20 
(10.8 ± 0.6 ka) (Fig.  5a; Table  2). The probability density 
function plot shows a unimodal distribution with a tight 
peak and all samples overlap within internal errors, giv-
ing a well-constrained mean age of 10.5 ± 0.3 (0.8) ka.

4.3.2 � Luesgenalp valley
At Luesgenalp valley, we distinguished two terminal 
moraine systems, numbered similarly to those in the 
Belalp valley in chronological order, from the outermost 
(morphostratigraphically oldest) to the innermost (mor-
phostratigraphically youngest) (Fig. 7). The first is located 
to the south of Lengi Egga (Fig.  2), where at least eight 
glacier advances were identified based on the terminal 
moraines ML1 to ML8 (Fig. 7). For ML1, ML2 and ML6 
the glacier advances are divided in the glacial stages A 
and B. The second moraine system is south of the arti-
ficial lake, where only terminal moraines of four glacier 
advances (ML-I to ML-IV) were determined (Fig. 7).

To the west of Lengi Egga, there is a right lateral 
moraine complex, composed of four parallel moraines, 
numbered 1 through 4 (Fig. 7C). These moraines are, on 
average, ca. 3 m high, 30 m wide, and narrow-crested. 
Moraine-1 is the outermost ridge of the complex, extends 
from 2530 m asl to 2600 m asl and is ca. 250 m long. 
Moraine-2 can be traced from 2500 m asl to 2595 m asl, 
where it merges into Moraine-4, and is ca. 340 m long. 
Moraine-3 is only preserved between 2545 m asl and 
2555 m asl, with a length of ca. 60 m. Moraine-4 is the 
innermost ridge, goes from 2535 m asl to 2625 m asl and 
is ca. 410 m long. On this right lateral moraine, we col-
lected three samples: LUES-9 (12.3 ± 0.4 ka), LUES-10 
(11.4 ± 0.3 ka) and LUES-11 (12.5 ± 0.2 ka) (Table 2). The 
weighted mean age of this moraine is 12.1 ± 0.3 (1.0) ka.

On the eastern side of Lengi Egga, a well-defined prom-
inent left lateral moraine can be traced for 800 m from 
ca. 2640 m asl down valley to ca. 2395 m asl, where it 
ends in the terminal moraine ML1 (Fig. 7). The terminal 
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moraines ML3 and ML4 separate from this moraine at 
2450 m asl and 2530 m asl, respectively. The ridge is up 
to 15 m high, 90 m wide, and broad to narrow-crested. 
This moraine is composed of a clast rich sandy till, con-
taining crystalline boulders up to 5 m in length and 2 m 
in height. We sampled one boulder from this moraine, 
which yielded an exposure age of 12.9 ± 0.4 ka (LUES-1) 
(Figs. 6b and 7; Table 2).

Moraine ML1 is the outermost terminal moraine in this 
valley, marking the maximal extent and the lowest posi-
tion (ca. 2375 m asl) of the Hostock paleoglacier (Figs. 2, 
6 and 7). This ridge is highly disintegrated and largely 
destroyed by human impact, except for the western end, 
which is well-preserved (Fig. 7D). ML1 is ca. 1.1 km long, 
5 m high, 30 m wide and broad-crested. ML1 bifurcates 
into two distinct moraines (ML1-A and ML1-B) for ca. 
400 m in the southwestern part (Fig. 7).

ML2 is a partially preserved terminal moraine located 
in the southeast of the Luesgenalp valley (Figs.  6a and 
7). This moraine appears in the upper part as a narrow-
crested, ca. 1 m high, ca. 10 m wide ridge, that is a few 
meters to the east of ML1(Fig.  7D). In the lower part, 
ML2 bifurcates into two ridges (ML2-A and ML2-B) at 
ca. 2445 m asl (Fig. 7). ML2-A and ML2-B have experi-
enced human impact.

North of ML1 and ML2, ridge ML3 appears as a well-
defined terminal moraine (Fig.  7). It extends from the 
left lateral moraine for 1 km toward west, reaching an 
elevation of 2530 m asl. MB3 is broad-crested, up to 
3 m high and 40 m wide. On this moraine, we sampled 
four boulders: LUES-2 (12.4 ± 0.4 ka), LUES-3 (12.2 ± 0.8 
ka), LUES-4 (11.9 ± 0.7 ka) and LUES-12 (12.0 ± 0.2 ka) 
(Fig.  6c; Table  2). The probability density function plot 
shows a unimodal distribution with a tight peak, with a 
mean age of 12.1 ± 0.2 (0.9) ka for ML3.

Ridge ML4 is a well-constrained and well-preserved 
terminal and lateral moraine located approximately 100 
m north of ML3 (Fig. 7). The ridge is broad-crested, ca. 
1100 m long, 25 m wide and 2 to 4 m high. It intercepts 
the left lateral moraine in the east and ridge ML3 at 
2525 m asl in the west, both at a low angle. The moraine 
is composed of a clast rich sandy till, with crystalline 
boulders up to the same sizes as those in the left lateral 
moraine.

Moraines ML5 and ML6 are only partially preserved 
(Figs.  3 and 7). Moraine ML5 is located a few meters 
north of ML4, is less than 1 m high and 10 m wide, and 
broad-crested. Moraine ML6 instead, is 1 m high, 10 m 
wide and broad-crested. In the central part of the Lues-
genalp valley, this moraine appears as two distinct ridges 
(ML6-A and ML6-B) for ca. 250 m (Fig. 7). For both ML5 
and ML6, it was not possible to extrapolate the ridge 
propagation due to the lack of field evidence.

ML7 is a well-delimited and well-preserved terminal 
moraine, located ca. 220 m north of ML4 and starting ca. 
90 m east of moraine-4 of the right lateral moraine com-
plex, at an altitude of 2540 m asl (Fig. 7). The moraine can 
be traced as a continuous ridge for 800 m toward the east, 
reaching the inner side of left lateral moraine at 2550 m 
asl. ML7 is up to 5 m in height, 30 m in width, and broad 
to narrow-crested. It is composed of a clast rich sandy till, 
with boulders up to 2.5 m in length and 1.5 m in height. 
We collected two boulders on this moraine: LUES-13 
(11.2 ± 0.2 ka) and LUES-14 (10.7 ± 0.3 ka) (Table 2). The 
weighted mean age for moraine ML7 is 11.0 ± 0.2 (0.9) ka.

Moraine ML8 is a well-constrained and well-pre-
served terminal moraine, situated in the cirque of Lengi 
Egga and represent the innermost moraine ridge of the 
moraine system south of Lengi Egga (Figs.  2, 3 and 7). 
The western end of the moraine dams the stream, form-
ing a pond (Fig.  3). This moraine is ca. 160 m north 
of ML7, is 530 m long, up to 6 m high, 20 m wide and 
narrow-crested. It consists of a clast rich sandy till, with 
clast up to 1.5 m long and 1 m high. Four samples were 
collected on ML8, yielding exposure ages of 11.6 ± 0.4 ka 
(LUES-5), 11.7 ± 0.6 ka (LUES-6), 11.5 ± 0.4 ka (LUES-7) 
and 10.6 ± 0.4 ka (LUES-8) (Table  2). LUES-8 is located 
on the crest of the moraine; however, the ridge thins 
vertically in this section, and the surface elevation is 
approximately 2 m lower than at LUES-7, independent of 
boulder height. This reduced moraine thickness may have 
made the boulder more susceptible to exhumation due to 
surface erosion or sediment reworking (cf. Akçar et  al., 
2011), thus we exclude LUES-8 from further discussion. 
The probability density function plot of the three remain-
ing exposure ages shows a unimodal distribution with a 
tight peak and all samples overlap within their internal 
errors, obtaining a well-constrained weighted mean age 
of 11.6 ± 0.3 (0.9) ka for this moraine.

At the artificial lake, the four terminal moraines, ML-I 
to ML-IV, are between 50 m (ML-IV) and 700 m (ML-I) 
in length, up to 2.5 m in height, 30 in width and broad-
crested (Figs. 3 and 7). The outermost terminal moraine 
ML-I and moraine ML-III are well-constrained, while 
the ridges ML-II and ML-IV are only partially preserved. 
Moraines ML-I and ML-II merge at ca. 2620 m asl and 
ca. 2630 m asl into the left lateral moraine respectively 
(Fig. 7).

4.4 � Glacier reconstruction
At its maximum extent during the Younger Dryas, the 
Unnerbaech paleoglacier’s margin was located at ca. 
2080 m asl and the ELA at 2700 m asl (Fig. 8a). It covered 
an area of 5 km2, was 3.9 km in length, and had a thick-
ness of up to 95 m. The accumulation area of the recon-
structed glacier was 3.4 km2 and the ablation area 1.6 
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km2. During the LIA, the Unnerbaech glacier consisted 
of two tongues, covering a total area of 1.9 km2 (Fig. 8b). 
The first tongue was situated at the Unnerbaechhorn, was 
1.6 km long, up to 45 m thick and the ELA was estimated 
at 3130 m asl. The second tongue was in the eastern part 
of the Unnerbaech cirque, was 1.2 km in length, up to 
50 m in thickness and has an ELA calculated at 3030 m 
asl (Fig. 8b). We calculated an ELA depression of 330 to 
430 m with respect to the LIA ELA, and a correspond-
ing temperature decrease between 2.1 and 2.8 °C for the 
Unnerbaech paleoglacier at Belalp valley.

The margin of the Hostock paleoglacier was located at 
ca. 2375 m asl at its maximum extent during the Younger 
Dryas and we calculated an ELA of 2700 m asl (Fig. 8a). 
This glacier reached 2.7 km, covered 2.2 km2, and was 
up to 80 m thick. It had an accumulation zone of 1.8 km2 
and ablation zone of 0.9 km2. During the LIA, the Hos-
tock glacier was confined to the northwestern part of the 
Hostock cirque (Fig.  8b). The glacier covered 0.1 km2, 
was 0.5 km in length, up to 40 m in thickness. The ELA 
is calculated at an altitude of 3100 m asl, resulting in an 

ELA depression of 400 m relative to the LIA ELA and a 
temperature decrease of 2.6 °C for the Hostock paleogla-
cier at Luesgenalp valley.

In addition, to correlate the glacier fluctuations 
observed at the Belalp and Luesgenalp valleys (Fig.  7) 
with the paleoclimate proxies, we calculated the  
paleotemperature for July and the annual paleo-precipi-
tation at the ELA of the maximum glacier extent (Fig. 8a). 
At an elevation of 2700 m asl a July temperature of 0.8 °C 
and an annual precipitation interval of 1154–1168 mm/a 
were archived, based on the quadratic and linear equa-
tions described in Ohmura and Boettcher (2018).

5 � Discussion
In this study, the paleoglacier reconstructions of Unner-
baech in the Belalp valley and Hostock in the Luesgenalp 
valley provide critical insights into glacial dynamics dur-
ing the YD and Early Holocene in the northern Valaisian 
Alps. By combining high-resolution geomorphologi-
cal mapping with surface exposure dating, we identified 
at least eight distinct glacier fluctuations in each valley. 

Fig. 8  Reconstructed Unnerbaech and Hostock paleoglaciers in the Belalp and Luesgenalp valleys, respectively. a Maximum extent during Younger 
Dryas. b Little Ice Age extent
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These fluctuations not only capture the maximum extents 
during the YD but also reflect subsequent readvances 
in response to Early Holocene climatic oscillations. Our 
detailed reconstructions extend the existing paleoglacio-
logical record to include tributary valleys that have been 
underrepresented in previous studies, shedding light on 
their sensitivity to abrupt climate changes.

The synchrony of glacier advances observed in Belalp 
and Luesgenalp with other dated YD moraines across 
the Alps suggests a regionally coherent glacier response 
to climate cooling, reinforcing the spatial consistency of 
climatic impacts during the Egesen stadial. This regional 
contemporaneity, captured through surface exposure 
dating with cosmogenic 10Be, highlights the robustness 
of geomorphological evidence for reconstructing gla-
cier fluctuations in tributary valleys. Furthermore, the 
observed glacier dynamics and ELA depressions not 
only enhance the understanding of YD climate forcing 
in the Alps but also provide crucial reference points for 
improving numerical glacier models. These reconstruc-
tions, when integrated with regional climate proxies, 
offer valuable constraints for calibrating ice-flow simula-
tions and predicting future glacier responses under accel-
erated warming scenarios. Consequently, our findings 
underscore the importance of resolving glacier behav-
ior in tributary valleys to better comprehend the full 
extent of Alpine glaciation and its sensitivity to climate 
perturbations.

5.1 � Glacial geomorphology
The paleoglaciers of Unnerbaech in the Belalp valley and 
of Hostock in the Luesgenalp valley flowed down to an 
altitude of 2080 m asl and 2375 m asl respectively and 
were fed by ice accumulated from the Unnerbaech and 
Hostock cirques (Fig.  8a). Accordingly, these glaciers 
oscillated within 3.9 km in the Belalp valley and 2.7 km 
in the Luesgenalp valley. The ice from the accumulation 
area of the Unnerbaech paleoglacier was channelized into 
the U-shaped valley and formed a single glacier tongue 
in the lower part of the valley (Fig. 8a). This channeliza-
tion is delineated by glacial landforms (Figs. 3, 5 and 7). 
Based on the left lateral moraine complex (MB1-7), we 
estimated a glacier thickness of at least 90 m in the lower 
part of the valley, which fits well with the thickness of 95 
m obtained from our reconstruction. This is consistent 
with the understanding that a glacier is typically thicker 
in the central part than at its margins (Baumhauer and 
Winkler, 2014). In contrast to the U-shaped Belalp val-
ley, Luesgenalp valley is wide and open toward the south 
(Fig. 2). As a result, the ice from the accumulation area of 
the Hostock paleoglacier was only partially channelized 
toward the lower part of the valley. The lateral and  
terminal moraines mapped in the field provide evidence 

that this glacier formed two separate tongues (Figs. 3, 7 
and 8a).

We suggest that ice from the western and central 
parts of the cirque fed the tongue south of Lengi Egga, 
while the ice from the eastern section of the cirque sup-
plied the tongue south of the artificial lake (Fig. 8a). The 
reconstruction of this paleoglacier yielded a maximum 
ice thickness of around 80 m at Lengi Egga, which cor-
responds with the 75 to 80 m expected from our field 
observation. Overall, the reconstructed glacier extents 
and thicknesses in the Belalp and Luesgenalp valleys are 
well-supported by both field evidence and geomorpho-
logical mapping, providing robust insights into the gla-
cier dynamics and landscape change during the YD.

5.2 � Glacial chronology
5.2.1 � Belalp valley
In this study, the formation age of the moraines MB1 
and MB2 remains unresolved. The only available age 
constraint from this moraine system is the boulder 
VBA-3 (14.8 ± 0.6 ka; recalculated from Schindelwig 
et al., 2012), located on the left lateral moraine complex 
MB1-3 (Figs. 5a and 7b). If this exposure age reflects the 
true timing of deposition—i.e., without influence from 
nuclide inheritance or reworking—it would suggest that 
the Unnerbaech glacier must have advanced no later than 
around 15 ka. However, if the boulder was reworked or 
contains inherited 10Be concentrations, as its position 
on the upslope part of the moraine complex MB1–3 
might imply, then the moraines MB1 and MB2 could be 
younger than this age.

Based on the mean surface exposure ages of moraines 
MB3 (11.8 ± 0.3 ka), MB5 (12.2 ± 0.7 ka), and MB6 
(12.1 ± 0.3 ka), we argue that the Unnerbaech paleoglacier 
advanced during the YD. The timing of MB4 is gauged 
by the ages of the moraines MB3 and MB5, therefore 
we conclude that MB4 was also formed during the YD. 
The obtained moraine chronology in the Belalp valley 
overlaps within internal errors. Accordingly, we suggest 
that the glacier advances recorded by the latero-terminal 
parts of the moraines MB3 to MB6 occurred at around 
12 ka.

Moraine MB7 is ca. 400 m up valley from moraine 
MB6 but still bifurcates from the left lateral moraine 
complex MB1-7 (Fig. 7). This ridge shows a much smaller 
glacier extent and size compared to the older moraines 
MB3 to MB6, despite its similar morphology. We sug-
gest that the Unnerbaech must have retreated at least 
400 m before readvancing to form MB7. Afterward, the  
paleoglacier retreated once again before advancing to 
deposit MB8 (Fig.  7). This moraine is decoupled from 
the left lateral moraine complex and lies a few tens of 
meters further down the slope. Ridge MB8 yields a 
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well-constrained mean age of 10.5 ± 0.3 ka. Therefore, 
we suggest that this advance may represent the Unner-
baech glacier’s response to the first Early Holocene cool-
ing event, which peaked around 10.4–10.3 ka (Fig.  9) 
(Le Roy et  al., 2024 and references therein). Since then, 
field evidence suggests that the Unnerbaech paleogla-
cier retreated to extents smaller than the maximum 
extent it reached during LIA. In brief, cosmogenic 10Be 
chronology from the Belalp valley indicate multiple gla-
cial advances during the Younger Dryas, followed by 
minor re-advances during the Early Holocene, potentially 
reflecting climatic fluctuations aligned with the first Early 
Holocene cooling event (Le Roy et  al., 2024 and refer-
ences therein).

5.2.2 � Luesgenalp valley
In comparison to the Belalp valley, the glacial chronol-
ogy in the Luesgenalp valley is much more complex, as it 
features two terminal moraine systems (ML1 to ML8 and 
ML-I to ML-IV) and a right lateral moraine complex, each 
with several distinct ridges (Fig. 7). Moraines ML-I, ML1, 
Moraine-1 and the left lateral moraine (LLM) mark the 
maximum glacier extent observed in this valley (Figs.  7 
and c). Boulder LUES-1, located on left lateral moraine, 
yields an exposure age of 12.9 ± 0.4 ka and does not show 
evidence of being reworked or exhumed (cf. Akçar et al., 
2011) (Figs.  3, 6b and 7). Although there was only one 
boulder available for dating on this moraine (cf. Putkonen 
and Swanson, 2003), we argue that the Hostock paleogla-
cier reached it maximal extent no later than around 13 ka. 
If this boulder does not have any inheritance, this glacier 
advance may be a response to the Gerzensee Oscillation 
cold event (GI-1b) (0.4 bis 0.1 ka before YD (Scotti et al., 
2017 and references therein) or to the onset of the YD 
cold phase. The younger moraine ML2 appears only in the 
southwestern part of the valley as a distinct landform and 
is located a few tens of meters up valley from ML1 (Fig. 7). 
This suggests marginal oscillations and similar climatic 
conditions, presumably of the Early YD.

Based on the mean age of 12.1 ± 0.9 ka for moraine 
ML3, we propose that this glacial stage belongs to the YD. 
Given the morphology, geographic position and mean 
age of 12.1 ± 0.3 ka of Moraine-4 (right lateral moraine 
complex), we suggest that this ridge is the right lateral 
continuation of ML3 (Fig.  7). The glacier oscillations 
recorded by the moraines ML4, ML5, and ML6 have 
a similar morphology and extent to ML3. This suggests 
that the glacier fluctuations of ML3 to ML6 occurred 
under similar climatic conditions and within a short time 
frame around 12 ka.

The glacier advance recorded by ML7 remains within 
the left lateral moraine and the right lateral moraine 
complex, indicating that the glacier no longer occupied 

the small cirque of Lengi Egga. ML7 provided a mean age 
of 11.0 ± 0.2 ka, which might correspond to an Early Hol-
ocene advance, apparently to the Preboreal Oscillation 
cold event (e.g. Affolter et al., 2019; Le Roy et al., 2024) 
(Fig. 9). We calculated a mean age of 11.6 ± 0.3 ka for the 
younger moraine ML8, which overlaps with the timing 
of ML7 within uncertainties. Accordingly, we assume 
that ML8 recorded the last advance of the Hostock pale-
oglacier at the end of the Younger Dryas, just before the 
warming at the transition to the Early Holocene. This 
assumption is aligned with the radiocarbon age from 
the peat bog at Lengi Egga, which indicates ice free con-
dition no later than ca. 11.4 ka (Tinner and Theurillat, 
2003). Afterward, the Hostock paleoglacier must have 
retreated to extents similar to or smaller than its maxi-
mum advance during the LIA. The glacial chronology in 
the Luesgenalp valley reflects complex glacial dynamics, 
with distinct advances during the YD and Early Holo-
cene, culminating in ice-free conditions after 11.4 ka.

5.3 � Egesen Stadial across the Alps
The boulder exposure ages of the moraines associated 
with the YD in the Belalp and Luesgenalp valleys over-
lap all within 2 σ uncertainty, and the paleoglaciers show 
similar extent (Table 2). To obtain a more consistent age 
for the glacier advances during the Egesen stadial, we cal-
culated a mean age for the glacier oscillations recorded 
in the Belalp (12.0 ± 0.9 ka) and Luesgenalp (12.0 ± 1.0 ka) 
valleys. For Belalp valley we considered all exposure ages 
belonging to the latero-terminal moraines MB3, MB5, 
MB6 and of the left lateral moraine complex MB1-7. We 
excluded the samples VBA-4, VBA-15 due to the reasons 
mentioned in the results section and VBA-3 because 
it is about 2 ka older. Samples from moraine MB8 were 
not included, as the obtained age of 10.5 ± 0.3 (0.8) ka 
indicate an Early Holocene advance of the Unnerbaech  
paleoglacier. For Luesgenalp valley, we included all boul-
der exposure ages from the moraines, as they all belonged 
to the Egesen stadial. The probability density func-
tion analysis detected 3 outliers (LUES-8, LUES-13 and 
LUES-14), which were excluded. The obtained ages for 
these two valleys were compared with other dated glacier 
advances of the Egesen stadial across the Alps dated with 
cosmogenic nuclides.

With the transition from the warmer interstadial con-
ditions of the Bølling-Allerrød interstadial to the colder 
stadial conditions at the beginning of the YD, the gla-
ciers across the Alps started to readvance, forming the 
moraines of the Egesen stadial (Kerschner and Ivy-Ochs, 
2008) (Fig. 9). Based on the oldest exposure ages within 
2 σ uncertainties of the samples from Belalp and Lues-
genalp valleys, glacier expansion likely began around 
the onset of Younger Dryas cooling, at approximately 
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Fig. 9  Comparison of the maximum glacier extent reached by the Unnerbaech and Hostock paleoglaciers and 18 other paleoglaciers in the Alps 
during the Younger Dryas based on cosmogenic 10Be moraine ages (from Ivy-Ochs et al., 2023). Glacier extents were compared to different climate 
proxies: NGRIP Ice core in Greenland (Rasmussen et al., 2006); Milandre cave (Affolter et al., 2019) and the lakes Gerzensee and Leysin (Schwander 
et al., 2000) in Switzerland. The glacier sites are sorted form west (number 1) to east (number 20) and were subdivided into Western, Central 
and Eastern Alps (after Marazzi, 2005 and references therein). All ages are given with external uncertainties, including the production rate errors 
(sensu Balco et al., 2008). 1: Gesso valley (Federici et al., 2017); 2: Stura valley (Spagnolo and Ribolini, 2019); 3: Clarée valley (Cossart et al., 2012); 
4: Southern Écrins Massif (Hofmann et al., 2019); 5: Mont Blanc Massif (Protin et al., 2019); 6: Grand Paradiso (Baroni et al., 2021); 7: Aletsch (Kelly 
et al., 2004); 8: Belalp valley (Schindelwig et al., 2012 and this study); 9: Luesgenalp valley (this study); 10: Meien valley (Boxleitner et al., 2019a); 
11: Göscheneralp valley (Boxleitner et al., 2019b); 12: Giuv valley (Dieleman et al., 2018); 13: Julier Pass (Ivy-Ochs et al., 2009; Ivy-Ochs, 2015); 14: 
Mulix valley (Böhlert et al., 2011); 15: Viola valley (Scotti et al., 2017); 16: Schönferwall (Ivy-Ochs et al., 2006); 17: Peio valley (Baroni et al., 2017); 18: 
Langtaufer valley (Moran et al., 2016); 19: Rauris valley (Bichler et al., 2016); 20: Debant valley (Reitner et al., 2016); 21: Larain valley (Braumann et al., 
2021); 22: Jam valley (Braumann et al., 2021). Numbers 1 to 22 of the glaciers in this figure corresponds to numbers of Table 4. Note: number 8a 
corresponds to the glacier extent of the Unnerbaech paleoglacier in the Belalp valley for moraine MB8
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13.1 ± 1.2 ka (VBA-1) and 12.9 ± 1.1 ka (LUES-1). The 
maximum advance at the Egesen stadial was reached at 
12.0 ± 0.9 ka in the Belalp valley and at 12.0 ± 1.0 ka in the 
Luesgenalp valley (Fig. 9). These data indicate that both 
paleoglaciers responded in a similar manner to Younger 
Dryas climate deterioration. The nearby Great Aletsch 
glacier, with an age of 12.2 ± 1.0 ka (recalculated after 
Kelly et al., 2004), also reached its maximal extent nearly 
synchronously with the paleoglaciers in the tributary val-
leys of Belalp and Luesgenalp (Fig. 9). This suggests simi-
lar climatic conditions for the northern Valaisian Alps.

The maximum extent of the northern Valaisian Alps 
was nearly synchronous with the Rougnoux paleoglacier 
of the southern Écrins Massif (12.2 ± 0.6 ka; Hofmann 
et al., 2019) in the Western Alps; with the paleoglacier of 
the Göscheneralp valley (12.3 ± 0.6 ka; Boxleitner et  al., 
2019b) in the Bernese Alps; with the Giuv paleoglacier 
(12.1 ± 0.5 ka; Dieleman et al., 2018) in the Glarus Alps; 
with the Mulix valley paleoglacier (11.9 ± 1.1 ka; Böhlert 
et  al., 2011) and the Dosdè paleoglacier of Viola valley 
(12.3 ± 0.8 ka; Scotti et al., 2017) in the western Rhaetian 
Alps, with the La Mare paleoglacier of the Peio valley 
(12.3 ± 0.7 ka; Baroni et al., 2017) in the southern Rhae-
tian Alps; and with the Langtaufer valley paleoglacier 
(12.1 ± 0.7 ka; Moran et  al., 2016) in the eastern Rhae-
tian Alps (Fig.  9; Table  4). They are earlier than that of 
the Argentieré paleoglacier (11.7 ± 0.7 ka; Protin et  al., 
2019) in the Pennine Alps; the paleoglaciers at Grand 
Paradiso (11.8 ± 0.8 ka; Baroni et  al., 2021) in the Gra-
ian Alps; and the Meien valley paleoglacier (11.7 ± 1.0 
ka; Boxleitner et  al., 2019a) in the Bernese Alps (Fig.  9; 
Table 4). The paleoglacier in the Gesso valley (13.2 ± 1.0 
ka Federici et  al., 2017); and the Forneris paleoglacier 
in the Stura valley (13.0 ± 0.7 ka; Spagnolo and Ribo-
lini, 2019) in the Maritime Alps; the Clarée paleoglacier 
(12.8 ± 1.1 ka; Cossart et  al., 2012) in the Western Alps; 
the Vadret paleoglacier at Julier Pass (13.1 ± 1.0 ka; Ivy-
Ochs et al., 2009; Ivy-Ochs, 2015) and the Schönferwall 
paleoglacier (13.2 ± 0.9 ka; Ivy-Ochs et  al., 2006) in the 
western Rhaetian Alps, and the paleoglacier in the Rau-
ris valley (12.6 ± 1.0 ka; Bichler et  al., 2016) and Debant 
paleoglacier in the Debant valley (12.8 ± 0.6 ka; Reitner 
et al., 2016) in the western Tauern Alps, instead reached 
the maximum extent earlier than the northern Valaisian 
Alps glaciers (Fig.  9 and Table  4). Therefore, the maxi-
mum advance of Alpine glaciers ranges from 13.2 ± 1.0 
ka for the paleoglacier in the Gesso valley (Federici et al., 
2017) to 11.7 ± 1.0 ka for the paleoglacier in the Meien 
valley (Boxleitner et al., 2019b), indicating a broad scat-
ter of timing that covers the entire YD. Some glaciers 
appear to have reached their maximum positions as 
early as the beginning of the YD (e.g., Debant and Clarée 
paleoglaciers) or perhaps even earlier (e.g., Schönferwall 

paleoglacier and the paleoglacier in the Gesso valley). 
This suggests that climate conditions favorable for glacier 
advances may have occurred already before the YD cold 
phase, possibly during the cold event of the Gerzensee 
Oscillation (GI-1b), as recorded by the NGRIP ice core 
(Rasmussen et  al., 2006), the Milandre cave in Switzer-
land (Affolter et al., 2019) and the Swiss lakes of Gerzen-
see and Leysin (Schwander et al., 2000) (Fig. 9).

The Alpine glaciers reached their maximum extent 
during the Egesen stadial at approximately 12.4 ± 0.8 ka. 
This age corresponds to the arithmetic average of the 20 
exposure dated sites given in Fig.  9. The timing of the 
maximum extent of the Egesen glaciers appears to be 
broadly synchronous across the Alps, within the uncer-
tainties of existing exposure ages. In the Western Alps, 
the maximum advance occurred at around 12.8 ± 0.9 ka, 
and in the Eastern Alps, it was around 12.5 ± 0.9 ka. The 
central Alpine glaciers reached their maximum advance 
at approximately 12.0 ± 0.8 ka (Fig.  9). These ages rep-
resent the arithmetic average of the maximum glacier 
positions in each region.

The Unnerbaech and Hostock paleoglaciers in the 
study area extended down to an altitude of ca. 2080 
m asl and ca. 2375 m asl, respectively, corresponding 
to the fifth highest and the highest values observed in 
the Alps during the YD (Table 4). In contrast, the gla-
cier that descended the most was the nearby Great 
Aletsch glacier, reaching an altitude of around 700 m 
asl (Kelly et al., 2004). This resulted in an elevation dif-
ference of approximately 1700 m over just a few kilo-
meters. The minimum altitude reached by the Alpine 
glaciers at their maximum extent varied mainly within 
1700 m asl and 2100 m asl (Table  4). Larger glaciers 
generally descended to lower elevations (e.g. Argentieré 
glacier at 1200 m asl; Protin et  al., 2019) compared to 
smaller glaciers (e.g. Forneris paleoglacier at ca. 1900 
m asl; Spagnolo and Ribolini, 2019). This can be attrib-
uted to the significant difference in size and the larger 
accumulation area between extensive valley glaciers 
and smaller cirque glaciers. In addition, glaciers fac-
ing northwest, north and northeast reached, on aver-
age, lower elevations than those facing west, south and 
east, with altitudes of ca. 1680 m asl compared to 1850 
m asl, respectively (Table 4). Our chronology from the 
Belalp and Luesgenalp valleys support the interpreta-
tion that the glacier maxima during the Egesen stadial 
were broadly synchronous across the Alps, reinforcing 
the regional climatic influence of the Younger Dryas 
on glacier dynamics (cf. Ivy-Ochs et al., 2023). Further-
more, our results extend this understanding to tribu-
tary valleys in the northern Valaisian Alps, which have 
been previously underrepresented in regional glacial 
chronologies.
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The reported ELAs of paleoglaciers at the maximum 
extent during the YD varied by approximately 750 m 
across the Alps (Table  4). For both the Unnerbaech 

and Hostock paleoglaciers in the Belalp and Lues-
genalp valleys, an ELA of 2700 m asl was calculated 
(Fig.  8). The ELAs in the study area were among the 

Table 3  Characteristics of the reconstucted glaciers at Belalp and Luesgenalp valleys

Reported glacier length for the Younger Dryas corresponds to the maximum extent of the both paleoglaciers during this period, based on the outermost preserved 
moraine ridge

Location Glacier Length YD Area YD YD ELA estimate (m asl) Length LIA Area LIA LIA ELA 
estimate (m 
asl)

∆ELA ∆T

(valley) (km) (km2) AAR value (km) (km2) AAR value (m) (°C)

0.5 0.6 0.67 0.8 0.67

Belalp Unnerbaech 3.9 5 2900 2800 2700 2500 1.2–1.6 1.9 3030–3130 430–330 2.1–2.8

Luesgenalp Hostock 2.7 2.2 2800 2750 2700 2650 0.5 0.1 3100 400 2.6

Table 4  Summary of the glacier extents of 20 paleoglaciers dated with cosmogenic 1⁰Be (adapted from Ivy-Ochs et al., 2023)

*  Mean age of all paleoglaciers at Grand Paradiso

Nr Study area Alpine section Facing of
the glaciers

Age (ka) Minimum 
altitude at the 
maximum extent 
(m asl)

ELA at the 
maximum extent 
(m asl)

ELA depression 
(m)

References

1 Gesso valley Western Alps North 13.2 ± 1.0 1800 2335 (AABR) 473 Federici et al. (2017)

2 Stura valley Western Alps North 13.0 ± 0.7 1900 2349 (AABR) – Spagnolo and Ribo‑
lini (2019)

3 Clarée valley Western Alps Southeast 12.8 ± 1.1 1900 2427 (AABR) 450 Cossart et al. (2012)

4 Southern Écrins 
Massif

Western Alps Northwest 12.2 ± 0.6 1880 2218 (AAR) 226 Hofmann et al. 
(2019)

5 Mont Blanc Massif Central Alps Northwest 11.7 ± 0.7 1200 2523 (AABR) 215 Protin et al. (2019)

6 Grand Paradiso* Central Alps North 11.8 ± 0.8 1685 2764 (AAR) 231 Baroni et al. (2021)

7 Aletsch Central Alps Southeast 12.2 ± 1.0 700 – – Kelly et al. (2004)

8 Belalp valley Central Alps South 12.0 ± 0.9 2080 2700 (AAR) 330–430 Schindelwig et al. 
(2012); this study

9 Luesgenalp valley Central Alps South 12.0 ± 1.0 2375 2700 (AAR) 400 This study

10 Meien valley Central Alps Northeast 11.7 ± 1.0 1260 2235 (AAR) 285 Boxleitner et al., 
2019a

11 Göscheneralp 
valley

Central Alps Northeast 12.3 ± 0.6 1150 2110 (AAR) 435 Boxleitner et al., 
2019b

12 Val Giuv Central Alps South 12.1 ± 0.5 1700 2300 (AAR) 400 Dieleman et al., 
2018

13 Julier Pass Eastern Alps North 13.1 ± 1.0 2180 2525 (AAR) 220 Ivy-Ochs et al. 
(2009)

14 Mulix valley Eastern Alps North 11.9 ± 1.1 1950 2499 (AAR) – Böhlert et al. (2011)

15 Viola valley Eastern Alps North 12.3 ± 0.8 2100 2650 (AAR) 220 Scotti et al. (2017)

16 Schönferwall Eastern Alps North 13.2 ± 0.9 1700 2320 (AAR) 290 Ivy-Ochs et al. 
(2006)

17 Peio valley Eastern Alps Southeast 12.3 ± 0.7 2000 2845 (AAR) 225 Baroni et al. (2017)

18 Langtaufer valley Eastern Alps West 12.1 ± 0.7 2300 2650 (AAR) 220 Moran et al. (2016)

19 Rauris valley Eastern Alps North 12.6 ± 1.0 1300 2234 (AABR) – Bichler et al. (2016)

20 Debant valley Eastern Alps Southwest 12.8 ± 0.6 1730 2520 (AAR) – Reitner et al. (2016)

21 Larain valley Eastern Alps North 11.0 ± 0.5 2160 – – Brauman et al. 
(2021)

22 Jam valley Eastern Alps North 11.3 ± 0.5 – – – Brauman et al. 
(2021)
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highest determined for the Egesen stadial in the Alps. 
Only the calculated ELAs of the La Mare paleoglacier 
in the Peio valley (2845 m asl, AAR 0.67; Baroni et al., 
2017) and the Paleoglaciers at Grand Paradiso (2764 
m asl, AAR 0.67; Baroni et al., 2021) were higher. The 
lowest ELAs were determined for the Göscheneralp 
paleoglacier (2110 m asl, AAR 0.67; Boxleitner et  al., 
2019a), the paleoglacier in the Meien valley (2235 m 
asl with AAR 0.67; Boxleitner et al., 2019a), Rougnoux 
paleoglacier in the Clarée valley (2218 m asl, AAR 0.67; 
Hofmann et  al., 2019) and the paleoglacier at Rauris 
valley (2234 m asl, AABR method; Bichler et al., 2016).

We observed that paleoglaciers located in the  
interior valleys of the Central and Eastern Alps gener-
ally had higher ELAs than those in the northern fringe. 
In addition, paleoglaciers facing northwest, north and 
northeast had, on average, lower ELAs than those ori-
ented west, south and east (approximately 2400 m asl 
versus 2600 m asl respectively). This implies that val-
ley orientation influenced ELA elevation and presuma-
bly also the formation of the paleoglacier. In fact, more 
than the half of the Paleoglaciers during the YD devel-
oped primarily on slopes facing northwest, north and 
northeast (Table 4).

The ELA depression calculated between the maxi-
mum extent of the Unnerbaech and Hostock paleogla-
ciers during the Egesen stadial and the LIA maximum 
was 330–430 m and 400 m, respectively (Fig. 8, Table 3 
and 4). Our results align with the reported range of 
YD ELA depressions for the Alps, which is between 
180 and 450 m, as reported by Kerschner et al. (2000) 
and Kerschner and Ivy-Ochs (2008). Similarly high val-
ues, like those in our study area, have been observed 
along the northern fringe of the Alps, the Western 
Alps and the Maritime Alps. Examples include i.e. the 
Giuv paleoglacier with 400 m (Dieleman et  al., 2018); 
the Göscheneralp paleoglacier with 435 m (Boxleit-
ner et  al., 2019b); the Clarée paleoglacier with 450 m 
(Cossart et al., 2012); and the Gesso valley paleoglacier 
with 473 m (Federici et al., 2017) (Table 4). These find-
ings are consistent with the studies by Kerschner and 
Ivy-Ochs (2008) and Cossart et al., (2012). In contrast, 
significantly lower ELA depression values were mainly 
observed in the interior Alpine valleys. For instance, 
the Grand Paradiso paleoglacier had a depression of 
231 m (Baroni et  al., 2021); the Argentieré paleogla-
cier 215 m (Protin et al., 2019), the Vadret Lagrev pale-
oglacier 220 m (Ivy-Ochs et al., 2009; Ivy-Ochs, 2015); 
and La Mare paleoglacier 225 m (Baroni et  al., 2017) 
(Table 4). ELA depressions in the interior valleys of the 
Alps typically ranged from 200 to 250 m (Kerschner 
and Ivy-Ochs, 2008).

5.4 � Paleoclimate and climatic drivers in the Northern 
Valaisian Alps during the YD

The position of the ELA over time of a glacier is closely 
related to the climatic parameters, particularly tempera-
ture and precipitation, of the area under investigation, 
providing relevant paleoclimatic information in this 
regard (Baroni et  al., 2021). With an ELA depression of 
330 m to 430 m at the Unnerbaech paleoglacier and 400 
m at the Hostock paleoglacier, and assuming a standard 
lapse rate of 0.65 °C per 100 m, we estimated an tempera-
ture depression of 2.1 to 2.8 °C in the Belalp valley and 
2.6 °C in the Luesgenalp valley, compared to LIA condi-
tions. This indicates a significant temperature drop dur-
ing the YD, which is also recorded in the δ18O curves of 
the NGRIP ice core (Rasmussen et al., 2006), the Milan-
dre cave in Switzerland (Affolter et  al., 2019) and the 
Swiss lakes of Gerzensee and Leysin (Schwander et  al., 
2000) (Fig. 9). Our findings are consistent with chirono-
mid-based summer temperature reconstructions across 
the Alpine region, which suggest a temperature depres-
sion in the Alps in the order of 3.5 °C (Heiri et al., 2014 
and references therein).

The reconstructed temperature depression during 
the YD in the broader European region, including the 
Alps, has been extensively investigated using both cli-
mate models and various proxy-based reconstructions 
(cf. Renssen et  al., 2018). Chironomid-based tempera-
ture reconstructions indicate significant cooling across 
Europe during the YD, with estimates ranging from 2–4° 
C, primarily driven by the weakening of the Atlantic 
Meridional Overturning Circulation. In the Swiss Jura, 
pollen and lake-level data suggest climatic instability dur-
ing the YD, marked by episodes of drying and intermit-
tent summer warming (Magny et al., 2001). Multi-proxy 
studies in the Alps, which incorporate both pollen and 
chironomid assemblages, estimate temperature reduc-
tions of about 2–3° C during the YD, with mean summer 
temperatures dropping to 9–10° C, consistent with glacial 
evidence from ELA reconstructions (Lotter et  al., 2000; 
Heiri et al., 2014).

Our findings compare well with climate modeling 
efforts that simulate pronounced cooling patterns across 
Europe during the YD, driven by shifts in atmospheric 
circulation and temperature anomalies (e.g., Isarin and 
Renssen, 1999). Although these models often focus on 
broader European perspectives, they support the gen-
eral trend of significant cooling during this period, which 
is consistent with our findings from the Belalp and 
Luesgenalp valleys. Further validation of these tempera-
ture depressions is found in pollen-based reconstruc-
tions from Western Europe, where multi-proxy records 
indicate climatic fluctuations, including a two-phase pat-
tern of wetter and drier conditions rather than uniformly 
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cooler temperatures (Hepp et al., 2019). High-resolution 
pollen-based records from the Alps confirm correlations 
with broader North Atlantic climate signals during the 
YD, although specific magnitudes of temperature changes 
are not always explicitly detailed (Pini et al., 2022). Eleva-
tional transects of modern pollen samples in the Alps 
have provided valuable calibration for reconstructing 
past climatic shifts (Furlanetto et al., 2019). While these 
studies do not directly quantify YD cooling, they validate 
the reliability of pollen-based temperature reconstruc-
tions in the region. Moreover, Rea et al. (2020) combined 
multi-proxy records to model atmospheric circulation 
over Europe, demonstrating widespread temperature 
drops consistent with our estimates for the northern Val-
aisian Alps.

Collectively, these reconstructions confirm that the 
2.1–2.8° C temperature depression inferred from ELA 
shifts in the Belalp and Luesgenalp valleys aligns well 

with the broader European paleoclimate context. This 
consistency across different proxies and modeling 
approaches strengthens the argument for a significant 
YD cooling phase in the Alpine region, well-integrated 
within the European climate framework. The agreement 
between our ELA-based temperature estimates and inde-
pendent pollen-based and modeling studies supports the 
robustness of our reconstructed glacier extents.

The annual paleo-precipitation at the ELA, estimated 
from chironomid assemblages at Lago Piccolo di Avigli-
ana in Italy (Larocque and Finsinger, 2008), ranged 
between 1154 mm/a and 1168 mm/a for the study area, 
based on P/T equations described by Ohmura and 
Boettcher (2018). These values align with the annual 
paleo-precipitation of 1060 mm/a to 1230 mm/a esti-
mated using the independent model PaleoClim (Ford-
ham et al., 2017; Karger et al., 2017; Brown et al., 2018) 
(Fig.  10a). In contrast, Rea et  al., (2020) suggested drier 

Fig. 10  A distribution of the paleo-precipitations (mm/a) modeled for the YD from PaleoClim (Fordham et al., 2017; Karger et al., 2017; Brown et al., 
2018). B Mean annual precipitation at the ELA (mm/a) estimated by Rea et al., (2020). C Precipitation change between Younger Dryas and Little Ice 
Age presented by Kerschner et al., (2000). D Annual precipitation (mm/a) for the period 1991–2020 in Switzerland (©MeteoSwiss). Red rectangles 
illustrate the position of the study area
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conditions for the northern Valaisian Alps, with precipi-
tation amounts of less than 1000 mm/a (Fig.  10b). This 
discrepancy might be due to the limited availability of 
site-specific  paleo-precipitation data across the Alps 
(Protin et al., 2019).

According to Kerschner et  al. (2000) (Fig.  10c), the 
interior valleys experienced a reduction in rainfall of up 
to 30% compared to present-day values, while the north-
ern fringe saw an increase of up to 10%. This shift in pre-
cipitation patterns was likely due to dominant western to 
northwestern atmospheric circulations, which brought 
more humid air toward the northern fringe the Maritime 
and Western Alps, but less toward the interior valleys of 
the Central and Eastern Alps (e.g. Federici et  al., 2008; 
Kerschner and Ivy-Ochs, 2008; Cossart et al., 2012).

For the northern Valaisian Alps, which are located in 
an interior valley, no significant trend in the precipita-
tion pattern was detected, suggesting conditions similar 
but cooler to those of the present-day. This is supported 
by the annual total precipitation data for the period 
1991–2020 in Switzerland (©MeteoSwiss), where pre-
cipitation at the paleo-ELA of the study area ranged 
within 1100 mm and 1300 mm (Fig.  10d). We assume 
that the precipitation pattern during the YD and the pre-
sent day are comparable, indicating similar conditions 
over the last 13 ka. Analogous results were observed at 
the Grand Paradiso (Baroni et  al., 2021). Our findings 
underscore the dominant role of temperature depression 
in driving glacier advances during the YD in the north-
ern Valaisian Alps, highlighting the sensitivity of local 
glaciers to abrupt cooling events rather than changes 
in moisture availability. By reconstructing multiple 
advances of the small tributary glaciers in the Belalp and  
Luesgenalp valleys, we provide a highly detailed record of 
glacier fluctuations during the Younger Dryas. While the 
Great Aletsch Glacier also responded to Younger Dryas 
climate fluctuations, its preserved moraine record is less 
pronounced (cf. Kelly et al., 2004). This comparison high-
lights how small, confined glacier systems can archive a 
finer sequence of climate-driven advances, offering valu-
able insights into regional glacier–climate interactions 
during the last deglaciation.

6 � Conclusions
In this study, we investigated the Lateglacial and Early 
Holocene glacier fluctuations in the Belalp and Lues-
genalp valleys, focusing on the reconstruction of gla-
ciers extents based of the moraine systems present at 
the study area (Figs.  3, 4, and 5). Field evidence indi-
cates at least eight glacier advances at both study sites: 
MB1-MB8 in the Belalp valley and ML1-ML8 in the 
Luesgenalp valley (Fig. 7). The paleoglaicers of Unner-
baech and Hostock began to expand before 13.1 ± 1.2 ka 

(VBA-1) and 12.9 ± 1.1 ka (LUES-1) respectively, with 
the onset of the YD (Fig.  7). The maximum advance 
during the Egesen stadial was reached at 12.0 ± 0.9 ka 
in the Belalp valley and 12.0 ± 1.0 ka in the Luesge-
nalp valley (Fig. 9). The timing of the maximum glacier 
advances in our study area aligns well with the timing 
of the Egesen stadial in the Alps, within the uncertain-
ties (Fig. 9).

At their maximum extent, the Unnerbaech paleogla-
cier reached 3.9 km in length and covered 5 km2, while 
the Hostock paleoglacier reached 2.7 km in length and 
covered 2.2 km2 (Fig.  8). An ELA of 2700 m asl was 
determined for the YD, with ELA depressions relative 
to the LIA ELA estimated to be between 330 and 430 
m in the Belalp valley and 400 m in the Luesgenalp val-
ley. These ELA depressions correspond to temperature 
decrease of 2.1 to 2.8 °C compared to LIA conditions. 
In addition, paleo-precipitation reconstructions sug-
gest that precipitation pattern during the YD were sim-
ilar to those of the present-day for the study area. This 
research contributes to a broader understanding of gla-
cier evolution in the Alps during the YD cold phase and 
provides further insights into the paleoclimate of the 
Alps on both local and regional scales by reconstruct-
ing paleotemperature and precipitation in the Belalp 
and Luesgenalp valleys.
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