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Abstract: The sediment-landform assemblages preserved in many alpine valleys record glacier fluctuations during
the latest Pleistocene and Holocene, encompassing the moraines formed during the Egesen stadial as well as Early
Holocene and Neoglacial advances. This paper is concerned with the moraine evolution in the Fiescher Valley,
arelatively large glaciated alpine valley system in the Berner Alps which hosts the fourth-largest glacier in the Alps.
A geomorphological and sedimentological analysis supplied with Schmidt-hammer exposure age-dating was
used on the preserved moraine sequence along a 7-kilometre section of the valley. Calibrated Schmidt-hammer
weathering results provide evidence of the multiphase glacier readvances of the Fischer glacier during the Young-
er Dryas and Early Holocene. The exposure age of Holocene boulders strongly differs with the time of moraine
formation as the result of the incorporation of more weathered boulders originated by earlier glacier fluctuactions
and rockfall activity. We thus infer that the previously formed Middle Holocene moraines were overridden by the
much more extensive LIA advance. Sediment transport pathways in the Fiescher Valley were dominated by sub-
glacial active erosion and transportation pathways of massive crystalline rocks, discernible via the large propor-
tion of subrounded and subangular clasts. We found that significant and multiple glacial remodelling is arguably
the most efficient way to reduce the initial platy shape of granitic and gneiss clasts but a dependence between clast
form and roundness with distance is hardly visible.

Keywords: Berner Alps, Fiescher Valley, Schmidt-hammer exposure age-dating, clast shape analysis, calibration
curve

INTRODUCTION

Modern Alpine glaciers experience rapid geo-
morphological and sedimentological changes re-
lated to the accelerating loss of mass due to on-
going warming (Avian et al. 2018, Le Heron et al.

2021, Rounce et al. 2023). Due to the competing
influence of subglacial, ice-marginal and progla-
cial processes, rapid lateral and vertical changes
in sediment lithofacies are reported from recent-
ly exposed Alpine glacial environments (Le Her-
on et al. 2021). The formation of moraines and the
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sedimentological characteristics of glacial deposits
in alpine catchments have recently been the subject
of detailed geomorphological studies (e.g. Schin-
delwig et al. 2012, Reznichenko et al. 2016, Brau-
mann et al. 2020). These studies drew attention
to the geomorphological record of ice-marginal
landforms in relatively small glaciated valley sys-
tems (sensu Benn et al. 2003), which are regarded
as the key localities for tracing the impact of cli-
mate and topography on glacier development (Lu-
kas & Benn 2006, Zasadni 2007, Schindelwig et al.
2012, Schimmelpfennig et al. 2021). Small glaciat-
ed catchments are also priority sites for the devel-
opment of glacial chronology utilized by both rel-
ative dating methods (Matthews & Winkler 2022)
and cosmogenic surface exposure dating (Pallas
et al. 2010, Lukas et al. 2013, Zasadni & Klapyta
2016, Longhi & Guglielmin 2020 2021, Klapy-
ta et al. 2021, Scapozza et al. 2021). In contrast,
in much larger glacial systems (>20 km?), due to
alonger glacier response time and the effect of ero-
sional censoring of moraines, the record of climat-
ic oscillations in glacial landforms and sediments
may be significantly limited (Kirkbride & Winkler
2012, Schindelwig et al. 2012).

The Swiss Alps are one of the main Europe-
an areas where Late Glacial and Holocene glacial
chronologies have been developed based on cos-
mogenic surface exposure dating (Hormes et al.
2001, Joerin et al. 2006, Ivy-Ochs 2015, Braumann
et al. 2020, Ivy-Ochs et al. 2023). The Berner Alps
host the largest present-day alpine glaciers includ-
ing Great Aletsch Glacier (87 km” area), and Fi-
escher Glacier (33 km?® area) (World Glacier In-
ventory). In this area the '"Be-based moraine
chronology has been elaborated for the Great
Aletsch (Kelly et al. 2004, Schindelwig et al. 2012)
and Unnerbich glaciers (Schindelwig et al. 2012),
where the youngest, well-preserved Late Glacial
moraines stabilized during the Younger Dryas or
Early Holocene, between 12.7 ka +1.1 ka to 10.7 ka
+1.3 ka (Scotti et al. 2017). A similar age, 11.1 ka
+0.7 ka, was determined for the stabilization of
moraines in the neighboring Grimsel area (Ivy-
Ochs et al. 1996) as well as in the other Alpine
regions (see e.g. Ivy-Ochs et al. 1996, 2006, 2022,
Baroni et al. 2021). In contrast, the moraine depo-
sition history of the fourth largest alpine glacier

in the Fiescher Valley has been largely undetected
up to now.

In parallel with absolute dating methods, the
low-cost and portable Schmidt-hammer (SH) tech-
nique has recently been used in the Alps to recon-
struct the history of deglaciation (Bohlert et al.
2011, Scotti et al. 2017, Longhi & Guglielmin 2020,
2021, Scapozza et al. 2021). The SH rebound val-
ues (R-values) provide a quantitative measure of
rock hardness which is influenced by the duration
of rock surface exposure to weathering. Therefore,
it could be used to determine relative and absolute
age, where R-values are calibrated with surfaces of
known age (Schmidt-hammer exposure-age dat-
ing, SHED) (Matthews & Winkler 2022). The re-
cent applications of SHED in the Italian and Swiss
Alps (Scotti et al. 2017, Longhi & Guglielmin 2020,
2021, Scappoza 2021) indicate the potential for dat-
ing moraines of small glaciers, where 4 to 7 glacial
stages were distinguished between Egesen I (13.1 ka
+1.1 ka) and the Little Ice Age (LIA).

The moraine deposition history can be further
elucidated through the analysis of clast morphol-
ogy, including clast shape and roundness (Benn
and Balantyne 1994, Lukas et al. 2013). This ap-
proach has been used in the Alps for the deter-
mination of sediment composition and transport
pathways for a small cirque glacier (Roberson
2008), as well as the formation of sediments with-
in the Haut Glacier d’Arolla moraines (Hambrey
et al. 2002, Goodsell et al. 2005). The mutual com-
bination of the Schmidt hammer and clast mor-
phology analysis has only been proposed in a few
works aimed at analysing the formation of peri-
glacial landforms (Reznichenko et al. 2016, Win-
kler et al. 2020) or distinguishing glacial from
landslide deposits (Ktapyta 2020). By combining
both methods, it is possible to infer a correlation
between the clasts’ shape and the age of moraines,
providing insights into the dynamics of glacial
processes during time.

In the Fiescher Valley, the currently retreat-
ing glacier snout has recently exposed sediments
that can be compared with earlier advances of un-
known age. The main aim of this study is to recon-
struct the evolution of the moraine sequence in the
Fiescher Valley based on the results of geomor-
phological mapping, SH relative age dating and
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sedimentological analysis. An attempt was made
to determine the impact of transport length and
surface weathering on the formation and preserva-
tion of moraines. Additional objectives are: (i) con-
struction of a local age calibration curve based on
the Schmidt-hammer exposure-age dating, (ii) de-
termination of transport and deposition history
of moraine clasts, (iii) correlation of moraine clast
morphology and the composition of fine-grained
sediments with the SH weathering index.

STUDY AREA

The Fiescher Valley (German: Fiescher Thal)
(33,06 km” area) is a right-hand tributary of the
Rhone Valley located on the southern slope of the
Berner Alps in Switzerland (Fig. 1). The mountain
ridges surrounding the 20-km-long Fiescher Val-
ley rise between 3,000 to 4,000 m a.s.l,, reaching
a maximum elevation of 4,274 m a.s.l. at the top of
Finsteraarhorn (Fig. 1B).

Fieschertal

Ice cover
in 2016

Debris cover
/}’ in marginal
area of
Fiescher
Glacier

Moraines
correlated with
Egesen
Stadium

Moraines
correlated with
max. LIA
advance

Glacier range
after GLAMOS

Fig. 1. Location of the study area: A) middle and lower sections of the Fiescher Valley with marked moraines correlated with
Egesen stadial and maximum LIA extent (ca. 1850). Extent of moraines after geological map of Switzerland (Federal Office of
Topography Swisstopo 2024a) and glacier range after Glacier Monitoring in Switzerland GLAMOS (n.d.); B) Fiescher Valley

against the recent glacier extent in the Berner Alps
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It is a present-day glaciated high-alpine valley
occupied by the fourth largest valley glacier in the
Alps, the Fiescher Glacier. In 2017, the Fiescher
Glacier was 14.5 km long and covered an area of
29.7 km”. Its average thickness was 117 m (with
a maximum of 437 m), which translated into a to-
tal volume of 3.48 km’ of ice (Glacier Monitoring in
Switzerland GLAMOS n.d.). The Fiescher Glacier
experienced an intense recession, between 1891 and
2020 when the glacier’s snout retreated by 1.6 km,
which is about 1 km during 1973-2020 CE (Gla-
cier Monitoring in Switzerland GLAMOS n.d.). In
1973 the equilibrium line altitude (ELA) of the Fi-
escher Glacier was situated at 2,900-2,950 m a.s.l.
(Miiller et al. 1976) and the glacier terminated at
an altitude of 1,655 m a.s.l. Currently, the frontal
part of the glacier is located at an altitude of ap-
prox. 1,700 m a.s.l. and is almost entirely covered
with supraglacial debris. Below the glacier’s snout,
a 7 km long section of the valley hosts a well-pre-
served sequence of moraine ridges which have been
deposited since the Egesen stadial, corresponding
to the glacier advance during the Younger Dryas
(12.9-11.5 ka) (Steck 2011). The investigated mo-
raine deposits have been preserved throughout the
longitudinal profile of the valley between 1,200 and
1,700 m a.s.l. Particularly distinct are the moraines
associated with the Egesen stadial, maximum Lit-
tle Ice Age advance (ca. AD 1850) and glacier front
mapped in 2016 CE (Fig. 1A).

The bedrock in the study area is mainly com-
posed of crystalline rocks of the Aar Massif, border-
ing to the south by sedimentary rocks of the Got-
thard Massif (Labhart 1977, Steck 2011). The ridges
surrounding the upper part of the Fiescher Valley
are built with Permian amphibolites and granites
while in lower valley section by pre-Variscan and
Variscan augen gneisses and orthogneisses. Mo-
raines are composed of clast of predominate crys-
talline lithology (granites, orthogneisses, augen
gneisses and amphibolites) (Steck 2011, Federal Of-
fice of Topography Swisstopo 2024a).

The mean annual temperature at the Ulrichen
meteorological station (1,380 m a.s.l, ca. 12 km
south of the study area) for the period 1991-
2020 was 4.2°C (Federal Office for Meteorolo-
gy and Climatology MeteoSwiss n.d.). The mean
July temperature is 14.6°C whereas the January
is —7.2°C. The study area receives 1,180 mm of

annual precipitation mainly during the summer
season. The climatic conditions in the glacierized
part of the valley can be described using data from
the Jungfraujoch station (3,571 m a.s.l.), where the
average annual temperature for the period 1991-
2020 was —6.7°C and average July and January
temperatures were 0.4°C and —12.5°C, respective-
ly. A statistically significant increase in mean tem-
peratures, both annual and for individual months,
of about 0.2°C/10 years is observed in the study
area (Federal Office for Meteorology and Clima-
tology MeteoSwiss n.d.).

MATERIALS AND METHODS

Geomorphological mapping

The geomorphological mapping was performed
in the field in July 2022 with the support of avail-
able topographical and geological maps: Geologi-
cal Atlas of Switzerland at a scale of 1:25,000 (Fed-
eral Office of Topography Swisstopo 2024a) and
National Map at a scale of 1:25,000 (Federal Of-
fice of Topography Swisstopo 2024b). Additional-
ly, a high-resolution Swiss ALTI3D digital terrain
model (Federal Office of Topography Swisstopo
2024c¢) with a resolution of 2 m and an accuracy
of 0.3 m was used to construct the geomorpho-
logical map in ArcMap 10.7.1. The mapping was
focused on the identification of glacial landforms
(moraines and till drift limits) as well as glacial-
ly scoured bedrock. Three morphostratigraphic
units were distinguished in the study area: (1) the
most extensive and the oldest Egesen stadial mo-
raines (Steck 2011), present in the lower section
of the valley, (2) Neoglacial moraines with the
maximum extent during the 1850 CE, and (3) the
most recent recessional moraines within the range
of the glacier extents in 1973, 2010 and 2016 CE.
The position of the previously mapped ice mar-
gins during 1931, 1973, 2010 and 2016 CE (Gla-
cier Monitoring in Switzerland GLAMOS n.d.).
were identified in the field. Glacier dynamic is
also marked by numerous ice-moulded surfaces,
which were also mapped during fieldwork.

Schmidt-hammer rebound test

The Schmidt-hammer method (SH) is wide-
ly used in alpine environments as a tool for the
non-destructive determination of rock surface
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weathering and its relative age. The rebound val-
ues (R-values) come from measuring the distance
of the spring rebound while pressing the hammer
to the rock surface (Shakesby et al. 2006). R-val-
ues correspond to the hardness of the rock surface
and its relative age, which is most often a function
of the time of its exposure to weathering (Goudie
2006, Shakesby et al. 2006, Ktapyta 2013). There-
fore, the SH weathering index can be used to sup-
port morphostratigraphic analysis and history of
rock surface weathering (Placek & Migon 2005,
Klapyta 2012). In the study, a BN-type Schmidt
hammer with an impact energy of 2.207 Nm (Sil-
ver Schmidt) was used, applying standard proce-
dures (Matthews & Owen 2010, Viles et al. 2011).
Measurement sites were placed at morphologi-
cally stable moraine ridges and glacial polishes.
In each moraine unit, three to nine sites were se-
lected (Fr-1-18, Fig. 2A, C). At each site, 30 read-
ings were taken from 2-5 boulders, giving a to-
tal of 60-150 individual measurements (Ktapyta
2013). At glacial polishes 50 to 100 readings were
recorded. Flat rock surfaces free of bulges, cracks
and lichens were preferred. The measurements
were performed in dry conditions to avoid the
moisture effect (Sumner & Nel 2002). Large mo-
rainic boulders (>1 m) made of massive, homog-
enous lithology (mainly granites, orthogneisses
and augen gneisses) were selected. Measurements
from glacial polishes were performed on the bed-
rock built with orthogneisses, augen gneisses,
amphibolites and migmatites. To avoid the error
associated with measuring the surface repeated-
ly abraded by the glacier, the combined R-values
were presented separately for boulders and gla-
cially moulded bedrock. The overall mean from
each sample was given with a 95% confidence in-
terval. The significance of the relationship was
tested using a t-test with a P level of 0.05. A list of
SH locations along with additional information is
presented in Table 1.

The Schmidt-hammer age calibration curve

The Schmidt-hammer age calibration curve (Mat-
thews & Winkler 2022) was constructed tak-
ing the linear relationship between the average
R-values of the youngest (Fr-18) and the oldest
(Fr-1) SH sites. The Fr-18 site represents fresh gla-
cier deposits exposed after 2016, thus the age of

the control point is assumed to be 6 years. The old-
est control point represents the latero-frontal mo-
raine site (Fr-1) which is attributed to the outer-
most moraine of the Egesen stadial (Steck 2011).
Due to the lack of absolute dating of moraines in
the Fiescher Valley, the age of the maximal Egesen
advance was adopted from '“Be dated sites at the
neighboring Great Aletsch Glacier (site VBA-8,
Schindelwig et al. 2012) and Unnerbich Glacier
(site VBA-23, Schindelwig et al. 2012), where the
maximal Egesen stadial moraines were dated at
13.2 ka £0.6 ka and 11.4 ka +0.8 ka, respective-
ly. The external lines were given by adding the
R-values 95% confidence intervals calculated by
the main equation. Given two additional equa-
tions, every site’sminimum and maximum age was
calculated. In this way, the potential dating error
was widened while obtaining more reliable results
(Tomkins et al. 2018a, Matthews & Winkler 2022).

Sedimentological analysis

To characterize the textural properties of glacial
sediments and glacial debris transport pathways,
clast morphology analysis (shape and roundness)
was carried out according to Lukas et al. (2013).
The clast morphology measurements were per-
formed at 12 sites, giving a total of 600 individual
measurements (fr-1-12, Fig. 2A, B). At each site,
three axes (a - longest, b — medium, ¢ - short-
est) were measured for 50 pebble gravel clasts us-
ing a steel ruler (Zingg 1935, Ballantyne 1982).
The visual degree of rounding was determined on
amodified Powers (1953) scale and were expressed
as the RA ratio (the percentage of angular and
very angular clasts in any sample) and the RWR
ratio (the percentage of rounded to well-rounded
clasts). The clast shape was quantified using the
C,, index (the percentage of clasts with axial ratio
c/a <0.4). Transportation and depositional clast
histories were determined using covariance plots
of RA-C,, (Benn & Ballantyne 1994, Lukas et al.
2013) and related to glacial debris transport path-
ways for massive low anisotropy (Type 1 RA-C,,
covariance plot, Lukas et al. 2013). Due to terrain
limitations that prevented in situ measurements
of talus and alluvial debris, data obtained from
similar lithologies were compiled from the syn-
thesis of Lukas et al. (2013) and added to the co-
variance plots.

Geology, Geophysics and Environment, 2025, 51 (1): 5-25
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Fig. 2. Geomorphologicalmap ofthe Fiescher Valley (A) with the clastsmorphology (fr-1-12) (B) and SH weatheringsites (Fr-1-18) (C).
Single Arabic numbers 1-4 refer to sites where fine-grained sediments were collected
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To support macroscopic observations and
compare past and current dynamics of the gla-
cier, sedimentological analyses and automatic
microscope scanning were performed for fine-
grained sediments (matrix). Four samples were
collected (one from each of the four sites marked
with numbers 1-4, Fig. 2A) from the shallow
(<0.5 m) surface exposures. Sample 1 (unit 1) was
taken from landslide within lateral till (fr-3 site,
Fig. 3B) and sample 2 (unit 2) from windthrow.
These two samples were picked from the plac-
es where clasts were collected (Fig. 2A) and re-
flects moraine material which were not subject-
ed to long lasting slope processes. Samples 3 and
4 (unit 3) were collected from recent proglacial
longitudinal bar. Two samples (1-2) were char-
acterized by a high content of organic matter,
therefore, before proceeding to microscopic anal-
yses, were burned. The fractional composition of
sediments was determined by dry sieving using
sieves ranging from 22.6 mm to 0.5 mm. First,
the overall weight of the sample was determined,
and then individual weights for each fraction in
increments of 0.5¢. To illustrate the fractional
composition of sediments <0.5 mm a laser dif-
fraction particle size analysis with Mastersizer
3000 was used (Malvern Panalytical n.d.). Addi-
tionally, atleast 100 quartz grains with a diameter
of 0.7-1.0 mm were manually selected from each
sample, which were first cleaned of weathered ex-
ternal coatings with 10% HCL acid (Mycielska-
Dowgialto & Woronko 1998), and then subject-
ed to scanning with an automatic microscope
Morphology G3. Using built-in algorithms, the

following particle parameters were automatical-
ly calculated: roundness, convexity, solidity and
elongation.

RESULTS

Geomorphological record of moraines
in the Fiescher Valley

Moraine unit 1

Three distinct morphostratigraphic moraine sys-
tems (units 1-3) were distinguished between the
mouth of the Fiescher Valley and the present-day
glacier terminus (Fig. 2A). The most extensive mo-
raine system was attributed to the Egesen stadi-
al (Steck 2011), which is the oldest morphostrati-
graphic unit in the Fiescher Valley (unit 1). Egesen
stadial moraines are located in the lower section
of the valley at its confluence with the Rhone Val-
ley about 150 m above the valley floor (1,200-
1,500 m a.s.L.). It is the largest and most complex
moraine system in the study area with the out-
ermost latero-frontal moraine located close to
the town of Fiesch in the Rhone Valley and 7 km
down-valley from present-day glacier terminus
(Figs. 1, 2A). Up to four recessional moraines have
been distinguished within the Egesen stadial mo-
raine complex between 1,080 and 1,300 m a.s.l.
(Fig. 2A). The best-preserved sequence of indi-
vidual nested ridges of accretion-mode later-
al moraines are preserved on the left side of the
valley, where 3-4 m wide ridges reach a height of
10-20 m and with large (2-3 m) perched boulders
especially found at Fr-5 site (Fig. 2A).

Fig. 3. Landforms and sediments associated with the Egesen stadial in the Fiescher Valley (unit 1). The location of sites is depict-
ed in Figure 2: A) boulder rich right-lateral moraine ridge at Fr-1 site; B) stream-cut exposure in right-lateral moraine at fr-3
site; C) a collection of glacially-transported clast measured at fr-1 site

Geology, Geophysics and Environment, 2025, 51 (1): 5-25
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In contrast, the right-side moraine is poor-
ly preserved and exhibits two sub-ridges partial-
ly covered with slope sediments. Larger morainic
boulders are found mainly on slopes and within
ablation moraine covers in the forested part of the
valley (Fig. 3A). The length of the Fiescher Glacier
during the Egesen stadial was 20 km.

Moraine unit 2

Upstream, the first unequivocal geomorpholog-
ical evidence of the younger ice-marginal land-
forms (unit 2) is found at an elevation of ca. 1,250~
1,500 m a.s.l. and ca. 2 km down the valley from
the present-day glacier snout (Figs. 2A, 4). The unit
2 moraines were formed by the Neoglacial advances
thelast time during the LIA (ca. AD 1300-1850/60),
with a maximum extent at 1856 CE (Holzhauser
1984). Footprints of mapped ice margins are found

only in the western branch of the valley (Fig. 4A, B),
while in the rocky bed of the Wysswasser stream,
numerous glacial polishes are the only field trace
of the glacier activity. The terminal moraines at
1,250 m a.s.l, are relatively poorly preserved and
covered by a talus cone (Fig. 2A). Slightly better
preserved are recessional latero-frontal moraines at
1,380 m a.s.l. marked on the geological map (Fed-
eral Office of Topography Swisstopo 2024a) ca.
200 m up the valley from the maximal LIA extent
(Figs. 2A, 4A, B). The 300 m long and 5-10 m high
right-side lateral moraine stretches along the west-
ernvalley side (Fig. 4B, C) while on the eastern side,
scattered boulders mark the limit of till drift. High-
er up the valley, the presence of lateral moraines
has been masked by extensive talus deposits in the
valley trough (Figs. 1, 2A). The length of Fiescher
Glacier during the LIA was 15 km.

Fig. 4. Landforms and sediments associated with the Little Ice Age in the Fiescher Valley (unit 2). The location of the sites is de-
picted in Figure 2: A) Fiescher Glacier extent in 1850 CE (ETH Library’s Image Archive n.d.); B) Glacier extent draped over the
present-day valley morphology with marked sediment measurement sites (source: Google Earth); C) boulder rich right lateral
moraine at Fr-7 site; D) a collection of glacially transported clasts measured at fr-4 site; E) a collection of glacially transported
clasts measured at fr-5 site
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Moraine unit 3

The ice marginal positions marking the Fiescher
Glacier front over the last 50 years can be observed
in the contemporary glacier forefield, situated be-
tween 1,700 and 1,800 m a.s.l. which stretches 700 m
down the valley from the present-day glacier termi-
nus. Terminal ice positions in the years 1931, 1973,
2010, and 2016 were determined based on histori-
cal photographs (Figs. 1, 2A). The geomorpholog-
ical evidence of glacier recession is best visible on
the western side of the Wysswasser stream, where
moraine landforms and sediments were not covered
by slope deposits (Fig. 5A). The oldest post-Little
Ice Age (LIA) moraines, dated around 1930 CE,
were not analyzed due to the difficult access on steep
and precipitous ice-moulded slopes. The moraines
dating back to the 1973 CE glacier advance form
a distinct lateral ridge, standing ca. 5 m above the

valley floor (Fr-10 site) (Fig. 5A). This moraine ridge
is separated from the glacial polish by a marginal
depression. The former glacier front position below
the Fr-10 site is indicated by several large boulders
resting on bedrock, some of which may have been
redeposited from the slope above. The ice margin
position in 2010 CE does not exhibit moraine walls.
The moraine material is preserved as debris patches
resting on bedrock several meters above the pres-
ent valley floor. The most recent moraine deposits,
dating back to 2016 CE, form a discontinuous reces-
sional moraine ridge, standing approximately 5 m
high and built with large 1-7 m granite and gneiss
boulders (Fig. 5C). On the glacier forefield, the
ground moraine sediments are primarily composed
of sub- and well-rounded boulders, less than 1 m in
size, set within a sandy gravel matrix. These sedi-
ments form patches reaching heights of 1.0-1.5 m,
which are partially covered by vegetation.

Fig. 5. Sharp-crested right lateral moraine ridge formed during 1973 CE re-advance at Fr-10 site (A); sample of sub-rounded and
rounded orthogneiss clasts collected at fr-10 site (B); present-day margin of the Fiescher Glacier with extensive debris cover (blue
solid line) and 2016 ice marginal position with marked localization of Fr-16 and Fr-17 SH sites (C)

Schmidt-hammer weathering index
and age calibration curve

Schmidt-hammer measurements were obtained
from 18 sites, where a total number of 2007 in-
dividual measurements were obtained (Table 1).
The mean R-values range from 40.92 +1.38 (Fr-4)
to 62.32 +1.08 (Fr-18) (Fig. 2C). The median dif-
fers from the mean value usually by less than one
point. The exception are sites: Fr-9 (M = 56.75),
Fr1l (M = 61.75), Fr-13 (M = 53.25), Frl4
(M = 60.25) and Fr-16 (M = 60.25). Except for the
Fr-16 site, all listed refer to the results obtained
from glacial polishes.

A substantial increase in mean R-values may be
observed in up valley direction. There is a signif-
icant difference between mean R-values obtained
for three moraine units (Fig. 2C, Table 1). The
lowest mean R-values (45.06 +0.6) were obtained
for moraine unit 1 which range from 40.92 +1.38
(Fr-4) to 48.3 +1.76 (Fr-5). The SH sites locat-
ed on the ridge of the right lateral moraine (Fr-1,
Fr-2, and Fr-3) of the Egesen stadial have similar
mean R-values and overlapping confidence inter-
vals (Fig. 10). In contrast, the SH sites located on
the left side moraines (Fr-4 and Fr-5) are more
scattered which may be related to fewer tested
boulders.
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The R-values obtained for the unit 2 moraines
are in the range of 47.81 £1.61 (Fr-7) to 55.4 £1.66
(Fr-9) with a mean of 51.44 +0.77. SH results show
a statistically significant difference between test-
ed boulders (50.34 +0.84) and glacial polishes
(55.4 +1.66). The weathering index for the young-
est moraine unit 3 is in the wide range from
54.55 +2 to 62.32 +1.08 with the overall R-value
mean of 57.93 +£0.49 (58 +0.58 for boulders only).
Mean R-values obtained for boulders and gla-
cial polishes at individual ice-marginal positions
(57.73 £0.76 for 1973 CE, 56.69 +1.21 for 2010 CE
and 58.55 +0.77 for 2016 CE) do not differ statis-
tically and show overlapping confidence intervals.

Local linear SH age calibration curve and
equation used to calculate the exposure time
are shown in Figure 6. The rock surface expo-
sure time at the oldest control point (Fr-1) was
assumed to be 11.4 ka assuming 2016 moraines
as the youngest surface exposed site. The oldest

exposure age was achieved for site Fr-4, and it is
13.6 ka +1.53 ka. Based on results obtained from
this curve, we conclude that this curve reflects
well the exposure age of glacial deposits in Fi-
escher Valley. This is confirmed by dates from re-
search in the Berner Alps, according to which the
maximum extent of glaciers during the Younger
Dryas reached 12-10.7 ka (Ivy-Ochs et al. 2023).
In comparison, we tested another variant by set-
ting the oldest control point to 13.2 ka +1.5 ka
and assuming 2016 moraines as the youngest
surface exposed site as well. We found that the
obtained result, constructed on the basis of site
VBA-8 with an age of 13.2 ka, is therefore sig-
nificantly delayed and cannot be used as a linear
age indicator. It refers to a much larger system of
the Great Aletsch which corresponds to climate
changes with at least several hundred years of de-
lay (Zasadni 2007) hence it cannot be compared
with the much smaller Fiescher Glacier.

Site R-value Min. Mean  Max. age yr

1 4 Fr-1 44,39 + 1,03 10087 11400 12706

-  Fr2 46,19 £ 1,27 8787 10300 11717

= Fr-3 46,29 + 1,30 8704 10200 11673

5 Fr-4 40,92 +1,38 12075 13600 15127

‘ g Fr-5 483+1,76 7130 8900 10691

1 J \ ) combined 45,06 + 0,60 9934 11000 12009
- Fr-6 50,08 + 1,36 6251 7800 9309

\ ?" Fr-7 47,81 + 1,61 7538 9200 10906
Iy = Fr-8 52,57 + 1,36 4664 6200 7731

~ ) combined* 50,34 + 0,84 6417 7600 8815

10 + ’%> ) combined 51,44 £ 0,77 5760 6900 8073
N ** Fr-10 56,21+ 1,24 2421 3900 5349

— \ 9 o) Fr-12 58,12 + 1,27 1185 2700 4157
g < 609 - Fr-16 59,16 + 1,20 567 2000 3454
=< \ /77\\ 5 Fr-17 54,19 + 1,40 3606 5200 6730
o) 8 - ~ SN Fr-18 62,32+ 1,08 -1371 6 1375
o g SN combined* 580,58 1701 2800 3796
< < B ©5> combined 57,39+ 0,49 2147 3100 4125

\ Y)«n
6 | \\¢07 * without glacial polishes
< S
by
‘6'3 N b
4 =
2 o
0 r . . . : : . : : ; )

43 44 45 46 47 48 49 50 51 52 53

54 55 56 57

Mean R-value

Fig. 6. Schmidt-hammer exposure dating calibration curve in the Fiescher Valley. Age calibration curve is based on the linear
relationship between the average R-values of the youngest (Fr-18) and the oldest (Fr-1) SH sites. Fr-18 site reflects the modern
age whereas control age for the Fr-1 site have been adopted according to "’Be dates obtained by Schindelwig et al. (2012): 11.4 ka
(date from Unnerbdch Glacier). Color bands correspond to the 2-sigma prediction limit (95%) calculated by multiplication of
the mean R-values by the main equation. The obtained ages are shown in up right corner and graphically presented in Figure 10
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Additionally, assuming that the oldest pre-
served moraine ridges in the Fiescher Valley re-
fer to the Egesen stadial (indicated by the entire
sequence of moraines and their morphology),
their age cannot be older than ca. 13 ka (Ivy-Ochs
et al. 2023).

The youngest exposure age (apart from the ref-
erence site Fr-18) is characterized by the rock sur-
face sampled at site Fr-16 which is estimated be-
tween 2 ka +1.5 ka.

Clast morphology and fractional analysis

The C,, index for the oldest unit 1 glacial sedi-
ment shows a high proportion of platy and blade-
shaped clasts, while the roundness parameters
(RA = 17, RWR = 4) reflect the predominance
of sub-rounded (ca. 22%) and subangular (57%)
clasts (Figs. 3C, 7). The result of sediment matrix
analysis (Fig. 8A) shows the dominance of gravel
fraction (55%) which reaches the largest propor-
tion in the study area. The unit 1 moraine sedi-
ments are characterized by the smallest circular-
ity (0.733), solidity (0.946) and convexity (0.929)

RA %

parameters, while the elongation index is rath-
er high and reaches the value of 0.259 (Fig. 8B).
A very strong positive correlation (>0.7) in all
samples characterizes the circularity index from
convexity and circularity from solidity. A strong
(>0.5) or very strong positive correlation charac-
terizes the convexity index from solidity, while
a strong negative correlation at sites 3 and 4 char-
acterizes the circularity index from elongation.

A large proportion of platy clasts characterizes
the moraine sediments of unit 2 (Fig. 4D, E). The
C,, index ranges 20-44%, with a mean of 31.3%
(Fig. 7). The roundness parameters (RA = 9.3 and
RWR = 2.7) are slightly lower than for unit 1 mo-
raines. The fractional composition is similar to
unit 1 moraines, with slightly greater dominance
of the sand fraction (32%) and a smaller share of
the gravel fraction (46%) (Fig. 8A). However, the
analysis of quartz grains showed different tex-
tural features compared to the oldest sediments
(Fig. 8B). The elongation index (0.225) is the small-
est among all samples, while circularity (0.806)
and solidity (0.963) indexes are the highest.

This study: Supplementary data:

2016 range: fr-10, fr-11, fr-12 ’ Supraglacial gneiss
i 2010 fr-8, fr-9 i iboli
Unit 3 ranges 10, Supraglacial amphibolite
1973 range: fr-7 @ Subglacial gneiss
@ Unit 2 C LIAmoraine: fr-4, fr-5, fr-6 4 Fluvial gneiss
. Unit 1 C Egesen moraine: fr-1, fr-2, fr-3 Fluvial amphibolite

Fluvial

Fig. 7. Results of clast shape and roundness analysis plotted against the typical transport pathways in glaciated catchments built
with massive crystalline lithology (Lukas et al. 2013). The location of the sites is depicted in Figure 2: A) co-variance plot of the
RA-index against the C,, index; B) co-variance plot of the RWR index against the C,, index. Supplementary data adopted from

Lukas et al. 2013
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Fig. 8. Results of sedimentological analysis of fine-grained (matrix) deposits in the Fiescher Valley. The location of the sites is
depicted in Figure 2: A) granulometric composition of studied sites; B) morphometric parameters of quartz grains obtained from

Morphology G3 analysis

Clast shape analysis for unit 3 moraines shows
the lowest proportion of platy clasts and domi-
nation of isometric (blocky) shapes (Figs. 5B, 7).
The mean C,, index values for individual ice-mar-
ginal positions are 14% for 1973 CE moraines and
6% for both 2010 and 2016 CE sites. The low C,,
index strongly corresponds with the high RWR in-
dex, which reaches its highest value in the study
area, indicating a greater proportion of rounded
and well-rounded clasts (Fig. 7). Nevertheless, the
relatively high proportion of very angular and an-
gular clasts (14-24%) suggests the importance of
subglacial transport path (Fig. 7). The composition
of fine-grained sediments shows a large propor-
tion of sand fraction (66-67% at site 4) (Fig. 8A).
The highest proportion of silt fraction was found
at site 3 (31%) whereas the gravel fraction share at
site 4 amounted to 27%, indicating the good sort-
ing of sediment on the glacier forefield. This im-
plies that bed load competency declines relative-
ly quickly, over hundreds of meters on the glacier
forefield. Perhaps the relatively high silt content at
site 3 indicates the existence, at least periodically,
of pools of standing water which can be attribut-
ed to periods after flood episodes. Quartz grains
at site 3 are characterized by the highest elonga-
tion (0.277) and convexity (0.966) indexes togeth-
er with a high circularity index (0.79 at site 4 and
0.78 at site 3) (Fig. 8B).

DISCUSSION

A clast transport pathway
in the glaciated environment of
the Fiescher Valley

The geomorphological analysis, supported by the
clasts morphology and grain size analysis, supplies
insights into the history and processes of moraine
formation of the fourth largest valley glacier in
the Alps. The analyzed sediments in the Fiescher
Valley are linked to glacier-derived sediments (ac-
tively transported sediment) as is visible by the
large proportion of subrounded and subangular
clasts (73%). In all of the studied sediment sites,
the percentage of very angular and angular clasts
does not exceed 30%. The initial platy morphology
(C,, indices = 60) and predominantly very angu-
lar and angular shape (1% and 11%, respectively)
of massive type gneisses and granitoids were sub-
stantially reduced during glacier transport. How-
ever, the dependence of clast form and round-
ness with distance and sediment age is hardly
visible. The higher platiness (C,, = 48-60%) fea-
tures the oldest unit 1 moraine located ca 7 km
down the valley from the present-day glacial snout
(Figs. 1, 2). The presence of high C,; and low RWR
values clasts suggests passive transportation which
is close to the typical values for supraglacial-
ly transported debris (Fig. 7) (Lukas et al. 2013).

Geology, Geophysics and Environment, 2025, 51 (1): 5-25
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This is also indicated by the morphometric pa-
rameters of the quartz grains which reach the low-
est values of circularity and convexity parameters
(Fig. 8B). The large production of supraglacial de-
bris during Egesen stadial is well recognised by
the distinct, sharp-crested and notably blocky
latero-frontal moraines (Ivy-Ochs et al. 2022). On
the other hand, lateral moraines could have also
contained much more passively transported de-
bris from rockfalls than moraines located clos-
er to the valley axis, where actively transported
material predominates (Benn & Balantyne 1994).
These actively transported clasts have been eroded
and thus supraglacial debris of the latero-frontal
moraine of the Egesen stadial is preserved along
valley sides as an erosional relict. The highest C,,
found in the study area could also be related to the
frost weathering during the Younger Dryas cold
period when the Egesen moraines were impacted
by the activity of periglacial processes (Buchenau-
er 1990, Ivy-Ochs et al. 2022).

The C,,/RWR covariance analysis for unit 2
moraines shows the sedimentological signature
of subglacially transported debris (Fig. 7). The
lowest C,, and the highest RWR values (15-40%)
were found for the youngest moraine unit, high-
lighting significant subglacial reworking process-
es at the recently exposed glacier forefield. A sim-
ilar clast morphology was observed on recently
exposed glacier forefields in the Austrian Alps (Le
Heron et al. 2021), where small annual moraines
are dominated by sub-rounded to rounded pebble
to cobble-sized clasts. It can be linked with posi-
tion of the sites of unit 3 in the axis of the valley
where actively transported material dominates.
The high content of sand fraction in fine-grained
deposits (Fig. 8) together with high RWR values
(Fig. 7) suggests that subglacial sediment contains
sand and gravels resulting from glaciofluvial pro-
cesses. We cannot rule out the possibility that the
downwash process occurring during the infil-
tration of soil particles decreased the number of
finer fractions at sites 1 and 2. However, it is not
manifested well by the granulometry diagrams
(Fig. 8A). Our data suggest that at the present-day
glacier foreland supraglacial transported debris
could be mixed with strongly reworked subglacial
and fluvioglacial clasts. The competing influence

of subglacial and proglacial are typical features
of contemporary Alpine glacial depositional sys-
tems (Avian et al. 2018).

The clast morphology data obtained enable us
to reconstruct the debris cascade in the strong-
ly glaciated valley built with massive crystalline
rocks. We found that glacial sediments in the Fi-
escher Valley show a typical signature of clast re-
working in the area built with low-anisotropy
(massive) lithology, where debris glacial transport
is dominated by subglacial erosion and transpor-
tation pathways (Boulton 1978, Lukas et al 2013).
In such an environment platiness (C,, index) and
angularity/roundness (RWR) are good discrimi-
nators between glacial and nonglacial sediments.
Supraglacial sediments are characterized by high
C,, (60-100%), high RA (80-100%) and very low
RWR (0%) (Fig. 7) (Lukas et al. 2013). In contrast,
subglacial sediments feature low C,, (0-30%),
low RA (0-20%) and low RWR (0-10%) (Fig. 7)
(Lukas et al. 2013). A significant reworking and
progressive clast edge-rounding of glacial sedi-
ments transported clasts found in the study area
resulted from glacial erosion and transportation
mechanisms. These processes led to a decrease
in platiness (as indicated by the reduction in C,,
see Fig. 7) and the formation of stable, blocky
clast forms.

Schmidt-hammer exposure ages of moraines
and their implications
for the deglaciation process

The calibration of the Schmidt-hammer R-values
with surfaces of known age was originally devel-
oped in Scandinavia (Shakesby et al. 2006, 2011,
Matthews & Owen 2010, Mattthews & Winkler
2011, Matthews & Wilson 2015) and New Zeland
(Winkler 2005, 2009) and was further applied to
date the glacial features in the British Isles (Tomkins
et al. 2016), Pyrenees (Tomkins et al. 2018b), Tatra
Mountains (Zasadni et al. 2020) and Karkono-
sze Mountains (Engel et al. 2011). The SHED has also
been recently applied in Alpine geomorphological
studies as a method for reconstruction of the post-
LGM and post-LIA glacier fluctuations (Scapozza
2012, Scotti et al. 2017, Longhi & Guglielmin 2020,
2021, Scapozza et al. 2021) and currently (post-LIA)
ongoing weathering process (Dabski et al. 2023).
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Fig. 9. Comparison of local linear Schmidt-hammer calibration curves in the Alps. The light blue curve refers to augen gneisses,
the dark blue curve refers to granite gneisses sampled in the Val Viola area (Scotti et al. 2017). The green line refers to the ex-
treme values in the Spliigenpass area (Scapozza et al. 2021). Red lines mark the extreme values reported in the works of Longhi

& Guglielmin (2020, 2021)

These studies documented that the weathering
rate of rock material expressed by the slope of the
calibration curves is mainly controlled by different
lithological conditions between the studied sites.
Foliated metamorphic rocks such as paragneisses
and mica schists produce a much gentler slope of
the calibration curve (Longhi & Guglielmin 2020,
2021) when compared to massive crystalline rocks
(Scotti etal. 2017, Scapozza et al. 2021) (Fig. 9). The
new Schmidt-hammer calibration curve for the
Fiescher Valley obtained on massive granites and
gneisses (Figs. 6, 9) shows a similar statistical re-
gression as the one presented by Scotti et al. (2017)
for granitic gneisses in the Val Viola valley.

The Schmidt-hammer relative age categories for
moraine units in the Fiescher Valley are in the cor-
rect stratigraphic order, featuring a progressive in-
crease in mean R-values in an up valley direction.
The lowest mean R-value covering a range from
40.92 and 48.3 was obtained for unit 1 moraines

(Fr 1-5 sites, Fig. 2). The calculated age of the mean
R-value for this unit (45.06 +0.6) is between 12.0 ka
and 9.9 ka (Fig. 9) and could be roughly associated
with Egesen stadial, corresponding to the glacier
advance during the Younger Dryas (12.9-11.5 ka)
(Steck 2011) and Early Holocene standstill phases.
However, the wide range of SH exposure ages ob-
tained points to the complex evolution of the unit
1 moraine system which was built as a result of sev-
eral glacial advances marked by up to five moraines
(Fig.1). The oldest exposure age ca. 12.9 ka. was ob-
tained at Fr-4 site and may thus be correlated with
the oldest glacial advance during the Egesen I sta-
dial (Scotti et al. 2017). The exposure age of the
Fr-1 boulders overlaps with Fr-4 site and falls into
the YD/Holocene period. The age of these boul-
ders could be correlated with phases III and IV in
the Gavia Valley (Longhi & Guglielmin 2020) or
phase II in the Forni Valley (Longhi & Guglielmin
2021) (Fig. 10).
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Fig. 10. Results of SH measurements compiled with climatic and glaciological data reported from the Alps: R-value range
grouped into morphostratigraphical units and set against calibrated time scale (A); glacial stages distinguished by Scotti et al.
(2017) (B); cold neoglacial oscillations after Zasadni (2007) (C); changes in the thickness of the Upper Grindelwald Glacier based
on the records in speleothems in the Milchbach Cave (Luetscher et al. 2011), the value of 0 refers to the altitude of 1750 m a.s.1.
(D); glacial phases in the Central Italian Alps given by Longhi & Guglielmin (2020, 2021) (E, F)

The younger exposure ages falling into 10.2-
10.3 ka calculated for Fr-2 and Fr-3 sites, respec-
tively point to Fiescher Glacier moraine forma-
tion close to maximal Egesen stadial position
also during the Early Holocene. The obtained
SHED ages for the Fr-2 and Fr-3 sites fall into
phase IV distinguished in Gavia Valley (Longhi
& Guglielmin 2020). These standstill phases oc-
curred after 10.5 ka (Ivy-Ochs et al. 2009, Solomi-
na et al. 2015) and were described by Braumann
et al. (2020) as a Central European Cold Phase
(CE-1, ca. 10 ka), and correspond to the Kartell
glacial phase. A similar age of moraine stabiliza-
tion at 9.9 ka +0.7 ka, was obtained in Ochsental
(Eastern European Alps) (Braumann et al. 2020).
It should therefore be considered that during the
Early Holocene the Fiescher Glacier was close (1.0-
1.5 km) to its maximal extent during the Egesen
stadial (Figs. 1, 2). The data provide evidence of the

multiphase glacier readvances of the Fischer gla-
cier during the Younger Dryas and Early Holocene.

The linear calibration for R-values measured
for the glacial surfaces in the up-valley part of the
Fiescher Valley did not provide results consistent
with the assumed glacier history of the area. The
calculated age of the mean R-value for unit 2 is
slightly diversified between boulders (8.8-6.4 ka)
and glacial polishes (8.0-5.7 ka). The obtained ex-
posure ages are clearly too old assuming the LIA
age (approx. 1850 CE) of this moraine (Fig. 4). The
lack of young boulders within sampled moraine
could be linked with: (1) incorporation of older,
more weathered boulders from glacial forefield
by push mechanism of moraine formation (Mat-
thews and Shakesby 1984) during the LIA ad-
vance, (2) relatively clean glacier snout during the
LIA advance that caused little debris incorpora-
tion within unit 2 moraines. This hypothesis is
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not supported, however, by archival photos (ETH
Library’s Image Archive) which rather confirm
the presence of a ‘dirty’ snout during the LIA ad-
vance. The relatively old debris within unit 2 mo-
raines could have originated from earlier glacier
activity in this area and closely related failure pro-
cess (rockfalls). The overall SHED age of unit 2
falls into cold Misox oscillation (8.4-7.3 ka),
which was identified in pollen analyses in Tici-
no, Switzerland (Zoller 1958, Ivy-Ochs et al. 2009)
and with phase V glacial presented by Longhi and
Guglielmin (2020). At the same time in the Berner
Alps advances of the Upper Grindelwald glacier
have been documented between 9.2-2.0 ka (Lu-
etscher et al. 2011, Fig. 10). According to Solomi-
na et al. (2015) short glacier advances were docu-
mented in the Alps during the period 6.8-7.7 ka.
Hence, the Schmidt-hammer data suggest that the
most likely previously formed Middle Holocene
moraines were overridden by the much more ex-
tensive LIA advance and material mixed during
the glacier advance.

Similarly, the obtained SHED ages for the
youngest post-Little Ice Age (LIA) moraines (unit 3)
are much older than the expected age of moraine
formation (Fig. 9). The age of the mean R-value
for this unit (58 +0.58) is between 1.7 and 3.7 ka
(Fig. 9) thus nearly 2 ka older than expected age of
moraine formation. The highest R-values (ca. 70)
were only obtained for one site (Fr-18) located at
contemporary moraines and represented a fresh
surface without weathering. This age discrepancy
could be linked to the presence of extensive su-
praglacial moraine cover at the present-day glacier
snout (Fig. 5) containing more weathered rock-
fall debris of much older exposure age (Kellerer-
Pirklbauer 2008, Matthews & Winkler 2022).
This indicates that the currently retreating glacier
snout is experiencing substantial extraglacial de-
bris production, leading to a significant disparity
in the exposure ages of boulders depending on the
time of moraine formation. Surprisingly, few ex-
amples of the application of SHED to Late Holo-
cene (Neoglacial) moraines exist in the literature
and are limited to small, relatively clean glaciers
in Scandinavia and the Alps. The SHED data ac-
quired in this study suggest that the occurrence
of “too old” boulders might be a prevalent char-
acteristic of Holocene moraines, owing to their

intricate evolutionary history which should be
taken into account during any chronological in-
terpretation.

CONCLUSIONS

Geomorphological mapping, combined with the
results of Schmidt-hammer dating, confirm that
the Fiescher Valley was continuously occupied
by a valley-type glacier during the Late Glacial
and Holocene. Three distinct morphostratigra-
phic moraine systems (moraine units) were distin-
guished: the most extensive and the oldest Egesen
stadial moraines, Neoglacial moraines reaching
a maximum extent in 1850 CE, and the most re-
cent recessional moraines within the range of the
glacier extents in 1973, 2010 and 2016 CE. A large
proportion of clasts with subrounded and suban-
gular classes point to substantial reworking by
subglacial erosion and transport. Clast morphol-
ogy show a typical signature of clast reworking in
the alpine areas built with low-anisotropy (mas-
sive) lithology. In such an environment, the plati-
ness (C,, index) and angularity/roundness (RWR)
are good discriminators between glacial and non-
glacial sediments. The trend of rock surface weath-
ering in the Fiescher Valley is comparable with
the Central Italian Alps (Scotti et al. 2017) and the
Lepontine Alps (Scapozza et al. 2021) built with
similar massive crystalline rocks. Distinguished
moraine units are independent episodes of gla-
cier advances which is confirmed by SH dating
as well as clast shape analysis. The calculated age
of the oldest moraine unit is between 12.0-9.9 ka
and could be associated with the Egesen stadial,
corresponding to the glacier advance during the
Younger Dryas (12.9-11.5 ka) and Early Holo-
cene standstill phases. In contrast, SHED ages ob-
tained for the LIA and the most recent moraines
are much older than the assumed glacier advanc-
es. Assuming a linear relationship between the age
and R-values, the presence of much older boulders
found on LIA ice limits may result from the incor-
poration of older, more weathered boulders from
the glacial forefield by the prominent LIA advance.
Another possibility is a nonlinear relationship be-
tween the age and R-values. The most recent gla-
cier advances are associated with the formation of
extensive supraglacial moraine cover containing
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more weathered rock-fall debris of a much older
exposure age and mixed with strongly reworked
subglacial and fluvioglacial deposits. This poten-
tial age discrepancy should be taken into account
in its chronological interpretation of moraines in
large, glaciated valley systems.
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