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Abstract: Deposits of the Reuss Glacier in the central northern Alpine foreland of Switzerland are dated using
luminescence methodology. Methodological considerations on partial bleaching and fading correction
of different signals imply the robustness of the results. An age of ca. 25 ka for sediment directly overly-
ing basal lodgement till corresponds well with existing age constraints for the last maximal position of
glaciers of the northern Swiss Alpine Foreland. Luminescence ages imply an earlier advance of Reuss
Glacier into the lowlands during Marine Isotope Stage 4. The presented data are compared to findings
from other parts of the Alps regarding glacier dynamics and palaeoclimatological implications, such
as the source of precipitation during the Late Pleistocene.

Kurzfassung: Ablagerungen des Reuss-Gletschers im zentralen Teil des nördlichen Alpenvorlandes der Schweiz
wurden mit Lumineszenzmethodik datiert. Methodische Überlegungen bezüglich unvollständiger Ble-
ichung und Fadingkorrektur verschiedener Signale bekräftigen die Robustheit der Ergebnisse. Ein
Alter von ca. 25 ka für Sedimente oberhalb eines basalen Tills stimmt gut mit der existierenden
Chronologie für den letzten Maximalstand der Gletscher im nördlichen Alpenvorland der Schweiz
überein. Die Lumineszenzalter weisen zudem auf einen früheren Gletschervorstoß während des mari-
nen Isotopenstadiums 4 hin. Die hier präsentierten Daten werden mit Befunden aus anderen Gebieten
der Alpen verglichen, mit Bezug auf Gletscherdynamik und paläoklimatologische Implikationen, wie
z.B. die Herkunft von Niederschlägen während des späten Pleistozäns.
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1 Introduction

Investigating the extent, geometry and timing of past ice
sheets and glacier networks allows for the detection of at-
mospheric circulation patterns during the Late Pleistocene,
as an important contribution for a better understanding of
natural climate dynamics (Stokes et al., 2015). For exam-
ple, Florineth and Schlüchter (2000) as well as Kuhlemann
et al. (2008) deduce a more southward position of the polar
front over the North Atlantic during the Last Glacial Max-
imum (LGM) from glacial records. However, it has to be
noted that the term LGM is ambiguous: it is either used to re-
fer to the maximum of global cooling during Marine Isotope
Stage (MIS) 2 (ca. 29–14 ka ago; Lisiecki and Raymo, 2005)
or the last maximum of global ice volume (ca. 22–19 ka
on a global scale; Yokoyama et al., 2000), both of which
are inferred from deep marine sediment records. Continen-
tal records indicate that most ice sheets and glaciers reached
their last most extensive position between 26.5 and 19 ka ago,
with the onset of deglaciation mainly just after 20 ka (Clark
et al., 2009). Interestingly, it appears that in some regions the
maximum extent of glaciers after the Last Interglacial was
not synchronous with the peak of MIS 2 (cf. Hughes et al.,
2013), with important and not yet entirely deciphered indi-
cations for past circulation. For example, Jimenez-Sanchez
et al. (2013) suggest that the last local glacial maximum in
the Pyrenees occurred during MIS 4 and that glaciers during
MIS 2 were of substantially smaller extent.

Besides the timing it is also of interest to reconstruct the
nature of past glaciations, i.e. the rate of ice advance and
the related question of if these were temperate or cold-based
glaciers. Answering these questions will be of importance
when modelling glaciations (e.g. Haeberli and Schlüchter,
1987; Becker et al., 2016; Seguinot et al., 2018) and their po-
tential to deeply erode into bedrock (e.g. Headly and Ehlers,
2015). Beside pure scientific interests, the question of possi-
bly future glacial erosion is of high interest for the siting of
nuclear waste disposal sites (Haeberli, 2010; McEvoy et al.,
2016).

For the Alps, the timing of the last maximum extent
of glaciers (Fig. 1) at first appears fairly well constrained
(e.g. Ivy-Ochs et al., 2008). However, direct dating is actu-
ally limited to a few sites and the available data do, when
analysed closely, reveal several discrepancies with regard to
the exact timing. For the Lyonnais lobe of the French Alps
(Fig. 1), the largest extension of glaciers since the Last Inter-
glacial appears to be older than 40 ka, with a less extensive,
polyphase terminal moraine radiocarbon dated to around 23
and 19 ka (Mandier, 2003; Mandier et al., 2003). In the SW
Italian Alps, at Ponte Murato (Fig. 1), 10Be dated boulders
on terminal moraines have a mean age of 20± 2 ka (Fed-
erici et al., 2012), apparently in concert with the global iso-
topic signal. According to Ravazzi et al. (2014), glacier col-
lapse in the Lake Garda area (Fig. 1) occurred soon after
17.5± 0.2 kacalBP. For the Tagliamento end-moraine sys-

tem (Fig. 1), a two-fold glacial advance is recorded with the
larger extent between 26.5 and 23 ka and the second, slightly
smaller extent to 24–21 ka by radiocarbon dating (Monegato
et al., 2007). A similar pattern is found in the former Salzach
Glacier of the NE Alps, at Duttendorf (Fig. 1), with contin-
uous loess accumulation dated to ca. 30 to 21 ka by lumi-
nescence dating (Starnberger et al., 2011). The inner Alpine
position of Baumkirchen (Fig. 1) was reached by ice 33–
32 ka ago according to both radiocarbon (Spötl et al., 2013)
and luminescence dating (Klasen et al., 2007). 10Be expo-
sure dating of terminal moraines of the type locality of the
Würmian glaciation at Starnberg (Fig. 1) gives only a mini-
mum age ca. 18 ka due to post-depositional instability of the
dated boulders (Reuther et al., 2011). Luminescence dating
of glaciofluvial sediments of the last Würmian ice advance in
the Würm Valley reveals ages of ca. 29 ka, constraining the
maximum age for this ice advance (Klasen et al., 2007). An
early phase of ice decay inside the Alps is recorded by kame
deposits at Rahmstätt (Fig. 1), with a mean luminescence age
of ca. 19 ka (Klasen et al., 2007).

For the NW Alps, Keller and Krayss (2005a, b) established
a model of the last advance and decay of the Rhine Glacier
lobe into the foreland (Fig. 1) based on previously published
radiocarbon data. However, this study lacks information on
the dating uncertainties and is not up to date with regard to
calibration. For the present study, the uncalibrated 14C data
were collected from the original sources and calibrated us-
ing OxCal 4.2 (Bronk Ramsey, 2009), applying the IntCal13
calibration curve (Reimer et al., 2013; Table 1). According
to these data (Fig. 2), ice build-up of the LGM Rhine Glacier
started around 29 ka and reached its maximum between 26
and 22 ka ago, with the decaying ice front reaching the in-
ner Alpine valleys before 17 ka. The radiocarbon chronology
is confirmed by quartz luminescence ages for an outcrop at
Hüntwangen (Fig. 1), ca. 4 km downstream of the maximum
terminal moraine of the last glacier advance (Preusser et al.,
2007). Outwash gravel in an ice proximal position has an age
of 25.0±2.0 ka and overbank deposits attributed to a melting
phase date between 22.2± 1.6 and 17.1± 1.3 ka.

For the Reuss Glacier lobe (Fig. 1), several radiocarbon
ages of large mammal finds from glaciofluvial gravels con-
strain the last ice advance (Graf, 2009). Their calibrated (Int-
Cal13) ages range between 26.9 and 21.6 kaBP but their po-
sition with regard to glacier advance or retreat is not known
precisely. Glaciofluvial gravel from Gebenstorf (Fig. 3 GE)
has luminescence ages of 32.9± 4.6 and 26.1± 3.4 ka (Gaar
et al., 2014). According to 10Be and 36Cl dating, the mini-
mum age of ice decay is 22.2± 1.0 ka at the frontal position
and 20.4±1.0 ka at the lateral position. By latest 18.6±0.9 ka
Reuss Glacier was approximately 12 km behind the maximal
extent position (Reber et al., 2014). Gravel aggradation of the
Low Terrace in the Hochrhein Valley dates to ca. 30 to 15 ka
(quartz luminescence) and a second phase between 13 and
11 ka (Kock et al., 2009a, b).
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Figure 1. Overview of the Alps with the ice extent ca. 24 ka ago according to Ehlers and Gibbard (2004) with sites mentioned in the text.
Elevation data from Jarvis et al. (2008). References for the sites are as follows: Lyon – Mandier et al. (2003); Ponte Murato – Federici et
al. (2012); Udine – Monegato et al. (2007); Duttendorf – Starnberger et al. (2011); Baumkirchen – Klasen et al. (2007) and Spötl et al. (2013);
Starnberg – Reuther et al. (2011); Steinhof – Ivy-Ochs et al. (2004); Ingolstadt – Fiebig and Preusser (2003); Gossau – Preusser et al. (2003);
Kempten – Link and Preusser (2005); Hüntwangen, Aarwangen, and Finsterhennen – Preusser et al. (2007); Unterangerberg – Starnberger et
al. (2013); Rahmstätt – Klasen et al. (2007).

For the Swiss lobe of the Valais Glacier, the terminal
moraine near Steinhof (Fig. 1) was dated by 10Be, 26Al and
36Cl (Ivy-Ochs et al., 2004). The original data are recalcu-
lated here by applying the NE North America production
rate (Balco et al., 2009), no snow correction and an erosion
rate to 1 mmka−1, using the CRONUS Earth calculator 2.2
(Balco et al., 2008). This yields an age of 24.1±1.9 ka for the
maximum terminal position and 22.8± 1.8 ka for the onset
of deglaciation. In the same region (Aarwangen gravel pit,
Fig. 1), luminescence dating suffers from partial bleaching
and the resulting ages of 27.4±2.8 and 25.7±4.2 ka are inter-
preted as maximum estimates for the ice advance (Preusser
et al., 2007). At Finsterhennen (Fig. 1), radiocarbon (mam-
moth tusk) and quartz luminescence ages for the basal part of
LGM glaciofluvial accumulation are between 30 and 25 ka
(Preusser et al., 2007).

Already Köppen and Wegener (1924) discuss an exten-
sive glaciation during the Würmian prior to the LGM, based
on the astronomical parameters calculated by Milanković
(1941). The same authors later referred to these expected
glacier advances as Würm I (ca. 115 ka) and Würm II
(ca. 70 ka) (Köppen and Wegener, 1940). This concept
was originally entirely based on theoretical considerations
and not supported by evidence from the geological record.

Based on pollen records and correlations with marine iso-
tope stratigraphy, Welten (1981) designates an early Wür-
mian cold stage and supposes a substantial glacial advance
(called Turicum 1a) shortly after the Last Interglacial, fol-
lowed by mild climatic conditions and another glacial ad-
vance between 70 and 55 ka. Schlüchter (1986) discusses
the possibility that the MIS 4 glacier extent is larger than
MIS 2, and Frenzel (1991) postulates a large advance of
the Rhine Glacier shortly after the Eemian Interglacial based
on pollen records. Keller and Krayss (1998) compile lithos-
tratigraphic indications for a Middle Würmian glacier ad-
vance and reconstruct its dimensions, tentatively placed into
MIS 4. Luminescence dating of (glacio?)-fluvial sediments
in the area of Ingolstadt (Fig. 1) indicates that parts of
the deposits, originally interpreted as the distal part of out-
wash plains of the penultimate glacial cycle (Rissian), might
actually be younger than the Last Interglacial (Fiebig and
Preusser, 2003). Link and Preusser (2005) describe evidence
for a possible MIS 4 glaciation in SW Germany (Kempten,
Fig. 1), based on luminescence dating of proglacial lake de-
posits. Preusser et al. (2003) luminescence dated sediments
at the gravel pit of Gossau (Fig. 1), which were interpreted
as MIS 4 (glacial) delta sediments. However, the dating re-
sults rather point towards a deposition during MIS 5d, i.e. the
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Figure 2. Chronology of the last glacial advance of the Rhine–Linth Glacier (Birrfeld/Würm) complemented with recalibrated radiocarbon
ages (white boxes) using IntCal13; figure taken from Preusser et al. (2011) and redrawn after Keller and Krayss (2005a, b). Ice marginal
positions: DE – Domat/Ems, W/O – Obersee, W/M1 – outer maximum, W/M2 – inner maximum, W/F – Feuerthalen, W/S – Stein am Rhein,
W/K – Konstanz, W/W – Weissbad.

Figure 3. Map of the Birrfeld area during the LGM with sampling
sites of this study and samples of earlier studies (WLG: Gaar and
Preusser, 2012, and GE: Gaar et al., 2014). Background map by Bini
et al. (2009). Source: Swiss Federal Office of Topography.

Turicum 1a of Welten (1981). Gravel attributed to an advanc-
ing glacier in the Reuss Valley close to Mülligen (Fig. 3) has
a mean luminescence age of 66± 9 ka (Preusser and Graf,
2002). Probably the most compelling evidence for the Valais
Glacier, reaching the lowlands of Switzerland during MIS 4,

is given by Preusser et al. (2007). In the Finsterhennen gravel
pit (Fig. 1), the age of a lower till is older than 30 ka accord-
ing to radiocarbon and luminescence dating. Glaciofluvial
deposits from just below the till have a quartz luminescence
age of ca. 70 ka.

In this article, we present a new set of luminescence ages
further constraining the timing of glacial advances in the
Reuss Glacier system, situated in between the areas occupied
by the main lobes of the Rhine Glacier and Valais Glacier
during the Late Pleistocene (Figs. 1, 3). For this area, a re-
vised system of Quaternary glaciations was developed by
Graf (2009; summarised in Preusser et al., 2011), as the
scheme by Penck and Brückner (1901–1909) does not fully
reflect the complex pattern observed in sediment sequences
of northern Switzerland. The type location of the last glacial
advance (Würm sensu stricto), the Birrfeld Glacial of Graf
(2009), is investigated in this article. Furthermore, recent de-
velopments in luminescence methodology led us to redate
the Mülligen outcrop previously investigated by Preusser and
Graf (2002). Besides the implications for the chronology of
Late Pleistocene glacier advances in northern Switzerland,
and in comparison to other parts of the Alps, a detailed dis-
cussion of methodological aspects is provided. This aims to,
firstly, corroborate the reliability of the presented results and,
secondly, add connotations to the performance of different
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luminescence techniques for the dating of proglacial sedi-
ments in general.

2 Context and sampling sites

2.1 Regional setting

Birrfeld, i.e. the mainly flat area between the rivers Aare and
Reuss (with the village of Birr), is situated between the two
most easterly surface fold structures of the Jura Mountains.
The oldest Quaternary sediments of the region are scarce oc-
currences of Early Pleistocene gravel sheet (Deckenschotter)
deposits (Graf, 1993). As the result of subglacial erosion,
overdeepened valleys formed during the Middle Pleistocene
(cf. Preusser et al., 2010), which often contain complex
sequences of multiphase sediment successions (e.g. Graf,
2009; Dehnert et al., 2012). At the base, the valley fillings
comprise coarse-grained subglacial gravel and till intercalat-
ing with or overlain by water-lain till or thick post-glacial
lacustrine sediments. The geometrical and chronological re-
lationship between the different types of deposit is yet poorly
understood due to the limited data available, as the sedimen-
tary records are only accessible via coring and have seen a
limited application of modern sedimentological approaches
and dating methods (e.g. luminescence). However, there ap-
pears to be evidence for four superimposed glacial succes-
sions in the area, at least two of which are older than the Last
Interglacial, as indicated by palaeosols (Graf, 2009; Preusser
et al., 2011). Exposed in outcrops are mainly deposits of the
younger glaciations that are the focus of the present study.

2.2 Gravel pit Joriacher (BIR)

The gravel pit Joriacher (47◦25′50′′ N, 8◦12′59′′ E), near the
village Birr, is located at the SW end of Birrfeld (Fig. 3).
The basal unit is composed of sandy, mainly coarse and
partly open-worked gravel intercalated by cobbles and blocks
(Fig. 4). The petrographic composition represents an alpine
spectrum with crystalline components (e.g. granodiorites),
strongly weathered into loose aggregates of detritus. Due
to its rather coarse components and petrographic compo-
sition the gravel is interpreted to be of glaciofluvial ori-
gin. The gravel is topped by a yellow-brownish decalcified
silty gravel of about 2 m thickness, interpreted as fBt hori-
zon (Graf, 2009; Fig. 4). Locally, black precipitation occurs
and deeper parts of this palaeosol reach about 1 m into the
underlying unweathered gravel in a cone-shaped pattern. A
clayey–silty fine sediment of about 1 m thickness is found
above the palaeosol without a change of colour. Whether this
continuity in colour indicates a deposition of the fine sedi-
ment synchronous with soil formation or whether there is a
hiatus remains unclear. The fine-sediment layer is interpreted
as low-energy fluvial (overbank?) deposits and sample BIR-
1 was taken from it. Another coarse-grained gravel interca-
lated by blocks (up to > 1.5 m in diameter) and sand layers
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58 D. Gaar et al.: Chronological constraints on the timing of Late Pleistocene glacier advances

Figure 4. Schematic logs of the sections at the gravel pit Joriacher
in Birr (BIR), outcrop by the bridge over river Reuss close to Mül-
ligen (MÜB) and outcrop close to Schinznach-Bad (SZB).

tops the brown palaeosol with a sharp contact. It has the same
petrographic composition as the lower gravel unit but with-
out indication of weathering. Sample BIR-2 was taken from
a 40 cm thick, massive sand layer found within this gravel.
Other sand layers in this gravel show cross-bedding struc-
tures. The succession of gravel is interrupted by a ca. 80 cm
thick diamicton with angular components, interpreted as a
basal lodgement till, directly indicating a past glacier pres-
ence at this position. The top of this diamicton bears locally
fine silty-clayey sediment of ca. 40 cm thickness. This fine
sediment likely represents the infill of a pond in front of a
retreating glacier. The age of sample BIR-3 from this fine-
grained sediment will mark the retreat of ice from its maxi-
mum position in this part of Birrfeld, as no other till is found
above.

2.3 Low Terrace in the Aare Valley (SZB)

In the valley of the River Aare, just to the west of Birrfeld,
a succession of gravel builds up the Low Terrace, which
is attributed to the last glacial advance. At Schinznach-Bad
(47◦26′22′′ N, 8◦10′4′′ E; Fig. 3 SZB) it is composed of silty,
sandy gravel with cobbles and scarce boulders (< 50 cm)
directly overlying the bedrock (Fig. 4). Two samples were
taken, one (SZB-1) from a 30 cm thick sand layer at the base

of the gravel, 80 cm above the bedrock, and one (SZB-2)
from a 20 cm thick sand layer about 2 m above the bedrock.
To account for the possible inhomogeneity in the radiation
field in this thin sand layer, a second sample from the sur-
rounding sandy gravel was taken 10 cm below the sand layer
for determination of dose-rate-relevant elements.

2.4 Outcrop Mülligen (MÜB)

This outcrop is located close to the bridge between the vil-
lages of Mülligen and Birmenstorf, on the left-hand side of
River Reuss (47◦27′29′′ N, 8◦14′46′′ E; Fig. 3). The outcrop
shows a coarsening upwards succession of medium-sized
sand towards gravel (Fig. 4). The sequence is interpreted
to be of fluvial origin with a decreasing transport distance;
thus it most likely represents an advancing glacier. Consid-
ering the rather fine sediment and good sorting, the sediment
source has to be assumed a few kilometres upstream for the
sampled sandy units (MÜB-5 and 6). About 4 m below the
present surface, a brown layer is interpreted as the remains
of a palaeosol (Preusser and Graf, 2002) and sample MÜB-7
has been taken from a sandy layer just above. In a neighbour-
ing gravel pit (Niderhard, Birmenstorf), the molar of a mam-
moth found at a similar depth to the palaeosol was dated to
ca. 36 kacalBP (ETH-17251, Graf, 2009).

2.5 Reuss Valley (RÜT and REU)

Sample RÜT-1 was taken from a natural outcrop situated in
a small valley (Fig. 5), west of the sewage plant of Rütihof
(47◦26′33′′ N, 8◦15′26′′ E; Fig. 3). The lower part of the out-
crop is classified as diamicton, consisting of clayey, sandy silt
interbedded with clayey silty sand (alternating in the decime-
tre range), both containing calcite. Coarse-gravel layers oc-
cur as a frequent accessory in both types of deposit. The peb-
bles are subangular to subrounded and partly show weak stri-
ations; large boulders (> 1 m) are scarce. The lithology of
the components reflects both alpine and local origin. Bed-
ding is inclined by 25–30◦ towards 280◦ west, steepening in
the westernmost part. Based on these observations, the sed-
iment is interpreted as melt-out till (Graf, 2009) and sample
RÜT-1 was taken from a sandy bed. The diamicton is topped
by sandy coarse gravel with subrounded cobbles, interpreted
as outwash deposited in proximity to a glacier.

The two samples REU-1 and REU-2 were taken on the
left-hand side of the River Reuss, close to the village of Bir-
rhard (47◦26′15′′ N, 8◦14′53′′ E, Fig. 3). The sampled unit is
mica-rich and composed of clayey to silty fine sand, which is
horizontally bedded with wave or climbing ripples. Calcitic
concretions are abundant in parallel strata, which are tilted
locally. Graf (2009) interprets this sand as deposit of a shal-
low lake with strong currents. Accordingly, occasional des-
iccation led to the calcitic concretions and cementation. The
tilting of the concretions is interpreted to be caused by later
glaciotectonical processes. The total thickness of this sand
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Figure 5. The melt-out till close to Rütihof with position of sample RÜT-1.

is probably exceeding 20 m (borehole data). This outcrop is
interpreted to represent the basal and more distal part of the
coarsening upward sequence already sampled at Müllingen
(MÜB-5 and 6).

3 Methodology

3.1 Sampling and sample preparation

Most samples were taken from homogeneous layers of sev-
eral decimetres thickness composed of either sand or silt.
Sampling faces were cleaned by removing some decimetres
of sediment. A metal cylinder, closed at one end, was forced
into the sediment immediately, minimising exposition to day-
light. The cylinders were then emptied into opaque plastic
bags by avoiding daylight exposition.

All sample preparation was performed in the laboratory
under subdued red-light (peak emission at 660 nm) condi-
tions. Samples were chemically cleaned with HCl (32 %)
and H2O2 (30 %) to remove carbonates and organic mate-
rial. From the fine-grain samples, the 4–11 µm fraction was
obtained by applying the settling technique using Stokes’
law. A part of the polymineral fraction was subsequently
etched for 10 days in H2SiF6 (34 %) to remove feldspars
and HCl (32 %) was used to dissolve fluorite precipitates
that formed during etching. The coarse-grain samples were
separated for their 200–250 µm fraction by dry sieving. The
chemical cleaning with HCl and H2O2 was followed by den-
sity separation using an aqueous sodium polytungstate solu-
tion at two densities (ρ = 2.70 and 2.58 gcm−3) to remove
heavy minerals and to obtain a quartz-rich and a K-feldspar-
rich fraction. The quartz fraction was etched for 60 min in HF
(40 %) to remove remaining feldspar and the outer rim of the
quartz grains, followed by HCl treatment to dissolve fluoride
precipitates formed during the HF treatment. Final sieving of

the etched quartz was carried out to remove feldspar grains
that will have substantially reduced in size during etching.

3.2 Dose rate determination

The concentrations of dose-rate-relevant elements (U, K, Th)
were determined using high-resolution gamma spectrome-
try (Preusser and Kasper, 2001) on bulk sediment samples
of ca. 450 g; results are shown in Table 2. Indications of ra-
dioactive disequilibria in the uranium decay chain have been
observed for samples RÜT-1 and SZB-1 when comparing the
activity of 238U and 226Ra (Preusser and Degering, 2007).
For these two samples a polyphase U depletion model was
applied using ADELE software (Kulig, 2005) to account for
the loss of U over time. In this model, we assume a deple-
tion of water soluble U since the beginning of the Holocene,
when climate is known to be changing towards warmer con-
ditions and hence water is mobilised. The difference in ef-
fective dose rate between a conservative approach with no U
depletion and modelled dose rates is minor for the feldspar
fractions of SZB-1 (less than 0.3 %) and moderate for RÜT-1
(5.7 %). For the coarse-grain quartz fraction, the difference is
negligible because the influence of U on the total dose rate is
low, as the rim affected by the alpha radiation is removed
during HF etching. Sample SZB-2 has been taken from a
thin sand layer and an influence on the radiation field of the
sample from the surrounding sediment has to be assumed. A
second sample taken 10 cm below the sampled sand layer al-
lowed the calculation of the effective radiation field using a
model with several layers of different content of dose-rate-
relevant elements (using ADELE software).

The cosmogenic dose rate was assessed by ADELE soft-
ware, following Prescott and Hutton (1994) for cosmic dose
estimation, using modern burial depth and a density of
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Table 2. Results of high-resolution gamma spectrometry and resulting dose rates during burial. (Weff is effective water content relative to
dry mass, Q is quartz and F is feldspar).

Sample Site Grain size K Th U Weff Overburden Dose rate F Dose rate Q
(µm) (%) (ppm) (ppm) (%) (m) (Gyka−1) (Gyka−1)

BIR-1 Birr Joriacher 4–11 1.73± 0.05 11.59± 0.25 2.74± 0.09 20± 4 14 3.27± 0.26 3.02± 0.24
BIR-2 Birr Joriacher 200–250 1.10± 0.02 3.48± 0.28 1.23± 0.01 6± 4 8 2.37± 0.16 1.54± 0.09
BIR-3 Birr Joriacher 4–11 1.18± 0.03 6.77± 0.48 2.27± 0.06 20± 5 6 2.33± 0.20 2.15± 0.20
MÜB-5 Mülligen Brücke 200–250 1.36± 0.04 3.16± 0.14 0.95± 0.05 6± 4 9 2.51± 0.17 1.68± 0.10
MÜB-6 Mülligen Brücke 200–250 1.20± 0.04 2.61± 0.12 0.80± 0.01 10± 5 8 2.24± 0.16 1.42± 0.09
MÜB-7 Mülligen Brücke 200–250 1.45± 0.05 9.22± 0.23 2.60± 0.08 10± 5 5 3.31± 0.23 2.47± 0.17
REU-2 Reusstal Birrhard 200–250 1.01± 0.02 5.09± 0.09 1.65± 0.03 7± 4 15 2.44± 0.15 1.62± 0.09
RÜT-1 Reusstal Rütihof 200–250 1.06± 0.01 7.61± 0.30 1.76± 0.38a 10± 5 8 2.69± 0.25a 2.01± 0.15a

SZB-1 Schinznach-Bad 200–250 1.17± 0.02 2.66± 0.14 0.45± 0.12a 15± 5 5 2.19± 0.13a 1.38± 0.07a

SZB-2 Schinznach-Bad 200–250 1.17± 0.01 2.85± 0.09 0.90± 0.04 15± 5 4 2.21± 0.15b 1.39± 0.09b

a U disequilibrium detected and time-dependent depletion modelled. b Possible inhomogeneous radiation field modelled using a second sample from surrounding sediment.

2 gcm−3. The calculated contribution from cosmic radiation
is taken into account with a relative uncertainty of 10 %.

Potassium content of feldspar and polymineral samples
was assumed to be 12.5± 1.0 % following the estimates of
Huntley and Baril (1997) and our own measurements (Gaar
et al., 2014). This was cross-checked for one sample (RÜT-1)
by analysing randomly selected grains of the feldspar sepa-
rate by electron microprobe analysis (see Gaar et al., 2014,
for technical details). Of the 200 grains, 35 grains were iden-
tified as quartz; the rest was identified as feldspar. Backscat-
tered electron microscopy imagery reveals scarce perthitic
grains, but the vast majority of grains are homogeneous.
While 16 grains have an albite (Na-feldspar) or intermedi-
ate composition, the large majority of 167 grains are ortho-
clase (K-feldspar). The average K content of the measured
feldspars is 12.77± 0.25 % (standard error). The mean mea-
sured for the orthoclase only is 13.57± 0.09 %.

The efficiency of alpha particles in causing radiation dam-
age (alpha efficiency, a-value) is assumed based on literature
values. For coarse feldspar and polymineral fine grains an
a-value of 0.05± 0.01 was used following Preusser (1999)
and Preusser et al. (2001), representing the geographically
closest a-value assessments. For fine-grain quartz an a-value
of 0.03± 0.01 was used (Mauz et al., 2006). Since the outer
rim is removed by HF etching for coarse-grain quartz, the a-
value is not considered for palaeodose estimates on this frac-
tion. Modern sediment water content was assessed by drying
the sample the laboratory at 50 ◦C until a constant mass was
reached. In order to account for varying water contents, large
uncertainty was given to the assessed water content values.

3.3 Equipment and equivalent dose determination

Luminescence measurements were made on automated Risø
TL/OSL DA-20 readers equipped with 9235QA photomul-
tiplier tubes. For single-grain measurements a Risø single-
grain laser attachment with dual lasers was used (Bøtter-
Jensen et al., 2003). The β source of the reader has been

checked for inhomogeneity using a β radiation sensitive self-
developing film (Lapp et al., 2012). As non-uniformity of the
β source is minor, no correction on the single-grains mea-
surements was applied. Optically stimulated luminescence
(OSL) from quartz multigrain aliquots was stimulated with
blue LEDs and single grains with a green laser. Signal detec-
tion was in the near-UV emission spectrum (Hoya U-340 fil-
ter). Infrared stimulated luminescence (IRSL) from feldspars
was stimulated in the near infrared (LEDs for multigrain
aliquots, laser for single grains) and signal detection was
in the blue emission band (Schott BG-39 with 410 nm in-
terference filter). Palaeodoses were determined using mod-
ified single-aliquot regenerative-dose (SAR) protocols after
Murray and Wintle (2000), Blair et al. (2005) and Thomsen
et al. (2008) (Table 3). Preheat temperatures were checked
using dose recovery tests (discussed below) and an appro-
priate preheat temperature was chosen where dose recovery
ratios are within 10 % of unity and sensitivity change during
the SAR protocol is low. Preheating to 230 ◦C for 10 s after
all irradiation steps was chosen for both quartz and feldspar.
Equivalent doses (De) were calculated using Luminescence
Analyst 4.11 (Duller, 2013). While the majority of aliquots
have sufficiently bright OSL signals, in some the OSL in-
tensity is too low to allow for proper analyses (Fig. 6). In the
bright aliquots, quartz signals are dominated by the fast com-
ponent, as shown exemplarily in Fig. 7. For quartz multigrain
aliquots (single grains) the first 0.4 s (0.04 s) of the signal,
minus the signal 40–60 s (2–5 s) as background, was used for
calculations. For feldspar multigrain aliquots (single grains)
using the IR50 protocol, the first 10 s (1 s) were used, minus
the final 50 s (2 s) as background.

As the IR50 signal is often considered to be unstable, but
applying a second stimulation at 225 ◦C (pIRIR225) after
IR50 is expected to isolate a low- or even non-fading sig-
nal (Thomsen et al., 2008; Buylaert et al., 2009). For the
pIRIR225 protocol,De calculation of multigrain aliquots (sin-
gle grains) was based on the first 2 s (1 s) of the decay curve,
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Figure 6. While most OSL decay curves from the study area are
relatively bright, some aliquots emit very low OSL intensities that
make them unsuitable for De determination.

and the last 20 s (2 s) were subtracted as background (Ta-
ble 3). A major disadvantage of the pIRIR225 approach is
its much slower resetting compared to IR50 (Buylaert et al.,
2012) and hard-to-bleach natural residual doses are often ob-
served. As natural residuals are constant and not a function of
De, the problem of natural residuals decreases, while accu-
mulated doses increase (Buylaert et al., 2009; Sohbati et al.,
2012). While the applicability in glacial environments with
low bleaching probabilities has proven problematic in previ-
ous studies (Blomdin et al., 2012; Lowick et al., 2012, 2015;
Gaar et al., 2014), it is here further tested for completeness.

Validity of the above parameters for samples from the area
of interest has been outlined by Gaar et al. (2014) and con-
firmed by dose recovery experiments on selected samples,
as detailed below. Dose response curves were fitted using
a single saturating exponential function for both quartz and
feldspar, examples being displayed in Fig. 8. A measure-
ment error of 1.5 % was included in theDe determination for
single-aliquot measurements and 2.4 % for single grains ac-
cording to Trauerstein et al. (2012); the error on curve fitting
based on Monte Carlo simulation is included.

3.4 Partial bleaching

In glaciofluvial environments, incomplete signal resetting
due to short transport distances is a common phenomenon
(e.g. Fuchs and Owen, 2008). This means that many grains
were only reset to a certain degree and not accounting for it
would lead to age overestimation (e.g. Duller, 2006). How-
ever, it is usually assumed that there is a portion of grains that
were exposed to daylight sufficiently long enough to fully re-
set the signal (Duller, 1994). When partial bleaching is recog-
nised, the population of the fully reset grains can be obtained,
for example, by using the Minimum Age Model (unlogged
MAM-3) by Galbraith et al. (1999).

Figure 7. Component stripping of quartz OSL signals reveals domi-
nation of the fast component. (a) BIR-3 fine-grain quartz, (b) MÜB-
5 coarse-grain quartz.

A basic assumption for the application of the MAM is
that De is derived from individual grains and not as an aver-
age from several grains. In the latter case, averaging effects
will likely mask the spread of De values caused by differen-
tial bleaching and it might hence not be possible to extract
the dose accumulated during burial (Wallinga, 2002). This
would, in principle, require the exclusive use of a single-
grain over multigrain methodology for partially bleached
samples, but single-grain dating is not only laborious but
also subject to some methodological concerns (e.g. Thom-
sen et al., 2016). In this context, it is important to note that
it has repeatedly been shown that only a small proportion of
all grains emit luminescence (e.g. Duller, 2008), and averag-
ing effects will be proportional to the number of grains con-
tributing to the signal (Wallinga, 2002). For samples from
the study area, Gaar et al. (2014) and the data presented
here (Table 4) reveal that on average 2.6 % of all measured
quartz grains and about 20 % of all feldspar grains have OSL
and IRSL signals significantly above background. Calculat-
ing the number of grains on a multigrain disc following Heer
et al. (2012), for the grain size (200–250 µm) and aliquot
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Table 3. Protocols used in this study. OSL was applied to quartz, IR50 and pIRIR225 were applied to feldspar. OSL is a stimulation with
blue LEDs and SG OSL with a green laser. IRSL is a stimulation with IR LEDs and SG IRSL with an IR laser.

Observed OSL – multiple-grain aliquots OSL – single grains IR50 – multiple-grain aliquots IR50 – single grains pIRIR225 – single grains

Dosea Dosea Dosea Dosea Dosea

Preheat at 230 ◦C for 10 s Preheat at 230 ◦C for 10 s Preheat at 230 ◦C for 60 s Preheat at 230 ◦C for 60 s Preheat at 230 ◦C for 60 s
IRSL at 50 ◦C for 60 sb SG IRSL at 50 ◦C for 5 sb IRSL at 50 ◦C for 100 s

Ln/Lx OSL at 125 ◦C for 60 s SG OSL at 125 ◦C for 5 s IRSL at 50 ◦C for 300 s SG IRSL at 50 ◦C for 5 s SG IRSL at 225 ◦C for 5 s
Test dose Test dose Test dose Test dose Test dose
Preheat at 230 ◦C for 10 s Preheat at 230 ◦C for 10 s Preheat at 230 ◦C for 60 s Preheat at 230 ◦C for 60 s Preheat at 230 ◦C for 60 s

IRSL at 50 ◦C for 100 s
Tn/Tx OSL at 125 ◦C for 100 s SG OSL at 125 ◦C for 5 s IRSL at 50 ◦C for 300 s SG IRSL at 50 ◦C for 5 s SG IRSL at 225 ◦C for 5 s

a Omitted in first cycle to measure Ln. b Only applied in last cycle.

Figure 8. Examples of dose response curves. (a) BIR-3 polymineral IR50, (b) SZB-1 feldspar, multiple-grain IR50, (c) MÜB-6 quartz,
multiple-grain OSL and (d) RÜT-1 feldspar, single-grain IR50.

sizes used here, results in average numbers of 72 (quartz,
2 mm) and 18 (feldspar, 1 mm) grains per disc. Using the
number of grains contributing significantly to the signal emit-
ted from a multigrain disc as given above indicates that the
signal of multigrain aliquots used in the present study should
on average originate from ca. 2 (quartz) and ca. 3.5 (feldspar)
grains, respectively. This implies that averaging effects for
the geometry chosen here should be quite limited. This is
confirmed by Gaar et al. (2014), who could clearly distin-

guish between a well and poorly bleached sample base on the
spread of De values for both single grains and 1 mm aliquots
of K-feldspar.

Here, identification of partial bleaching is mainly based
on Gaar et al. (2014), who investigated glaciofluvial samples
within the same source area. A critical value is σb, which
is used in the statistical models to define the expected varia-
tion of data. In this study, σb values exceeding 0.18 for 1 mm
feldspar aliquots, 0.19 for 2 mm quartz aliquots, 0.32 for sin-
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gle grains of quartz and 0.28 for single feldspar grain are
interpreted as indicative of partial bleaching. These values
have been used as threshold and input parameter when apply-
ing the MAM. For samples with σb values smaller than the
above and for all fine-grain samples, the Central Age Model
(CAM; Galbraith et al., 1999) was used.

The SZB samples are from the Aare Valley and thus from
another sediment source to the rest of the samples. Hence,
the σb parameter derived for Birrfeld samples cannot be ex-
pected a priori to be valid for samples from another area. For
the SZB feldspar samples, an approximation to a realistic σb,
representative of the natural spread ofDe values for bleached
samples was possible by manually removing the uppermost
values from the De distribution of SZB-1 that were clearly
separated from the rest of theDe distribution, assuming these
values derive from grains that were incompletely bleached.
This resulted in a σb value of 0.39 for feldspar IR50 multi-
grain aliquots, which is substantially higher than for the Bir-
rfeld samples, and is considered to possibly overestimate the
real σb value of a well-bleached sample. Using this as input
parameter in the MAM may hence result in an overestimated,
maximum age estimate.

While the choice of the input parameter for the MAM is
based on the information available, it is not unproblematic
to assume that values observed for one sample automati-
cally applied to another. As an independent test, we addi-
tionally follow Murray et al. (2012), who suggest that partial
bleaching can be tested by comparing results for feldspar and
quartz, as the minerals have different bleaching rates.

3.5 Fading of IR signals

Fading tests on multigrain aliquots were carried out on the
feldspar and polymineral fraction of samples from all sites
in order to detect and quantify anomalous fading of the IR50
signals (and in one case pIRIR225). The fading tests were
based on delayed Lx/Tx measurements, with preheating di-
rectly following irradiation (similar to natural dose) and dif-
ferent storage times prior to Lx measurements (Auclair et
al., 2003). Delay of the measurements was up to 40 h after ir-
radiation. The Lx/Tx ratios measured after different delays
are plotted against the time delay between irradiation and
IR50 measurement on a log scale. The calculated percent-
age of signal loss per decade is referred to as the g-value
(Aitken, 1985). Results of the fading tests are given in Ta-
ble 5. These g-values are used for fading correction using
the R package Luminescence (Kreutzer et al., 2012), which
corrects according to Huntley and Lamothe (2001). This cor-
rection, however, is restricted to doses which lie within the
linear part of the dose response curve (Huntley and Lamothe,
2001). In general, there is controversy around whether the
assessment of g-values through laboratory experiments re-
flects the fading behaviour of samples in nature and if the
correction always leads to accurate ages (e.g. Wallinga et al.,
2007; Reimann et al., 2011; Lowick et al., 2012). Further-

Table 5. Fading rates of feldspar and polymineral samples.

Sample Mineral Protocol g-value
(% decade−1)

BIR-1 Polymineral IR50 1.1± 0.4
BIR-2 Fsp IR50 2.9± 0.2
BIR-3 Polymineral IR50 2.4± 0.2
MÜB-5 Fsp IR50 2.9± 0.3
MÜB-5 Fsp pIRIR225 1.4± 0.1
MÜB-7 Fsp IR50 3.2± 0.1
RÜT-1 Fsp IR50 2.7± 0.1
SZB-2 Fsp IR50 1.5± 0.6

more, it is has been questioned if g-values assessed on multi-
grain aliquots reflect the fading behaviour of the IRSL signal
excited by a laser in single-grain measurements (Trauerstein
et al., 2012). Nevertheless, the correction after Huntley and
Lamothe (2001) was applied, although most of the samples
are in the non-linear part of signal growth. This theoretically
leads to undercorrection of the signal loss; hence, even cor-
rected IR50 age may underestimate the real deposition age.

For samples from northern Switzerland, observations re-
garding fading correction are controversial. Gaar et al. (2014)
found fading-corrected IR50 ages in good agreement with
quartz OSL ages for two samples with a known age between
30 and 20 ka. On the other hand, several other studies found
an age overestimation after fading correction and/or good
agreement with independent age control from radiocarbon
dating or quartz OSL (e.g. Preusser et al., 2003; Gaar and
Preusser, 2012; Lowick et al., 2012, 2015; Veit et al., 2017).
For this reason, we present both uncorrected and fading-
corrected IR50 ages.

4 Results

Results of luminescence dosimetry, statistical age models
and calculated ages are given in Table 4. AllDe distributions
are found in the Supplement of this article.

4.1 Gravel pit Joriacher (BIR)

Samples BIR-1 and BIR-3 are the only fine-grain samples
presented in this study. Dose recovery tests yield recovery
values of 96.8±3.7 % for BIR-1 and 94.5±4.1 % for BIR-3.
Fading rates of the IR50 signal on the polymineral fraction
were estimated to g = 1.1± 0.4 % per decade for BIR1 and
2.4± 0.2 % for BIR3, which are relatively low and will have
only a minor effect when applying age corrections. For fine
grains it is not possible to detect partial bleaching by inspect-
ingDe distributions due to the large number of grains on each
aliquot.

For BIR-1, a quartz OSL age of 50.4± 4.9 ka is within
uncertainties in good agreement with both the uncorrected
(53.2± 4.8 ka) and the fading-corrected (59.1± 6.0 ka) IR50
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ages. The same applies for sample BIR-3, with a quartz
OSL age of 25.1± 2.4 ka and polymineral IR50 ages of
24.2± 2.2 ka (uncorrected) and 30.2± 3.0 ka (fading cor-
rected). BIR-2 bears some difficulty for interpretation as the
quartz has low sensitivity and its data set contains only 17De
values. The IR50 on the feldspar fraction yielded more val-
ues, with a broad and skewed distribution indicating partial
bleaching. One single outlier at the lower end of the distribu-
tion observed during visual inspection was discarded for fur-
ther analysis to avoid strong biasing by this value (Fig. 9a).
The quartz MAM age (42.6±7.0 ka) of this samples is based
on rather few De values and should be taken with precau-
tion. IR50 yields a MAM age of 30.4±4.4 ka (40.6±5.8 ka,
corrected for fading).

4.2 Low Terrace in the Aare Valley (SZB)

The quartz data for sample SZB-1 had to be discarded due
to a machine failure. Dose recovery of the quartz fraction is
97.4± 6.8 % and the fading rate of the IR50 on the feldspar
fraction was estimated to a low g = 1.5± 0.6 % per decade
for SZB2.

For sample SZB-1, the De distribution of the IR50 1 mm
feldspar aliquots show a tail of high doses. We interpret this
as a typical distribution of a partially bleached sample, where
a substantial part of the aliquots has been completely reset.
The MAM age of this sample is 22.6±6.0 ka (25.4±6.8 ka,
when corrected for fading).

For SZB-2, the quartz aliquot measurements show one
clear single outlier at the lower end of the dose distribution
that was discarded from further analysis (Fig. 9b). The re-
mainingDe distribution has an overdispersion of 27 %, larger
than the value of 19 % expected for 2 mm quartz aliquots of
a well-bleached sample in this area (Gaar et al., 2014). We
consider the quartz fraction of this sample being reset to a
large extent but still having an unbleached component. The
MAM age of this sample 26.0± 4.5 ka. The De distribution
of the 1 mm feldspar aliquots (IR50) displays a wide range
(overdispersion of 58 %) with some values at the upper end,
implying the presence of partial bleaching. The MAM ages
are 29.2±5.7 ka (uncorrected) and 32.8±6.6 ka (fading cor-
rected).

4.3 Outcrop Mülligen (MÜB)

The De distribution of MÜB-5 quartz OSL 2 mm aliquots
has an overdispersion of 26 %, slightly larger than the value
of 19 % expected for a completely reset sample. Further-
more, the distribution is significantly positively skewed, and
a partially bleached component is likely to be present in this
distribution. A MAM age of 68.1± 10.8 ka has been cal-
culated. Single-grain feldspar measurements using the IR50
and pIRIR225 protocols return De distributions with higher
overdispersion values of 38 % (IR50) and 35 % (pIRIR225)
implying partial bleaching for these signals as well. Fading

tests on the IR50 signal give a g-value of 2.9± 0.3 % and
1.4± 0.1 % per decade for the pIRIR225 signal. For IR50 an
uncorrected MAM age of 59.3±7.7 ka was calculated, a cor-
rection (in the non-linear dose range) returns 80.1± 11.4 ka.
The pIRIR225 MAM age (73.6± 11.6 ka) agrees with the
quartz MAM age, whereas the corrected age (84.6±13.8 ka)
tends to rather overestimate. Regarding the question of signal
resetting it is noteworthy that, while some degree of partial
bleaching is observed, in some the grains the pIRIR225 signal
was completely bleached. A good performance of pIRIR225
is observed in the dose recovery test, where a given dose was
recovered to 99 %.

Sample MÜB-6 is similar to MÜB-5, the overdisper-
sion values of the De distributions are 26 % (quartz OSL,
2 mm aliquots), 44 % (feldspar IR50, single grains) and 28 %
(pIRIR225, single grains). No fading test was done for this
sample and IR50 is corrected using the fading rate ob-
tained for MÜB-5. The MAM ages obtained for this sample
are 60.5± 8.5 ka (quartz OSL), 66.1± 9.0 ka (IR50, uncor-
rected), 89.4± 12.8 ka (IR50, corrected) and 87.2± 13.2 ka
(pIRIR225).

MÜB-7 was only measured using single feldspar grains
with the IR50 protocol. Its distribution is positively skewed,
and a couple of outliers can be identified at the upper end
of the distribution. We interpret this sample as not being
completely reset. The measured fading rate (3.2± 0.1 g per
decade) is the highest observed in this study and the fading-
corrected MAM age is 24.0± 2.8 ka, while the uncorrected
age is 17.7± 2.4 ka.

4.4 Reuss Valley (RÜT and REU)

For sample RÜT-1, only about 1 % of the investigated single
quartz grains are acceptable for De analyses. The MAM age
obtained for quartz OSL is 81.0± 18.6 ka. The IR50 single-
grain data set (Fig. 9c) of the same sample allows a solid esti-
mation of the degree of bleaching as it offers a large number
of De values. Its shape does not show a strongly positively
skewed distribution but a very wide spread, spanning 1 or-
der of magnitude between ca. 50 and over 800 Gyr. Since
fading rates in the region are usually very similar (Gaar et
al., 2014; Lowick et al., 2015) and internal K content of
feldspars appears to be quite uniform (Gaar et al., 2014, and
this study), the spread is most likely explained by different
degrees of bleaching. The fading rate of the IR50 was esti-
mated to 2.7± 0.1 % g per decade with a dose recovery of
99 %. The IR50 MAM on the single feldspar grains yields an
age of 77.3±8.2 ka (uncorrected) and 99.0±11.1 ka (fading
corrected). For the 1 mm aliquots, very similar MAM ages of
79.0±10.2 ka (uncorrected) and 105.4±14.1 ka (fading cor-
rected) are calculated; similarly to the distributions of BIR-2
and SZB-2, a single outlier at the lower end of the distribu-
tion was identified and removed for further analysis.

The pIRIR225 analysis on single grains of RÜT-1 yielded
a low sensitivity, with ca. 4 % of the grains giving accept-

www.eg-quaternary-sci-j.net/68/53/2019/ E&G Quaternary Sci. J., 68, 53–73, 2019



66 D. Gaar et al.: Chronological constraints on the timing of Late Pleistocene glacier advances

Figure 9. De distributions of selected samples. (a) BIR-2 feldspar multiple-grain IR50, (b) SZB-2 quartz multiple-grain OSL, (c) RÜT-1
single-grain feldspar IR50.

able signals. Dose recovery of pIRIR225 single grains is
100 %. The data set of 20 De values does likely not re-
flect a representative dose distribution and the MAM age of
112.8±23.3 ka overestimates the ages obtained for OSL and
IR50. This might be explained either by lower resetting prob-
ability of the pIRIR225 signal and/or the small data set not
covering a sufficiently large population of fully reset grains.

Sample REU-1 is a replicate sample of REU-2 and due
a shortage of machine time, this sample was not further in-
vestigated. The single-grain IR50 De distribution of sam-
ple REU-2 has an overdispersion of 28 %, which is similar
to the overdispersion of other well-bleached samples in the
area. We consider this sample to be well bleached and the
single-grain IR50 CAM age of 101.2±8.0 ka agrees very well
with the CAM age obtained from 2 mm quartz aliquots of
101.7± 7.6 ka.

5 Discussion

5.1 Methodological considerations

For our samples, we did not encounter the problem with an
absence of quartz OSL sensitivity as reported in other studies
from glacially derived sediments (Spencer and Owen, 2004;
Lukas et al., 2007; Rowan et al., 2012; Klasen et al., 2016).
One reason for low OSL sensitivity appears to be related to
the sedimentary history of the quartz grains with repeated
cycles of erosion, transport, deposition and burial increas-
ing sensitivity (Preusser et al., 2006; Pietsch et al., 2008).

While the glaciers responsible for the deposition of the sedi-
ments investigated here have their origin in the central Alps,
a large number of the grains will originate from Molasse
sediments, as has been shown for other sediments from the
Swiss Alpine Foreland (e.g. Preusser et al., 2001). Molasse
sediments were eroded and deposited in the foreland dur-
ing growth of the Alps (Oligocene-Miocene) and therefore
have undergone several sedimentary cycles prior to their ini-
tial deposition. Practically problematic is the small fraction
of quartz grains giving an OSL signal, which increases mea-
surement time for single-grain quartz analyses.

Fading rates of the IR50 signals are relatively low with
values between ca. 1 % and 3 %. The comparison of un-
corrected and corrected IR50 age estimates with the corre-
sponding quartz OSL ages is plotted in Fig. 10, revealing that
fading-corrected IR50 ages have a tendency to overestimate
the OSL ages. Assuming the effect of partial bleaching has
been adequately considered, this implies little if any fading
in the IR50 feldspar signal during burial. As already stated by
Lowick et al. (2012) and others, g-values may not fully rep-
resent the potential signal loss occurring in nature, at least
for the samples investigated here and in other parts of the
northern Alpine foreland. Hence, while not applying a cor-
rection may cause age underestimation, the fading correction
can lead to an overestimation in the real age of deposition,
as reported by Klasen et al. (2016) and Lowick et al. (2015).
This issue will require further systematic investigations.
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Figure 10. Quartz OSL age plotted vs. uncorrected (black cir-
cles) and fading-corrected (open circles) feldspar IR50 age (both
multiple and single grain). Note the consistency of quartz OSL
ages with uncorrected IR50 ages. Functions of the regressions
lines are IR50 uncorrected= 5.039+ 0.897×OSL and IR50 cor-
rected= 0.263+ 1.250×OSL (r2

= 0.95 for both regressions).

A substantial portion of our samples that show indica-
tion of partial bleaching (BIR-2, MÜB-5-7, SZB-1 and 2)
was sampled from homogeneous sand layers in gravel suc-
cessions, which indicate proximal, high-energetic meltwa-
ter. Our findings are in contrast with observations from the
southern Scandinavian Ice Sheet, where good bleaching is
found for glaciofluvial samples after short transport distances
(e.g. Alexanderson and Murray, 2012). A possible explana-
tion would be that glaciers from the foreland of the Swiss
Alps were characterised by meltwater channels with rela-
tively small surfaces, often limited by pronounced relief. For
the margin of the Scandinavian Ice Sheet, extended outwash
plains with low relief (sandur) are expected. The large sur-
face of the ice shield likely also induced katabatic winds and
related aeolian reworking in the outwash plains, greatly in-
creasing the probability of signal resetting as discussed by
Lüthgens et al. (2011).

5.2 The last glacial advance

Sample BIR-1 (OSL: 50.4±4.9 ka; IR50: 53.2±4.8 ka) gives
a minimum age estimate for soil formation and the massive
gravel deposition below but, due to the lack of suitable lay-
ers for dating, the age of this horizon is not further con-
strained. Sample BIR-2 represents an early phase of aggra-
dation (IR50: 30.4± 4.4 ka) of glaciofluvial gravel, similar
to ages of ca. 27 to 29 ka reported from the northern part

of Birrfeld (Gaar et al., 2014). Gravel aggradation in the
neighbouring Aare Valley (SZB-1: IR50: 22.6±6.0 ka, SZB-2
OSL: 26.0± 4.5 ka, IR50: 29.2± 5.7 ka) also occurred dur-
ing this early phase. The maximum ice extent at the type
locality of the Birrfeld glaciation is constrained by sample
BIR-3 with consistent OSL ages of 25.1± 2.4 ka and IR50
24.2±2.2 ka consistent for sediment just above till. This im-
plies that the maximum ice extent in the study was reached
earlier than the global LGM (Fig. 11), dated to 22–19 ka
(Yokoyama et al., 2000). This offset is also observed in many
other parts of the Alps, as discussed above. It appears that
Alpine glaciers reacted faster to climate change compared to
the large ice sheets that reached their maximum about 21 ka
ago (e.g. Hughes et al., 2016).

Analysing the temporal and spatial reconstruction of
Rhine Glacier (Fig. 2) indicates that ice advanced over
ca. 160 km, the distance from Chur to the maximal extent,
within 6000 years. This corresponds to an advance of the
ice front of some 10 m per year, which represents the fastest
advance rates estimated for late Holocene Alpine glaciers
(Holzhauser, 1995). Such a rapid rate of advance implies that
glaciers were warm based, as cold-based glaciers are unlikely
to move at such a speed. In this context it is interesting to
note that typical outcrops in the northern Alpine foreland of-
ten show massive accumulation of glaciofluvial gravel cov-
ered by thick till layers that form the present land surface in
many areas (e.g. Preusser et al., 2003, 2007, 2011). By con-
trast, gravel associated with the recession phase, as observed
at Birrfeld (Fig. 4), is relatively scarce. It is to hypothesise
that the massive aggradation of glaciofluvial sediment below
till reflects the warm-based nature of alpine glaciers during
their advance. The common absence of such deposits on top
of till, representing maximum extent and subsequent melt-
down, may indicate that several parts of the glaciers had cold-
based ice. An explanation for such a hypothesis might be
that the southward shift of the polar front turned the northern
foreland into an arctic desert, cutting off the moisture sup-
ply with lowering temperatures at the same time. This would
have also led to a situation in which humid air from the south
precipitates over the main chain and crosses the Alps into the
northern foreland as warm dry fall winds (foehn). Reduction
in precipitation on the northern side of the Alps combined
with dry winds from the south could have led to substantial
sublimation of the ice (desiccation of the foreland glaciers),
explaining the common lack of meltwater deposits during ice
decay.

5.3 Evidence for earlier glacier advances

The melt-out till at Rütihof (RÜT-1) reveals consistent quartz
and feldspar ages of about 80 ka that may overestimate rather
than underestimate the real deposition age. Considering the
environmental history of the Alps (cf. Preusser, 2004) im-
plies a likely correlation to the cold phase of MIS 4 (71–
54 ka). At Mülligen, sediments interpreted to indicate an
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Figure 11. Ages obtained in this study compared to the LR04 global stack of benthic δ18O data as a proxy for global ice volume (Lisiecki
and Raymo, 2005) and the climatic history of the northern Alpine foreland according to palynostratigraphy (closed circles indicate dated
periods, open circles non-dated vegetational periods) compiled by Preusser (2004).

approaching glacier (MÜB-5, MÜB-6) also have consistent
quartz and feldspar ages, representing a mean of ca. 64 ka.
All available ages are clearly younger than MIS 6 when com-
pared to other studies from the region (e.g. Lowick et al.,
2015). Our evidence for substantial glaciation of the Swiss
Alpine Foreland during MIS 4 is in concert with other reports
from the Western Alps (e.g. Mandier et al., 2003; Preusser et
al., 2007), but it is in contradiction to findings from the East-
ern Alps. For example, Starnberger et al. (2013) explicitly
state that there is no indication of an ice advance into the Inn
Valley between the Last Interglacial and MIS 2. If all these
observations are correct, the apparent discrepancy might be
explained by a different source of humidity during MIS 4
compared to MIS 2. Possibly, the southward shift of the po-
lar front, as to be expected for MIS 4, did not reach as far
south as during MIS 2. This could have resulted in a large
moisture delivery to the western Alps. This excess of humid-
ity would explain a larger MIS 4 glacier extent in the Lyon
area compared to MIS 2, as this ice is expected to originate
mainly from the Savoyan Alps (Coutterand et al., 2009), the
first orographic obstacle where high precipitation would have
occurred. The west–east trend of decreasing MIS 4 glaciation
extension could also have had an additional topographic rea-
son, as the accumulation areas in the eastern Alps are about
1000 m lower than in the west.

The age of ca. 100 ka for the REU sample (OSL: 101.7±
7.6 ka, IR50: 101.2± 8.0 ka) falls in the transition from
MIS 5d to MIS 5c, a time considered to be cold, with
open vegetation (Welten, 1981), for which a glacier advance
in eastern Switzerland has been postulated (Preusser et al.,
2003). However, a direct link between glacier presence in the
foreland and the deposition of the dated sand is not possible.

6 Conclusions

Luminescence dating of glacial sediments remains challeng-
ing, as partial bleaching has to be identified and statistical age
models need to be applied cautiously. It is shown here that the
fading correction of feldspar IR50 ages tends to age overes-
timation compared to quartz OSL, whereas the uncorrected
IR50 ages are mainly in better agreement with the latter. This
confirms previous observations that fading determined in the
laboratory rates may not necessarily represent signal loss oc-
curring in nature. As in previous studies, there are indications
that feldspar pIRIR225 is of limited use in sedimentary envi-
ronments with low bleaching probabilities.

In this study, the last glacier advance of the Reuss Glacier
into the Swiss Alpine Foreland at the type locality of the Bir-
rfeld glacial is consistently dated by quartz OSL and feldspar
IR50 to about 25 ka. This age is in good agreement with other
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age estimates, indicating that the maximum of the last glacier
advance into the foreland of the NW Alps was reached be-
fore the global LGM. An earlier glacier advance is likely
constrained to MIS 4. The apparent absence of this advance
in the Eastern Alps might be explained by only a moderate
southward shift of the polar front during MIS 4, bringing hu-
midity mainly to the Western Alps.
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