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a b s t r a c t

The potential of luminescence dating of high-alpine lacustrine sediments is tested on samples taken from
three high-altitude moraine-bounded lakes in the Swiss Alps. Independent age control is provided by
radiocarbon ages and detailed palynological data in all cases. All samples show good luminescence
characteristics (no thermal transfer, good dose recovery and recycling), but two samples show rather low
quartz signals. Radioactive disequilibria in the uranium decay chain observed in one sample are
accounted for by using a dynamic modelling approach. Because all cores had largely dried out and water
content had not been measured after sampling, we developed a modern limnological approach to
retrospectively establish palaeo-water content. Applying average water content values from a dataset of
modern sediments with similar characteristics to the samples investigated here we obtained ages that
match the independent age control. Whereas the low-signal quartz separates consistently underestimate
these ages, the polymineral samples more accurately match them, do not suffer from anomalous fading
and are thus considered reliable. This study demonstrates for the first time that applying luminescence
dating to high-alpine, ice-proximal lacustrine sediments is a promising avenue to obtain a chronology for
such depositional environments.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Lacustrine archives are widely used in the reconstruction of past
environmental conditions in a variety of settings and over time-
scales reaching from recent to Lateglacial and beyond (e.g. Pienitz
et al., 2004; Mackay et al., 2005; Enters et al., 2006; de Batist and
Chapron, 2008). Studies aiming at establishing the environmental
and/or climatic context of sediment deposition require a solid and
reliable chronology for their correct interpretation and to correlate
climatic events to other regional or hemispheric proxy records (e.g.,
Lowe et al., 2008). However, only in rare cases can a near-continuous
chronologyover LateQuaternary timescales be establishedbased on
radiocarbon dating due to the lack of organic material suitable
for dating, for example, in low-productivity lakes as found in
the polar regions or in high-alpine settings. In such situations,
optically-stimulated luminescence (OSL) dating provides a viable
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alternative to either constrain the timing of gaps between organic
layers or to establish a chronology for older stratigraphic units
beyond the lower limit of radiocarbon dating. Despite its suitability,
OSL-dating has seen relatively limited use in low-productivity lake
settings, and this is almost exclusively limited to low-altitude
settings (e.g., Berger, 1984, 1985a, b; Krause et al., 1997; Doran
et al., 1999; Berger and Doran, 2001; Wolfe et al., 2004; Klasen
et al., 2007). Interestingly, despite some earlier assumptions,
partial bleaching of the luminescence signal is apparently not
a problem in such settings. However, little (if any) investigations
have so far been focussing on using luminescence to date lake
deposits from high-altitude settings. This is probably due to the fact
that in such environments three major complications are to be
expected:

Firstly, as a result of short transport distances and high relief
energy, sediments may have experienced insufficient cycling prior
to deposition. This may lead to poor OSL-sensitivity in quartz
samples as widely observed in glacial environments (Preusser et al.,
2006; Lukas et al., 2007; Fuchs and Owen, 2008). This poor sensi-
tivity impacts on OSL-dating by imparting on the sample a very low
signal-to-noise ratio, which makes extraction of a dateable signal
sometimes challenging, if not impossible. In some settings, the
presence of an unstable medium OSL component in the quartz
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signal leads to systematic underestimation of ages (Steffen et al.,
2009). As a result, some studies have resorted by dating feldspar
using infrared-stimulated luminescence (IRSL) approaches in
addition to or instead of quartz (Preusser et al., 2005; Lukas et al.,
2007; Anselmetti et al., 2010). When applying IRSL-dating, the
potential risk of fading of the feldspar signal needs to be taken into
account as this may lead to age underestimation, if present (Wintle,
1973; Huntley and Lamothe, 2001).

Secondly, several problems that complicate an accurate deter-
mination of the dose rate may be encountered, sometimes simul-
taneously, whenworking in lacustrine environments. In the context
of the present study, the most notable complication is associated
with correctly estimating palaeo-water content (e.g., Lang and
Zolitschka, 2001). This variable is the most crucial, because water
attenuates external radioactivity, which causes a lowering of the
dose rate that can be substantial and lead to shifts in calculated ages
of >50% (Preusser et al., 2008). The role of attenuation of external
radiation by water may be even more pronounced in the case of
fine-grained sediments, because alpha radiation, which contributes
as much as 40% to the total dose rate, is even more effectively
attenuated by water (cf. Banerjee et al., 2001). In lake deposits,
water content will be very high initially but decrease with ongoing
compaction of the sediment. A retrospective determination of
water content changes through time is far from straightforward,
although full saturation of the sediment under its present condi-
tions can be measured using laboratory methods (Lowick and
Preusser, 2009); for dynamic or continuous changes with core
depth, a modelling approach may need to be employed (Juschus
et al., 2007).

Thirdly, a second problem with dose rate determination that
may be encountered in lacustrine environments is the presence of
radioactive disequilibria in the uranium decay chain (Krbetschek
et al., 1994). Similar to changes in water content, this imparts
a non-constant dose rate on the sampled material through time.
Such complications can exist if, for example, organic material,
which is absorptive to uranium, is present in the vicinity of the
Fig. 1. Overview of context of individual sites in Switzerland with reference to Fig. 2aec; grey
the location of Switzerland.
sampled sedimentary unit (e.g., if a bog has grown on top of a sil-
ted-up lake). In such cases, uranium may be added to or escape
from the system (Krbetschek et al., 1994; Preusser and Degering,
2007). Such radioactive disequilibria need to be accounted for by
modelling scenarios that take into account the geological setting
and depositional history of the sample.

Against this background, we aim to assess the validity of
applying fine-grain luminescence datingmethodology to lacustrine
sediments from high-alpine environments. In particular, we
address the problem of reliably estimating palaeo-water content
from cores where water content had not been measured shortly
after core extrusion using a modern limnological approach.

2. Study sites

The three study sites (Figs. 1 and 2) are all shallow high-alpine
lakes in the central Swiss Alps from which cores for palae-
oecological studies had been taken and for which independent age
control in the form of radiocarbon dates and pollen stratigraphy is
available (Tinner et al., 1996; Tinner and Theurillat, 2003). Samples
for luminescence dating were taken from cores recovered with
a modified Livingstone piston corer in the three different basins
described below.

2.1. Gouillé Rion (sample GR2a)

This site is a small pond located in a cirque floor at an altitude of
2343 m in southern Switzerland (46�9’50‘‘N, 7�21’50‘‘E) and is
surrounded by moraines (Fig. 2a). The lake has a maximum water
depth of about 8 m and a mean diameter of 80 m, with a hydro-
logical catchment of c. 2.5 ha (Tinner et al., 1996). The bedrock in
this area is mainly composed of quartzites and schists with some
Mesozoic sedimentary rocks. Eighteen AMS radiocarbon dateswere
obtained from terrestrial plant macrofossils. The lowest date ob-
tained (at 430-425 cm core depth) gave an uncalibrated age of
12,085 � 200 14C a BP, corresponding to 13,460e14,670 cal a BP
area denotes geological boundary of the Alps. Inset: Overview map of Europe, showing



Fig. 2. Geomorphological maps of individual sample locations: (a) Gouillé Rion (modified from Tinner et al., 1996); (b) Lengi Egga; (c) Gouillé Loéré (both modified from Tinner and
Theurillat, 2003). Detailed logs of lithofacies and context of radiocarbon dates and samples obtained for OSL-dating: (d) Gouillé Rion (modified from Tinner et al., 1996); (e) Lengi
Egga; (f) Gouillé Loéré (both modified from Tinner and Theurillat, 2003). Black envelopes denote location of moraines that bound individual ponds. For detailed explanations see
text.
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(2 sigma, using CALIB 6.0; Stuiver and Reimer, 1993; Reimer et al.,
2009). Sample GR2a was taken at a depth between 453 and
423 cm between the lower most radiocarbon age and the lower
diamicton, thought to represent the last period of local cirque
glaciation in the area, at a core depth of 533-498 cm (Fig. 2d).
2.2. Gouillé Loéré (sample GLB1)

This small pond, located only 870m away from the previous site,
is bounded by a moraine in a cirque and lacks a perennial inlet and
outlet. Its water depth is about 75 cm, with a hydrological
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catchment area of about 0.09 km2 and a mean diameter of the lake
of 40 m (Tinner and Theurillat, 2003). It is located at an altitude of
2503 m (46�8’58”N, 7�21’42”E), about 100e150 m above present-
day treeline (Fig. 2b). Bedrock geology is identical to Gouillé Rion
described above. Two short cores with amaximumdepth of 268 cm
were obtained and analysed for pollen content, with four AMS
radiocarbon dates from terrestrial plant macrofossils providing
independent age control. Sample GLB1 was taken from laminated
silts at a depth between 220 and 208 cm. It is constrained on either
side by radiocarbon dates: 6690 � 80 14C a BP (at 228-226 cm
depth) and 4900 � 70 14C a BP (at 214-212 cm depth)
(7440e7670 cal a BP and 5570e5760 cal a BP, respectively; Fig. 2e).

2.3. Lengi Egga (sample LÄE2)

This site, a small mire that developed from a silted-up lake basin
which is bounded by a moraine, is located in southern central
Switzerland at an altitude of 2557 m, c. 200e250 m above today’s
treeline (46�21’40”N, 7�57’30”E; Fig. 2c). The bog itself is cut by
a perennial streamlet and has a mean diameter of 170 m. The
hydrological catchment area reaches 2.2 km2, and the bedrock
consists of gneisses and schists that are part of the central Aare
Granite complex (Tinner and Theurillat, 2003). Two overlapping
cores were taken and analysed for pollen content. Thirteen AMS
radiocarbon dates on terrestrial plant macrofossils provide a robust
age-depth model for this location. One sample for OSL-dating
(LÄE2) was obtained from a depth of 160e165 cm from laminated
silts, just below the lowermost radiocarbon date (159-157 cm
depth) that yielded an uncalibrated age of 9370 � 70 14C a BP,
equating to 10,370e10,770 cal a BP (Fig. 2f). For the purpose of later
discussions, it is worth noting that palaeo-lake depth cannot be
established as a result of silting-up of this site prior to peat growth
(cf. Tinner and Theurillat, 2003); the latter started at ca. 3970 � 50
14C a BP (4280e4530 cal a BP).

3. Methods

3.1. Sample collection and preparation

Samples were taken from largely dried sediment cores originally
recovered in 1991 (sample GR2a) and 1994 (samples LÄE2 and
GLB1) which had been wrapped in plastic foil and stored in a cold
room. Only some parts of the original cores that were not utilised
for radiocarbon, macrofossil and palynological analyses survived,
and only those that did not show signs of desiccation cracking were
selected for luminescence sampling to avoid the risk of light
penetration along cracks and thus localised resetting of the lumi-
nescence signal. Blocks of sediments with maximum dimensions of
c. 10*10*4 cm (length*width*depth) were cut from the core using
a knife. In order to remove any ambiguities of light having pene-
trated the sides of blocks, c. 1 cm was trimmed from all six sides of
these blocks. Following cutting, the sediment was chemically
treated with HCl and H2O2 to remove carbonates and organic
components, respectively. Particle size separation was carried out
in Atterberg Cylinders and using a centrifuge to isolate the desired
grain size fraction of 4e11 mm. About half of the resulting poly-
mineral sample material was then left in concentrated fluoro-silicic
acid (H2SiF6) for oneweek to remove feldspars and arrive at highly-
enriched quartz separates (Mauz and Lang, 2004).

3.2. Luminescence measurements

All luminescence measurements were conducted using a Risø
TL/OSL-20 reader with an in-built 90Sr/90Y beta source. Quartz
separates of samples were stimulated with blue LEDs emitting at
a wavelength of 470 � 30 nm and an intensity of 37 mW cm�2.
Signal readout was at 125 �C for 60 s. Polymineral samples were
stimulated with infrared LEDs emitting at a wavelength of 870 nm,
an intensity of 117 mW cm�2, and readout was at 50 �C for 300 s.
Luminescence emission from quartz was detected using a Hoya U-
340 filter while a combination of Schott BG39 and a 410 nm
interference filter was used to create a narrow bandwidth to detect
blue emissions of K-rich feldspars. We used standard single-aliquot
regenerative dose (SAR) protocols following Wintle and Murray
(2006), using extensive tests to ensure that the protocol worked
robustly. Dose recovery tests of known doses, preheat and thermal
transfer tests were carried out for each of the samples. Following
Blair et al. (2005), we applied the same preheat procedure prior to
all OSL/IRSL measurements. To avoid feldspar contamination
having an effect on luminescence signals derived from quartz
separates (e.g. Shen et al., 2007), we used only those discs for SAR
measurements that did not show IRSL signals in a 60 s IR step
preceding all measurements.

All polymineral samples were assessed for anomalous fading
following the approach introduced by Huntley and Lamothe (2001)
and Auclair et al. (2003). The stability of the IRSL signal was
determined by comparing the repeated measurements of the
sensitivity-corrected luminescence signals for delay times of
6*102 s (prompt measurements) and long delays of 1*104 and
1.18*105 s after irradiation. For all fading tests, the same parameters
as used in De determinationwere applied, i.e. preheat temperature,
irradiation doses and IR stimulation.

3.3. Water content calculations

Several ways exist by which water content and its fluctuations
through time may be established. The first approach is the direct
physical measurement shortly after sampling, as this will provide
a solid estimation of present water content. The second approach is
to establish water content of dried-up samples by approximating
the water uptake capability experimentally (Lowick and Preusser,
2009). However, this is not straightforward because it is very diffi-
cult to saturate a sample completely under laboratory conditions
(Freeze andCherry,1979). In order to contribute to a reliablemethod
ofwater content reconstruction, weuse a statistical approachwhich
we base on data from the limnological literature and key physical
laws that govern water content in lacustrine settings.

Despite the dependence of water content in subaqueous settings
on a number of factors (Freeze and Cherry, 1979; Håkanson and
Jansson, 1983), several general principles always apply. Firstly,
sediments in lakes or under shallow raised bogs are usually part of
the phreatic zone in temperate regions, implying that all pores are
permanently filled with water (Freeze and Cherry, 1979). This
removes problems caused bywater table fluctuations or seasonal or
inter-annual variations in soil moisture encountered in other
settings, particularly when continuous cores composed of
subaqueous sediments without hiati have been recovered. It also
means that, because all pores are water-logged, porosity equates to
the volume of water in the sample, i.e. its volumetric water content
(Or and Wraith, 2000). Secondly, the porosity of the sediment is
intimately linked to the density of the sediment and the density of
the sedimentary (organic and minerogenic) particles (cf.
Menounos, 1997; Avnimelech et al., 2001). As a result of the above,
data routinely gained in limnological studies of modern lake
systems can be used as a database that allows only partially-
complete data (such as those obtainable from a partially or fully
dried-up core) to be filled with meaning. For the purposes of the
present contribution, the following equation describes the rela-
tionship between porosity and wet bulk density (rbw), a routinely-
measured (and reported) variable in limnological studies:
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rbw ¼ n*rw þ ð1� nÞ*rs (1)
where rbw wet bulk density (g cm�3), rw density of water
(w1 g cm�3), rs density of solids (w2.65 g cm�3) and n porosity.

Should organic material be present within the sediments,
Avnimelech et al. (2001) present empirical equations to account for
its effect on water retention. If values of rbw are not available and
dry bulk density (rbd) is given instead, the following relationship is
applicable (Rowell, 1994):

rbd ¼ ð1� nÞ=rs (2)

Solving equations (1) and (2) for porosity, the desired value,
yields equations (3) and (4), respectively (Rowell, 1994):

n ¼ ðrbw � rsÞ=ð1� rsÞ (3)

n ¼ 1� ðrbd=rsÞ (4)

Since porosity n is identical to the volumetric water content (qv),
only one further conversion to gravimetric water content (qm) is
necessary for the values to become meaningful for luminescence
dating. This can be done using the following equation (Or and
Wraith, 2000):

qm ¼ qv * rw=rbd (5)

This conversion (equation (5)) can always be carried out even if
dry bulk density (rbd) is not stated explicitly, since this in turn can
be calculated using equation (2) once porosity has been deter-
mined. We have designed an Excel Spreadsheet (given as
supplementary material) to allow automated calculations of all
these variables in subaqueous and terrestrial depositional settings.
All water content calculations carried out for the purposes of the
present contribution will follow the aforementioned approach.
3.4. Dose rate determination and radioactive disequilibrium

The activity of dose rate relevant radionuclides was determined
by high-resolution low-level gamma spectrometry at the Verein für
Kernverfahrenstechnik und Analytik (VKTA), Germany (Table 1).
We investigated the samples for radioactive disequilibria in the
uranium decay chain by comparing the activities determined for
238U and 226Ra. The 226Ra was calculated as the average of the
gamma-emission peaks of 214Pb and 214Bi. The activity of 238U was
deduced using the peak at 186 keV, which is a superposition of two
gamma-emission lines from 226Ra and 235U (cf. Zander et al., 2007).
We observed a notable disequilibrium in one sample (LÄE2) and
addressed this by step-wise modelling in the program ADELE as
described below (Kulig, 2005). Based on the depositional setting in
Table 1
Summary of luminescence data giving the number (n) of repeated equivalent dose (De) me
nuclides of the uranium decay chain, water content values for up to three periods (W1, W
during burial (note that dose rate is actually not constant in time due to changes in water
age.

Sample ID n De (Gy) K (%) U (ppm) Th (ppm) 238U
(Bq kg�

GR2aQ 8 40.3 � 9.9 6.0 � 0.30 3.13 � 0.14 12.67 � 0.13 39 �
GR2aPM 8 63.3 � 5.6 6.0 � 0.30 3.13 � 0.14 12.67 � 0.13 39 �
GLB1Q 6 15.5 � 2.3 7.10 � 0.40 4.03 � 0.18 17.28 � 0.18 50 �
GLB1PM 7 21.8 � 3.4 7.10 � 0.40 4.03 � 0.18 17.28 � 0.18 50 �
LÄE2Q S1 8 95.0 � 6.0 3.32 � 0.17 43.0 � 3.0 17.10 � 0.30 530 �
LÄE2Q S2 8 95.0 � 6.0 3.32 � 0.17 43.0 � 3.0 17.10 � 0.30 530 �
LÄE2PM S1 8 102.7 � 2.9 3.32 � 0.17 43.0 � 3.0 17.10 � 0.30 530 �
LÄE2PM S2 8 102.7 � 2.9 3.32 � 0.17 43.0 � 3.0 17.10 � 0.30 530 �
a subaqueous environment, the role of water content and its
calculation is addressed separately throughout this contribution.
Corrections for cosmic radiation and shielding (geographic latitude,
altitude, sediment overburden) were applied in dose rate calcula-
tions. Due to the high altitudes of the sampling sites and the rela-
tively shallow sampling depths, all ages were calculated using
a dynamic approach involving discrete time periods modelled in
ADELE. This approach allowed us to take into account changes of
water content and burial depth through time as evident from the
independent age control. We used a-values of 0.03� 0.01 for quartz
(Mauz et al., 2006) and 0.07 � 0.02 for polymineral samples
(Preusser, 2003).

4. Results and discussion

4.1. Luminescence measurements

In order to assess the robustness of the SAR protocol to fine-
grain dating and to establish the degree of reliability of measure-
ments, a series of routine tests was carried out. The first and most
obvious observation is that samples GR2a and GLB1 have quartz
OSL signals an order of magnitude lower than sample LÄE2 (Fig. 3).
Dose recovery tests were performed on all samples with given
doses of 41.7 Gy (GR2a, GLB1) and 83.4 Gy (LÄE2) (Fig. 3). In general,
samples are well-behaved in terms of their growth curve charac-
teristics (Fig. 4a); sensitivity changes were found to be small. Dose
recovery is within 10% of unity for all of the samples (Fig. 4b) except
for three aliquots of GLB1 (quartz and polymineral samples) where
the threshold was closer to 15%. Likewise, all three samples show
preheat plateaux with no emerging trend (Fig. 4c) and show no
significant thermal transfer with increasing preheat temperatures
(Fig. 4d), the only exception to this being LÄE2PM, which shows
a gradual, systematic increase of luminescence signal with
temperature above 230 �C, the chosen preheat temperature. The
optimum preheat temperatures for measurements of our samples
using the SAR protocol e at which preheat plateaux, minimum
thermal transfer and good dose recovery were all fulfilled e were
found to be 250 �C for LÄE2 (Qz), 230 �C for LÄE (PM), 250 �C for
GLB1 (Qz and PM) and 190 �C for GR2a (Qz) and 250 �C for GR2a
(PM), respectively. The storage tests for all three samples revealed
no indication of the presence of anomalous fading of the feldspar
IRSL signal (Fig. 5).

4.2. Water content calculations

Using aforementioned equations, published and unpublished
values kindly provided by colleagues have been converted to
gravimetric water contents for cores with similar physical proper-
ties to the ones used for dating in our study in order to generate
asurements, the concentration of dose rate relevant elements, the activity of different
2, W3) to account for water expulsion due to sediment overburden, average dose rate
content and uptake of uranium in case of sample LÄE2), and resulting luminescence

1)

226Ra
(Bq kg�1)

W1 (%) W2 (%) W3 (%) D (Gy ka�1) Age (ka)

2 39 � 2 130 � 40 110 � 45 e 3.70 � 0.87 10.9 � 3.7
2 39 � 2 130 � 40 110 � 45 e 3.86 � 0.70 16.4 � 3.3
3 50 � 2 130 � 40 110 � 45 e 4.38 � 0.43 3.54 � 0.63
3 50 � 2 130 � 40 110 � 45 e 4.66 � 0.79 4.68 � 1.08
34 170 � 6 130 � 40 110 � 45 40 � 10 5.52 � 0.61 17.2 � 2.2
34 170 � 6 130 � 40 110 � 45 40 � 10 5.83 � 0.65 16.3 � 2.1
34 170 � 6 130 � 40 110 � 45 40 � 10 6.71 � 0.90 15.3 � 2.1
34 170 � 6 130 � 40 110 � 45 40 � 10 7.18 � 0.98 14.3 � 2.0
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Fig. 3. Example shine-down curves of sample LÄE2 (upper curve) and GR2a (lower
curve) plotted together (a) and the latter shown at different scale as an inset (b).
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reliable water content values for the depths dated. We restricted
further analyses to the two datasets we could find which listed all
the parameters ideally required, including physically-measured
gravimetric water content (Table S1; Fig. 6). Comparison of
measured (qm(m)) plotted against calculated water content (qm(calc))
values and regression analyses suggests that the relationship is
reflected well by a power law of the form:

qmðmÞ ¼ 1:6409*qmðcalcÞ
0:8695 (6)
a

c

Fig. 4. (a) Growth curve of sample LÄE2 (quartz) that is indicative of the characteristics of th
polymineral samples. (b) Dose recovery test of sample GR2aPM, plotted as ratio of given/
although there is some spread, this sample, much like others, does neither show a system
temperature chosen for this sample was 250 �C based on a localised plateau between 230
transfer test of sample LÄE2 (quartz) showing an absence of thermal transfer in this samp
This relationship is statistically significant (R2 ¼ 0.8067) and adds
further confidence to the reliability of the data. As we assume
measured water contents to be correct, we adjust the calculated
water content values using the bestefit correlation shown in Fig. 6.
According to this, the mean gravimetric water content for all values
calculated is 110� 45% and 130� 40% for the top 3m and topmetre
of all cores, respectively.

The uncertainty for these values is arguably broad (making up
nearly 50%) and will therefore have a knock-on effect on age
uncertainty calculation. However, in the light of the nature of the
dataset, these errors reflect a large variability in physical param-
eters, such as grain size distribution, organic content and catch-
ment geology within the different source data (Strasser et al.,
2007; Spencer, unpublished data and pers. comm., 2009); as
such, we regard these errors as sample-specific and hence
unsystematic. In addition, some of this uncertainty may also be
attributed to systematic effects that apply to any given set of
samples from the same core, because these will have undergone
the same dewatering history. As a result, where independent age
control is available for such cores, this may further help constrain
this systematic within-core effect in the future. We hope that both
the unsystematic and systematic uncertainty may be reduced as
further data become available and are incorporated into the
database. Thus, although they are approximate, our calculations
appear to give a good indication of the range of values that can
reasonably be expected for the depositional setting under
investigation.

Because our approach may appear somewhat limited by the
number of data underlying our analyses, it is worth noting that two
key problems emerged when compiling the dataset of typical water
b

d

e other samples, the only notable difference being a much higher OSL intensity for the
recovered dose. Given dose was 41.7 Gy. (c) Preheat plateau test of sample GLB1PM;
atic increase with preheat temperature nor a marked, persistent plateau. The preheat
and 270 �C and a more limited spread compared to higher temperatures. (d) Thermal
le.
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content values: (a) Most limnological studies concentrate on dis-
cussing data from multi-proxy analyses and do not report water
content explicitly in publications; this had an impact on the
generation of our dataset that we would have preferred to be more
extensive. (b) Current water content measured at a given depth of
a core is not the mean water content that the sediment at that
depth would have experienced since deposition (and that would be
the one utilised for luminescence dating purposes). This is due to
changes in water content with time being caused by deposition of
younger sediments that result in compaction and dewatering of
underlying sediments (Håkanson and Jansson, 1983; Juschus et al.,
2007), which effectively leads to progressively (though not
systematically) lower water contents down-core. However, it is not
possible to devise a simple correlation between sediment over-
burden and water content, because the latter is also dependent on
grain size distribution, pore space and organic content, amongst
others (Håkanson and Jansson, 1983). Therefore, we endeavoured
to establish broad figures for approximate errors associated with
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Fig. 6. Correlation between measured (y-axis) and calculated (x-axis) gravimetric
water content for subaqueous sediment samples (cf. Table S1). The correlation trend
line plots below the 1:1 line, indicating that the equation for the trend line over-
estimates the measured gravimetric water content. Overestimation is most
pronounced where water content exceeds 150%, and caution is therefore required
when calculating higher water contents retrospectively, as the majority of measured
values fall within an envelope below c. 150%.
this down-core decrease in water content. However, for long
sediment sequences, this approach still only yields the most recent
water content at a certain depth of the core, but no information
about water content fluctuations may be retrieved, and an average
water contentmay need to bemodelled in such cases (Juschus et al.,
2007).

4.3. Radioactive disequilibrium

The comparison of the activities of 238U, 226Ra and 210Pb indi-
cates that the uranium decay chain is in equilibrium for samples
GLB1 and GR2a. However, sample LÄE2 shows noticeable evidence
of a radioactive disequilibrium in the uranium decay chain. The
activity of 530� 34 Bq kg�1 for 238U is significantly higher than that
of 170� 6 Bq kg�1 for 226Ra (Table 1). Considering that the bedrock
in the area is made up of crystalline rocks (Aare Granite), it is
assumed that this disequilibrium is caused by post-depositional
uptake of uranium. Such processes have been observed in similar
situations where they are related to the presence of organic
material such as peat and gyttja (Preusser and Degering, 2007).
Two scenarios of this uptake have been modelled using the
following assumptions and taking into account the depositional
context of the sampling site:

Scenario 1 assumes that uranium was continuously taken up
from circulating groundwater enriched in uranium after initial
deposition of the sample (Fig. 7a). In contrast to the above, scenario
2 assumes a rapid uptake of uranium prior to the deposition of the
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Fig. 7. Plot showing the modelled scenarios of uranium uptake that resulted in
radioactive disequilibrium in sample LÄE2. (a) Scenario 1 (open system, continuous
uptake); (b) scenario 2 (rapid initial uptake, closed system thereafter).
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gyttja (Fig. 7b), as with the onset of organic (gyttja) sedimentation
all uranium dissolved in groundwater being delivered to the lake
system from lateral sources may have been absorbed by the organic
material. These two scenarios represent end members of a wider
spectrum of possible scenarios. Each of these scenarios was
dynamically and iteratively modelled until the resulting values
corresponded closely to those measured by gamma spectrometry.
As part of this process, the initial activity of all nuclides of the
uranium decay chain and the uptake rate of 238U/234U were
modified. The results of the approaches discussed above will be
presented in tandem with the dynamic age calculations consid-
ering changes in burial depth and water content in the following
paragraph.

4.4. Dose rate determination

For dose rate determination of samples GR2a and GLB1, we
used two average water content values based on our calculations
above. Due to the fact that the top 3 m of sediments in lacustrine
settings typically have a higher water content, we used two
periods for the calculation of all ages: an initial one with higher
water contents (130 � 40%) to reflect conditions underneath little
sediment overburden pressure; radiocarbon control enabled us to
constrain the time during which the first metre of sediment was
deposited. A second period with reduced water contents
(110 � 45%) was then added to reflect deeper burial and the
consequent expulsion of water under larger overburden. For
sample LÄE2, a third period with much lower water content
(40 � 10%) was used to account for the sediment consolidation
caused by the deposition of the gravel layer shortly after 6 ka.
Deposition of this layer introduced good drainage conditions and
causes the site to be relatively dry, which is in marked contrast to
other comparable high-altitude bogs. In order to consider the
dynamic nature of lake sedimentation, we used an average value
for overburden for the different periods to calculate the absorption
of cosmic radiation. This approach is thought to reflect the
dynamic nature of lake sedimentation more realistically than
applying one average value to the whole burial time of the sample.
Applying the two scenarios described above to account for the
additional complication provided by the presence of a radioactive
disequilibrium in sample LÄE2 resulted in only minor differences
in dose rates (5e7%, Table 1). This strongly suggests that the
presence of a radioactive disequilibrium does not have a large
effect on age calculation where high water contents are involved
as in the present context.

4.5. Dating results

The ages calculated using the parameters discussed above are
listed in Table 1 and shown in Fig. 8. For sample GR2a, we ob-
tained ages of 10.9 � 3.7 ka (quartz OSL) and 16.4 � 3.3 ka
(feldspar IRSL). While the IRSL age is in excellent agreement with
the minimum age of ca. 14 ka given by two radiocarbon ages
50 cm up-core (Fig. 2d), the OSL is underestimating relative to
the independent age control (Fig. 8). The same observation
applies to sample GLB1, bracketed by two radiocarbon ages of
5570e5760 cal. BP and 7440e7670 cal. BP, with an OSL age of
3.54 � 0.63 ka and an IRSL age of 4.68 � 1.08 ka. We attribute
these notable differences between quartz and polymineral
samples to be most likely due to comparatively poor quartz
sensitivity (Fig. 3). Due to the low signal level it was not possible
to reliably deconvolute these signals, but the presence of an
unstable medium component appears the most likely explanation
for the observed age shortfall. Interestingly, sample LÄE2 behaved
in a completely different way. Firstly, the OSL signal is an order of
magnitude greater in samples LÄE2 compared to the other two
samples. Secondly, the OSL ages of 17.2 � 2.2 ka (disequilibrium
scenario 1) and 16.3 � 2.1 ka (scenario 2) show a tendency to be
higher than the IRSL ages (15.3 � 2.1 ka and 14.3 � 2.0 ka,
respectively), but overlap within errors (Fig. 8). All ages are older
than the minimum age of ca. 10.5 ka given by radiocarbon dating.
On the other hand all ages are younger than 19 ka, which is the
oldest possible date (end of LGM) for moraine deposits at these
high-altitudes and thus the maximum age of the oldest fine-grain
deposits in the basins. Our new results suggest a lateglacial age of
the bottom sediments of Gouillé Rion and Lengi Egga, which is in
agreement with age estimates provided by the pollen
stratigraphy.

5. Implications for sedimentary processes

An important observation is that none of the ages reported
here significantly overestimates the independent age control. This
implies that partial bleaching, which cannot reliably detected in
fine-grain samples consisting of thousands of grains, has a negli-
gible effect. This agrees with reports by Berger and Doran (2001)
and Doran et al. (1999) who found residual IRSL ages < 0.6 ka in
modern deposits of Lake Hoare, Antarctica. Encountering well-
bleached sediments in close proximity to the apparent sediment
source can be explained primarily by a distinct possibility that at
least some of the input of fine-grained material into the lakes
dated here may have been derived from aeolian activity rather
than input from a meltwater plume or from the slopes. In high-
altitude catchments, aeolian transport is usually concentrated
along river valleys where the wind is channelled by the terrain,
leading to the accumulation of thick sequences of aeolian sedi-
ment downstream (Barry, 2008; Hugenholtz and Wolfe, 2010).
Although much less is known about processes and rates of
deposition of aeolian material in the high-altitude areas of
mountain ranges, recent research suggests that both climatic and
anthropogenic disturbance can cause severe deflation and aeolian
activity of sand-sized grains (Morrocco et al., 2007), and wind-
blown, silt-sized sediment has been described from sediments
overlying palaeosols in lateral moraines elsewhere in the Alps
(Röthlisberger, 1976). Thus, it is likely that aeolian transport and
deposition of silt-sized sediment into the lakes played a role
during and shortly after deglaciation when vegetation had not yet
become established. In winter, such aeolian sediment would be
deposited on the frozen lake surface (Benn and Evans, 2010;
Berger et al., 2010), and this material would have an even longer
residence time and potential for bleaching by sunlight; spring
melt of lake ice would transfer this sediment to the lake bottom
incrementally as is currently the case in high-arctic lakes
(Lamoureux and Gilbert, 2004), and these may serve as a good
depositional analogue to the Lateglacial systems studied here.
Spring storms that may lead to complete mixing of the water
column, particularly in shallow lakes (Håkanson and Jansson,
1983; Lamoureux and Gilbert, 2004), may also increase the like-
lihood of reworking of sediment in the water column and thus its
zeroing potential. Collectively, such material has higher bleaching
potential than sediment entering the lake via a meltwater plume
emerging from the glacier portal (Fuchs and Owen, 2008) or
supraglacial positions and may explain the close match of IRSL
ages and independent age control in our study. The latter sedi-
ment source is only likely to produce well-bleached sediments if
transport distance into the lake prior to rainout from suspension
was greater than in all three settings investigated here. If the
above reasoning was correct, it would encourage the preferential
targeting of high-alpine lacustrine sediments using fine-grain
dating in the future.
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6. Conclusions

We have tested samples from three high-alpine lacustrine
depositional settings for SAR OSL and IRSL-dating using fine-grains.
All samples perform satisfactorily under standard SAR-conditions,
showing clear preheat plateaux, good dose recovery and the
absence of thermal transfer. Polymineral samples were found to be
devoid of anomalous fading, but two quartz samples (GLB1 and
GR2a) suffered from poor low quartz OSL signals. The latter resulted
in age underestimation, probably due to the presence of an unstable
signal component. Contrasting to the often-applied preference of
quartz over feldspar, our data suggest that,where quartz suffers from
poor sensitivity (as is the case in our study), it is worth targeting
feldspar. Ideally, one would analyse both quartz separates and pol-
ymineral samples and compare their luminescence characteristics.

Sediment water content has a dominant effect on dose rate
determination, whereas the radioactive disequilibrium observed in
one of our samples has only a relatively small effect. We have
presented a method of retrospectively calculating an average
gravimetric water content value for the purpose of luminescence
dating of subaqueous samples, based on basic statistical analyses of
two modern limnological datasets. Although the uncertainties
associated with water content are large at this stage and will have
a knock-on effect on age calculation, they present a first approxi-
mation. These values may effectively buffer the uncertainties
associated with water content fluctuations through time; uncer-
tainty ranges may improve as further data become available.

The ages obtained here are encouraging and strongly suggest
that it is possible to date lacustrine sediments in high-alpine
environments using fine-grain approaches even if these were
deposited in very close proximity (<100 m) to the former ice
margin. Aeolian input may be responsible for the apparent absence
of incomplete bleaching in such ice-proximal settings.
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