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Introduction 

This supplementary document provides detailed information about the luminescence dating approach 
applied in this study in addition to the basic information provided in the main text. All analytical steps 
described here were conducted at the Vienna Laboratory for Luminescence dating (VLL), including all 
sample preparation steps, gamma spectrometry measurements, luminescence analyses, and age 
calculation. For all stratigraphic, paleoclimatic, and geomorphological implications in the context of 
the extensive early deglaciation and paleolake history of the Río Cisnes Ice Lobe, Patagonia 44ºS, 
please see the text in the main paper.  

 

Sample preparation 

The luminescence samples were delivered to 
the VLL in closed, light-tight plastic cylinders. 
Additional sample material from the direct 
surroundings of the luminescence sampling 
spots was taken for radionuclide 
determination. All sample preparation was 

conducted at the VLL under subdued red-light 
conditions including mechanical, chemical, and 
density separation steps, to generate pure 
potassium-rich feldspar separates for all 
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samples. The detailed preparation steps are 
described in Lüthgens et al. (2017) and Rades 
et al. (2018).  

Depending on the sample characteristics, the 
obtained grain sizes had to be adjusted 
between 100-300µm (see Table L1) to gain 
sufficient amounts of material for dating 
purposes. Detailed sample characteristics are 
provided in table L1. Samples for radionuclide 
determination were first dried and then stored 
in sealed Marinelli beakers (500ml equivalent 
to ~1kg dry weight of sample material) for at 
least four weeks, to establish secondary secular 
radon equilibrium. 

 

Experimental setup 

Determination of the equivalent dose 

Potassium-rich feldspar was used for 
equivalent dose determination in this study. In 
contrast to quartz, feldspar frequently shows 
an athermal signal loss over time, termed 

anomalous fading (Wintle 1973), which has to 
be corrected for in age calculation to avoid age 
underestimation (e.g. Huntley & Lamothe 
2001). Recently, new measurement protocols 
using a post infrared, infrared stimulated signal 
(pIRIR) from potassium-rich feldspar 
stimulated at higher temperatures were 
developed to circumvent fading correction by 
using a more stable luminescence signal 
(Buylaert et al. 2009, Buylaert et al. 2012). 
However, these pIRIR signals increase a general 
drawback of K-feldspar – its slow bleachability 
(e.g. Thiel et al. 2011). In depositional 
environments like the ones under investigation 
here (fluvial to glaciofluvial, waterlain 
sediments, short transport distances) 
incomplete bleaching was shown to be an issue 
in previous studies (e.g. Bickel et al. 2015a/b, 
Lüthgens et al. 2011, Rades et al. 2018, 
Thrasher et al. 2009, Wallinga 2002).  

To find out whether incomplete bleaching was 
significant in our samples, we compared IR 
luminescence signals stimulated at different 
temperatures (Murray et al. 2012, Buylaert et 

Supplementary figure L1: Representative dose response curve and decay curve for a 
single K-feldspar grain of sample VLL-0257-L. Plots generated using the R-luminescence 
package of Kreutzer et al. (2012). 
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al. 2013). In the case of incomplete bleaching, 
a sample is expected to show increasing ages 
when comparing ages based on equivalent 
doses determined at lower temperatures with 
those determined at higher temperatures. In 
addition, the ages need to be corrected for 
fading for this comparison. We therefore 
measured a test sample using the infrared 
signal stimulated at 50°C (IR50), and the pIRIR 
signals stimulated at 150°C (pIRIR150), and 
225°C (pIRIR225) using aliquots with a 
diameter of 1mm, each containing about 50 
grains. The applied single aliquot regenerative 
(SAR) dose protocols successfully passed dose 
recovery tests, proving their suitability for the 
samples under investigation. In addition, fading 
tests were conducted for that sample using the 
approach of Auclair et al. (2003), but modified 
to also detect the pIRIR signals. The results 
showed a stimulation temperature dependent 
rising trend in apparent ages for the test 
sample, which clearly indicates incomplete 
bleaching to be present in the sample. 

For K-feldspar, intense signal averaging (e.g. 
Reimann et al. 2012) prevents coping with this 

issue when using multigrain aliquots. 
Consequently, a single grain approach was 
adopted for all further measurements, using 
the IR50 signal, which is expected to be the 
most easily bleachable K-feldspar signal 
(Blomdin et al. 2012). All measurements were 
conducted in the VLL using a Risø DA-20 
automated luminescence reader sytem 
equipped with a dual laser single grain system 
(Bøtter-Jensen et al. 2000, 2003). 

 Luminescence signals were stimulated using 
an 830nm IR laser and were detected through 
a LOT/Oriel D410/30 optical interference filter, 
selecting the K-feldspar emission at 410 nm 
(Krbetschek et al. 1997). The single grain IR50 
SAR protocol successfully passed dose recovery 
tests for all samples (Table L1). A 
representative single grain growth curve and 
decay curve are shown in Fig. L1. Fading tests 
according to Auclair et al. (2003) were 
conducted using multigrain aliquots (following 
Blomdin et al. 2012) for all samples. The 
resulting g-values are summarised in 
Supplementary table 1. 

 

 

Supplementary table L1:  Luminescence sample properties and pre-tests 

Sample codes Position (decimal 

degrees, WGS 84) 

Alti-

tude 

(m) 

Depth 

(m) 

Grain 

size 

(µm) 

Dose 

recovery 

ratios1 

Dose 

recovery 

σb3 (%) 

g-value 

IR502 

laboratory field latitude longitude 

VLL-0235-L CIS-1501 -44.68222 -71.96872 550 1.2 200-250 1.1 ±0.3 14 ±2 3.9 ±0.9 

VLL-0236-L BER-1502 -44.59871 -71.43511 867 0.5 100-300 1.1 ±0.4 19 ±3 3.8 ±1.0 

VLL-0237-L CIS-1503 -44.68222 -71.96872 550 4.7 200-250 n/a n/a 3.6 ±0.9 

VLL-0238-L CIS-1504 -44.56954 -71.24132 830 0.8 150-250 n/a n/a 1.9 ±0.8 

VLL-0239-L CAR-1501 -44.51686 -71.46572 1006 0.9 100-300 1.1 ±0.4 28 ±3 3.8 ±0.7 

VLL-0255-L CIS-1601 -44.71527 -72.13062 311 1.6 100-300 n/a n/a 3.6 ±0.7 

VLL-0256-L CIS-1602b -44.71632 -72.13159 294 3.0 200-300 n/a n/a 3.5 ±0.7 

VLL-0257-L CIS-1603b -44.71636 -72.12695 285 6.0 200-250 0.9 ±0.3 18 ±2 2.7 ±0.8 
1 Measured 300 grains per sample with 100-200 grains passing the rejection criteria. 
2 Determined as arithmetic mean ± standard deviation, using 6 aliquots per sample. 
3 Overdispersion (σb) calculated using the Central Age Model (CAM) of Galbraith et al. (1999) 
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Determination of the dose rate 

By using high resolution, low level gamma 
spectrometry, the content of naturally 
occurring radionuclides (238U and 232Th decay 
chains, as well as 40K) contributing to the 
external doserate was determined. To achieve 
a preferable signal to noise ratio, each sample 
was measured for 24 hours at the VLL using a 
Canberra HPGe (40 % n-type) detector. Based 
on the results from radionuclide analysis 
(Supplementary table 2), the external dose rate 
was calculated using the conversion factors of 
Adamiec & Aitken (1998) and the β-attenuation 
factors of Mejdahl (1979). An average water 
content of 15 ±5 % was estimated for the time 
of burial. The resulting water content range of 
10-20 percent therefore covers almost dry to 
almost saturated conditions. Higher water 
content values would result in more effective 
shielding of ionising radiation within the 

sediment, and would therefore result in lower 
doserates and consequently in higher ages. As 
the water content values have to represent the 
average water content in the sediment since 
burial, a large range of uncertainty was 
assigned to the water content (15 ±5 %), which 
was propagated to the final doserate and age 
calculation. In addition, an average alpha 
efficiency (a-value) of 0.08 ±0.01, as well as an 
average internal potassium content of 12.5 
±0.5% (following Huntley & Baril 1997) was also 
taken into account for doserate calculation. 
The cosmic doserate was determined 
according to Prescott & Stephan (1982) and 
Prescott & Hutton (1994), taking the 
geographical position of the sampling spot 
(longitude, latitude, and altitude), the depth 
below surface, as well as the average density of 
the sediment overburden into account. An 
uncertainty of 10% was assigned to the 
calculated cosmic doserate.  

 

Supplementary table L2: Results from radionuclide analysis and dose rate calculation 

Sample lab 
code 

Sample field 
code 
 

238U 
(ppm) 

232Th 
(ppm) 

K (%) Water 
content 
(%)1 

Cosmic 
doserate 
(Gy/ka) 

External + 
internal doserate 
Fs (Gy/ka)2 

VLL-0235-L CIS-1501 1.20 ±0.03 4.28 ±0.16 1.90 ±0.04 15  ±5 0.20 ±0.02 2.87 ±0.16 

VLL-0236-L BER-1502 2.15 ±0.05 9.36 ±0.33 2.52 ±0.05 15  ±5 0.23 ±0.02 3.86 ±0.23 

VLL-0237-L CIS-1503 1.19 ±0.03 4.81 ±0.15 1.84 ±0.04 15  ±5 0.13 ±0.01 2.85 ±0.15 

VLL-0238-L CIS-1504 1.36 ±0.04 5.44 ±0.20 1.87 ±0.04 15  ±5 0.22 ±0.02 2.88 ±0.16 

VLL-0239-L CAR-1501 1.86 ±0.05 8.14 ±0.23 2.09 ±0.05 15  ±5 0.23 ±0.02 3.36 ±0.20 

VLL-0255-L CIS-1601 1.72 ±0.04 7.53 ±0.21 2.13 ±0.05 15  ±5 0.18 ±0.02 3.33 ±0.19 

VLL-0256-L CIS-1602b 1.00 ±0.02 4.14 ±0.15 1.41 ±0.03 15  ±5 0.15 ±0.02 2.50 ±0.13 

VLL-0257-L CIS-1603b 1.38 ±0.04 5.81 ±0.21 2.03 ±0.04 15  ±5 0.10 ±0.01 3.21 ±0.18 
1 Estimated average water content throughout burial time. Values covering almost dry to almost saturated conditions. Error 
was propagated to the overall doserate calculation. 
2 Including an alpha attenuation factor of 0.08 ±0.01 and an internal K content of 12.5 ±0.5%. 

 

Results 

Based on the results from dose recovery 
experiments, data evaluation of the SAR single 
grain measurements was carried out using the 
following rejection criteria: recycling <20%, 
recuperation <20% of the natural signal, test 

dose error <20%, and signal >3σ above 
background. Three of the equivalent dose 
distributions show rather narrow, normal 
distributions with rather low overdispersion 
values ranging around 25-35% (Tab. L3, Fig. L1). 
These overdispersion values are only slightly 
higher than those achieved in dose recovery 
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experiments (Tab. L1), which represent the 
lowest achievable spread in data to be 
expected. Therefore, we consider these 
samples to have been fully bleached prior to 
deposition. The central age model (CAM) of 
Galbraith et al. (1999) was used for the 
calculation of average equivalent doses for 
these samples. The other samples, however, 
show broad, positively skewed dose 
distributions characterised by rather high 
overdispersion values (between 50-90 %) as 
expected from incompletely bleached samples 
(Supplementary table L3, Supplementary figure 
L2). To take this into account in equivalent dose 
calculations, the three parameter minimum 
age model (MAM, Galbraith et al. 1999) was 
applied for the calculation of equivalent dose 

values for these samples. A threshold value of 
0.3 (30%) for σb (defining the minimum 
expected scatter) was chosen based on the 
maximum overdispersion values observed for 
well bleached samples. The resulting 
equivalent doses are summarised in 
Supplementary table L3. Age calculation was 
conducted using the software ADELE (Kulig 
2005). The resulting ages were then corrected 
for fading based on the approach of Huntley & 
Lamothe (2001) and using the g-values 
determined for the individual samples 
(supplementary Tab. L1). All calculations apart 
from doserate and age calculations were done 
using the R-Luminescence package of Kreutzer 
et al. 2012. Supplementary table L3 shows a 
summary of the results. 

  

Reliability of the data 

By applying the chosen single grain Fs SAR 
approach for determination of the equivalent 
dose, it was possible to reliably identify 
incompletely bleached samples in the dataset. 
Based on the maximum overdispersion value 
observed from the well bleached samples, the 
threshold value of σb for use in the MAM  
calculations could be determined directly from 
the dataset. The resulting ages were 
subsequently corrected for fading and show 
consistent results with respect to their relative 
stratigraphical position. At two sites, age 
control is available from independent 
methods. At the Antena Site, samples CIS-1501 
(11.0 ±1.8 ka) and CIS-1503 (10.5 ±1.7 ka) are 
in good agreement within error and bracket a 
radiocarbon date providing a maximum age of 
deposition of 12.7 ±0.07 ka Cal BP, which is 
within error in excellent agreement with the 
ages calculated for both samples. At the Las 
Barrancas Site, sample CIS-1504 yielded an age 
of 19.5 ±3.0 ka which perfectly agrees with the 
maximum calibtrated 14C age of sediments 
deposited at 19.8 ±0.2 ka Cal BP (CIS-414-4).  

Based on the successful comparison between 
these two independent dating methods, we 
argue that the chosen experimental setup, as 
well as the statistical approaches used for 
equivalent dose calculations for both, well 
bleached and poorly bleached samples are 
reliable. From a methodological point of view 
we therefore interpret the obtained 
luminescence ages to be reliable for all but one 
sample. For that one sample, CAR-1501, the 
dataset is rather limited, owing to the minimal 
amount of suitable material available for 
sample preparation and for measurement of 
that sample. The sample characteristics qualify 
this sample as incompletely bleached; 
however, the limited dataset prevents a 
thorough statistical analysis using the MAM-3. 
We therefore interpret the age of sample CAR-
1501as a maximum age, in other words, 
deposition happened sometime after <38.3 
±6.4 ka. 
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Supplementary figure L2: Equivalent dose distributions for all samples under investigation. KDE-plots generated 
using the R-luminescence package of Kreutzer et al. (2012). 
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For single grain feldspar dating, the internal 
potassium content of the individual grains 
contributes a significant portion to the overall 
doserate. Inter-grain variations in K-content 
may therefore influence the dating results. To 
circumvent this issue, it has been proposed to 
only use the brightest proportion of grains for 
age calculation (e.g. Smedley et al. 2016), 
because it most likely represents end members 
of K-feldspar with a similar average K-content. 
For some of our samples only very limited 
amounts of material were available in a 
suitable grainsize for single grain dating 
techniques. For one sample only <100 
equivalent dose values passed all rejection 
criteria. However, we still tested the “brightest 
grains” approach, using the brightest 30% of 
grains (determined from the first test dose 
response) for all equivalent dose 
measurements and dose-recovery tests. For all 

dose recovery tests and the majority of 
equivalent dose determinations (those with a 
sufficiently large dataset of at least about 100 
equivalent dose values), a significant change of 
the resulting equivalent doses was not 
observed. Because of that and because of the 
fact that our calculations including all values 
are in agreement with age control from an 
independent method, we conclude that using 
the “brightest grains” approach is not 
necessary here. Rades et al. (2018) present 
similar results in a recent study dealing with 
glaciofluvial sediments from the European 
Alps. The overall results from our single grain K-
feldspar dating approach are summarised in 
Supplementary table L3, which is also included 
in the main paper (Table 4). For the 
interpretation of the luminescence ages in 
their geomorphological and stratigraphical 
context, we refer to the main text of this study. 

 

Supplementary table L3: Summary of OSL data (This table is also presented in the main paper as 
Table 4, but is reprinted here for completeness of this supplementary document.) 

Sample lab 
code 

Sample 
field code 
 

Fs SG 
(n)1 

σb2 (%) Fs IRSL50 De 
(Gy)3 

Dose rate Fs 
(Gy/ ka)4 

Fs IR50 age 
(ka) faded5 

Fs IR50 age 
(ka) fading 
corr.6 

VLL-0235-L CIS-1501 318 31 ±2 23.1 ±0.5 3.07 ±0.18 7.5 ±0.8 11.0 ±1.8 

VLL-0236-L BER-1502 238 35 ±3 28.6 ±0.8 4.09 ±0.25 7.0 ±0.8 10.1 ±1.9 

VLL-0237-L CIS-1503 280 24 ±2 22.0 ±0.5 2.98 ±0.16 7.4 ±0.8 10.5 ±1.7 

VLL-0238-L CIS-1504 125 69 ±5 50.7 ±5.8 3.10 ±0.18 16.3 ±2.1 19.5 ±3.0 

VLL-0239-L CAR-1501 98 52 ±4 91.9 ±10.4 3.59 ±0.22 25.6 ±3.3 <38.3 ±6.4* 

VLL-0255-L CIS-1601 167 81 ±5 27.4 ±3.1 3.51 ±0.21 7.8 ±1.1 11.1 ±1.8 

VLL-0256-L CIS-1602b 157 79 ±5 26.8 ±2.9 2.65 ±0.15 10.1 ±1.2 14.3 ±2.2 

VLL-0257-L CIS-1603b 336 54 ±2 48.5 ±3.9 3.31 ±0.19 15.1 ±1.5 19.6 ±2.6 
1 Number of grains passing all rejection criteria. 
2 Overdispersion calculated using the CAM (Galbraith et al. 1999) 
3 Calculated using the CAM (Galbraith et al. 1999) for samples CIS-1501, BER-1502, CIS-15-03. All other samples calculated 
using the MAM-3 (Galbraith et al. 1999) with a threshold value of 0.3 for σb. 
4 Overall doserate. Details please see Table L2. 
5 Ages calculated using the software ADELE (Kulig 2005).  
6 Fs based ages corrected for fading according to the method of Huntley & Lamothe (2001) using the R Luminescence package 
(Kreutzer et al. 2012). These ages are printed in bold characters, because they are used for all subsequent interpretation. 
* This age must be interpreted as a maximum age. 
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