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During recent years, many sites with sediments pre-dating the Last Glacial Maximum have been identified in formerly glaciated areas. As 
more and better dates are presented from these sites, the dynamic behaviour of the Scandinavian Ice Sheet is becoming increasingly clear. 
In this study, we revisited the site Skorgenes in western Norway. Here, sediments from two ice-free periods are found below and interbedded 
with glacial diamicts. We present an updated chronology for the site, based on ten new Optically Stimulated Luminescence (OSL) dates, and 
discuss possible correlations. The samples had poor OSL properties but still provide a substantial improvement of the existing chronology. The 
oldest sediments identified at Skorgenes were deposited in a proglacial subaqueous setting at some point between 21 and 42 ka. This period 
was followed by a glacial advance and, during the subsequent ice retreat, a delta or subaqueous fan formed at Skorgenes. OSL ages from the 
foreset beds indicate deposition at some point between 17 and 30 ka, implying that the ice-front retreated east of Skorgenes at least once during 
the Late Weichselian. A substantial ice advance followed this retreat. The youngest sediments, forming a proglacial delta succession, were 
deposited during the final deglaciation of the site.  
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OSL dating of Weichselian ice-free periods  
at Skorgenes, western Norway

Introduction

The Scandinavian Ice Sheet has had a complex 
Weichselian history. Periods with extensive ice coverage 
were interrupted by periods of substantial ice retreat 
as indicated by interstadial sediments found also in the 
central parts of the formerly glaciated area (e.g., Helmens 
et al., 2009; Alexanderson et al., 2010; Hättestrand & 
Robertsson, 2010; Wohlfarth et al., 2011; Möller et al., 
2013). In western Norway, studies of the Skjonghelleren 
and Hamnsundhelleren coastal caves provide a well-
dated record of some of these glacial advances and 
retreats (Larsen et al., 1987; Valen et al., 1996). Here, 
the ice advanced out onto the shelf at 41 cal. ka BP and 

again after 34.5 cal. ka BP, interrupted by an ice retreat 
during the Ålesund interstadial at 34.5–38.2 cal. ka BP, 
post-dating the Laschamp event (Mangerud et al., 2010). 
The Last Glacial Maximum (LGM) extent was reached 
at around 27 ka in this region (e.g., Hughes et al., 2016; 
Larsen et al., 2016). The glacial fluctuations at the outer 
coast are thus reasonably well constrained, but less is 
known about the spatial extent of the ice sheet farther 
inland. At Skorgenes, 50 km east of Skjonghelleren, a 
regionally unique stratigraphy with sediments from two 
pre-LGM ice-free periods has been identified beneath 
a marine-limit delta (Larsen & Ward, 1992; Larsen et 
al., 1995). Together with the site’s easterly position, the 
stratigraphy could make it a key site for reconstructions 
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 of the glacial history. Unfortunately, an earlier attempt 
to date the sediments was largely unsuccessful (Larsen 
& Ward, 1992). The site’s stratigraphic importance 
and the significant advances in optically stimulated 
luminescence (OSL) dating during the last 25 years 
have therefore motivated a new attempt to constrain 
the timing of sediment deposition at this site. Here, we 
present an updated chronology for Skorgenes based on 
ten new OSL ages and discuss ways to overcome the 
remaining uncertainties. The description of the sediment 
succession largely follows Larsen & Ward (1992) but new 
observations have been added.

Study area

Skorgenes is situated at the intersection between the 
E–W-trending Skorgedalen valley and the N–S-trending 
fjord Tresfjorden, which is a tributary to Moldefjorden 
(62°34’11.7”N, 7°06’14.0”E; Fig. 1). Regionally, the 
landscape is dominated by large E–W-trending fjords. 
At Skorgenes, a narrow valley has been filled with several 
generations of ice-proximal sediments. Fluvial erosion 
has subsequently cut into the sediments, exposing 
the stratigraphy on both sides of the valley. Three 

Figure 1. Overview map over the study area. S = Skorgenes, Skj = Skjonghelleren cave, H = Hamnsundhelleren cave. Altitude is shown with 
100 m contours. The extent of Fig. 2B is indicated by the red rectangle.
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measured samples (Table 1). For all samples the 180–250 
μm fraction was selected for analysis as a relatively coarse 
fraction is often better bleached than finer fractions 
in glacifluvial settings (Truelsen & Wallinga, 2003; 
Alexanderson, 2007). The preparation included treatment 
with 10% HCl to remove carbonates, 10% H2O2 to remove 
any organic material and density separation at 2.62 g/cm3 
(LST Fastfloat). The quartz separate was then treated with 
38% HF to remove remaining impurities and to etch the 
outer surfaces of the grains, and finally with 10% HCl to 
clean out any fluorides. 

The single aliquot regeneration (SAR) analytical protocols 
(Murray & Wintle, 2000, 2003) were adapted to account 
for the individual properties of each sample, particularly 
the amount of apparent feldspar contamination. Six 
samples showed significant feldspar contamination and 
were therefore measured with a post-IR blue protocol, 
while the rest, which showed no or variable feldspar 
contamination, have been measured with blue stimulation 
followed by an infrared check (cf., Duller, 2003) to be able 
to identify any problematic aliquots. The luminescence 
signal from the quartz was fairly dim so large aliquots 
were required to get enough light for measurement. 
Although the aliquots were large (8 mm), the number of 
grains was kept relatively low; a few hundred compared 
to around a thousand that is more common for large 
aliquots. Still, a ± 20 acceptance threshold had to be 

sedimentary terrace levels are visible above the present-
day sea level, the Tapes terrace at ~20 m, the Younger 
Dryas terrace at ~60 m and the marine limit (ML) at ~90 
m (Fig. 2). The investigated sections are all situated in a 
sediment sequence underlying the ML terrace.

Methods

Twelve samples were taken for OSL dating and dated at 
Lund University Luminescence Laboratory (Table 1, 
Electronic Supplement 1). The samples were taken in 
opaque plastic tubes which were hammered into freshly 
cleaned vertical sediment surfaces. The stratigraphic 
position of each sample was identified based on the 
sedimentological descriptions made by Larsen & 
Ward (1992) whose stratigraphic units were readily 
identifiable in the section. To get a homogeneous 
background radiation (dose rate) for the OSL samples, 
lithological boundaries were avoided when possible but 
the heterogeneous nature of units 4 and 7 meant that in 
these units the distance to layer boundaries was generally 
less than 30 cm. However, since the material in all these 
beds is expected to be derived from the same source, the 
variation in dose rate between beds is assumed to be small, 
which was confirmed by comparing the dose rates of the 

Table 1. OSL and TL ages from Skorgenes. Elevations and burial depths are only estimated. The ages used in the text and figures are indicated 
in bold.  0: This study; 1: Larsen & Ward, 1992. Laboratory reference, R: Risø; numbers: Lund.
Additional analytical information can be found in the supplementary material (Electronic Supplement 1).

Laboratory 
reference 

Sample 
name

Section Unit Elevation  
(m)

Burial 
depth  
(m)

n 
acc./
total

Total 
dose rate 
(mGy/a)

De  
(Gy)

TL age 
(ka)

OSL age 
unused 

(ka)

OSL age 
used  
(ka)

Quality 
estimate

Reference

15015 JA2014-18 3A 7 84 4 17/75 2.31 ± 0.09 77.9 ± 10.2 34 ± 5 unreliable 0

15014 JA2014-16 3A 7 61 17 4/9 2.13 ± 0.09 36.7 ± 6.1 17 ± 3 not usable 0

R-913810 el 90076 2A 7 86 3 73 ± 10** 41 ± 5*** unreliable 1

15013 JA2014-11 2A 7 82 7 8/12 1.96 ± 0.08 61.8 ± 6.5 32 ± 4 ok 0

15012 JA2014-10 2A 7 81 8 17/33 1.99 ± 0.08 69.5 ± 8.7 35 ± 5 unreliable 0

15011 JA2014-09 2A 6/7 79 10 - 2.12 ± 0.09 - - not usable 0

R-913809 el 90075 2A 4 75 14 73 ± 10 39 ± 5 unreliable 1

15010 JA2014-07 2A 4 75 14 22/39 1.96 ± 0.08 57.8 ± 5.8 29 ± 3 23 ± 3* ok 0

15009 JA2014-06 2A 4 73 16 17/27 2.23 ± 0.10 37.6 ± 2.7 17 ± 1.5 unreliable 0

15008 JA2014-05 2A 4 71 18 24/30 2.05 ± 0.09 39.7 ± 2.1 19 ± 1.4 unreliable 0

15007 JA2014-04 2A 4 70 19 24/30 2.10 ± 0.09 48.6 ± 5.3 23 ± 3 unreliable 0

R-903801 el 89020 2B 1 49 38 63 ± 6 not usable 1

15004 JA2014-12 2B 1 47 40 41/75 2.10 ± 0.09 79.4 ± 5.0 38 ± 3 unreliable 0

15005 JA2014-13 2B 1 47 40 28/42 2.23 ± 0.09 57.8 ± 4.7 26 ± 2 good 0

15006 JA2014-14 2B 1 47 40 21/27 2.16 ± 0.09 76.0 ± 6.8 35 ± 4 ok 0

R-913808 el 90052 2B 1 44 43 51 ± 5 28 ± 3 unreliable 1

*Thermal transfer of 12 ± 2 Gy subtracted
**Regeneration technique
***Added-dose technique
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 used to get a sufficient number of accepted aliquots. 
The equivalent doses for the 10% and 20% acceptance 
thresholds, respectively, are within error of each other for 
all samples, but the much increased number of aliquots 
(by 2–4.6 times) for the 20% threshold provided better 
counting statistics. The samples were analysed in a Risø 
TL/OSL reader model DA-20. The first 1.12 s of the 
signal were integrated for the peak and the following 
1.12 s for background. The laboratory beta dose rate was 
0.15 Gy/s. Doses were calculated in the Risø Analyst 4.31 
software with exponential curve fitting. Aliquots were 
accepted if they had a test dose error of <20%, a recycling 
ratio within 20% of unity and recuperation <5% of the 
natural signal, including the uncertainty on each value. 
Pre-heat plateau tests and dose recovery (measuring a 
known given dose) with different pre-heat temperatures 
were used to determine which pre-heat and cut-heat 
temperature combination was most suitable for each 
sample. Recuperation was significant (>5% of the natural 
signal) for sample JA2014-07 (Electronic Supplement 1) 
and an apparent dose resulting from thermal transfer was 
therefore subtracted from the equivalent dose for that 
sample (Table 1). The thermal transfer dose for the given 
pre-heat temperature was determined to 12 ± 2 Gy by 
bleaching aliquots from this sample and measuring them 
without giving a prior laboratory dose.

The dose rate for each sample was determined by gamma 
spectrometry at the Nordic Laboratory for Luminescence 
Dating (Murray et al., 1987) and by estimating the 
contribution of cosmic radiation according to Prescott 
& Hutton (1994). Field and saturated water content 
(in weight%) was determined on material from the 
ends of the sample tubes (Electronic Supplement 1). 
For the calculation of the final age, the sediments were 
assumed to have had a water content similar to the field 
water content for half of the time since deposition, and 
saturated conditions for half of the time. An exception is 
sample JA2014-06, for which the natural water content 
was much lower (7%) than in the surrounding samples. 
The average of the water content in nearby samples (25%; 
JA2014-04, JA2014-05, JA2014-07) was therefore used 
for sample JA2014-06. The mean De was used for age 
calculations.

Stratigraphy

The stratigraphy at Skorgenes has previously been 
described by Larsen & Ward (1992). The following 
summary is largely based on their investigations but 
has been supplemented with findings from Larsen & 
Mangerud (1992) and Larsen et al. (1995) as well as 
with observations made during the sampling for this 
study (Figs. 2, 3 & 4). Where not otherwise indicated, 
all the sediment descriptions below are based on 
Larsen & Ward’s (1992) original investigations. Their 

stratigraphic units are still readily identifiable in the 
exposure and we have noted any observed discrepancy 
between their observations and ours, but as the focus 
was on dating the stratigraphy we have not carried out 
any detailed sedimentological studies to independently 
verify the observations or interpretations. For detailed 
sedimentological descriptions we refer to the original 
articles (Larsen & Mangerud, 1992; Larsen & Ward 1992; 
Larsen et al., 1995). The section and unit names used in 
this study follow Larsen & Ward (1992). 

Skorgenes unit 1 – proglacial sediments

Only the upper c. 5 m of the unit was exposed, but 
according to Larsen & Ward (1992) the unit is at least 11 m 
thick (Figs. 3 & 5A). In the lower part the sediments consist 
of alternating beds of primarily sand and gravel but with 
several beds of clay and silt in between. Upwards, the unit 
consists of planar parallel-laminated sand with isolated 
pebbles further up and gravel beds in the uppermost part. 
Two diamict beds were identified in the lower part (Larsen 
& Ward, 1992). The unit was interpreted as proglacial 
sediments deposited in a subaqueous environment with 
repeated mass movements and highly fluctuating energy 
levels (Larsen & Ward, 1992).

During the fieldwork in 2014, only the upper, sandy 
part of the unit was exposed and OSL samples JA2014-
12, JA2014-13 and JA2014-14 were all taken in this part. 
Two samples, el90052 and el89020, were earlier dated 
with OSL and TL dating in unit 1 during the original 
investigations at the site (Table 1; Larsen & Ward, 1992).

Skorgenes unit 2 – diamicton, interpreted as till

Unit 2 is a crudely stratified diamicton with a silty sand 
matrix and an average clast size ranging from cobbles to 
boulders. The contact to underlying sediments is sharp in 
parts of the section whereas shearing and incorporation 
of underlying sediments were observed in other parts. 
Sorted sand and gravel are found in deformed lenses 
within the diamicton. Fabric measurements showed S–N 
or SSW–NNE stress directions with a weak to moderate 
strength in the lower and central part of the unit. Higher 
up the stress direction shifted to SE–NW but only weak 
fabric strengths were recorded. Striations were observed 
on some of the clasts (Larsen & Ward, 1992). Fine-
grained clastic dykes originating at the interface between 
units 1 and 2 have been injected into unit 1 below (Larsen 
& Mangerud, 1992). 

Larsen & Ward (1992) interpreted unit 2 as a basal till 
based on the nature of the lower contact, the clastic 
dykes originating from this unit, and the presence of 
striated clasts. For the uppermost 2 metres a proglacial or 
supraglacial deposition was suggested (Larsen & Ward, 
1992).
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well sorted sediments ranging from fine sand to cobbly 
gravel. The dip of the beds increases up to approximately 
25° in the upper part. A general coarsening-upward trend 
is visible in the unit. Larsen & Ward (1992) interpret 
these beds as delta foreset beds. Units 3 and 4 would thus 
consist of the bottomsets (unit 3; Fig. 5B) and foresets 
(unit 4; Fig. 5C) of a prograding delta, an interpretation 
we support. As no topset beds were identified, deposition 
could also have been in a subaqueous fan. The top of 
unit 4 is situated at 84 m a.s.l., which gives a minimum 
elevation of the sea level during deposition, assuming 
deposition in the sea. 

Samples JA2014-04, JA2014-05, JA2014-06 and JA2014-
07 were all taken in the foreset beds of unit 4. Sample 
el90075 was taken in the same section during the original 
investigations (Larsen & Ward, 1992).

Skorgenes units 3 and 4 – bottom- and foreset beds

Larsen & Ward (1992) described unit 3 as a coarsening-
upward sequence starting with laminated or massive 
clay and silt in the bottom and coarsening into silt and 
fine sand in the top. Outsized clasts occur throughout 
the unit but are most abundant in the lower part. Load 
structures, flames and small-scale convolute bedding 
were also identified. Larsen et al. (1995) did oedometer 
tests on four samples from the unit and found them 
heavily overconsolidated with estimated preconsolidation 
pressures varying between 12 and 17.5 MPa (best estimate 
15 ± 1 MPa). Larsen & Ward (1992) interpret these 
sediments as bottomsets deposited by rapid sedimentation 
from suspension in front of a prograding delta.

Unit 4 is an up to 11.5 m-thick unit characterised by a 
succession of 5–50 cm-thick beds of moderately to 

Figure 2. (A) View towards Skorgedalen from the eastern side of Tresfjorden. The marine limit (ML), Younger Dryas (YD) and Tapes terraces 
are indicated. (B) Detailed map of the study area. The positions of sections 2A, 2B & 3A are indicated. Altitude is shown with 5 m contours. 
The 20 m, 60 m and 90 m contours corresponding to the approximate sea level during the formation of the ML, YD and Tapes terraces are 
indicated with dashed lines. (C) Overview photo over sections 2A and 2B; the approximate positions of units 1–8 are indicated.
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Figure 3. Sediment logs for sections 2A, 2B & 3A redrawn from Larsen & Ward (1992). The units are highlighted with different colours.  
The new ages from this study are indicated in blue.
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suggested for unit 3. Two oedometer samples from 
unit 6 gave preconsolidation values from 2 to 2.6 MPa. 
This is somewhat higher than can be explained by 
the pressure of the overlying sediments alone and the 
overconsolidation was attributed to cycles of freezing 
and thawing (Larsen et al., 1995).

A gradual transition was observed between unit 6 and 
the alternating beds of sand and gravel that form unit 
7. The dip of the beds in unit 7 increases upward up to 
a 25°–30° dip eastward, consistent with a flow direction 
out of Skorgedalen. Larsen & Ward (1992) interpreted 
this unit as delta foreset beds.

The uppermost unit, unit 8, overlies unit 7 with an 
erosional lower boundary. The unit is coarse with cobbles 
and boulders in a matrix ranging from coarse sand to 
pebbles. A weak horizontal stratification is visible. 

Larsen & Ward (1992) interpret units 6, 7 and 8 as the 
bottomsets (unit 6; Fig. 5D), foresets (unit 7; Fig. 5E) 
and topsets (unit 8; Fig. 5F) of a prograding delta. OSL 
sample JA2014-09 was taken in the transition between 
unit 6 and 7 and samples JA2014-10, JA2014-11, JA2014-
16 and JA2014-8 were taken in unit 7. Sample el90076 
was taken in unit 7 during the original study (Larsen & 
Ward, 1992).

Skorgenes unit 5 –diamicton, interpreted as till

Unit 5 is a comparatively thin diamicton, in most places 
less than two metres thick, which overlies unit 4 with a 
sharp and likely erosional lower boundary (Larsen & 
Ward, 1992). The sediments are generally massive with a 
silty sandy matrix but in some places a weak stratification 
was visible. Gravel lenses were also observed in the unit. 
Five measurements of clast fabric were made, four of 
them indicated preferred directions ranging from S–N to 
SW–NE. This unit was interpreted as a proximal glacial 
diamicton consisting mostly of basal till (Larsen & Ward, 
1992). Based on the overconsolidation of the underlying 
unit 3, Larsen et al. (1995) estimated an ice with a 
thickness of around 1100 m, which likely implies an ice 
sheet extending to the shelf break or thereabout.

Skorgenes units 6, 7 and 8, delta deposits

Unit 6 is characterised by laminated sediments, starting 
with alternating fine sand and clayey silt in the lower part 
and gradually coarsening upward. The lower boundary 
to unit 5 is conformable. Outsized clasts were found 
throughout the unit but are most abundant in the lower 
part. Larsen & Ward (1992) suggested that unit 6 was 
deposited in a glaciomarine environment in front of a 
prograding delta, similar to the depositional environment 

Figure 4. Profile drawing of the sections on the south side of the Skorgedalen valley. Redrawn from Larsen & Ward (1992).
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We note that the base of unit 8 is situated about 11 m 
lower at site 3A compared to sites 2A and 2B on the 
other side of the valley. As unit 8 consists of topset beds, 
the base of which should broadly reflect the relative sea 
level at the time of deposition, such a large difference in 
altitude is surprising. The sites are close to each other and 
we find no local topographic control that could explain 

the discrepancy. We still find the correlation between 
the sites suggested by Larsen & Ward (1992) to be the 
most reasonable and suggest that this altitude difference 
probably indicates that the topset beds at 3A were formed 
during the emergence of the area. A comparison with 
the regional relative sea-level curves reconstructed by 
Svendsen & Mangerud (1987) suggests that the observed 

Figure 5. Sediment photographs from Skorgenes. (A) Proglacial sediments, unit 1, section 2B. (B) Bottomsets, unit 3, section 2B, (photograph Brent 
Ward). (C) Foreset beds, unit 4, section 2A. (D) Bottomsets, unit 6, section 3A. (E) Foreset beds, unit 7, section 3A. (F) Topset beds, unit 8, section 2A.
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difference in altitude would amount to an age difference 
of roughly 600 years. None of the samples taken from 
site 3A (JA2014-16 and JA2014-18) is critical for the 
suggested chronology. 

Evaluation of the stratigraphy

The importance of the Skorgenes site is largely dependent 
on its regionally unique stratigraphy in which sediments 
deposited during three ice-free intervals (units 1, 3–4 & 
6–8) interrupted by two glacial advances (units 2 & 5) 
are preserved in the same section (Figs. 3 & 4). From a 
chronostratigraphic perspective it is, however, critical to 
determine whether the two diamict units (units 2 & 5) 
represent significant glacial advances over the area or if 
they could be explained by local events. 

For unit 2 the assumption of a large-scale ice advance 
appears well justified. The unit is interpreted as a basal 
till and the depositional environment shifts notably 
between the underlying unit 1 and unit 3 above. Unit 3 
appears to have been deposited below the wave-base 
which is easiest to explain with isostatic depression. In 
addition, three fabric measurements ranging from S–N 
to SSW–NNE fit poorly with a local ice advance in the 
E–W-trending Skorgedalen.
	
For unit 5 the interpretation is less straightforward. This 
unit was interpreted as a proximal glacial diamicton by 

Larsen & Ward (1992) and could have been deposited 
during a deglaciation. The diamict in itself is thus not 
sufficient evidence of a significant ice advance over 
the area. However, the high preconsolidation values of 
the underlying unit 3 strongly suggest that the site was 
overridden by a thick ice at some point between the 
deposition of unit 3 and unit 5 (Larsen et al., 1995). 

OSL results

All twelve samples have dim OSL signals with a weak 
fast component, and are characterised by large sensitivity 
change throughout the SAR protocol (Fig. 6). Only one 
sample, JA2014-13, passed the standard acceptance 
criteria for OSL dating (Murray & Wintle, 2000). Three 
more (JA2014-07, JA2014-11 and JA2014-14) passed 
if error margins on, e.g., dose recovery ratios were 
considered (Table 1; Electronic Supplement 2). These 
four samples are considered acceptable, although only a 
few measurements could be done on sample JA2014-11 
due to the small amount of material of the right grain 
size. Two samples, JA2014-09 and JA2014-16, failed 
even with the most generous criteria and were therefore 
discarded from further measurements. These two 
samples are included in Table 1 but not further discussed 
in the text. The remaining samples are considered 
unreliable, particularly due to very poor dose recovery 
ratios, and the results must be interpreted with caution 
(Table 1). 
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 Chronology

The new OSL ages from Skorgenes range from 17 ± 1.5 
ka (JA2014-06) to 38 ± 3 ka (JA2014-12; Table 1). The 
very large uncertainties for the OSL ages mean that great 
caution is necessary when interpreting the results. The 
large uncertainties are mainly due to the nature of the 
quartz luminescence signals: the weak fast component 
and the large sensitivity changes. This, in turn, is likely 
due to the mostly metamorphic origin of the quartz and 
its relatively short transport history as has been shown 
elsewhere in Scandinavia (Alexanderson & Murray, 
2012). Additional uncertainty comes from the difficulty 
in correctly estimating the average environmental dose 
rate through time as it depends for example on the 
sediment water content, which is likely to have changed 
with changing sea level and proximity to ice sheets. 
However, even assuming fully water saturated sediments 
for the entire time since deposition would only age the 
samples by on average 1.3 ka (maximum 3.2 ka) which 
would only have a minor influence on the chronology. 

All ages fall within the Middle and Late Weichselian, 
as expected from the setting, and some clustering 
within the individual units can be observed (Table 
1). We therefore believe that the ages do reflect the 
sedimentation ages, although with a larger than normal 
scatter. As a conservative estimate, we suggest that the 
true sedimentation age of a unit can be expected to fall 
within two standard deviations of at least one technically 
good or acceptable OSL age from that unit (that is 
JA2014-07, JA2014-11, JA2014-13 and JA2014-14) or 
within two standard deviations of two of the unreliable 
ages. The unreliable ages include the remaining OSL 
samples, including the ones from Larsen & Ward (1992), 
but exclude the ages identified as not usable based on 
their technical properties and the feldspar ages from 
Larsen & Ward (1992). By requiring that an unreliable 
sample must be supported by another sample to be used 
to define the age range, we somewhat arbitrarily attempt 
to compensate for the additional uncertainties with 
these samples. Considering the very poor dose recovery 
ratios of the samples identified as unreliable it can be 
argued that these ages should also be excluded from the 
chronology. However, as including these ages result in 
wider age ranges than what we would get if we included 
only the technically acceptable ages (which would give 
more precise ranges but based on very few samples) we 
consider this a more conservative approach. Considering 
that all the dated units were deposited in an ice-proximal 
position, incomplete bleaching is a possibility for all 
the samples (e.g., Fuchs & Owen, 2008; Alexanderson 
& Murray, 2012). It is thus possible that some or all of 
the ages should be considered maximum ages for the 
deposition. In that case the youngest age from each unit 
could be considered the most reliable, but due to the 
technical difficulties of these samples we are hesitant 
to make that assumption. By including all the usable 

samples we aim to identify the widest age ranges that 
could be consistent with our data and thereby to include 
the full uncertainty in our interpretations. With these 
assumptions the probable age range for unit 1 is 21–42 
ka, between 17 and 30 ka for unit 4 and 24 to 44 ka for 
unit 7 (Fig. 7). 

Taken on their own, these wide age ranges are hardly 
useful, especially considering that the actual periods 
of sedimentation are likely to be short. However, the 
sediment stratigraphy provides further constraints. The 
uppermost three units, units 6–8, form a complete and 
undisturbed glaciomarine delta. It is not overlain by any 
diamicton and the bottom of the topset bed fits with 
the estimated Marine Limit in the area. Larsen & Ward 
(1992) concluded that these units were deposited when 
the Late Weichselian ice sheet finally retreated from the 
area, which is approximately 15 ka (Hughes et al., 2016). 
Based on the stratigraphy at the site, we agree with this 
assessment and conclude that our OSL ages from the 
unit appear to overestimate the true age by in the order 
of 13–25 ka. Incomplete bleaching during deposition 
has previously been identified in sediments deposited in 
similar settings (Fuchs & Owen, 2008; Alexanderson & 
Murray, 2012) and we suggest that this may have caused 
the old ages. 

Units 3 and 4 are separated from the upper delta 
succession by a glacial diamict. The overconsolidation 
observed in unit 3 indicates a substantial ice cover 
(Larsen et al., 1995) and units 3 and 4 are thus noticeably 
separated in time from units 6–8. The OSL ages from unit 
4 are comparatively well clustered with a probable age 
range between 17 and 30 ka. We therefore suggest that 
units 3 and 4 were deposited during a Late Weichselian 
ice retreat predating the final deglaciation. 

Unit 1 is separated from units 3 and 4 by a 10–12 m-thick 
basal till. The OSL ages from unit 1 are more scattered 
than in unit 4 and the suggested probable sedimentation 
age ranges from 21 to 42 ka, indicating that the unit 
was deposited during a Middle or Late Weichselian 
interstadial.

Implications

The wide uncertainties on the sedimentation ages of 
our units make independent correlations to specific 
interstadials unrealistic. Instead, we compare the age 
ranges for our ice-free periods with periods of ice-free 
conditions identified or suggested from other sites in the 
region to identify possible correlations (Fig. 7). 

The general glaciation history in the region around 
Skorgenes during Marine Isotope Stage 3 is constrained 
by well-dated cave deposits in the Skjonghelleren and 
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Figure 7. Overview of the OSL ages from Skorgenes compared to the regional glaciation reconstruction from DATED-1 (Hughes et al., 2016) 
and the NGRIP ice core. The Austenes, Ålesund, Hamnsundhelleren and Trofors interstadials are indicated in green. Note that only the end 
of the Austenes interstadial is dated and that although the Trofors interstadial has been dated to sometime between 20 and 25 ka the length 
of this interstadial is unknown (Olsen et al., 2001; Johnsen et al., 2012). (A–C). The OSL ages from each unit have been plotted. The reliable 
samples (classified as good or OK) are indicated in green, unreliable samples in red and OSL ages from Larsen & Ward (1992) as dashed lines. 
A cumulative curve for all the samples in each unit is indicated in black. (D) Distance from Skorgenes to the ice-front position suggested by 
Hughes et al. (2016). Minimum and maximum estimates are indicated with dashed lines. Negative values indicate periods when Skorgenes 
would be ice free according to the DATED-1 reconstruction. (E) Histogram of the mean ages for all ages within 100 km from Skorgenes in the 
DATED-1 database (green) and a normal kernel density estimate (black) of the same ages including their uncertainties (Hughes et al., 2016). 
(F) NGRIP δ18O data (GICC05 age scale, North Greenland Ice Core Project Members, 2004; Svensson et al., 2008). The Greenland Interstadials 
are indicated.
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 Hamnsundhelleren caves west of Skorgenes (Larsen et 
al., 1987, Valen et al., 1996; Mangerud et al., 2010) which 
indicate the glacial advances and retreats at the outer 
coast. The oldest interstadial identified in these caves, the 
Austnes interstadial, ended at around 42 ka (Mangerud 
et al., 2010) and we therefore consider a correlation 
with unit 1 to be possible but unlikely. This interstadial 
was followed by a glacial advance which must also have 
covered Skorgenes. 

A second interstadial, the Ålesund interstadial, has been 
dated to 34.5–38.2 cal. ka BP based on a large number 
of radiocarbon dates from the Skjonghelleren and 
Hamnsundhelleren caves (Mangerud et al., 2010). The 
age fits well within the age range identified for unit 1 
at Skorgenes and we therefore suggest that the Ålesund 
interstadial is a reasonable correlation for unit 1.

Possible ice-free stages during the Late Weichselian are 
substantially less well constrained than the previously 
mentioned interstadials. However, two radiocarbon ages 
from the Hamnsundhelleren cave (Valen et al., 1996; 
Mangerud et al., 2010) give some support for an ice 
retreat from the outer coast at around 28–29 cal. ka BP. 
Also, Olsen et al. (2001) have suggested an ice retreat 
around this time (~29–32 ka), although the latter dataset 
has large uncertainties. A retreat at this time, assuming 
that the ice front retreated as far east as Skorgenes, would 
be another plausible correlation for unit 1. A correlation 
with unit 4, with a probable age range of 17–30 ka, is also 
reasonable.

An even younger period of ice-free conditions in the 
region, the Trofors interstadial, has been suggested to 
have occurred at some point between 20 and 25 ka based 
on bulk radiocarbon ages (Olsen et al., 2001) and OSL 
ages (Johnsen et al., 2012). This time range overlaps 
with the probable age ranges defined for both unit 1 
and unit 4. As the stratigraphy at Skorgenes indicates a 
substantial glacial advance between the deposition of 
units 1 and 4, we consider it unlikely that these units 
were deposited during the same regional ice retreat. 
We therefore find it unlikely that unit 1 would have 
been deposited during a possible Trofors interstadial. 
However, a correlation between such an interstadial and 
unit 4 would be consistent with our OSL ages. Although 
the sediments in unit 4 cannot be conclusively tied to a 
specific interstadial, our new dates indicate they were 
deposited during the Late Weichselian and that the area 
thus became ice free at least once between the Ålesund 
interstadial and the final deglaciation.

The area was finally deglaciated at around 15 ka (Hughes 
et al., 2016) and a marine limit delta started to build up at 
the outlet of the Skorgedalen valley (unit 6–8). 

Conclusions

At Skorgenes in western Norway, sediments from three 
ice-free periods have been identified in the same section. 
The site is therefore a key site for the stratigraphy in the 
region but poor age control has limited its usefulness. In 
this study, we present ten new OSL dates which constrain 
the timing of these periods. The samples had poor OSL 
properties but the ages are still a substantial improvement 
on the existing chronology.

Three ice-free periods were identified at Skorgenes:

•	 The oldest unit (unit 1) consists of sediments 
deposited in a proglacial subaqueous setting. OSL 
ages from this unit indicate deposition at some point 
between 21 and 42 ka, indicating a Middle or Late 
Weichselian retreat most likely correlated with either 
the Ålesund interstadial (34.5–38.2 ka) or a possible 
Hamnsund interstadial at around 28–29 ka. This stage 
was followed by a glacial advance depositing a basal 
till (unit 2). 

•	 As the ice-sheet retreated again, a delta or a 
subaqueous fan started to form at Skorgenes. OSL 
ages from the foreset beds (unit 4) suggest that it 
was deposited at some point between 17 and 30 ka 
implying that the ice-front retreated east of Skorgenes 
at least once during the Late Weichselian. Such a 
retreat could fit with either a Hamnsund interstadial 
or a younger Trofors interstadial (suggested age 
somewhere between 20 and 25 ka) but neither of 
these proposed interstadials has previously been 
conclusively identified around Skorgenes.

•	 Skorgenes was once more glaciated during the LGM. 
As the ice-front retreated a marine limit delta (units 
6–8) was formed. OSL ages from this unit are all more 
than 30 ka indicating an incomplete bleaching of the 
sediments but the stratigraphic position ties it to the 
final deglaciation.
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