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a b s t r a c t

Climate changes during the Late Glacial period (LG; 15-11 ka) as recorded in Greenland and Antarctic ice
cores show a bipolar pattern. Between 14.5 ka and 13 ka ago, the northern latitudes experienced the
Bølling/Allerød (BA) warm period, while southern records feature the Antarctic Cold Reversal (ACR).
Between 12.9 ka and 11.7 ka ago, the north was under the Younger Dryas (YD) cold spell while southern
latitude temperature rose in parallel to atmospheric CO2 concentrations. While the southern hemisphere
pattern is well documented in mountain glacier moraine records from New Zealand and Patagonia, in
northern mid-latitudes and the Arctic, the LG glacier culmination has been connected to the YD stadial,
apparently confirming the bipolar pattern.

We present a geomorphic map of mountain glaciers in Arctic Norway, a cosmogenic nuclide chro-
nology from 71 moraine boulders from the LG and the Holocene, and first-order glacier modeling ex-
periments. The model and dating results show that the studied mountain glaciers are most sensitive to
summer-temperature change, that their response to those changes is highly correlated to a wider region
and that these mountain glaciers in Arctic Norway reached their maximum LG extent about 14 ka ago,
prior to the YD. Following considerable retreat through the first part of the YD, glaciers re-stabilized in
the mid-YD and showed slower oscillatory retreat through the latter part of the YD. We compare this
glacier pattern to updated earlier glacier records in the wider Arctic and North Atlantic region and
propose a pattern of coherent glacier response to climate changes during this interval.

The LG results from Arctic glaciers show consistency to the glacier record from New Zealand and
Patagonia. This first-order interhemispheric coherency of LG mountain glacier fluctuations driven mainly
by summer temperature would support the view that the bipolar seesaw was primarily a northern
winter phenomenon during the LG period, and the YD in particular. More similar experiments need to be
performed to further test this scenario.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Mountain Glaciers are sensitive to changing climate (Oerlemans,
2001, 2005), and outside arid regions, summer temperature change
dominates the glacier mass balance (Rupper and Roe, 2008). During
servatory, Geochemistry, Pal-
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the LG period (15-11 ka), the atmospheric temperature and
greenhouse gas concentrations completed the transition from the
last ice age to the ongoing inter-glacial, the Holocene (last 11,600
years). But the LG temperature patterns and the Atlantic ocean
overturning strength between the hemispheres were antiphased,
dubbed a bipolar seesaw (Broecker, 1998). In Scandinavia and
Europe, the moraines deposited during the LG glacier culmination
have been connected to the YD stadial (Aarseth and Mangerud,
1974; Andersen et al., 1995; Goehring et al., 2012; Ivy-Ochs et al.,
2009; Rasmussen et al., 2006). In Arctic Norway, mountain
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glaciers developed after the Scandinavian Ice Sheet (SIS) had
retreated over the region around 15.7 ka (Stokes et al., 2014). These
mountain glaciers subsequently deposited characteristic moraine
sequences in the coastal areas of Nordland, Troms and Finnmark
(Andersen, 1968; Kverndal and Sollid, 1993; Sollid et al., 1973).
Traditionally, LG SIS culminations in Norway have also been linked
to the YD stadial (Andersen et al., 1995; Goehring et al., 2012). As a
result, many LG landforms in Arctic Norway are referred to as
‘Younger Dryas moraines’, while questions remain about the timing
of these mountain glacier events through the LG period (Andersen
et al., 1995; Bakke et al., 2005; Evans et al., 2002; Paasche et al.,
2007; Romundset et al., 2011; Wittmeier et al., 2015). A recent
study postulated the demise of the Scotland Ice Sheet through the
YD period, driven by warming summer temperatures (Bromley
et al., 2014); a finding that seems hard to reconcile with the
existing chronologies of LG mountain glacier culminations in
Scandinavia and the Alps. We here present a detailed reconstruc-
tion of mountain glacier fluctuations on the Island of Arnøya in
Arctic Norway throughout the LG and Holocene. Our study com-
bines comprehensive geomorphologic mapping, 10Be exposure
dating of 71 boulders from thirteen moraines and a first-order
glacier modeling study (Supplementary Information) to evaluate
the amplitudes of the climate changes most likely related to the
observed glacier changes. First, we compare our results from Arctic
Norway with updated existing chronologies from southwest Nor-
way (Briner et al., 2014; Mangerud et al., 2013) and Greenland
(Kelly et al., 2008; Levy et al., 2016) to develop a regional North
Atlantic region perspective of glacier and summer temperature
change. We then test for any inter-hemispheric patterns by
comparing our new chronology with existing studies of similar
detail from southern mid-latitudes.
2. Setting

We focus on the Rødhetta Glacier moraine record, com-
plemented by data from the neighboring Nymoen Glacier and
Snøfonn snow-field (Fig. 1). Rødhetta and Nymoen Glaciers are
relatively simple mountain glaciers that were land-terminating
during their maximum LG extent (see 2.1.) and ever since. The
Rødhetta moraine record displays striking similarity to other
moraine sequences on the Island of Arnøya (Kverndal and Sollid,
1993), the Bergsfjord Peninsula (Wittmeier et al., 2015), the Lyn-
gen Peninsula (Bakke et al., 2005) and the Island of Andøya (Møller
and Sollid, 1972; Paasche et al., 2007), illustrating the regional
relevance of the glacier and climate changes reflected in the studied
moraine record. On the regional scale, our climate correlation maps
shown in Fig. 2 illustrates the high spatial correlation of the
Rødhetta glacier location with the climate across Europe and
bordering regions in general. Please note the particularly high
correlation with the Arctic-Eurasian summer temperature,
throughout Scandinavia, the Baltics, western Russia and the Alps,
shown in the left panel of Fig. 2.
2.1. Geological setting

The Island of Arnøya (70�080 N 20�350 E) covers 276 km2 with
alpine peaks reaching nearly 1200 m altitude intersected by wide
glacially carved valleys, large scree slopes, rock glaciers and
numerous cirques. The present climate of Arnøya is maritime due to
its location at the eastern rim of the northern North Atlantic Ocean.
A mean (1961e1990) summer (May to September) temperature of
8.7 �C is measured at the climate station No. 92700 Loppa (10 m
a.s.l.), ~40 km north-northeast from the study site. The mean
temperature in July is 11.6 �C. The mean winter (October to April)
temperature for the same period is 0 �C, and the mean annual
temperature is 3.6 �C. The mean measured winter precipitation is
560 mm for the 1961e1990 period, and the mean annual precipi-
tation is 914 mm (MET station ARNØYA - TROLLTINDEN 91729
http://eklima.met.no/Help/Stations/toDay/all/en_e91729.html;
February 2020). The bedrock is allochthonous metamorphic
bedrock of Cambrian age (Roberts, 1973). In the catchment area of
Rødhetta glacier, the bedrock lithology shows alternating layers of
garnet and amphibolite, partly granitized, fine- to medium-coarse
gneiss with layers of limestone, and greenstone, green shale and
amphibolite.

The boulders sampled in this study display traversing quartz
veins of 1mme15 cm thickness, yielding rather high quartz content
(in average 40%), together with feldspars, garnets and amphiboles.
The quaternary geology of the island has previously been mapped
(Andreassen et al., 1985), reporting traces of past shore lines and
deposits from active cirque glaciers and permafrost. Most of the
cirques at Arnøy contain multiple moraines, but do not hold gla-
ciers at present. In fact, only two glaciers are still present on the
island and they are located along the easternmountain ridge. These
two glaciers are the target in this study. Rødhetta (1.1 km2) and
Nymoen (0.8 km2) glaciers are small mountain glaciers. Rødhetta
glacier has a relatively simple configuration with only one major
accumulation area and a simple valley geometry. The Rødhetta
glacier moraine chronology, complemented by moraines from the
neighboring glacier Nymoen and the Snøfonn snow-field are pre-
sented in Fig. 1. These glaciers display well resolved and -preserved
moraine sequences topped by large embedded boulders that are
the target of our 10Be surface exposure dating study (see also Fig. 3).

2.2. Geomorphic setting

We identified and mapped 13 moraine ridges (M1-M13, Fig. 1)
deposited by the Rødhetta Glacier. For the Nymoen Glacier and the
Snøfonn forefield, we focus on the outermost LG moraine, but
mapped also the entire moraine sequences (Fig. 1).

2.2.1. Rødhetta moraines
Our detailed geomorphic map (Fig. 1) groups the Rødhetta

moraine sequence into three sub-sequences, presented from old to
young:

(i) The outermost moraine sequence (M1-M4; 120 - 65 m a.s.l.)
consists of four individual ridges (red moraines in Fig. 1). The
~80m highmoraine sequence (LG, Fig. 1) includes four partly
continuous, elongated ridges deposited ~200 m away from
the present-day shoreline. The distal slope of the moraine
complex displays a number of abrasion terraces. The four
individual terminal moraines (M1-M4) are ~500e800 m
long, overall arcuate and on a smaller scale winding in shape,
reflecting the glacier terminus during moraine formation
(Benn and Evans, 2014). The moraine sides have similar ice-
distal and ice-proximal angles (~35e40�); the moraine crests
are rounded. Several meltwater channels cut through the
terminalmoraines.We interpretM1-M4 to be pushmoraines
representing oscillatory glacier advances and explain the
symmetric shape by post-depositional erosion.

(ii) Inboard of the outermost moraine sequence, there is a steep
slope (angle >20�) upwards to the intermediate moraine
sequence (330-160 m a.s.l.), which consists of six partly
continuous, arcuate elongated ridges (M5-M10) (light purple
moraines in Fig. 1). The ridges are ~70e1200 m long and
~5e50m high, and display ice-distal and ice-proximal angles
which are similar on individual ridges (~20e40�); the
moraine crests are rounded. The moraine loops and ridge

http://eklima.met.no/Help/Stations/toDay/all/en_e91729.html


Fig. 1. Geomorphic map of the Late Glacial and Holocene moraine sequences of Rødhetta Glacier (M1 to M13), Nymoen Glacier and Snøfonn snow-field, along with the 10Be moraine
chronology. Colored dots indicate the 10Be boulder sample locations. In the color-coded boxes, we provide the 10Be boulder ages in ka (LIA ages are given in a) within 1s analytical
uncertainties and sample numbers/letters. Below each respective box, we show the arithmetic means of the boulder ages, which we interpret as their moraine ages/glacier
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fragments reflect the margins of the former glaciers. We
interpret M5-M10 as push moraines representing oscillatory
glacier advances punctuating the general retreat of Rødhetta
Glacier. M7 (YD1, Fig. 1) is a prominent ridge observed across
the whole valley. Proximal of M8, a ~350 m long esker is
connected to a former meltwater channel that cuts through
M8 and M7. M9 (YD2, Fig. 1) is a well-preserved moraine
loop. M10 (YD3, Fig. 1) consists of relatively flat and partly
undulating ridge fragments, assigned to a composite
moraine genesis of repeatedly pushing ice margins.

(iii) The innermost Rødhetta moraine sequence consists of three
distinct moraine ridges (M11-M13; 390-210 m a.s.l.; dark
purple moraines in Fig. 1) and is located ~800 m from the
intermediate sequence at the bottom of a steep slope to-
wards today’s glacier. The ridges are ~110e1100 m long and
have a ‘fresh’ geomorphic appearance: they feature distinct
crests and lack vegetation cover. The cross-sectional profiles
display steeper distal than proximal latero-frontal angles
(~40� vs. 35�), implying push moraine genesis. This geo-
morphologic feature is more pronounced on these younger,
well-preserved moraines, than on the older, more eroded
moraines of the intermediate and outermost sequences. M11
(LIA1, Fig. 1) is a 1 m high ridge that overtops a glacio-fluvial
delta (2e4� inclination) on the ice-proximal side. M12 (LIA2,
Fig. 1) is a well-preserved moraine loop up to 35 m high. We
interpret M11-M13 to be push moraines representing oscil-
latory advances of Rødhetta Glacier.
2.2.2. Nymoen moraines
The Nymoen Glacier and its moraine sequence show high con-

sistency to the Rødhetta system; therefore we do not add an indi-
vidual description for Nymoen here.

2.2.3. Snøfonn moraines
Snøfonn is a perennial snow-field, so changes in amplitude do

not exclusively reflect changes in climate and are therefore un-
suitable for ELA quantifications and climate implications. In addi-
tion, the mapping of the Snøfonn snow-field moraine sequence is
not unambiguous. The outermost terminal moraine (320-290 m
a.s.l.) is ~300m long and up to 40 m high. The ice-distal angle of the
moraine flank is 30�; the ice-proximal moraine shape is of undu-
lating, composite character.

2.2.4. Shorelines
Geomorphic shoreline mapping shows that the Rødhetta and

Nymoen Glaciers were land-based when depositing the moraines.
The Marine Limit, representing the sea level high-stand of the re-
gion, is observed at 64 m a.s.l. in the study area (profiles A, C, Figs. 1
and S1 and S2). This sea level high-stand has earlier been correlated
to the Risvik sub-stage in Finnmark, more than 15 ka ago (Bakke
et al., 2005; Sollid et al., 1973).

A meltwater channel located distal of the northern lateral
branch of the outermost LG moraine sequence of Rødhetta Glacier
terminates in a delta at the Marine Limit (profile A in Fig. 1). The
delta is ~40 m long and equally broad at the outer opening. Delta
formation must have occurred coevally to the deposition of the
outermost LG moraine ridge, because only then was the extent of
culmination ages. The moraine age error includes the standard error of the arithmetic me
indicate the Rødhetta Late Glacial culmination moraine (M1-M3) and the Snøfonn snow-fie
Rødhetta Glacier through the Younger Dryas stadial (M7, M9-M10). Purple boxes show the
boxes are from boulders in less well constrained or ambiguous stratigraphic positions an
consistent with the boulder ages fromwell-defined positions, show overall higher scatter, an
marked with small italic font. (For interpretation of the references to color in this figure le
Rødhetta Glacier sufficiently large to drain meltwater into this
channel. The presence of the delta implies that the meltwater
channel terminated into the sea and implies that Rødhetta Glacier
was not subject to complex calving processes during its full LG
configuration. The Main shoreline (YD) at 41 m a.s.l., and the Tapes
shoreline (Holocene transgression) at 16 m a.s.l. (Figs. S1 and S2)
were observed as prominent beach ridges and abrasion terraces
(Fig. 1).

3. Methods

The samples were processed at the Cosmogenic Nuclide Labo-
ratory at the Lamont-Doherty Earth Observatory (LDEO) following
the standard geochemical approach for quartz preparation and
beryllium extraction (Schaefer et al., 2009).

All samples were measured at the Center of Accelerator Mass
Spectrometry at the Lawrence Livermore National Laboratory; all
10Be/9Be ratios were normalized to the 07KNSTD standard
(Nishiizumi et al., 2007).

3.1. Production rate and 10Be ages

To calculate individual 10Be boulder ages from the 10Be con-
centrations (Table 1) we used the most recent ‘Version 3’ of the
cosmogenic ‘Online Calculators (https://hess.ess.washington.edu/
math/v3/v3_age_in.html), together with the local Arctic Produc-
tion Rate of 3.96 ± 0.15 atoms g�1 a�1, which was established based
on high-quality data sets in Arctic Canada and Greenland (Young
et al., 2013) and the ‘St’ scaling for altitude and latitude, which
agrees with the ‘Lm’ and ‘LSD’ scalings (Tables 1 and 2). We also
show for completeness the ages based on the default ‘global pro-
duction rate’ embedded in the Version 3 Calculators, which gives
ages about 1.5% younger than the local Arctic Production rate
within the ‘St’ and ‘Lm’ scaling schemes, but >9% younger if the
‘LSD’ scaling is applied. The LG Arctic Production Rate agrees with
the North American Production Rate presented by (Balco et al.,
2009), and is consistent with recently published production rate
calibration experiments in Norway (Fenton et al., 2011), Scotland
(Putnam et al., 2019), the Swiss Alps (Claude et al., 2014), as well as
with recent production rate calibrations from the southern hemi-
sphere, such as New Zealand (Putnam et al., 2010a) and Patagonia
(Kaplan et al., 2011). These converging production rates suggest
that paleo climate related air pressure changes potentially modu-
lating the production rates (Staiger et al., 2007) are either rather
homogenous or play a minor role in this context. None of the
climate conclusions below depend on the choice of production rate
or the scaling scheme. We list the boulder ages with 1 s analytical
uncertainties in Table 2.

Snow cover and erosion of boulder surfaces: Snow cover of the
sampled surfaces over a considerable period of time would reduce
the cosmogenic nuclide production rate and thus would lead to an
underestimation of the true exposure age. To minimize this po-
tential problem we took the following steps: (i) We sampled only
large boulders, most of them onmoraine crests and thus exposed to
strong winds, minimizing the likelihood that snow can accumulate
on top of those boulders longer periods; (ii) The relative large
number of sampled boulders and the internal consistency of the
exposure ages argue against significant snow-cover, as this effect
an and the local production rate uncertainty given by (Young et al., 2013). Red boxes
ld and Nymoen Glacier equivalents. Pink boxes represent the three-stepwise retreat of
historical glacier advances during the Little Ice Age (M11-M12). The ages in the white
d/or not on one of our focus moraines. The ages of these boulders, while generally
d are not further discussed due to the geomorphic-stratigraphic ambiguity. Outliers are
gend, the reader is referred to the Web version of this article.)
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Fig. 2. Correlations of mean summer temperature (May to September) and total winter precipitation (October to April) at Rødhetta Glacier with each 100 grid locations across
Europe and bordering regions. Data are from the CRU 1.2 and CRU 3.21 monthly gridded data from 1901 to 2000 CE (Harris et al., 2013; Mitchell et al., 2004). White arrows indicate
the location of the Island of Arnøya. These maps illustrate the high spatial correlation of climate variability at Arnøyawith surrounding regions. The spatial correlation is even higher
for summer temperature than for winter precipitation.

Fig. 3. The main panel shows the reconstructed Rødhetta Glacier during its Late Glacial culmination 13.9 ± 0.7 ka ago. The inset shows the color-coded flow-line modeled cross-
sections for Rødhetta Glacier in present-day (2013 CE), historic (LIA), Younger Dryas (YD) and Late Glacial (LG) extents, with respective equilibrium line altitudes (dotted lines).
Locations of moraines are marked with stars. See also Fig. S3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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should produce larger scatter in exposure ages; (iii) We list in
Table 1 the different boulders according to their shape, because
pyramide-shaped boulders should be less affected by snow-cover
than altar-shaped boulders. We do not detect any relation of
exposure ages and boulder shape.

Boulders have been shown to be resistant to erosion on time-



Table 1
Geographical and analytical data for all 71 samples. Outliers in the moraine chronology are italicized. The exceptional high shielding factor of sample ROD-12-9 results from
sampling on the boulder side.

Sample Latitude Longitude Altitude
(m)

air
pressure

Thickness
(cm)

Density (g
cm-3)

Shielding Erosion Year
sampled;

Nuclide Mineral 10Be (at
g-1)

1 Sigma AMS
Standard;

Rødhetta LG Outermost moraine sequence (Ml, M2, M3)
ROD-12-1 70.166 20.779 80 std 1.79 2.7 0.98 0 2012 Be-10 quartz 6.67Eþ04 1.80Eþ03 07KNSTD;
ROD-12-2 70.167 20.778 76 std 1.91 2.7 0.96 0 2012; Be-10 quartz 6.46Eþ04 1.48Eþ03 07KNSTD;
ROD 12-3a 70.166 20.781 71 std 2.32 2.7 0.98 0 2012; Be-10 quartz 9.17Eþ04 2.10Eþ03 07KNSTD;
ROD-12-3b 70.165 20.777 71 std 2.32 2.7 0.98 0 2012; Be-10 quartz 9.20Eþ04 1.84Eþ03 07KNSTD:
ROD-12-4 70.166 20.779 74 std 1.83 2.7 0 98 0 2012; Be-10 quartz 6.05Eþ04 1.77Eþ03 07KNSTD;
ROD-12-5 70.165 20.777 73 std 2.66 2.7 099 0 2012; Be-10 quartz 6.65Eþ04 1.53Eþ03 07KNSTD;
ROD-12-6 70.165 20.777 72 std 2.39 2.7 0.99 0 2012; Be-10 quartz 6.18Eþ04 1.49Eþ03 07KNSTD;
ROD-12 7 70.164 20.779 68 std 2.81 2.7 0.99 0 2012; Be-10 quartz 7.16Eþ04 1.54Eþ03 07KNSTD;
ROD-12-8 70.165 20.781 67 std 1.97 2.7 0.99 0 2012; Be-10 quartz 6.00Eþ04 1.42Eþ03 07KNSTD;
ROD 12-9 70.162 20.774 80 std 3.59 2.7 0.78 0 2012; Be-10 quartz 6.03Eþ04 1.50Eþ03 07KNSTD;
ROD-12-10 70.161 20.775 67 std 2.5 2.7 0.98 0 2012; Be-10 quartz 6.24Eþ04 1.66Eþ03 07KNSTD;
ROD-12-11 70.163 20.770 118 std 1.87 2.7 0.98 0 2012; Be-10 quartz 6.45Eþ04 1.65Eþ03 07KNSTD;
ROD-13-73 70.162 20.774 80 std 1.25 2.7 0.99 0 2013; Be-10 quartz 6.41Eþ04 1.22Eþ03 07KNSTD;
ROD 13-76 70.167 20.779 70 std 0.8 2.7 0.97 0 2013; Be-10 quartz 7.32Eþ04 1.67Eþ03 07KMSTD;
ROD-13-77 70.167 20.781 64 std 1.62 2.7 0.97 0 2013; Be-10 quartz 6.07Eþ04 1 39Eþ03 07KNSTD;
ROD 13 78 70.166 20.782 62 std 0.99 2.7 0.98 0 2013; Be 10 quartz 7.65Eþ04 1.75Eþ03 07KNSTD;
ROD-13-79 70.165 20.781 66 std 2.2 2.7 0.98 0 2013; Be-10 quartz 6.01Eþ04 1.50Eþ03 07KNSTD;
ROD-13-80 70.163 20.778 81 std 1.25 2.7 0.96 0 2013; Be-10 quartz 6.04Eþ04 1.47Eþ03 07KNSTD;
Rødhetta LG inner moraine (M4)
ROD-13-75 70.164 20.774 71 std 4.09 2.7 097 0 2013; Be-10 quartz 5.64Eþ04 1.14Eþ03 07KNSTD;
Rødhetta Intermediate - YD1 (M7)
ROD-12-22 70.165 20.762 222 std 2.56 2.7 0.99 0 2012, Be-10 quartz 6.67Eþ04 1.30Eþ03 07KNSTD;
ROD-12-23 70.164 20.757 256 std 2.51 2.7 0.99 0 2012; Be-10 quartz 6.70Eþ04 1.31Eþ03 07KNSTD;
ROD-12-26 70.164 20.755 272 std 2.84 2.7 0.99 0 2012; Be-10 quartz 6.80Eþ04 1.33Eþ03 07KNSTD;
ROD-12-27 70.161 20.752 314 std 3.73 2.7 0.98 0 2012; Be-10 quartz 6.63Eþ04 1.29Eþ03 07KNSTD;
ROD-12-47 70.168 20.759 271 std 2.99 2.7 0.98 0 2012; Be-10 quartz 6.39Eþ04 1.33Eþ03 07KNSTD;
ROD-12-48 70.168 20.759 269 std 2.69 2.7 098 0 2012; Be-10 quartz 6.83Eþ04 1 37Eþ03 07KNSTD;
ROD-12-49 70.168 20.761 249 std 1.04 2.7 098 0 2012; Be-10 quartz 6.31Eþ04 1.17Eþ03 07KNSTD;
ROD-12-50 70.168 20.761 244 std 2.48 2.7 0.99 0 2012; Be-10 quartz 7.35Eþ04 1 66Eþ03 07KNSTD;
Rødhetta Intermediate - YD2 (M9)
ROD-12-40 70.166 20.757 219 std 2.31 2.7 0.98 0 2012; Be-10 quartz 6.47Eþ04 1.40Eþ03 07KNSTD;
ROD-12-57 70.167 20.757 217 std 2.26 2.7 0.98 0 2012; Be-10 quartz 5.76Eþ04 1.15Eþ03 07KNSTD;
ROD-12-58 70.167 20.757 226 std 1.78 2.7 0.96 0 2012; Be-10 quartz 6.77Eþ04 1.59Eþ03 07KNSTD;
ROD-12-59 70.168 20.755 227 std 1.49 2.7 0 97 0 2012; Be-10 quartz 6.01Eþ04 1 14Eþ03 07KNSTD;
ROD-12 61 70.168 20.752 239 std 2.33 2.7 0.96 0 2012; Be-10 quartz S. 71Eþ04 1.65Eþ03 07KNSTD;
Rødhetta Intermediate - YD3 (M10)
ROD-12-34 70.166 20.751 222 std 3.11 2.7 0 97 0 2012; Be-10 quartz 5.86Eþ04 1 12Eþ03 07KNSTD;
ROD-12-35 70.165 20.752 230 std 2.79 2.7 097 0 2012; Be-10 quartz 6.04Eþ04 1 22Eþ03 07KNSTD;
ROD-12-38 70.165 20.753 221 std 2.78 2.7 098 0 2012; Be-10 quartz 5.70Eþ04 1 08Eþ03 07KNSTD;
ROD-12-39 70.166 20.752 219 std 2.61 2.7 097 0 2012; Be-10 quartz 6.36Eþ04 1 18Eþ03 07KNSTD;
ROD-12-41 70.166 20.756 217 std 2.45 2.7 097 0 2012; Be-10 quartz 6.19Eþ04 1 16Eþ03 07KNSTD;
ROD-13-82 70.166 20.751 222 std 1.47 2.7 097 0 2013; Be-10 quartz 5.94Eþ04 1 43Eþ03 07KNSTD;
ROD-13-83 70.166 20.751 222 std 1.45 2.7 0.97 0 2013; Be-10 quartz 6.02Eþ04 1.49Eþ03 07KNSTD;
ROD-12-37 70.166 20.752 221 std 2.07 2.7 0.97 0 2012; Be-10 quartz 5.58Eþ04 1 06Eþ03 07KNSTD;
ROD-13-84 70.166 20.752 221 std 2.09 2.7 0.97 0 2013; Be-10 quartz 5.48Eþ04 1 36Eþ03 07KNSTD;
(duplicate �37)
Rødhetta Innermost - LIA1 (Mil)
ROD-12-65 70.162 20.741 217 std 2.36 2.7 0.93 0 2012; Be-10 quartz 2.43Eþ03 1.21Eþ02 07KNSTD;
ROD-12-66 70.163 20.739 217 std 1.45 2.7 0.93 0 2012; Be-10 quartz 2.33Eþ03 1.17Eþ02 07KNSTD;
ROD-12-67 70.163 20.740 217 std 2.57 2.7 0.93 0 2012; Be-10 quartz 2.30Eþ03 1.15Eþ02 07KNSTD;
Rødhetta Innermost - LIA2 (M12)
ROD-12-68 70.162 20.737 254 std 1.88 2.7 0.93 0 2012; Be-10 quartz 4.69Eþ03 2.34Eþ02 07KNSTD;
ROD-12-69 70.162 20.737 248 std 2.71 2 7 0.94 0 2012 Be-10 quartz 2.02Eþ03 1.01Eþ02 07KNSTD;
ROD-12-70 70.162 20.736 250 std 2.86 2.7 0.93 0 2012; Be-10 quartz 1.58Eþ03 7.91Eþ01 07KNSTD;
ROD-12-71 70.162 20.736 261 std 3.9 2.7 0.92 0 2012; Be-10 quartz 1.67Eþ03 8.35Eþ01 07KNSTD;
ROD-12-72 70.161 20.736 282 std 1.46 2.7 0.92 0 2012; Be-10 quartz 2.80 Eþ03 1.40Eþ02 07KNSTD;
Nymoen LG
NYM-13-85 70.152 20.776 75 std 1.21 2.7 1 0 2013; Be-10 quartz 5.77Eþ04 2.17Eþ03 07KNSTD;
NYM-13-86 70.152 20.775 69 std 0.88 2.7 1 0 2013; Be-10 quartz 1.176þ05 7.65

6þ03
07KNSTD;

NYM-13-87 70.151 20.775 70 std 1.57 2.7 1 0 2013; Be-10 quartz 5.99Eþ04 1.17Eþ03 07KNSTD;
Snøfonn LG Outermost
ROD-12-42 70.169 20.762 296 std 2.89 2.7 0.99 0 2012; Be-10 quartz 1.01Eþ05 2.16Eþ03 07KNSTD;
ROD-12-43 70.169 20.762 296 std 2.59 2.7 0.99 0 2012; Be-10 quartz 7.51Eþ04 1.94Eþ03 07KNSTD;
ROD-12-44 70.169 20.762 292 std 3.13 2.7 0.99 0 2012; Be-10 quartz 7.99Eþ04 2.65Eþ03 07KNSTD;
ROD-12-45 70.169 20.762 294 std 2.34 2.7 0.99 0 2012; Be-10 quartz 8.46Eþ04 1.69Eþ03 07KNSTD;
Additional Samples Rødhetta
ROD-12-12 70.162 20.753 318 std 2.3 2.7 0.99 0 2012 Be-10 quartz 6.75Eþ04 1.50Eþ03 07KNSTD;
ROD-12-14 70.162 20.754 307 std 3.55 2 7 0.99 0 2012; Be-10 quartz 7.72Eþ04 1.44Eþ03 07KNSTD;
ROD-12-15 70.163 20.755 303 std 2.37 2.7 0.99 0 2012; Be-10 quartz 6.85Eþ04 1.28Eþ03 07KNSTD;
ROD-12-17 70.163 20.757 287 std 2.97 2 7 0.99 0 2012; Be-10 quartz 6.31Eþ04 1.18Eþ03 07KNSTD;
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Table 1 (continued )

Sample Latitude Longitude Altitude
(m)

air
pressure

Thickness
(cm)

Density (g
cm-3)

Shielding Erosion Year
sampled;

Nuclide Mineral 10Be (at
g-1)

1 Sigma AMS
Standard;

ROD-12-24 70.164 20.756 266 std 3.29 2.7 0.98 0 2012; Be-10 quartz 6.25Eþ04 1.22Eþ03 07KNSTD;
ROD-12-29 70.161 20.749 297 std 2.72 2.7 0.96 0 2012 Be-10 quartz 5.30Eþ04 1.386þ03 07KNSTD;
ROD-12-30 70.161 20.750 299 std 2.27 2.7 0.97 0 2012; Be-10 quartz 6.176*04 1.326þ03 07KN5TD;
ROD-12-31 70.161 20.750 294 std 2.06 2.7 0.97 0 2012; Be-10 quartz 3.526þ04 7.54Eþ02 07KNSTD;
ROD-12-32 70.162 20.747 239 std 2.1 2.7 0.96 0 2012; Be-10 quartz 6.24Eþ04 1.64Eþ03 07KNSTD;
ROD-12-33 70.168 20.759 244 std 2.73 2.7 0.97 0 2012; Be-10 quartz 6.53Eþ04 1.47Eþ03 07KNSTD;
ROD-12-54 70.166 20.761 205 std 2.07 2.7 0.96 0 2012; Be-10 quartz 6.11Eþ04 1.20Eþ03 07KNSTD;
ROD-12-55 70.166 20.761 204 std 2.25 2.7 0.98 0 2012; Be-10 quartz 8.846þ04 1.816þ03 07KNSTD;
ROD-12-62 70.166 20.759 209 std 2.29 2.7 0.98 0 2012; Be-10 quartz 6.87Eþ04 1.30Eþ03 07KNSTD;
ROD-12-63 70.166 20.759 213 std 1.6 2.7 0.98 0 2012; Be-10 quartz 8.266þ04 1.876þ03 07KNSTD;
ROD-12-64 70.165 20.758 215 std 1.87 2.7 0.98 0 2012; Be-10 quartz 6.84Eþ04 1.29Eþ03 07KNSTD;
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scales much longer than the interval considered here, we therefore
neglect surface erosion in our age calculations. Note that an erosion
rate of 1 mm/ka, frequently used in the literature to somehow ac-
count for erosion, would increase the ages systematically by 1.2%,
not impacting any of the conclusions made below.

Moraine Ages: To derive a moraine age, wwe calculate the
arithmetic mean of the 10Be boulder ages from one moraine (2 s
outliers excluded, see Fig. 4). We interpret these moraine ages as
the termination of the respective glacier advance, as these boulders
were deposited at the very end of the respective moraine formation
period, just before the onset of glacier retreat. The uncertainty of
these 10Be moraine ages include (i) the standard deviation of
arithmetic mean of the 10Be boulder ages from the respective
moraine, (ii) the production rate uncertainty given above, and (iii) a
1% uncertainty for the 9Be carrier concentration produced and
calibrated at LDEO.

3.2. Glacier modeling and climatic implications

We present and applied a flexible, first-order ELA model based
on geomorphic constraints to estimate changes in ELA underlying
the reconstructed glacier advances, and then derive a range of
temperature and precipitation changes required to drive the ELA
changes. All details of this model approach are given in
(Supplementary Material).

Reconstructing ELAs: The ELA is the altitude on a glacier where
total annual snow accumulation, or mass gain, equals the total
annual ablation, or mass loss (Cuffey and Paterson, 2010). Directly
related to climate, the ELA provides a commonmeasure that can be
compared from one region to another and represents one of the
most useful glaciological measures for climate reconstructions
(Cuffey and Paterson, 2010; Lüthi, 2014; Porter, 1975).

Briefly, the ELA model captures the relationship between the
ELA and glacier hypsometry, and accounts for changes in bed slope,
glacier thickness, and relative valley widths. This is important for
Rødhetta Glacier, as the slope of the bed changes significantly
down-valley. In addition, glacier thickness in the model is a func-
tion of both glacier length and slope (Oerlemans, 2001), thus ac-
counting for feedbacks that naturally occur as a glacier changes
size.

Climate Drivers of the ELA changes: We use the observed mass
balance gradients in Norway to calculate the mass balance changes
associated with the modeled changes in ELAs (e.g., Rupper and Roe,
2008; Rasmussen and Andreassen, 2005; Cuffey and Paterson,
2010). This is directly analogous to using temperature lapse rates
to calculate the change in temperature for a given change in
elevation, but avoids the assumption that temperature is the only
parameter influencing mass balance or ELA changes. We then es-
timate climate change from the mass balance changes for two
endmember scenarios: changes in precipitation only and changes
in temperature only. For the scenario where we assume only
change in precipitation (and no change in temperature), changes in
snow accumulation are directly equal to the mass balance changes
and requires no further modeling or calculations. For the scenario
where we assume only change in temperature (and no change in
precipitation), the mass balance changes are driven entirely by
changes in ablation. We model the change in temperature for the
estimated change in ablation using the commonly applied positive
degree day approach (e.g., Braithwaite and Zhang (2000); Cuffey
and Paterson (2010); Hock (2003)). This approach has been
shown to be useful in mountain glacier settings with a significant
correlation between temperature and ablation (for example, in the
Alps; Six and Vincent (2014); Thibert et al. (2013); Vincent and
Vallon (1997)). We account for the uncertainties in the recon-
structed ELAs, mass balance gradient, and positive degree day
ablation model using a Monte Carlo approach, thereby providing
the range in temperature and precipitation reconstructions that can
reasonably explain the reconstructed glacier changes. All details of
this approach are provided in the Supplementary Material (see also
Fig. 3).

4. Results

The geomorphic map (Fig. 1) shows the 13 moraine ridges
mapped in front of Rødhetta Glacier (M1-M13), its tributary snow-
field Snøfonn and the neighboring Nymoen Glacier.

Our moraine chronology consists of 71 10Be boulder ages
(Table 2, Figs. 1 and 4), ranging from ~14 ka ago to the Little Ice Age
(LIA) (1300e1850 CE), with 1s analytical uncertainties of 2e3% for
the LG moraine boulder ages and 5e7% for the historic moraine
boulder ages. 64 dates come from the Rødhetta moraine sequence,
49 of those are from the most prominent and best-preserved mo-
raines that are the core of the Rødhetta glacier chronology. Samples
with less well-defined stratigraphic positions are shown in Fig. 1 in
white boxes. Eight boulders are from the Rødhetta LIA moraines;
four samples were dated from the Snøfonn LG moraines, and three
from the Nymoen LG moraines (Tables 1 and 2).

Individual boulder ages from the outermost Rødhetta LG
moraine sequence (M1-M3, Fig. 1) range from 13.3 ± 0.3 ka to
14.8 ± 0.3 ka (n ¼ 18 10Be ages, excluding five 2s outliers, with one
duplicate measurement of sample 3), with a mean of 13.9 ± 0.7 ka,
dating the LG culmination of Rødhetta Glacier prior to the YD sta-
dial. A single boulder age from the inner ridge M4 (sample 75)
yields an age of 12.9 ± 0.5 ka, consistent with the stratigraphic
order of these moraines. This age is corroborated by the LG boulder
ages of Nymoen Glacier, dating to 12.8 ± 0.6 ka (n ¼ 3, excluding
one 2s outlier). The boulder ages from the outermost moraine of
Snøfonn snow-field date to 14.2 ± 1.0 ka (n ¼ 4, excluding one 2s
outlier).

The 10Be ages from the three dated moraines (M7, M9, M10) of



Table 2
10Be ages of all 71 samples with 1s analytical errors (see Methods for error discussion), based on the Arctic Production Rate (Young et al., 2013) and based on three commonly
used scaling protocols. Ages based on ‘Lm’ scaling, which is the time dependent version of the ‘St’ scaling presented by (Lal, 1991) and updated by (Stone, 2000), are identical.
Ages based on the ‘LSD’ scaling are 1% higher. Last column: ‘a’ ¼ altar-shaped, ‘p’ ¼ pyramid-shaped boulders; outliers are not related to boulder-shape and thus snow-cover
does not impact this chronology. Ages are calculated assuming no erosion, as we do not have evidence for erosion of these surfaces. An erosion rate of 1 mm/ka, which is
hypothesized in some papers, would increase all ages by 1.2%, without any impact on the conclusions of this paper.

Sample name Nuclide St Lm LSDn

Age (yr) error (yr) Age (yr) error (yr) Age (yr) error (yr)

Rødhetta LG Outermost moraine sequence (Ml, M2, M3)
ROD-12-1 Be-10 (qtz) 14,717 399 14,716 399 14,719 399 P
ROD-12-2 Be-10 (qtz) 14,622 336 14,622 336 14,618 336 a
ROD-12-4 Be-10 (qtz) 13,445 394 13,445 394 13,423 394 P
ROD-12-5 Be-10 (qtz) 14,745 340 14,745 340 14,733 340 P
ROD-12-6 Be-10 (qtz) 13,681 331 13,681 331 13,667 331 P
ROD-12-8 Be-10 (qtz) 13,307 316 13,307 316 13,284 315 P
ROD-12-lO Be-10 (qtz) 14,042 375 14,042 375 14,021 374 P
ROD-12-11 Be-10 (qtz) 13,672 351 13,671 351 13,723 352 P
ROD-13-73 Be-10 (qtz) 13,948 266 13,937 266 13,937 266 P
ROD-13-77 Be-10 (qtz) 13,742 316 13,742 316 13,715 315 P
ROD-13-79 Be-10 (qtz) 13,504 338 13,504 338 13,480 338 P
ROD-13-80 Be-10 (qtz) 13,520 330 13,520 330 13,520 330 a
ROD-12-3a Be-10 (qtz) 20,549 473 20,549 473 20,556 473 P
ROD-12-3b Be-10 (qtz) 20,617 414 20,616 414 20,624 415 P
ROD-12-7 Be-10 (qtz) 15,984 345 15,983 345 15,970 345 P
ROD-12-9 Be-10 (qtz) 16,900 422 16,900 422 16,912 422 P
ROD-13-76 Be-10 (qtz) 16,364 375 16,363 375 16,355 375 P
ROD-13-78 Be-10 (qtz) 17,107 393 17,107 393 17,085 393 P
Rødhetta LG inner moraine (M4)
ROD-13-75 Be-10 (qtz) 12,929 262 12,929 262 12,911 262 a
Rødhetta Intermediate - YD1 (M7)
ROD-12-22 Be-10 (qtz) 12,649 247 12,639 247 12,782 250 a
ROD-12-23 Be-10 (qtz) 12,262 240 12,262 240 12,423 244 P
ROD-12-26 Be-10 (qtz) 12,281 241 12,281 241 12,452 244 a
ROD-12-27 Be-10 (qtz) 11,686 228 11,686 228 11,867 232 a
ROD-12-47 Be-10 (qtz) 11,681 244 11,681 244 11,840 247 a
ROD-12-48 Be-10 (qtz) 12,482 251 12,482 251 12,655 255 a
ROD-12-49 Be-10 (qtz) 11,653 216 11,603 216 11,747 218 a
ROD-12-50 Be-10 (qtz) 13,646 309 13,616 309 13,793 313 P
Rødhetta Intermediate - YD2 (M9)
ROD-12-40 Be-10 (qtz) 12,394 269 12,394 269 12,532 272 P
ROD-12-57 Be-10 (qtz) 11,048 221 11,048 221 11,151 223 a
ROD-12-58 Be-10 (qtz) 13,086 308 13,086 308 13,240 312 a
ROD-12-59 Be-10 (qtz) 11,455 218 11,455 218 11,583 220 a
ROD-12-61 Be-10 (qtz) 16,747 318 16,707 318 16,934 322 P
Rødhetta Intermediate - YD3 (M10)
ROD-12-34 Be-10 (qtz) 11,377 218 11,377 218 11,500 220 a
ROD-12-35 Be-10 (qtz) 11,602 235 11,602 235 11,734 238 a
ROD-12-38 Be-10 (qtz) 10,935 208 10,935 208 11,047 210 a
ROD-12-39 Be-10 (qtz) 12,347 230 12,337 230 12,474 232 a
ROD-12-41 Be-10 (qtz) 12,055 226 12,015 226 12,145 228 P
ROD-13-82 Be-10 (qtz) 11,377 275 11,377 275 11,500 278 P
ROD-13-83 Be-10 (qtz) 11,549 286 11,529 286 11,655 289 P
ROD-12-37 Be-10 (qtz) 10,750 205 10,750 205 10,856 207 P
ROD-13-84 (duplicate to �37) Be-10 (qtz) 10,659 263 10,559 263 10,651 265 P
Rødhetta Innermost - LIA1 (M11)
ROD-12-65 Be-10 (qtz) 490 24 490 24 481 24 a
ROD-12-66 Be-10 (qtz) 466 23 466 23 460 23 P
ROD-12-67 Be-10 (qtz) 465 23 464 23 458 23 a
Rødhetta Innermost - LIA2 (M12)
ROD-12-68 Be-10 (qtz) 907 45 907 45 878 44 P
ROD-12-69 Be-10 (qtz) 392 20 392 20 392 20 a
ROD-12-70 Be-10 (qtz) 309 15 309 15 312 16 P
ROD-12-71 Be-10 (qtz) 330 16 330 16 332 17 P
ROD-12-72 Be-10 (qtz) 531 27 531 27 520 26 P
Nymoen LG
NYM-13-85 Be-10 (qtz) 12,481 471 12,481 471 12,467 470 a
NYM-13-86 Be-10 (qtz) 25,587 1677 25,486 1677 25,504 1678 P
NYM-13-87 Be-10 (qtz) 13,068 256 13,068 256 13,049 256 a
Snøfonn LG Outermost
ROD-12-42 Be-10 (qtz) 17,846 383 17,844 383 18,141 390 a
ROD-12-43 Be-10 (qtz) 13,250 343 13,220 343 13,424 348 a
ROD-12-44 Be-10 (qtz) 14,284 472 14,188 472 14,408 480 P
ROD-12-45 Be-10 (qtz) 14,958 299 14,898 299 15,134 303 P
Additional Samples
ROD-12-12 Be-10 (qtz) 11,645 258 11,645 258 11,776 262 a
ROD-12-14 Be-10 (qtz) 13,552 254 13,551 254 13,768 258 a
ROD-12-15 Be-10 (qtz) 11,950 224 11,950 224 12,131 227 a

H.E. Wittmeier et al. / Quaternary Science Reviews 245 (2020) 1064618



Table 2 (continued )

Sample name Nuclide St Lm LSDn

Age (yr) error (yr) Age (yr) error (yr) Age (yr) error (yr)

ROD-12-17 Be-10 (qtz) 11,247 211 11,237 211 11,396 214 P
ROD-12-24 Be-10 (qtz) 11,560 225 11,510 225 11,663 228 P
ROD-12-29 Be-10 (qtz) 9659 251 9609 251 9716 254 P
ROD-12-30 Be-10 (qtz) 11,054 236 11,014 236 11,162 239 a
ROD-12-31 Be-10 (qtz) 6296 135 6296 135 6404 137 a
ROD-12-32 Be-10 (qtz) 11,933 315 11,932 315 12,076 318 P
ROD-12-33 Be-10 (qtz) 12,364 279 12,364 279 12,519 283 a
ROD-12-54 Be-10 (qtz) 12,091 238 12,091 238 12,213 241 P
ROD-12-SS Be-10 (qtz) 17,257 354 17,206 354 17,405 358 P
ROD-12-62 Be-10 (qtz) 13,296 252 13,296 252 13,439 255 a
ROD-12-63 Be-10 (qtz) 15,845 360 15,840 360 16,028 364 a
ROD-12-64 Be-10 (qtz) 13,151 248 13,111 248 13,257 251 P
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the intermediate sequence (M5-M10) yield ages within the YD
period: YD1 (M7): 12.3 ± 0.8 ka (n ¼ 8; no outlier), YD2 (M9):
12.0 ± 1.0 ka (n ¼ 5, excluding one sample, ‘-61’, as 2s outlier) and
YD3 (M10): 11.5 ± 0.7 ka (n ¼ 8; no outlier, one duplicate: sample
37/84). These moraine ages statistically overlap within 1s error.
However, we note that the chronology of these moraines follows
their stratigraphic order (YD1 > YD2 > YD3). The glacier stabiliza-
tion 12.3 ka ago (YD1/M7) ends a period of glacier retreat (~100 m
equilibrium-line-altitude rise) that began about 13 ka ago from the
position of moraine M4.

The eight 10Be ages from the ‘historic’ moraine boulders (M11-
M13) also yield ages consistent to the stratigraphic order with
LIA1 (M11): 480 ± 20 a (n ¼ 3; no outlier) and LIA2 (M12):
390 ± 100 a (n ¼ 5, excluding sample 68 as 2s outlier), strength-
ening the case that mapping and 10Be surface exposure dating
together can resolve distinct moraines deposited during the last
millennium and the LIA (Schaefer et al., 2009; Schimmelpfennig
et al., 2014). Similar LIA moraine sequences have been mapped in
numerous glacier forelands in Scandinavia (Nesje et al., 2008).

We present our modeling results in two steps: (i) The results of
the ELA lowering for the respective Rødhetta moraines
(Supplementary Information)) are given in Table S1; (ii) The
changes in precipitation (with constant temperature) and changes
in temperature (with constant precipitation) that would drive
Rødhetta Glacier to the respective moraine are given in Table S2.
The reconstructed precipitation changes for the ELA changes range
from ~60% at the LIA to ~165% at the YD. These are large changes in
precipitation despite being extremely conservative estimates (see
Supplemental Materials for details). In addition, precipitation dur-
ing Arctic cold periods like the LIA and the YD was most likely
reduced by the expanse of sea ice relative to present. On the other
hand, our temperature changes reconstructed from the ELA
changes for the LIA compare well with the 0.05e0.1 �C/decade
warming reported for nearby regions in Scandinavia during the
past 100e150 years (Luterbacher et al., 2004). Therefore, glaciers in
this regions were likely driven primarily by summer temperature,
in accordance with theoretical studies (Anderson et al., 2010;
Rupper and Roe, 2008).

The results of the ELA modeling indicate that the LG (M1) ELA
lowering of 220 ± 45 m was nearly 100 m lower than the YD ELA
that was about 125 ± 40 m lower than the ELA in the sampling year
CE 2013 (Fig. 3; Table S2). We estimate that a summer temperature
decrease of 1.2e3.2 �C as compared to present (Tables S1 and S2)
would advance Rødhetta Glacier to the LG (M1) position. The
~125 m lower ELA during the YD (M7) corresponds to a 0.8e1.9 �C
decrease in summer temperature in our model. Finally, the ELA
during LIA2 (M12) was 80 ± 20 m lower than present and our
glacier model requires about 0.5e0.8 �C summer cooling as
compared to present day to reach this moraine. As an independent
test of our model-temperature results, we force a dynamic flow-
line glacier model (Hutter, 1983; Oerlemans et al., 1998; Patankar,
1980; Roe and Baker, 2014), which uses the shallow-ice approxi-
mation and parameterized sliding (Farinotti et al., 2009), with these
temperature reconstructions. In particular, we model glacier mass
balance along the modeled glacier flowlines using the degree-day
model for melt and assuming precipitation is equal to present-
day. The simulated changes in glacier length match the moraine
sequences well (Figs. 3 and S3). The climate reconstructions are
consistent for two different modeling approaches (the ELA model
and the dynamic glacier model) and our LIA2 reconstruction
matches direct observations, suggesting that our first-order climate
reconstructions are robust.
5. Discussion

Based on these results, we now present themost likely sequence
of glacier events (Fig. 5), reflecting LG summer temperature
changes in Arnøya, Arctic Norway: (i) The LG culmination occurred
13.9 ± 0.7 ka ago, and therefore during the Bølling/Allerød period
preceding the YD, and was substantially more extensive than the
YD glacier advances; (ii) Sustained glacier retreat/summer tem-
perature warming occurred between 13 ka and 12.3 ka, through the
first half of the YD stadial; (iii) Glaciers/summer temperatures
stabilized at smaller/warmer configuration in mid-YD time fol-
lowed by modest oscillatory retreat through the rest of the YD; and
(iv) no subsequent glacier culminations were identified during the
Holocene, presumably reflecting small glaciers and warm sum-
mers, until the LIA period. The finding that the LG culmination in
Arctic Norway occurred prior to the YD, invigorates the importance
of the few pioneering studies reporting the LG culmination mo-
raines of the SIS to be of Older Dryas age (Andersen, 1968; Kverndal
and Sollid, 1993).

These LG mountain glacier patterns in Arctic Norway are
corroborated by regional glacier records and 10Be chronologies in
the Arctic, if calculated consistently (Fig. 5). The 10Be moraine
chronologies from the Scorsby Sound region in East Greenland
(Kelly et al., 2008; Levy et al., 2016), yield age brackets of 14.3-12.8
ka for the major LG culminations and of 12.9-11.4 ka for the sub-
sequent smaller LG glacier advance. 10Be moraine chronologies of
SIS outlet glaciers inwestern Norway (Briner et al., 2014; Mangerud
et al., 2013) yield a similar glacier pattern (Fig. 5). Thus, small Arctic
mountain glacier and the mighty Scandinavian Ice Sheet show
generally coherent LG pattern of culmination and retreat, a case
recently shown for glaciers on Baffin Island and the west Greenland
Ice Sheet during the early Holocene (Young et al., 2020).

In an interhemispheric context, several comprehensive 10Be
moraine chronologies from New Zealand and Patagonia converge
and show the LG culmination during the BA/ACR period (Garcia



Fig. 4. Probability distribution of 10Be boulder and moraine ages for the moraine ridges of Rødhetta Glacier culminations during the Late Glacial and Holocene periods. The thick
black line shows the probability distribution of the 10Be age population, including all individual boulders normalized to 1. Individual 10Be boulder ages within 1s uncertainties are
indicated with thin black lines. The vertical blue line represents the arithmetic mean of all distributions, with a 1s grey, 2s red and 3s green line. For the eventual age of the
Rødhetta moraines, we use the arithmetic mean within the standard deviation (1s) of all individual boulder ages from the respective moraine, including the production rate
uncertainty calibrated to 3.7% in (Young et al., 2013). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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et al., 2012; Mendelova et al., 2020; Putnam et al., 2010b; Sagredo
et al., 2018) and retreating glaciers through the YD stadial
(Kaplan et al., 2010; Sagredo et al., 2018). A similar LG pattern was
reported frommountain glaciers in the tropics (Jomelli et al., 2014).

Together, these detailed and robust moraine chronologies sup-
port the hypothesis of generally coherent glacier and summer
temperature variations on both hemispheres during the LG period,
contrasting the traditional view of the bipolar see saw of inter-
hemispheric climate (Fig. 5). Hemispheric or regional driving
mechanisms, such as the asynchronous northern versus southern
solar insolation changes, cannot explain the glacier observations.

However, recent temperature analyses (Buizert et al., 2014)
based on different Greenland ice-core d18O records combined with
model simulations, highlight the drastic variation in seasonality
(winter-summer temperature difference) (Fig. 5, lowest panel)
during the LG, with seasonality extremes during the coldest pe-
riods, such as Heinrich Stadial 1 (HS1: 18e14.9 ka ago) and the YD,
also referred to as HS0. Summer temperatures show a general



Fig. 5. Rødhetta Glacier changes through the Late Glacial period in a regional and interhemispheric context. Grey and white bars denote the intervals YD¼Younger Dryas;
A ¼ Allerød; OD¼Older Dryas; B¼Bølling; ACR ¼ Antarctic Cold Reversal (see text); HS1¼Heinrich Stadial 1; A) Rødhetta Glacier, Arctic Norway. Triangles denote glacier culmi-
nations/moraine ages plotted against modeled changes in Equilibrium Line Altitude. The arrow denotes the glacier retreat through the YD period. B) Recent 10Be chronologies of the
SIS in western Norway (Briner et al., 2014; Mangerud et al., 2013) re-calculated consistently with the Arctic Production Rate (Young et al., 2013) (lower graph) and a14C chronology of
the SIS at Langnes in Troms County (upper graph) (Andersen, 1968), indicating a quasi-stable western and Arctic SIS during the BA/ACR followed by retreat through the YD stadial. C)
Glacier evolution in the southern mid-latitudes based on records from New Zealand’s Southern Alps (Kaplan et al., 2010; Koffman et al., 2017; Putnam et al., 2010b) and Patagonia
(Garcia et al., 2012; Sagredo et al., 2018; Strelin et al., 2011), showing a consistent picture of glacier culminations during the ACR and subsequent glacier retreat/summer tem-
perature warming during the YD stadial. D) Atmospheric CO2 concentration (orange) (Monnin et al., 2001) and seasonal Greenland temperatures derived from models and
Greenland ice core water isotope data (modified from Buizert et al. (2018)). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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warming trend over the LG, including a warming through the YD
(Alley, 2000), with superimposed subdued abrupt climate changes
of only a few oC from HS1 to the Bølling, from Allerød into the YD,
and from YD to the Holocene. These Greenland-summer tempera-
ture patterns show consistency with the mountain glacier patterns
presented here and are also roughly similar to Antarctic mean
annual temperature and atmospheric CO2 records, potentially
explaining the inter-hemispherically coherent pattern of summer
temperature sensitive mountain glaciers changes during the LG. If
correct, this would mean that the inter-hemispheric bipolar see-
saw is not prominent during northern summers, and mostly a
North Atlantic winter phenomenon during cold periods, masking
the inter-hemispheric summer warming reflected by mountain
glaciers around the globe. This scenario can be tested by more such
detailed glacier studies of Northern Hemisphere moraine records
through the LG period, and, in turn, precise 10Be chronologies of key
moraine records throughout Scandinavia, the Alps and theWestern
US, among others, hold the key to verify or falsify this concept of the
seasonality-switch of the bipolar see saw that would alter our basic
understanding of inter-hemispheric climate.
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