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The extent of the Scandinavian Ice Sheet in southwestern Norway is precisely located during the well-
characterized Younger Dryas re-advance. However, the thickness of the ice sheet is less well constrained
inland from the terminal position. Some exceptions include lateral moraines traced inland and up to 1000
m a.s.l. along Hardangerfjorden. Here, we apply °Be dating in two areas: (1) bedrock and boulders in the
high-relief landscapes near the Younger Dryas margin around the Bergen urban area, and (2) boulders from
an upland 1600 m a.s.l. much farther (120 km) inland. We find that coastal summits ranging from ~400 to
~680 m a.s.l. and located only ~10-15 km up-flow from the ice margin, were covered by the
Scandinavian Ice Sheet during the Younger Dryas. The scatter in the °Be age population of 22 boulder
samples is best explained by isotopic inheritance owing to inefficient subglacial erosion during the
prior glaciation. Most of the 11 bedrock samples also exhibit inheritance, pointing to the source of
inheritance in boulders and implying inefficient subglacial erosion during the last glaciation even in
valley-bottoms near Bergen. Regional glacial striae compilations suggest that ice flow during maximum
Younger Dryas ice-sheet configurations was for the most part cross-valley, with potentially low basal slip
rates. Five new °Be ages from the inland site help to constrain ice height far inland. We combine these
new results with prior information to generate a cross profile of the Younger Dryas ice sheet in southern

Norway.
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Introduction

Ice sheets are part of important climate feedback mechanisms that lead to sharp latitudinal contrasts
in temperature. Despite their significant role in the Earth’s climate system, our understanding of their
configuration — particularly their height — through time and space is still limited (Hughes et al., 2016,
Dalton et al., 2020, Clark et al., 2022). Geological observations of past ice-sheet configuration remain
critical for validating and improving climate modeling (e.g., Sommers et al., 2021), for elucidating
glacio-isostatic adjustment of the crust that is critical for understanding the causes of relative sea-
level change (Gowan et al., 2021; Fjeldskaar & Amantov, 2018), for constraining post-glacial immigration
of flora and fauna (Alsos et al., 2022), and for predicting spatial patterns of future sea-level changes
(e.g., Caron et al., 2018).

The history of Scandinavian Ice Sheet margin fluctuations during the last deglaciation is reasonably
well known in coastal southwestern Norway (Fig. 1). The Bergen area was deglaciated at around 14 ka
(Mangerud et al., 2017), and remained ice-free for 2000 years with an ice-sheet position at least 40
km east of Bergen (Mangerud et al., 2019). Subsequently, during the Younger Dryas, the ice sheet
re-advanced and built the Herdla Moraine close to the outer coast ~11.6 ka (Mangerud et al., 2016;
Fig. 2). The Bergen area became ice free again ~11.5 ka as the ice front retreated rapidly inland in
response to Holocene warming (Mangerud et al, 2019).

1200 ~

Figure 1. Map of southern Norway and the North Sea showing the extent of the Scandinavian Ice Sheet during the Last
Glacial Maximum (LGM) and Younger Dryas (YD). The dashed white line shows the assumed Younger Dryas ice divide.
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Figure 2. Map showing the extent of the Younger Dryas ice limit in the Bergen area of southwestern Norway (from
Mangerud et al., 2016), along with previously published 10Be ages (re-calculated here) from Mangerud et al. (2017).
13 ka limit from Mangerud et al. (2019). The topography of the A=A line is shown in Fig. 8.

The timing and lateral extent of the Younger Dryas re-advance is better documented in the Bergen-
Hardanger area than any other place around the Scandinavian Ice Sheet. Lateral moraines also
show the slope of the ice surface along Hardangerfjorden (Follestad, 1972; Mangerud et al., 2013).
However, the steepness of the ice margin, and the height of the ice sheet during this event, remains
largely under-constrained in the topographically complex area around Bergen, i.e., between the two
large fjords Hardangerfjorden and Sognefjorden. What was the Younger Dryas ice-sheet profile in the
Bergen area and how might this guide knowledge of the shape of the Scandinavian Ice Sheet during the

Younger Dryas?

The main aim of this study has been to resolve this question by °Be-exposure-dating of erratic
boulders found on the highest mountains close to the Younger Dryas ice margin, i.e., mountains around
the city of Bergen. We also include °Be-ages from erratics on higher mountain peaks farther inland to
determine the height of the ice surface. In other projects, 1°Be ages had been obtained from lower
elevations in the area overrun by the Younger Dryas re-advance. We include these results, as well as
new radiocarbon ages from a key stratigraphic section, because they improve our understanding of
inheritance of °Be in our samples and they also represent a first step in quantifying glacial erosion in

such a landscape.
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Background

The Scandinavian Ice Sheet covered most, if not all, coastal mountains in western Norway during the
Last Glacial Maximum (Hughes et al., 2016; Regnéll et al., 2021). Ice flowed across the Bergen area
from the higher elevations to its east and advanced onto the continental shelf in the North Sea. Once
offshore, this inland ice was confluent with the north-flowing Norwegian Channel Ice Stream, which
terminated at the continental shelf break on the southern flank of the Norwegian Sea ~250 km down
flowline from Bergen (Fig. 1) (Sejrup et al., 2003). In this section, we synthesize previously published
age constraints to generate two alternative exposure histories for the highest mountains in the Bergen

area (Fig. 3) from which to compare our suite of new °Be ages. We outline this history in three stages:

Stage 1 — pre—Younger Dryas deglaciation

Sejrup & Hjelstuen (2022) depict the recession of Norwegian Channel Ice Stream west of Bergen
between 19 and 18 ka. Despite this relatively early post-LGM recession, available data indicate that
the ice margin did not recede inside the outermost islands in this area until between ~15 and ~14 ka
(Mangerud et al., 2017). At the village of Blomvag in @ygarden (Fig. 2), basal marine sediments have
radiocarbon ages of 14.1 + 0.2 cal ka BP [re-calibrated using Marine20 (Brendryen et al., 2020)]
supported by °Be ages from nearby erratic boulders that average 14.0 + 1.4 ka (Mangerud et al., 2016).
Following deglaciation of the western coastline, the ice front continued to retreat at least ~40 km inland
(east) of the Bergen area. Near Bergen, the oldest radiocarbon ages from re-worked shells found in or
below a till associated with the Younger Dryas re-advance cluster at ~14.0 cal ka BP (Mangerud et al.,
2016).

Stage 2 — Younger Dryas re-advance

The youngest among about 90 radiocarbon ages on shells re-worked into a till deposited during the
Younger Dryas re-advance the Bergen-Hardangerfjorden area date to ~12.5 cal ka BP (Mangerud
et al.,, 2016). This indicates that the ice sheet advanced across the Bergen area shortly after 12.5

cal ka BP. Relative sea-level curves showing a 10 m rise that culminated at the end of Younger Dryas
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Figure 3. Ice-sheet cover scenarios for mountain summits in the Bergen area, depicting locally derived glacially
transported boulders (gray, higher possibility of having °Be inheritance) and long-transported glacial boulders (black,
lower possibility of having 1°Be inheritance). (A) Ice free at 14 ka. (B) Ice free during the Younger Dryas. (C) Ice covered

gergen mountain top

long-transport

during the Younger Dryas.
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suggest that the re-expansion of the Ice Sheet started during the Allergd interstadial period (Lohne et al.,
2007). The ice margin continued to expand westward to a position ~12 km down flowline from Bergen
(Fig. 2). There are multiple lines of evidence indicating that the re-advance attained its maximum extent
shortly before the transition to the Holocene; in some areas, Younger Dryas maximum phase sediments
were deposited stratigraphically well above the Vedde Ash (12.1 cal ka) (Bondevik & Mangerud, 2002;
Lohne et al., 2004), and in other areas, ice-marginal deposits rest on in situ shells dating to ~12 cal ka
(Mangerud et al. 2016).

How thick the Younger Dryas ice was around the city of Bergen is unknown and allows for two different
exposure histories. If adjacent summits were not re-occupied during the Younger Dryas, then exposure
ages of perched boulders should be ~14 ka (and with inheritance, potentially older; Fig. 3). If, on the
other hand, summits were re-occupied during the Younger Dryas, then boulders without inheritance

should have exposure ages of ~11.5 ka (Fig. 3).

Stage 3 — Recession from the Younger Dryas

The timing of ice recession has been dated precisely from plotting the elevation of raised ice-marginal
deltas in a well-dated “master” shore-line diagram (Mangerud et al., 2019), indicating that the Bergen

area was deglaciated between 11.5 and 11.4 cal ka BP.

Methods

1%Be dating

We sampled bedrock surfaces and perched boulders on or near the highest summits in the Bergen area,
which lies slightly within the Younger Dryas ice extent (Fig. 4). High topographic areas below former

ice sheets are challenging landscapes for cosmogenic-nuclide exposure dating, because cosmogenic-

nuclide accumulation can survive multiple glacial cycles due to minimal glacial erosion (e.g.,
Brook et al.,, 1996; England, 1999; Briner et al., 2005; Fabel et al., 2006; Goehring et al., 2008).

[ - Al A b T Fanldf
Figure 4. Map of Bergen region showing °Be ages of bedrock (black diamonds) and perched boulders (red circles).
Fv = Fjgsangerveien site.
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Thus, our sampling strategy includes sampling many perched erratic boulders. Our bedrock samples
are from various elevations, allowing assessment of the relative magnitude of glacial erosion efficiency,
and hence inheritance and its potential influence on boulder age distributions. Our dataset consists of
22 “Be ages from boulders from 49 to 677 m a.s.l., and 11 °Be ages from bedrock surfaces from 90 to
477 m a.s.l. (Fig. 5). At all sites, sampled boulders rested directly on bedrock that exhibited evidence
of erosive subglacial conditions. To constrain the inland height of the ice sheet, we supplemented the
Bergen dataset with five samples from erratic boulders from the mountain Tarven in a tributary valley
to Sognefjorden, which is a high mountain near the center of the ice sheet that serves the purpose of
constraining ice-sheet thickness. Tarven is a logistically feasible location with suitable boulders that are
located 1234-1620 m a.s.l. ~¥120 km up flowline and serve as a test of inland ice-sheet height during the
Younger Dryas (Fig. 6).

Ulriken massif (view from SE)

U1 BER-0901

BER-0908

Figure 5. Selected photos of field locations and samples.
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Figure 6. Map showing location of Tarven and *°Be ages (in ka). Map location shown in Figure 1.

We collected samples with an angle grinder, hammer and chisel. Subsequent sample processing
took place in two labs, one in Buffalo, USA and one in Glasgow, UK. Both labs follow similar quartz
purification and beryllium isolation protocols (Kohl & Nishiizumi, 1992; Corbett et al., 2016). Samples
processed in Buffalo had beryllium ratios measured at the Center for Accelerator Mass Spectrometry
in Livermore, California, US. BER samples were processed and measured at the Scottish Universities
Environmental Research Centre, East Kilbride, UK. Table 1 includes metadata about AMS standards and

other sample-specific information.

We calculate all °Be ages using the °Be production rate of Goehring et al. (2011, 2012) and version 3
of the online exposure age calculator (https://hess.ess.washington.edu/; Balco et al. 2008). This applies
both to ages we report here for the first time and those previously published. We use the “Goehring
rate” and the Lal/Stone scaling scheme (referred to hereafter as Lm; Lal, 1991; Stone, 2000) to be
consistent with calculations used at other sites in western Norway. The “Goehring rate” is an average
rate calibrated locally in western Norway at two sites, one of which is a Younger Dryas moraine with
independent radiocarbon age control, and one is a rock fall deposit at 6.0 cal ka BP that killed a tree that
was radiocarbon dated (Nesje, 2002). Other production rate choices include the “Scandinavian rate” of
Stroeven et al. (2015) or the “Arctic rate” of Young et al. (2013) or the “global rate” from the CRONUS
project (this is the default rate in the age calculator v3), among others. We favor the Goehring rate due
to the proximity of the calibration sites, but note that it is higher than other rates, and thus yields the
youngest ages among the production rate choices [e.g., ~¥6 % younger than the “global” rate of Borchers
et al. (2016) and 2—-3 % younger than the “Scandinavian” rate of Stroeven et al. (2015)].

7 of 22



Configuration of the Scandinavian Ice Sheet in southwestern Norway during the Younger Dryas

al

J. P. Briner et.

98Y ¥ €8CCT ALSNMZ0 9'900% 9'ZESTOT ST0T 0000°T 0C 9€9 Ss1oud [e20]  O'TXGTXS'T 0€9TTY’S 0EEYOY'09 ST-Nn Japnoq uaquIn
0TT ¥ ¥990T ALSNMZ0 9'v¥8¢CT S'S9¥S9 ST0C 0000T ST 1T€ SsIaug |e20|  O'PXQ'EXD'E ¥T6ET'S €69/€09  6T1-T8 13p|noq uloyiaphi
VEC F 1SCCT ALSNMLO0 6'TYST 1°/6808 STOC 0000°T 1T 8¢ ss1aus |edo| L'TX0CX0'C €6CVT'S L9€L€09 8T1-18 49p[noq uloyiaphl
LTE ¥ 8STTT ALSNMZ0 7'S08T L'v0LE9 ST0T 0000°T ST LET Ss1oud [e20]  O'TXGTXS'T §S9€T’S LEVBE09  LT1-08 Japnoq uioysapAl
08S ¥ 00¢CT 0090€ 1SIN [4:1443 €VSTL9 600C 56660 0C 6¢CT sslaus |edo| STX0'EX8'T €65TST'S GEOT9E'09 9060 ¥Ig J4apnoq uagoysepeuey|
9€L ¥ 6CSTT 0090€™ 1SIN 7'TL9¢€ 6'vv9LS 600¢ 04660 0‘s 974 ss1aus |edo| SIXSCX8'T G78886'Y TI8EYS09 6060 ¥ig Jap|noq Aysy
T8 ¥ SSTET 0090€™ LSIN 1'T6vY €'6SS€L 600C €5660 0's ¢St SsIoud |e20|  Q'TXQTXL'T 8T6V0€E’S TG8T9E'09 8060 ¥3g Jap|noq uspJesauyouy
¥8€ ¥ €T¥0T 0090€ 1SIN 8'0€9¢ 0TLSTL 0T0C 66660 ST 1433 sslougd |e20|  Q'TXQ'EXE'T 0€YS6T'S 29TPLE'09 SOOT ¥3ag Japinoq  13||dlspiedsweq
0€9 ¥ 6EVTC 0090€™ 1SIN 9'v6€E€E 88779TT T110¢ 05660 ST SOT ?1z1enp VN 068€9€°S 00TS9€09 LOTT ¥38 >oipaq uasneysuen
9TL ¥ €19¢CC 0090€™ LSIN 9'7L9¢ 0v099TT 110C 75660 08 L0T 9)izyenp VN 0LT¥9€E’S 09TS9€'09 SOTT ¥3g >ooupaq uasneysue
€L/ ¥7609T 0090€ 1SIN S'8TIY L'TL098 0T0C 51660 01T 06 ssiaus uasny VN 780S6T'S €6078€°09 ¥00T ¥3g 204paq Senasye
€68 ¥ 06061 0090€™ 1SIN 8'T89% 8665001 0T0¢ S166°0 0‘€ 6 ssioug uagny VN 000S62°S YEEVBE'09 €00T ¥38 poJpaq Senasye
v ¥ 8CLTT 0090€™ LSIN '0TvE ¥'£0586 010T 96660 4 697 ss1oud uasny VN 0SETTE’S 68E6GE09 00T ¥3g 204paq uaxeIsAg
G9S ¥ G8LET 0090€™ LSIN 0'8€EY 0'STZ90T 0TO0C 0000'T o'y LLY ss1aug uasny VN 0TLTTE'S 0TO6SE'09 TOOT ¥3g 0Jpaq UIeISAR]
008 ¥ 986ST 0090€™ 1SIN %3747 L'76888 600¢ €€86°0 0T SET ?1z1enp VN 0¥8SLE’S 08068€°09 L060 ¥38 >0Jpaq usjepsj
€EBF LETET 0090€™ LSIN S‘06LY 8'v0v9L 600C 16660 0C €97 ss1aug onieuoy VN 168TYT’S 96879€09 7060 ¥38 204paq uioyJapAl
SCOT ¥ €CTET 0090€ 1SIN L7965 8'C0€SET 600C 8.66'0 0y 961 ssiaus onljeuol VN 909¢te’s SY8/9€'09 €060 ¥3Ig >204paq uloysaphi
£9S ¥ T¢0ST 0090€™ 1SIN €'€801 9995801 600¢ 0000°T 0‘€ (00} 74 ssiaug onljeuol VN T20Z¥T’s 9YSELE'09 TO60 ¥Ig >004paq uloyiaphl
506 ¥ 0€v7EC 0090€™ LSIN 6'80€S T'OTESET 600C L6660 0C L8T VN 980T¥T’S LTOYIE'09 TO60 ¥3g 204paq uioyJapAl
(zasenb jo
weid/swoje) (zmenb jo  uonod9|j0d (wd) (w) (w ‘MxIXH) al adAy
a8e ag,, piepueis SNV Awilenaoun  wesd/swole)  joJeapy  SuipdIys ssawdlyl uouneas|y a|dwes uoisusawip apnysuoq apnine] a|dwes aoepns awepN S
g, CT: P a|dwes

uonpbw.oful ajdwps abp ainsodxa QT-wnifjAiag T ajqoL

8 of 22



Configuration of the Scandinavian Ice Sheet in southwestern Norway during the Younger Dryas

al

J. P. Briner et.

'900[ins ss1aub ayy anoqp wd g—T apnJjo.d AjjpaidAy sujan zupnb “a°1 ‘PasubAPD 00] SI UOIS0I3/BUlIaYIDaM JO 33163p ay] ‘SUOLIDIIIS MOYS Pajduips SaoDfins Jap/noq
/)204paq ay1 Jo auop /jiqowuunibbiaq/1ipy/ou nbu-0ab//:sdny :a4ay pauipiqo ag upd saibojoyll ¥204paq ay | "panliap Ajp20] aq 01 upaddp jou saop ABOjOYII] IDYI UOLDNIDAS Pl3Lf SI2102IPUI ,[DI0] 10U, SSIaub S sajdwps Jap|noq
150w Jo ABojoyii| 3y J010N2[bI Gam 01 yull Jof 1xa1 335 “buijpas w7, pup (ZT0z) [0 12 buliya09 Jo 3104 uonanpold buisn paipinajpd saby " pis, SI |aPOW 21J3YdSOW]D ‘0137 S| UOIS0Id 3I0LNs 23/swpib G9°7 SI pasn Alsuap ajduns

LTEFS8SYT QLSNMLO0 60SY T08T0C 0c¢oc 0000T ST 534" ss1aus |ea0] S'IX0'TXS'C LS9ET’L G€99.°09 vL1osIr Jap|noq uJanel
0LC +S9CT1 QLSN)Z0 S86¢ 699991 0c¢0c 0000°T ST LTET a)zuenb 0'TX0"exe'C 9SYST'L 0v€9£°09 gL sIf Japjnoq uJaneL

TvC¢ +SLE6 QLSNXZ0 80y TVvE8ST 0¢0c 0000°T 0C 6871 ss1ausg |eao] 8'0X0'TX0'T 606C8LT L 98496509 TLUSIf Jspjnoq uiane|
Ov€ ¥ 8€80T QLSNMZ0 0019 v98v6T 0c0c 0000°T 0c 89GT ss1aus |ed0] an €LTLLTL ¥Tys9L'09  T-0z0z-L  Jepinog uJanel
90€ ¥ 6T80T QLSN)Z0 8¢LS 9€€0¢ 0c¢0c 0000°T ST 0¢9t sslaus |edo| an LLTYS8TL S9/69L°09  T1-0T0C-L  J43p|nog uiane|
0T¢C + 6€60T QLSNXZ0 9'V6ET v'€S8TL STOC 0000°T 0C oV ss1ausg |eao] 0'¥X0'¥X0'S LLLBE'S STT9£'09 vin Jspjnoq usiin
¥9¢ ¥ 018ET QLSNMZ0 6°€00C S‘S0TS0T STOC 0000°T 0C SvS ss1aus |ed0] C'TXQ'TXS'C VEVEE'S SLY9E‘09 €In Jap|noq usyuIn
CTT ¥ SESTT QLSN)Z0 9TLYT v'v189L STOC 0000°T 0'C Tov sslaus |edo| CTIXTTIXS'C 8656€'S £9T9€'09 an Japjnoq usjuIn
69C ¥ 08ETT QLSNXZ0 S‘88LT 0'S66SL STOC 0000°T 0C Yoy ss1ausg |eao] 0°ZX0'vX0'S S9S6€°S 8179€'09  TIN-¥6 Jspjnoq usiin
S6C F L9811 QLSNMLO0 L'760T 560978 STOC 0000°T 0C 1A% ss1aus |ed0] J0u 0'TX8'0XC'T TLT6E'S €L£9€'09 6N-v6 Japjnoq usqiIn
LTEF TTVET QLSN)Z0 9'€CTT 8'SCT06 STOC 0000°T 0'C ay sslaus |edo| 7' IX9'TX0'C SST6E’'S £9S9€°09 LN-V6 Japjnoq usjuIn
TCEF8S19T QLSNXZ0 §'s29¢ L'LS8TET STOC 0000°T v'e €9 ss1ausg |eao] 9'0X8'0XC'T ¥898€‘S S9L€°09 9N-08 Jspjnoq usiin
8CC ¥ 99611 QLSNMLO0 T'1€61 6°97¥10T STOC 0000°T 9C 049 ss1aus |ed0] S'IXCIX0'C TL8T¥'S YyyLE09 SN-8L Japjnoq usyuIn
CTTF €6STT QLSN)Z0 1'688T 6'€9066 STOC 0000°T v'e L19 ss1aug |eao] J0u 8'0X0'TX0'T 810CY'S 6¥9L€°09 vN-8L Japjnoq usqiIn
SO€ ¥ 6£09T QLSNXZ0 6'7vST L'T69VET STOC 0000°T (44 €99 ss1ausg |eao] S'TXE'IX0'C [ATAR A 6L0LE'09 €N-8L Jspjnoq usiin
7S¢ ¥ 68CET QLSNMZ0 8'60¢ €°9500TT STOC 0000°T € 9 ss1aus |ed0] V' IXS'TIXS'C S080°S €69€°09 n-8L Japjnoq ussuIn
¥0C ¥ S8TCT QLSN)Z0 6°LL9T S‘T9500T STOC 0000°T v'e 8€9 sslaus |edo| 0°¢X0'¢x0'v 6¥807'S €8/9€'09 n-8L Japjnoq usjuIn
0€S ¥980CT QLSNXZ0 6'788€ €'79888 STOC 0000°T 0C L0S ss1ausg |eao] S'TX9'IX0'€ 0v0zZov's 08060709 LT-N Jspjnoq usiin
78S ¥ 0TLCT QLSNMLO0 L'TT9Y 0'€TL00T STOC 0000°T 0c 685 ss1aus |ea0] T'TXL0X0'¢C 0v0Zov‘s 08060709 91-n Jap|noq ussuIn

9 of 22



J. P. Briner et. al Configuration of the Scandinavian Ice Sheet in southwestern Norway during the Younger Dryas

Radiocarbon dating

We exploited a temporary sediment section in the Bergen valley (informal site name Fjgsangerveien)
at the entrance of a new tunnel for a light rail (60.358213° N, 5.340767° E) into the mountain
Lgvstakken. An excavation (Figs. 5 & 7) was created from the surface to bedrock exposing up to 8 m
of sediments that we subdivide into three units (lower, middle, upper). The lower unit, which rests
directly on bedrock, is a compact diamicton dominated by subangular pebbles and boulders. This is
draped by a middle unit (22-25 m a.s.l.) that is a 2-3 m-thick clay-rich, ice-drop diamicton that can be
followed laterally throughout the exposure. It is somewhat deformed and tectonized. In places,
it contains high concentrations of in situ marine mollusc shells, mainly Chlamys islandica. Other species
include Mytilus edulis, which requires influx of temperate Atlantic water and a seasonal ice-free zone to
thrive (Mangerud & Svendsen, 2017). The shell-bearing sediments are covered by a meter-thick
dark gray layer that mostly consists of silt and clay and is void of shells. The section is capped by the
upper unit, which is a massive and compact diamicton up to 4 meters thick and densely packed with
subangular gravel particles, stones, and boulders. Rooted in this diamicton are large granitic boulders

that bear evidence of glacial transportation.

o ice-

40 2 free
jces

cov.

Elevation (m a.s.l.)

Figure 7. The sediment section temporarily exposed at Figsangerveien. Inset shows eight calibrated radiocarbon ages on
marine material collected from this outcrop (circles) and two calibrated radiocarbon ages from marine shells re-worked
into till exposed in a sediment section nearby (diamonds; Mangerud et al., 2016). Ages reported in Table 2; photo of
Figsangerveien section in Fig. 5.
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We obtained eight radiocarbon ages from the shell-bearing unit, including five mollusc shells and three
samples from different parts of a growth layer of a calcareous algae (Lithohamnion sp) enclosing a
pebble. The samples were from different parts of the exposed strata, but not in stratigraphic order.
We calibrate radiocarbon ages <12,200 C yr BP using Marine20 (Heaton et al., 2020), and ages
>12,200 using the Normarinel8 calibration (Brendryen et al., 2020). Additionally, for comparison,
we re-calibrate two previously published radiocarbon ages that were collected very near the sampled
new section described here (11,020 + 60 and 12,750 + 60 yr BP), reported in Mangerud et al. (2016).

Radiocarbon ages were measured at the Radiocarbon Dating Laboratory, Lund University, Sweden.

Results

1%Be ages

The 22 new Be ages of boulders in the Bergen area range from 10.4 + 0.4 to 16.2 + 0.3 ka with an
average age of 12.4 + 1.4 ka (Table 1; Fig. 4). On the Ulriken summit, the highest mountain in the
Bergen area, where the majority (15) of our boulder samples are from, the ages range from 10.9 + 0.2 to
16.2 £ 0.3 ka and average 12.8 + 1.6 ka. The elevations of the Ulriken samples range from 401 to 677 m
a.s.l. Eliminating six boulders (five too old, one too young) following Chi-squared analysis (using version
3 of the online calculator; https://hess.ess.washington.edu/) results in a mean of 11.8 + 0.9 ka of the

remaining nine Ulriken boulders. There is no relationship between sample age and elevation (r?=0.17).

The 11 bedrock samples have apparent *°Be ages that range from 12.70.4 to 23.4 + 0.9 ka, of which
seven samples pre-date 15 ka. All surfaces exhibit evidence of glacial erosion from sliding ice.
The elevations of the bedrock samples range from 90 to 477 m a.s.l. Samples with apparent ages older
than 15 ka lie between 90 and 200 m a.s.l.

Five boulders from our inland site are from elevations spanning 1234 to 1620 m a.s.l., and °Be ages
range between 9.4 + 0.2 and 14.6 + 0.3 ka (Fig. 6). Eliminating two boulders (one too old, one too
young) following Chi-squared analysis reported on version 3 of the online calculator (https://hess.ess.

washington.edu/) results in a mean of 11.0 £ 0.2 ka for the remaining three boulders.

Radiocarbon ages

The sediment section Fjgsangerveien is interpreted as containing a lower and upper till with
a glaciomarine unit between (Fig. 7). Four shell dates from the glaciomarine unit yield ages of
around 14,000 cal kyr BP whereas one yields a younger age of around 13,200 cal kyr BP (Table 2).
The three radiocarbon ages from the clast coated with lithohamnium algae yield identical ages of
around 12,800 yrs BP.
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Discussion

Beryllium-10 ages, inheritance and glacial erosion

Prior results demonstrate that valleys in the Bergen area were finally deglaciated at ~11.5 ka, following
the ice sheet re-advance to the Herdla end moraine system during the Younger Dryas (Mangerud et al.,
2019). Thus, °Be ages from bedrock surfaces in the lower elevations near Bergen should date to ~11.5
ka if they have experienced sufficient glacial erosion, on the order of 2—3 m (Briner et al., 2016), during
the preceding glacial overriding. Alternatively, if surfaces were minimally eroded during the Younger
Dryas advance, they should date to ~14.5 ka, their first deglaciation following the longer overriding
during the Last Glacial Maximum. In fact, most °Be ages from bedrock surfaces, all of them glacially
sculpted, pre-date not only 11.5 ka, but also 14.5 ka, by thousands of years (Fig. 4). This stands in clear
contradiction to our new radiocarbon ages from the Fjgsangerveien site, which lies close to our nearby
bedrock site with ages of ~22 ka (Fig. 4). We interpret these anomalously high bedrock ages as being
influenced by varying amounts of isotopic inheritance, and thus consider them as apparent ages only.
We find it plausible that the glacier erosion was less than 2—3 m during this last ice-sheet advance that

probably covered Bergen for only a few hundred years during the late Younger Dryas.

Many of the apparent °Be ages pre-date ~14 ka, implying inefficient erosion also during the Last Glacial
Maximum, which is unexpected. Five samples in valley bottom locations range between ~16 and ~23
ka, indicating relatively inefficient subglacial erosion during the Last Glacial Maximum even in the valley
bottom. This valley bottom inheritance may relate to the protected nature of these valleys as regional
ice flow for long periods was mostly across, not along, the investigated valleys (Wirsig et al., 2017).
This is supported by the preserved last interglacial sediments at Fjgsanger (Mangerud et al., 1981;
Fig. 4), proving that at least parts of these valley bottoms were not eroded during the last glaciation.
The remaining bedrock samples, from surfaces on summit ridges west of Bergen, have apparent °Be

ages that are equally old (~23 ka) and others that range between ~13 and ~15 ka.

Were the summits near Bergen ice-covered during the Younger
Dryas?

The mean (~11.8 = 0.9 ka) of the 9 accepted °Be ages from boulders perched on the bedrock surfaces
on Ulriken’s mountain plateau is statistically inconsistent with an age of ~14 ka for the deglaciation of
the summit. Our new radiocarbon ages confirm previous dating results indicating that the Bergen valley
became ice free in the late Bglling, a little before 14,000 yrs ago and remained ice free until sometime
after 12,500 yrs BP when the ice sheet advanced towards the Herdla Moraine (Mangerud et al., 2016).
Taken together, these results show that the highest summits adjacent to Bergen were ice covered for
some period during the Younger Dryas. We selected large boulders resting in stable positions perched
directly on bedrock surfaces, and there is little to no sediment cover on the uplands surrounding Ber-
gen. Shielding by snow would require snowpack thicknesses and snow densities that are inconsistent
with meteorological data and with observations of large boulders being windswept even during in the
snowiest months of the year. We therefore find no plausible explanation for boulder ages that are ~2000
years younger than the deglaciation age if the mountain peaks remained ice free during the Younger
Dryas. The seven additional boulders from adjacent summits in the Bergen area similarly post-date ~14
ka. We thus interpret the distribution of °Be ages as supporting the view that all summits around Ber-
gen were ice covered during the Younger Dryas. We note that most boulders that failed the Chi-squared

test pre-date the mean age, which is expected given the levels of inheritance found in bedrock samples.
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Figure 8. (A) Topographic cross-section across the Younger Dryas ice limit and a simplified depiction of the Younger Dryas
ice-sheet profile (profile location shown in Fig. 2); sample localities within and beyond the Younger Dryas ice limit are
shown. (B) 1°Be age distributions within (right) and beyond (left) the Younger Dryas ice extent; thin lines are statistical
outliers (see text).

Bolstering our interpretation of summits being occupied by ice during the Younger Dryas is the
comparison of boulder age distributions beyond vs. within the mapped Younger Dryas margin.
Twelve °Be ages from boulders west of the Younger Dryas ice margin average 14.0 + 1.4 ka (Mangerud
et al., 2017). Using the same Chi-squared criteria as above to exclude four outliers (three too old, one
too young), the remaining eight boulder samples have a mean age of 13.9 + 0.1 ka (Fig. 8). This mean
age is statistically distinct from the mean age 12.0 £+ 0.6 ka of the boulders within the Younger Dryas
margin, all from summit positions (Fig. 8). We note that the boulders west of the Younger Dryas margin
are statistically overlapping with the independent *“C age control on the deglaciation of that area of 14.1
+ 0.2 cal ka BP, indicating that the °Be chronometer (and production rate that we employ) is working

well in that landscape.

Ice sheet or local ice?

These dating results alone cannot distinguish whether the summits were covered by the
Scandinavian Ice Sheet or simply by local glaciers. The Younger Dryas equilibrium-line altitude has been
estimated in middle Hardangerfjorden to be at ~1300 m a.s.l. (Mangerud et al., 2013; Regnéll et al., 2021).
This elevation is well above the Ulriken plateau (600 m a.s.l.). However, the Younger Dryas snowline
lowered considerably seaward. At the island Stord, ~50 km south of Bergen and along a similar uplift
isobase (Mangerud et al., 2016), the Younger Dryas equilibrium-line altitude is estimated to be only
~500 m a.s.l., which is below the elevation of the Ulriken plateau (~600 m a.s.l.). Thus, based on an
assessment of the glaciation limit during the Younger Dryas it is not unreasonable to assume that the
Ulriken plateau hosted alocalice cap that merged with the adjacentice sheet, as was the case for the ~1200
m a.s.l. Ulvanosa massif in outer Hardangerfjorden (Regnéll et al., 2021) and in other coastal uplands

in coastal western Norway (Mangerud, 2023). Acompilation of hundreds of glacial striaein the Bergen area
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(Mangerud et al., 2019), on the other hand, shows a pattern of mostly uniform ice flow from inland to
coast, and does not display a radial pattern expected to be produced by a local ice source on Ulriken
or other summits. Nor are there any obvious local moraines that could indicate local ice cap glaciation.
We are nevertheless open to the possibility that a local ice cap formed on top of Ulriken at some time,
but the consistent west-oriented striae shows that the entire mountain plateau was overrun by the

Scandinavian ice Sheet during its most recent episode of ice cover.

Ice-sheet geometry during the Younger Dryas

We next discuss the ice-sheet profile geometry of the Younger Dryas ice margin and farther inland.
Previous studies that reconstruct ice-sheet height in this area have focused mainly on Hardanger-
fiorden (Mangerud et al., 2013; Aakesson et al., 2018, 2020; Regnéll et al., 2021). Here, ice-surface
slopes are comparable to the contemporary ice-sheet outlet glacier Sermeq Kajulleq (Jakobshavn Isbrae),
Greenland. We reconstructed a surface slope of the Younger Dryas ice-marginal area near Bergen,
consistent with our dating results, to rise above the studied summits (Fig. 9). This profile is only
slightly steeper than the ice-sheet profile along Hardangerfjorden based on mapping of lateral moraines.
This implies that despite ice being channeled through that ~5 km-wide fjord system, the ice sheet still
had a basal shear stress comparable to what it had while flowing across the more rugged terrain near
Bergen. We also note that our ice-sheet profile is steeper and higher than that of Fjeldskaar & Amantov
(2018), which also depicts ice that is too thin at the Tarven site.

We leverage the two-dimensional ice-margin profile reconstruction with previously published
information to reconstruct a surface contour map of the westernmost part of the Scandinavian
Ice Sheet during the Younger Dryas (Fig. 9). The map is a slight modification and an extension of the
maps by Hamborg & Mangerud (1981) and Fareth (1972) and it is based on the following types of
observations: The pattern of the Younger Dryas end moraines, the positions and slopes of lateral
moraines and the directions of glacial striae considered to represent Younger Dryas ice flow,
with glaciologically plausible interpretations, are in line with the general glacial geology of the area.
Much of the map’s contours are interpolated between sites with height information, and we see the
reconstruction as the best available field-based map that can be compared with ice-sheet model
simulations. Along Hardangerfjorden, lateral moraines are mapped from sea level and up to 1000 m
a.s.l. (Follestad, 1972; Regnéll et al., 2021), constraining an ice-profile that is similar to the surface
profile of Jakobshavn Isbrae (Mangerud et al. 2013). Along Samnangerfjorden (Fig. 9), lateral moraines
are traced up to 600 m a.s.l. and along Fanafjorden (Fig. 9) lateral moraines are traced up to 300 m a.s.l.
(Hamborg & Mangerud, 1981; Mangerud et al., 2019; Aarseth & Mangerud, 1974). We interpolated
and extrapolated these profiles and altitudes along the ice margin. Between Samnangerfjorden and
Fensfjorden (Fig. 9), the Younger Dryas end moraines show a wide and quite regular lobe form, which is
reflected in the directions of the glacial striae, including striae on Ulriken and other mountains, pointing

at right angles to the moraines (Mangerud et al., 2019; Aarseth and Mangerud, 1974).

Well inland, our new °Be ages from high elevations post-date the Younger Dryas. Previously
published °Be ages from boulders on adjacent mountain uplands are 11.2 ka (1354 m a.s.l.; 60.9042°,
7.2764°) and 10.5 ka (1569 m a.s.l.; 60.9851°, 7.2817°) (Andersen et al. 2018); these ages have been
re-calculated to be consistent with the calculation method used here. Collectively, these data also
confirm a Younger Dryas ice height above these elevations. More broadly, we know of no robust
evidence that would demand the height of the ice sheet during the Younger Dryas to be lower than
southern Norway’s topography. Rather, if one uses the modern-day Greenland Ice Sheet as a guide,
we suggest that the height of the ice-sheet surface during the Younger Dryas could likely have been well
above southern Norway’s topography. To investigate this further, we selected a transect in southern

Greenland that has many commonalities with southern Norway during the Younger Dryas:
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Figure 9. Ice-surface geometry of the Younger Dryas ice configuration in southwestern Norway. Surface contour labels
in meters; Fe = Fensfjorden; Sa = Samnangerfjorden; Fn = Fanafjorden; St = Stord. Small circles show dated samples
near the head of Sognefjorden on the mountain Tarven. Bottom panel shows relevant ice-sheet profiles; Solid blue
line is reconstructed from Hardangerfjorden (Mangerud et al., 2013), dotted is modeled from Fjeldskaar & Amantov
(2018); Dashed is measured from the Greenland Ice Sheet at Sermeq Kujalleq. Bergen ice profile shown in black is the
reconstruction from this work.

(1) Same ice-sheet width, (2) similar bed of crystalline lithology, and (3) similar underlying topography
(Fig. 10). In estimating the Scandinavian Ice Sheet profile, we place the divide to be consistent with regional
ice-flow indicators (striae; Rye & Follestad, 1972; Sollid & Torp, 1984). We draw the Scandinavian Ice
Sheet height, along atransect fromthe Bergen areatothe Oslo area (Fig. 10), to be about 2500 ma.s.l. to be
consistent with southern Greenland’s ice-sheet height. We see this reconstruction of the Scandinavian

Ice Sheet during the Younger Dryas as a reasonable configuration that is worth further testing.
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Figure 10. Comparison of southern Greenland (top) with southern Norway (bottom). Each ice-sheet surface is drawn

in blue and underlying topography in brown. Note that the age of the Younger Dryas maximum phase may be slightly
different in the west and east ends of this transect, but this does not significantly impact the overall shape of this
ice-dome reconstruction. Greenland ice surface and bed from layers within the QGreenland QGIS package (Moon et
al., 2022; Morlighem et al. 2017). Topography data from Norway are from norgeskart.no. The thick line portion of the
Scandinavian Ice Sheet profile is our reconstruction shown in Figure 9.

Conclusions

Beryllium-10 dating of boulders indicates that the summit of the mountain Ulriken (677 m a.s.l.) that
towers over the city of Bergen was covered by the Scandinavian Ice Sheet during the Younger Dryas
glacier advance. Summits occupied by ice during the Younger Dryas lie only 10-15 km up-flow from
the Younger Dryas ice margin and imply an ice-surface slope comparable to what has been found
in adjacent fjords. These new constraints on ice-margin geometry add to published field data and,
with a comparison to the modern analog of the Greenland Ice Sheet, lead to our best-estimate of an
ice-sheet configuration in southern Norway during the Younger Dryas. We find evidence for relatively
inefficient erosion at low elevations in the Bergen valleys, which may relate to the protected nature as
regional ice flow was across, not along, the investigated valleys. These new field constraints of ice-sheet
configuration and basal conditions can assist in improving numerical simulations of ice-sheet processes

and history.
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