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Abstract

Late Quaternary sedimentary units at Kongsfjordhallet, NW Svalbard, represent five cycles of glaciations and subsequent
deglaciations during high relative sea levels. The high sea level events are interpreted as glacioisostatically induced and
imply preceding regional glaciations, which we constrain in time by luminescence and radiocarbon ages to just prior to ~ 195,
~130, ~85, ~60, and ~ 15 ka. Combined with the stratigraphical record from nearby Leinstranda we identify six, possibly
seven, major glacial advances during the last 200 ka in the Kongsfjorden region. Two of these occurred during the Saalian
and at least four during the Weichselian. The results are based on detailed sedimentological, stratigraphical and chronologi-
cal investigations of the uppermost 15 m of the 40-m-high Kongsfjordhallet coastal sections. The succession is dominated
by sediments of marine and littoral origin, representing partial shallowing-upward sequences due to isostatic rebound. Only
one subglacial till was recognised. Interestingly, alluvial and periglacial deposits, not commonly recognised in this type of
setting, occur in the sequence. These include weathered coarse alluvium, sandy channel fills as well as cryoturbated sedi-
ments and solifluction deposits, which are positive evidence of a non-glacial environment. The sequence of sediments that
represents an emergence cycle has been formalised in a facies model.
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has been the subject of many studies during the last 30—40
years, which has increased our understanding of the Qua-
ternary glacial history. While the Late Weichselian glacial
extent, glacial dynamics and deglaciation in the Svalbard
sector of the ice sheet are reasonably well known [1-3],
large uncertainties remain for older glaciations [e.g. 2,
4-6]. This is partly due to a low preservation potential of
older records that yields a bias towards representation of the
younger events. Although the terrestrial record in Svalbard is
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mud to beach gravel. At some sites, two or three coarsening-
upward sequences can be found in direct succession [e.g.
7-9], each sequence interpreted to represent a glaciation with
glacioisostatic down-warping succeeded by a deglaciation
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with marine deposition in deeper to gradually shallower
water during crustal emergence [6, 9-11]. As eustatic sea
level was lower in the glacial periods [12], only regional
glaciations have sufficient impact to explain a glacioisostatic
uplift large enough for marine deposits to be found above
present-day sea level [6, 13]. High-sea-level events can,
therefore, be used for correlation between sites along the
west coast of Svalbard as the rigid crust is depressed over
large areas by ice load [6, 13]. Even when subglacial tills
are lacking in the stratigraphic record, such high-sea-level
events must represent major ice sheet advance and retreat
allowing enough time for isostatically adjustments.

Glacioisostatic signals, or emergences cycles, have been
used to identify and correlate glacial events in Svalbard
for a long time [e.g. 6, 9]. However, as there are multiple
events, absolute dating is necessary for exact correlation.
The marine-to-littoral sediments, and associated fossils, are
used for minimum age determination of the glacial events
in the stratigraphic record by, e.g. luminescence and radio-
carbon dating [13]. Despite the lack of tills and incomplete
shallowing-upward sequences, correlations of stratigraphic
units based on new chronology and better understanding
of the depositional environment have recently led to an
improved event stratigraphy as well as recognition of previ-
ously unknown glacial events [10, 14—16].

4O|E

We present a new chronology and palaecoenvironmental
interpretations from the Kongsfjordhallet successions in
northwestern Svalbard. We have revised a formalised facies
model of an emergence cycle from Alexanderson et al. [10]
also to include terrestrial deposits, which are found at the
study sites. Within the frame of the facies model the sedi-
mentary records along Kongsfjorden have allowed us to
recognise six, possibly seven, glacial events during the last
200 ka.

Setting and previous work

Kongsfjordhallet is located on the northern shore of Kongs-
fjorden on the west coast of Spitsbergen, Svalbard (Fig. 1).
It is a ca 6-km-long and 1-2-km-wide gently sloping plain
(130 to 30-40 m a.s.l.), ending in steep coastal cliffs. The
local bedrock, which mainly consists of (garnet-)mica schist
and some marble [17], is exposed along the lower parts of
the coastal cliffs and in the larger, incised ravines. Most of
the Kongsfjordhallet plain is covered by Quaternary sedi-
ments, mainly till and raised beach deposits [18]. Lateral
moraines of Late Weichselian age are found on the plain,
and large, neoglacial moraine complexes sit in front of valley
glaciers protruding from the mountains to the NE [18-20].
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Along the coastal cliffs, more than 35 m of subhorizon-
tal glacial, marine, littoral, alluvial and slope deposits are
exposed [21, 22]. The sediments are dominated by glacio-
marine diamictons and littoral gravels, and have previously
been interpreted as three successions of glaciation, deglacia-
tion and isostatic rebound [21, 22]. The oldest succession
(C) was suggested to be of Early Pleistocene age and the
youngest (A) of Weichselian age by Houmark-Nielsen and
Funder [22]. However, their chronology is based only on
few data: two finite and five non-finite radiocarbon ages and
two thermoluminescence ages from succession A, and a pal-
aeomagnetic record and mollusc fauna from succession C.

In this study, we target the uppermost ca 15 m of the
deposits, occurring along an 800-m-long stretch of the cen-
tral part of the coastal sections of Kongsfjordhallet (Fig. 1b).
These deposits are consistent with units 5 and 6 (succession
A) of Houmark-Nielsen and Funder [22], and our studied
sections approximately correspond to their Sects. 5, 6 and 8
(see their Figs. 2, 3).

Glacial history of Kongsfjorden

The Kongsfjorden area has been a key area for reconstruct-
ing the late Quaternary history of the Svalbard—Barents
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sea ice sheet [e.g. 9-11, 19-22, 24-27]. We summarise the
current understanding of the environmental history of the
Kongsfjorden area over the last 200 ka based on these stud-
ies. Apart from scarce deposits of proposed early Quaternary
age [9, 22], most records are interpreted to be from the last
two glacial-interglacial cycles, and particularly from the
Late Weichselian glaciation and the last deglaciation.

At least four regional glaciations preceding the Last Gla-
cial Maximum (LGM) have been documented in the area,
and each of them was followed by a high relative sea-level
event [10, 11, 22]. The glaciations are dated at Leinstranda
(Fig. 1b) to just prior to 185+8, 129+ 10, 99+ 8, and
36 +3 ka [10, 28]. The sporadic preservation of pre-LGM
stratigraphies and landforms indicates spatial variation in
ice dynamics, from less active ice in inter-fjord areas to fast-
flowing ice in the fjords [2, 26]. Evidence of both regional
(ice sheet) and local (e.g. valley) glaciers have been identi-
fied and reflects shifts in ice-sheet extent and dynamics [2,
10, 19].

During the Late Weichselian, the Svalbard—Barents
sea ice sheet reached the western shelf break around
23.6-22.6 cal. ka BP and deposited sediment in trough
mouth fans [3, 27, 29-31] (Fig. 1). During the LGM, Kongs-
fiorden and its continuation westward across the continental
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Fig.2 Overview of the central part of Kongsfjordhallet. a Hillshade
model of the Kongsfjordhallet plain and coastal cliffs with the loca-
tion of the main sites: 101-104. GPR-profile locations are shown as

white lines; the thicker lines are the profiles shown in Fig. 3. Digital
terrain elevation data from NPI [23]. b View along the coastal cliffs
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Fig.3 Selected GPR profiles with interpretation. Note the different
horizontal and vertical scales. For location of profiles, see Figs. 2a
and 4. a Coast-parallel profile line 24 showing the apparently hori-
zontal architecture of the sediment units in the cliff at sites 101 and
102. The main reflectors are the marker bed units 1, 3/4 and 8. b
Coast-parallel profile line 13 showing the upper part of the stratigra-

shelf, the Kongsfjordsrenna trough, were occupied by a
warm-based and fast-moving ice stream, as indicated by
mega-scale glacial lineations (MSGL) on the sea floor [27],
while ice in the interfjord areas probably was relatively inac-
tive and left fewer traces [2, 25, 26].

Deglaciation at the shelf break is proposed to have started
at ca 20.5 cal. ka BP [1, 32] and at 16.8-15.9 cal. ka BP

@ Springer

phy at site 103. The very coarse subunit 7a is not distinguishable in
the profile, but was mapped in the section. ¢ Profile line 15 at right
angles to the coast at site 102. The main reflectors show that unit 8
rises parallel to the surface inland, while units 3/4 appear to continue
inland with a lower gradient, more horizontally

the ice margin had reached the mouth of Kongsfjorden [19,
26]. A westward ice flow in the Kongsfjorden basin is indi-
cated by drumlins and glacial flutes on the sea floor [33].
The ice margin had retreated beyond Brandalpynten by
14.8-13.9 cal. ka BP [20] and in the Preboreal the ice mar-
gin was close to the location of the present glacier margins
in the inner fjord [34].



arktos (2018) 4:3

Page50f25 3

Materials and methods

Fieldwork

Fieldwork at Kongsfjordhallet was carried out in the sum-
mers of 2007, 2008, 2009 and 2014. Brief visits were also
made in 2011, 2012, 2013 and 2015. More than ten sites
from Tgnsneset in the SE to the stream from the Olssgn-
breen glacier in the NW were studied, but here we focus on
the sedimentary successions at coastal cliff sites 101-104
(Fig. 2, Online Resources 1, 2). The upper part of the
stratigraphy was targeted with sedimentological logging,
fabric and palaeocurrent measurements and clast analyses.
Clast roundness was determined on at least fifty 2—8 cm
clasts and using the comparison chart of Krumbein [35]
and the categories of Powers [36]. Ground-penetrating
radar (GPR) investigations were carried out with a Sen-
sors & Software pulseEKKO 100 radar (400 V) with
antenna frequencies of 50 and 200 MHz. Post-processing
of GPR-data was done in EKKO_View and EKKO_View
Deluxe (Sensors & Software, Inc.). Profiles along the
coast (Figs. 2, 3a, b) were not topographically corrected
since the surface within the range of each profile is fairly
horizontal. For profiles perpendicular to the coast (Figs. 2,
3c), a simple topographic correction was done based on
point measurements at start, stop and changes of slope
along the profiles by the use of barometric altimeter in a
handheld Garmin eTrex Vista HCx GPS. Prominent GPR
reflectors were correlated to lithostratigraphic units visible
in cleaned sections and the marker beds were also followed
laterally along the cliffs. Sampling for optically stimulated
luminescence (OSL), electron spin resonance (ESR) and
radiocarbon (**C) dating was made.

Chronology

The procedures for optically stimulated luminescence
(OSL) and electron spin resonance (ESR) dating are
described in detail in Alexanderson et al. [28]. The
OSL ages are based on large (8 mm), single aliquots of
180-250 pm quartz grains, analysed with post-IR blue
SAR-protocols [37] in Risg TL/OSL readers. Measure-
ments were carried out at the Nordic Laboratory for Lumi-
nescence Dating (NLL), Aarhus University in Denmark
(samples from 2007 to 2009) and at the Lund Lumines-
cence Laboratory, Lund University (samples from 2014).
Dose rates were determined by high-resolution gamma
spectrometry [38] and by calculating the contribution of
cosmic rays according to Prescott and Hutton [39]. Water
content at the time of sampling and at saturation were
measured using cylinder volumeters [40] and the average

water content since time of deposition was estimated to
be close to saturation for most of the time [28]. The three
OSL samples from unit 5 and two of the samples from unit
2 (R-081350/51) contained aliquots that had equivalent
doses (D,) close to saturation (>2D,; Wintle and Murray
[41]). As rejection of these aliquots may bias the dose
distribution [42], they were accepted if a dose could be
calculated.

The ESR ages were determined from selected marine
mollusc shells (Hiatella arctica, Mya truncata, Astarte
sp.). The analyses were done at the Research Laboratory
for Quaternary Geochronology at Tallinn University of
Technology in Estonia according to procedures in Molod-
kov [43, 44].

One sample (seal bone) was dated at the Radiocarbon
Dating Laboratory at Lund University. The age was cali-
brated using OxCal 4.2 online [45] with the Marine 13
calibration curve [46] and assuming AR=20+30 a [47].
Previously published radiocarbon ages were recalibrated
in the same way and all radiocarbon ages are presented as
two-sigma age ranges.

Results
Sediment architecture

We have divided the studied Kongsfjordhallet deposits
into ten stratigraphic units, labelled 1-10 (Fig. 4). Of
these, the finer grained units 1, 3/4 and 8 can be mapped
as marker horizons separating dominantly gravelly sedi-
ments. The gently undulating marker units are traceable
for several hundreds of metres, both visually—as moist
horizons and/or as prominent, erosion-resistant steps in
slope—and in GPR profiles (Figs. 3, 4). The GPR reflector
of the geophysically indistinguishable units 3/4 weakens
in some places where these layers thin to a few decimetre
thicknesses. Towards the inland, unit 8 is parallel with
the gently rising surface, whereas the lower units 3/4 are
subhorizontal (Fig. 3c). In general, the studied part of the
Kongsfjordhallet section consists of continuous, parallel
and relatively horizontal layers, gently dipping towards
the fjord. It should, however, be noted that despite that
the sediments located between units 4 and 9 in the upper
part of the stratigraphy are lithologically similar along the
investigated part of the cliffs, they do have different ages
at sites 101-102 and 103-104, respectively (units 5-6, §;
Fig. 4, Online Resource 2), which leads to a laterally dif-
ferentiated stratigraphy (discussed further below). Units
10 and 7 are also exceptions to the general pancake stra-
tigraphy; unit 10 only occurs in section 104 and unit 7 fills
a half-channel form in section 103.
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Fig.4 Vertically exaggerated section view along the coastal cliffs with unit boundaries and OSL ages. Marker beds (units 1, 3/4 and 8) are
shaded in darker grey. Locations of the GPR profiles in Fig. 3a, b are also shown

Sediment units
Unit 1: glacimarine diamicton

Unit 1 is a> 0.4-m-thick brown silty, massive matrix-sup-
ported diamicton that contains fragments of mollusc shells
(Fig. 5). Its lower boundary is sharp towards sandy gravel.
Clasts are angular to sub-rounded, some are striated. Clast
orientation shows no preference (girdle fabric; Fig. 5). The
unit has been documented in detail at site 101, but is also
present at other sites along the coast (Fig. 4).

The unit is interpreted as glacimarine in origin, mainly
based on the grain size, the shell fragments and the weak
clast fabric. The clasts are likely ice-rafted drop stones,
deposited distal to a tidewater glacier. The girdle fabric sug-
gests that clasts could fall over when dropped, indicating
either a very soft or compact sediment [48, 49].

Unit 2: marine sand and gravel

Unit 2 consists of beds of alternating sandy and gravelly
lithofacies (Fig. 5). Bed boundaries are typically sharp, but
for some of the coarse-to-fine transitions, the boundaries are
gradual. The fine—-medium sand beds are laminated or mas-
sive and contain unpaired shells and shell fragments (Fig. 5),
and paired shells in living position at some sites. Scattered
clasts, some of which are quartzite, occur. Down-warped
laminae were observed beneath some clasts.

The coarser subunits consist of normally graded massive
beds of clast-supported (cobbly) gravel or matrix-supported
sandy gravel. Imbrication was observed at the base of a few
beds. Shell fragments, and some whole single shells, occur

@ Springer

in the mid- and upper part of the unit, and they increase in
size toward the top. The maximum particle size (MPS) in
most beds is 25 cm, but there are also a few boulders of
0.5-1 m size. Gneiss and quartzite clasts are common.

In total, the unit is ~5 m thick, with individual sand
beds ~0.2 m in thickness, and gravelly beds ~0.5—1 m thick.
Both gravelly and sandy beds dip ~ 10° to the NW. The unit
has been documented at sites 101, 102 and 103 and thus has
a lateral extent of >350 m (Fig. 4). It was dated by OSL to
209-134 ka (mean 172+ 13 ka; n=4, Table 2) and by ESR
to 79-41 ka (n=35, Table 3).

These beds are interpreted to represent repeated concen-
trated density flows [50] in a shallow marine environment,
likely on one or more subaquatic fans. The coarse material
shows that the sediment source is relatively close. The nor-
mally graded gravelly beds correspond to facies R of the
Lowe sequence [51], and the imbricated clasts at the base of
some beds imply transport by traction (facies R,). The sandy
beds were likely deposited during a later, sand-dominated
turbulent phase, and represent mainly Lowe sequence facies
S, and S, [51]. There was sufficient time between most flow
events to allow benthic fauna to establish. Dropstones, indi-
cated by the deformed laminae [52], imply calving glaciers
or fjord ice in the area.

Unit 3: glacial diamicton

Unit 3 is a compact, massive matrix-supported silty diamic-
ton, ~0.5 m thick (Fig. 6). It exhibits fissility and is in places
underlain by sheared sediments. Small shell fragments
occur, particularly towards the base. The unit has a lateral
extent of at least 350 m and has been mapped at sites 101,
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102 and 103 (Fig. 4). The unit’s lower contact and the under-
lying deformation structures are tilted towards N (strike/dip:
095°/18°N) at site 101. In parts of the sections, especially in
the SE, the unit is represented only by a horizon with several
flat-topped crystalline boulders, some of them bullet shaped
(Fig. 6¢). The flat boulder surfaces are mostly smooth, but
one boulder carried a few striae with orientations 012°-192°
and 072°-252°. At other places the unit is represented by a
horizon or 30—40-cm-long lenses of abundant clasts in a silty
sandy matrix, commonly having a reddish colour. Many of
these large clasts are crystalline. Small clasts show no or
weakly preferred orientation (Figs. 6b, 7). A single shell
(Mya truncata) and a shell fragment (Hiatella arctica) have
been dated by ESR to 72-64 ka (n=2, Table 3).

The diamicton is interpreted as a subglacial traction till
[53], mainly based on its large lateral extent, its fissility,

compactness and the underlying deformed beds. The smooth
and abraded boulder surfaces are likely a result of subglacial
erosion of clasts anchored in the substrate [e.g. 54, 55]. The
direction of deformation and the few striae suggest that ice
moved from the NNE (i.e. local glaciers; cf. Fig. 1), whereas
the crystalline clasts and the reddish sediments have a prov-
enance to the east, where Devonian red sandstones and crys-
talline basement rocks crop out [56], i.e. suggesting regional
ice movement. The fabrics from site 103 are weak (girdle
shape); this may be due to locally sandier matrix or close-
ness to larger boulders, and are largely inconclusive when it
comes to reconstructing ice-movement direction, and overall
provides little genetic information here.

Houmark-Nielsen and Funder [22] recognised a subgla-
cial till within their succession A, which may correlate with
our unit 3. They interpreted it as having been deposited by a
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Table 1 Lithofacies codes used in sediment logs and sketches

Grain size Texture and structure
D (Si, C, etc.)  Diamicton, m Massive

silty, clayey,

etc.
CoG Cobbly gravel ms Matrix-supported, stratified
G Gravel mm  Matrix-supported, massive
SG Sandy gravel cm Clast-supported, massive
GS Gravelly sand  cs Clast-supported, stratified
S Sand tc Trough-cross-stratified
SiS Silty sand r Ripple laminated
SSi Sandy silt 1 Laminated
Si Silt (dr)  Draped
CSi Clayey silt (ng) Normally graded
SiC Silty clay (ig)  Inversely graded
C Clay (bi)  Bimodal

(0) Open framework
@) Imbricated
k) Compact

glacier moving towards the NW based on fabric analyses at
sites further south than those investigated here.

Unit 4: glacimarine mud

Unit 4 is a clayey, silty massive diamicton that ranges in
thickness from a few dm up to 1.5 m (Figs. 6, 8). It con-
tains shell fragments and occasional whole shells, as well
as gravel clasts (< 15 cm) scattered throughout the unit. A
clast-rich horizon occurs in the lower part. Some light-col-
oured silty laminae occur close to the base of the unit, and
some of these lamina were bending below clasts (Fig. 8).
The unit has been documented at sites 101-104 and can be
traced at least 90 m inland by GPR (Figs. 3c, 4). A frag-
mented Hiatella arctica shell has been dated by ESR to
66—45 ka (n=1, Table 3).

The deformed lamina beneath the clasts suggest that the
clasts are dropstones [52], and the lamina likely represent
individual turbidites. The unit is interpreted as glacimarine
mud with IRD, a dropstone mud in the terminology of Pow-
ell [57].

Unit 5: littoral sand and gravel

Unit 5 consists of two interfingering subunits: 5a, which
dominates in the lower part, and 5b in the upper part (Fig. 9).
Subunit 5a is stratified with massive gravelly sand or massive
sand containing some shell fragments. The lower bound-
ary is sharp. Beds are ~ 10 cm in thickness and bed sets
40-80 cm thick. Subunit 5b is also stratified, but coarser and
is made up of alternating beds of sandy gravel and gravelly

@ Springer

sand. The beds are massive; many are normally graded, most
of the gravel beds also clast-supported. Individual beds are
~20 cm in thickness. Clasts up to 7-20 cm occur, but most
are 0.5-1.5 cm and are subrounded to rounded. A few shell
fragments have been found. The beds dip 6-12° towards SW
at site 102 and the total unit thickness is ~3 m (Fig. 9). Simi-
lar gentle dip of internal structures is also seen in GPR pro-
files (Fig. 3c). The unit has been observed from site 101 to
site 103, where it wedges out and is laterally replaced by unit
7 (Fig. 4). It thus has a lateral extent of >350 m, and accord-
ing to GPR profiles it may be traced at least 150 m inland,
where it also reaches an elevation of ca 45 m a.s.l. (Fig. 3c).
The sand beds have been dated by OSL to 165-130 ka (mean
139 +7 ka; n=23, Table 2).

The interfingering shows that the two subunits represent
a transition between two co-existing depositional environ-
ments. The sediments are interpreted as littoral, supported
by their large lateral extent, and the gradual change from a
lower energy to a higher energy environment as caused by
shallowing. This shallowing is most likely due to land uplift,
and since the unit continues inland, the sediments exposed
in the coastal section are probably part of a (once) extensive
body of beach sediments deposited at successively lower
elevations during regression. This coarsening-upward unit
thus represents a shallowing-upward succession, with the
sand interpreted as shoreface sand and the gravelly beds as
beachface gravel [58].

Unit 6: littoral sand and gravel

Unit 6 consists of two subunits, both of which have only
been observed at site 104 and the lateral extent is, there-
fore, uncertain (Fig. 4). The sandy subunit 6a and the grav-
elly subunit 6b are similar to their counterparts in unit 5
(see “Unit 5: littoral sand and gravel”), though the gravelly
facies (subunit 6b) dominates here (Fig. 10). The stratified
gravelly sand of subunit 6a forms dm-thick beds with either
gradational or sharp boundaries to the gravel. Subunit 6b
consists of massive or vaguely stratified sandy gravel, which
in places is graded and may contain larger clasts (<25 cm).
The beds dip 2—-3° towards the S—SW. Mats of sea weed, a
few cm thick, are incorporated in the gravel (Fig. 11). Subu-
nit 6a has been OSL dated to 88-79 ka (mean 83 +4 ka;
n=3, Table 2; Fig. 10).

Similar to unit 5, unit 6 is interpreted as a shallow-
ing-upward sequence, from a shoreface to beachface
environment.

Unit 7: alluvial gravel
Unit 7 is divided into two subunits, the coarser subunit 7a

and the finer subunit 7b, both observed at site 103 directly
overlying unit 5 (Fig. 4). Subunit 7a is at most~2 m thick
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Table 3 ESR ages and associated data from Kongsfjordhallet

Sample no. RLQG  Species Site  Unit Depth (m) Age®(ka) Dose (Gy) U, (ppm) Ugy(ppm) Thy, (ppm) K, (%)
385-039 Hiatella arctica (f) 101 4 8.3 6645 165 6.64 2.24 9.27 2.70
386-039 Hiatella arctica (f) 101 3 9.2 64+5 153 0.90 2.19 8.78 2.57
390-039 Mya truncata 101 3 9.6 7245 168 0.81 2.01 8.74 2.25
391-039 Hiatella arctica 102 2 12.5 7747 145 7.20 1.17 5.15 1.58
392-039 Hiatella arctica 102 2 12.5 74-42 136 8.50 1.17 5.15 1.58
387-039 Hiatella arctica 102 2 14.3 75-58 142 3.60 1.48 5.23 1.67
388-039 Hiatella arctica 102 2 14.3 73-57 138 3.26 1.53 5.44 1.66
389-039 Hiatella arctica (p) 102 2 14.3 79-54 146 5.05 1.53 5.44 1.66

ffragment, p paired shell

“Where a range is given, the younger age is calculated with the measured U;,, which is unusually high, while the older age is calculated with a
standard U;,=0.80 ppm. See discussion in Alexanderson et al. [28]
Fig.6 a Log of units 2, 3 and an % \,}@tf\é,
4 at site 101. See Fig. 5 and NN & b F13
Table 1 for legend. b Fabric in 5 Gsm |+ o ] y
unit 3 at site 103, see Online T /
Resource 2 for location. ¢ Some - DECS)mm| . ‘
of the large clasts with smooth X
upper surfaces that replace unit 4 N
3 laterally (here site 103) 25+ SiCm n=49 n=50
14 . Y, V,=52°110°, S,=0.596  V,=161°/4°, S,=0.507
- ‘.
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Sm 2y V:‘if-‘
csism |, @B  .* =
23-{ 2 ' t. 8.
sism_|"."- S
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and wedges out towards the NW. It is poorly sorted, clast-
supported, massive cobbly gravel with a fine-medium sand
matrix. Clasts are up to 25 cm in size, and the larger clasts,
including some rounded gneiss clasts (Fig. 12a), are more
frequent along the base. Most clasts, particularly those of
carbonate rocks (mainly marble), are shattered into small
pieces, but still retain their original shape (Fig. 12b). This is
particularly apparent in the uppermost part of the subunit.
Subunit 7b is stratified but heterogeneous. It is made up
of beds of massive or trough-cross-stratified gravelly sand
or sandy gravel, massive clast-supported gravel and cobbly
gravel, in places separated by decimetre-thick beds of lami-
nated medium to coarse sand (Fig. 13). The coarser beds
have erosive lower boundaries and some rip-up clasts have
been observed. Clasts are mainly subrounded and the MPS
is ~20 cm; some clasts are also shattered and have carbonate

@ Springer

precipitates [cf. 59] on their undersides. In places, clasts are
imbricated, with a general dip towards the NE (Fig. 13). A
sandy wedge cuts through part of the subunit, and in the
upper part of the subunit there are undulating deforma-
tions (Fig. 13). Like subunit 7a, subunit 7b also wedges out
towards the NW, but its exact lateral extent in that direction
could not be determined due to scree cover and the steep-
ness of the slopes. In GPR profiles, unit 7 is dipping gently
towards the fjord and can be traced at least 60 m inland.
Subunit 7b is OSL dated to 98-83 ka (mean 87 +4 ka; n=4;
Table 2).

The sedimentary structures, the lack of fine material and
the overall wedge- or trough-shaped architecture suggest
that the sediments in subunits 7a and 7b were deposited as
bars and channels in a fluvial environment, possibly within
a ravine or a small valley. The unit is located next to the
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Fig.7 Summary plot of fabric shape for units 1, 3 and 8. See Figs. 5,
6b and Online Resource 3 for plots of individual data sets

Fig. 8 Glacimarine mud with dropstones in the lower part of unit 4 at
site 101
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Fig.9 Unit 5 overlying units 4 and 3 at site 102. The sandy subunit
Sa interfingers with and is successively replaced by the gravelly subu-
nit 5b. See Fig. 5 and Table 1 for legend
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Fig. 10 Units 4 and 6 at site 104. The sandy subunit 6a alternates
(interfingers) with the gravelly subunit 6b. See Fig. 5 and Table 1 for
legend

present-day ravine (Fig. 4) and since the course of the ravine
is partly bedrock-controlled in its upper part, it is likely that
earlier streams may have followed a similar path. The NW

@ Springer
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Fig. 12 Subunit 7a at site 103. a Overview. b Close-up of shattered
marble clasts

part of unit 7 as we see it today (Fig. 4) could thus repre-
sent parts of a former, at least partly infilled, fluvial ravine.
The material is similar to what is found in the present-day
streams in the ravines along the coast, dominated by clasts

@ Springer

of local bedrock, mixed with occasional erratic clasts. The
littoral unit 6 at site 104 and the alluvial unit 7 at site 103,
located at same altitude and being of similar age, suggest
that the former stream was laterally replaced by littoral sedi-
ments (unit 6; Fig. 4) where it entered the sea, similar to the
situation along the Kongsfjordhallet coast today.

A terrestrial origin of the unit as a whole is also supported
by the in situ cracked clasts, mainly in subunit 7a, and which
are interpreted to be frost shattered [e.g. 60]. The undulating
deformations are consistent with involutions caused by cryo-
turbation [e.g. 61, 62] and the diffuse sandy wedge (Fig. 13)
may be an ice wedge or frost wedge cast. Combined with
the presence of carbonate precipitates this suggests that the
material in the upper part of unit 7 was exposed at, or close
to, a ground surface for some time [cf. 59, 63].

Unit 8: marine sands and silts

Unit 8 is a~0.5-m-thick unit that can be traced for 800 m
(Fig. 4). It is a distinct marker bed with sharp lower bound-
ary, and appears as a dark band a few metres below the top of
the cliffs. However, it exhibits lateral and vertical variation
in sedimentological characteristics, as well as in age (see
below), and it has, therefore, been divided into two subunits,
lower/older subunit 8a and the upper/younger subunit 8b.

Subunit 8a is found in the northwestern part of the sec-
tions (sites 101, 102). It consists mainly of decimetre-thick
beds of massive gravelly sand or sandy gravel, commonly
with some silt content (Fig. 14). Some of the silt beds are
draped over underlying beds and current ripples are observed
in a few sandy beds. Additionally, some layers are synsedi-
mentary folded. The subunit contains more, and larger,
cobbles and is thicker than subunit 8b. Clasts are generally
subangular—subrounded (Fig. 14b), but some of the cobbles
are fractured and exhibit carbonate precipitation. The pre-
cipitates occur on any side of the clast. Clast fabric shows a
moderately preferred orientation SW-NE (Online Resource
3). Some boulder- or cobble-rich horizons occur, and some
small mm-sized shell fragments have also been found. The
subunit is dated by OSL to 69-56 ka (mean 60 +4 ka; n=3,
Table 2).

Subunit 8b is documented at sites 103 and 104 and
wedges out to the southeast at site 104. It is generally sandy
in its lower part and silty in the upper part; the boundary
between the two parts is interfingering (Fig. 15a). The lower
part consists of poorly sorted massive gravelly sand with
scattered clasts, locally containing some silt; it is mainly
matrix supported, but in places it can have higher cobble
content and be clast supported. The upper part is better
sorted and finer grained, consisting of massive or laminated,
in places ripple laminated, sandy silt. Occasional larger
clasts are observed in the silt, in places with bended lami-
nae below (Fig. 15b). Clast fabric is variable, from girdle



arktos (2018) 4:3

Page130f25 3

ma.s.l.
.~ «SGem
w5 T ain Gom(o)
8 .; N 10..4
= _ o Loy
:=) 3 ., .SGcm--l
Semegh
325 .-
©
~
c
=]

Fig. 13 Part of unit 7, mainly subunit 7b, with stream channel deposits at site 103. See Fig. 5 and Table 1 for legend
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Fig. 14 a Subunit 8a at site 102 with lateral and vertical alternation
between diamict and sorted sandy beds. The light grey shading high-
lights silty diamictic beds and the dark grey shading silty drapes, used

to cluster, preferred orientations (where found) is mostly
NE-SW (Fig. 7, Online Resource 3). Shells, of which at
least one was paired, have been found. Wedges or balls of
the overlying sediments penetrate the upper part of the subu-
nit in places. The subunit is OSL dated to 19-16 ka (mean
17 +£0.6 ka; n=3, Table 2).

Subunit 8a contains few diagnostic features for a genetic
interpretation. However, the frequent shell fragments as
well as the sorted and alternating finer and coarser grained
sediments, the draping silt and the ripples suggest a marine
environment with some sorting by water and variable
energy levels. The depositional processes may have been

+ Subunit 5b

to infer a marine depositional environment. b Clast roundness data for
both subunits, 8a and 8b. See Fig. 7 and Online Resource 3 for fabric
data and Table 1 for legend

different types of sediment density flows [50], which could
also explain the deformation structures. Transport direction
probably was towards the present-day fjord. An alternative
interpretation is that the sediments are alluvial in origin,
with the cracked clasts and carbonate precipitation indicat-
ing a subaerial environment (cf. unit 7), but the unit would
then not be expected to have such large lateral continuity.
Subunit 8b is interpreted as marine mass-movement
deposits, with debris flows dominating in the lower part
and turbidity currents or concentrated density flows in the
upper part [50], together with deposition from suspension.
Dropstones [52] show that calving glaciers were present in

@ Springer
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Fig. 15 Subunit 8b at site 103. a The white, hatched line shows the interfingering contact between the lower massive, gravelly sandy beds and
the upper, laminated sandy silty beds. b A small clast with bended lamina below

the fjord. The subunit was later, after deposition of unit 9,
exposed to cryoturbation, resulting in, e.g. ice-wedge casts
(cf. “Unit 9: beach gravel with soil formation™).

Unit 9: beach gravel with soil formation

Unit 9 consists of stratified gravelly sand and sandy gravel
(Fig. 16). The coarser parts are clast-supported with either
open framework, or a discontinuous matrix of silt with a
vesicular structure. There is a predominance of horizon-
tally oriented disc-shaped clasts. Many clasts have carbon-
ate crusts on their undersides (up to stage Ila, Forman and
Miller [59]). Some millimetre-sized shell fragments have
been found. The unit is 1-2 m thick and can be mapped
laterally for more than 800 m (Fig. 4). The lower contact
to unit 8 is sharp and in places erosive (Fig. 16). The top of
the unit forms the ground surface along most of the section,
except where it is covered by modern solifluction (Unit 10).
It can be traced ca 50 m inland by GPR where the surface
is gently rising up to the marine limit marked by a break in
the terrain (Fig. 3c). The surface in places displays patterned
ground and is cut by ice-wedge polygons. The unit is dated
by OSL to 16 +0.8 ka (n=1, Table 2) and by radiocarbon
to 13.1-12.8 cal. ka BP.

Unit 9 is interpreted as beach gravel, deposited at or
above sea level in the beachface or berm zone [58, 64]. This
interpretation is based on the unit’s stratification and the sed-
iments’ geomorphological expression, the shape of the clasts
and the shell content. The cryoturbation, ice wedges and soil
formation (pedogenic silt; Forman and Miller [59]) show
that the sediments have been close to the ground surface for
some time. The unit reaches an elevation (37-38 m a.s.1.;
Fig. 3c) close to the marine limit of the last deglaciation

@ Springer

Fig. 16 The gravelly beach sediments of unit 9 overlying the silty—
sandy subunit 8b at site 103. Note horizons with pedogenic silt within
the gravel. The top of unit 9 is the present-day ground surface
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(39 m a.s.l.; [20]) and the sediments are thus believed to
have been laid down shortly after the ice retreated from the
site.

Unit 10: solifluction deposit

Unit 10 is a 1-1.5-m-thick brownish, massive poorly sorted
gravelly sand and sandy gravel. The lower contact to Unit
9 is sharp but not erosive. Some silt is present, more in the
upper part than in the lower, and there are a few well-sorted
silty sandy lenses. There is lateral variation from diffuse
sub-horizontal sandy beds (1-3 dm thick) to deformed,
gravel-dominated, largely clast-supported beds (Fig. 17a).
Both sub-horizontal lenses of well-sorted sand and circu-
lar patches of clast-supported gravel occur. Clast roundness
ranges from angular to subrounded and some clasts, particu-
larly towards the top, are shattered. Carbonate precipitates
are found at the undersides of many clasts [cf. 59]. Thin
roots occur throughout the unit, and a few, very small shell
fragments have been found. In the section, the unit is only
exposed at site 104, where it has a lateral extent of ~10 m.

Fig.17 Unit 10 at site 104. a Section through the deformed and
gravelly part of the unit. The hatched lines show bed boundaries. b
The unit’s geomorphological expression as a solifluction lobe. The
hatched line represents the front of the lobe, with its stone garland.
Movement was from right to left in the photo and the most distal part
of the lobe is currently being eroded at the coastal cliff

However, it is a part of an up to 0.4-m-high lobate feature
that extends ~ 65 m laterally and 15-30 m inland and which
forms the ground surface. Small boulders mark the frontal
limit of the lobe (Fig. 17b).

The unit is interpreted as a solifluction lobe; solifluction
is used here in the sense of French [61] and include frost
creep, gelifluction and/or plug-like flow. The interpreta-
tion is mainly based on the many soil indicators in the unit
(frost-shattered clasts, carbonate precipitation, roots) and the
unit’s geomorphological expression. The lenses of sorted,
clast-supported gravel likely represent former sorted strings,
which are also present on the ground surface today. Buried
sorted strings have similarly been described from the Ny-
Alesund area across the fjord [65]. The source material for
the lobe is likely the underlying and landward beach depos-
its, which have been subaerially exposed since shortly after
deglaciation [66]. Assuming a conservative rate of move-
ment of 1 cm/year [67, 68], a minimum age of the lobe is in
the order of 1500-3000 years.

Chronology

The OSL ages range from 209 to 16 ka and group within the
stratigraphic units (Table 2; Figs. 4, 19). All OSL samples
from Kongsfjordhallet showed some feldspar contamina-
tion, but are dominated by a fast signal component and fulfil
standard quality criteria [dose recovery, recycling ratio, recu-
peration; cf. 10, 28]. The samples that contain aliquots close
to saturation (R-081350/51, R-091303 and L-14036/37) may
be considered minimum ages [42], but with two exceptions
we treat these ages as true, see discussion below (4.2). The
exceptions are samples R-081351 and R-091303, which are
dominated by saturated aliquots (>70%).

The ESR ages are within the range ca 80—-40 ka (Table 3).
The ages are all from units 2—4, which were the only ones
where shells suitable for ESR dating were found. The ages
of the three different units overlap within the analytical error.

The radiocarbon age of a seal bone from unit 9 is
11,500 55 '*C a BP (13,120-12,765 cal. a BP; sample no
LuS 11,456).

Discussion

Depositional environments

Subglacial: scarce direct traces of ice cover

Although the Kongsfjordhallet sections have been repeatedly
covered by glaciers and ice sheets during the last 200 ka [6,
26], there is a conspicuous lack of tills in its stratigraphic

record. Instead, most glaciations are only inferred from
raised marine and littoral deposits (see “Marine and littoral:
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vital chronological keys and glacial indicators™). Only one
unit (unit 3) is interpreted as a subglacial till, and it may
represent a local flow style (“Event K-II (units 3-5, ca 130
ka)”, cf. [2]) from an extended valley glacier, or possibly a
tributary to a fjord glacier. This local ice-flow signature is
similar to what has been noted for other sites on Svalbard,
particularly on the west coast [10, 63, 69-72] and has been
assumed to reflect a predominantly low-activity, possibly
even frozen-bed ice-sheet cover over these inter-fjord areas
[2].

At Kongsfjordhallet, however, we are in a fjord area, and
we know that ice streams were active in Kongsfjorden at
least during the Late Weichselian [19, 27], and presumably
also during earlier glaciations. The overall lack of subglacial
deposits may be a result of either non-deposition or erosion.
Non-deposition could be due to ice-stream confinement to
the central part of the fjord, or perhaps partly due to the
upstream Blomstrandhalvgya (Fig. 1b) ‘protecting’ Kongs-
fjordhallet from the most active ice. Erosion by later glacial
or non-glacial processes could also have removed any gla-
cial deposits, but must then have occurred late during each
glacial event, before the marine sediments were deposited.

Marine and littoral: vital chronological keys
and glacial indicators

Seven out of the ten units at Kongsfjordhallet have been
deposited in a marine or littoral environment (units 1, 2,
4,5, 6,8,9). They are also the volumetrically dominating
sediments (Figs. 4, 19), similar to many other coastal strati-
graphic sites in the Arctic [e.g. 6, 73]. The depositional pro-
cesses at Kongsfjordhallet range from suspension settling
and mass movements in lower energy (deeper) settings, to
wave reworking in higher energy (shallower) environments.
Although some successive units show a shallowing-upward
trend, no complete sequence of shallowing-upward due to
isostatic rebound [8-10] has been observed. Nevertheless,
all units are found above the present sea level. They are thus
evidence of former high relative sea levels in the area, sug-
gesting preceding large-scale glaciations (‘glacio-isostatic
event stratigraphy’, cf. Alexanderson et al. [13]). When
direct evidence of glaciation, such as tills, is missing, the
raised marine sediments are thus key evidence for the recon-
structions of the glaciation history.

Due to their sediment properties and fossil content, these
deposits are also vital for establishing a chronology for the
glacial events. Although they only provide maximum or
minimum ages of glaciations, they are commonly the only
datable units in stratigraphic sections. Their fossil content
and the sand’s exposure to sunlight during deposition make
them suitable for absolute dating techniques such as radio-
carbon luminescence dating, as well as for relative dating
and palaeoceanographic reconstructions through proxies
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such as molluscan and foraminiferal faunas, as well as amino
acid chronology [e.g. 11, 28, 74].

The marine and littoral units are usually fairly sedimen-
tologically homogeneous (e.g. massive or stratified sand or
gravel), and in the case of gravelly units practically difficult
to excavate in good exposures. This makes it hard to identify
any hiatus(es) within these sediments and thus to recognise
if they represent more than one postglacial event. Geochro-
nology is then a crucial tool. For example, it is only through
absolute dating that we were able to separate unit 5 from
unit 6, and subunit 8a from 8b. Similar observations have
been made in marine or littoral units at, e.g. Leinstranda [10]
and Poolepynten [14, 69] and a fairly extensive dating pro-
gram with laterally and vertically distributed samples must
be recommended when working with this type of sediments
and questions.

Alluvial: a rare treat

Although alluvial and fluvial deposits and associated land-
forms are relatively common on Svalbard today, e.g. as allu-
vial fans and glacifluvial valley fills and sandar [56], such
sediments are rarely described from the coastal stratigraphic
records (but see, e.g. Lgnne and Nemec [75]) though they
are found at some inland sites [e.g. 76]. The coastal sections
are, not surprisingly, instead dominated by (glaci)marine and
littoral deposits (cf. “Marine and littoral: vital chronological
keys and glacial indicators”). This makes unit 7 at Kongsf-
jordhallet an interesting rarity.

The alluvial sediments are evidence of subaerial deposi-
tion, and like the periglacial features (“Periglacial: evidence
of ice-free conditions™) they indicate ice-free conditions at
the site. However, alluvial sediment could be seen as an
indicator of local glaciation nearby as the (large) amount
of water and sediment must have a source. In an otherwise
fairly dry area as Svalbard such a source is likely to be a
glacier. The alluvial deposits could thus represent a local
glaciation style [2], with valley glaciers advancing during a
late phase of regional glaciation or rather an early deglacia-
tion stage when relative sea level was still high. The environ-
ment may have been similar to the last deglaciation, when
local glaciers advanced at Kongsfjordhallet after the retreat
of the main ice sheet [19]. Although the meltwater then
seems dominantly to have caused erosion (channel forma-
tion) rather than deposition, and the erosion appears to have
stopped close to the marine limit [18].

Even if (fossil) meltwater channels occur across the
Kongsfjordhallet plain, today the main drainages are
focussed into two ravines and one canyon, partly controlled
by bedrock structures [18, 19]. Thus, the location of the
drainages were probably similar during several events, which
would explain the location of unit 7 close to the present-day
ravine just SE of site 103 (Fig. 4).
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Periglacial: evidence of ice-free conditions

At Kongsfjordhallet, the results of different periglacial
surface processes have been identified in the stratigraphic
record: solifluction (unit 10), cryoturbation and patterned
ground formation (units 7, 8, 10), ice-wedge formation (units
7, 9), frost shattering (unit 7) and soil formation with car-
bonate precipitation and silt infiltration (units 9, 10). Fea-
tures that result from these processes are positive evidence
of ice-free conditions [cf. 26, 77]. However, although the
processes are common in the arctic environment today, their
signatures are rarely reported from the Quaternary strati-
graphic record, with the exception of ice-wedge casts and
palaeosols. This may be due partly to poor preservation
potential of terrestrial sediments, and partly attributed to
the difficulty of correctly identifying some of these features
in the stratigraphy [e.g. 61].

Solifluction may, for example, give rise to diamictons
that can be hard to differentiate from tills, especially if the
diamicton is reworked from glacial deposits and, e.g. con-
tains striated clasts of different lithologies. In the case of
unit 10, our interpretation was aided by the geomorpho-
logical expression of the unit on the surface (Fig. 17b) but
macroscopic, sedimentological features such as low com-
pactness, limited lateral extent and evidence of soil (e.g.
organic material such as roots) were also key to identifying
the unit as a solifluction deposit. Although solifluction com-
monly results in a massive, matrix-supported diamicton [61],
lenses of sorted and/or clast-supported material may occur
as a result of input from other slope processes (e.g. rockfall,
slopewash) or due to frost-related sorting [78]. In this case,
we hypothesise that the lenses may be buried sorted stripes.
A strong fabric parallel to the slope has also been advocated
as a diagnostic criteria for solifluction deposits [79], but may
not help in distinguishing it from a subglacial till, unless the
ice-movement direction is known to be different from the
direction of slope.

Of the features seen at Kongsfjordhallet, palaeosols are
the ones that most commonly have been described from
other pre-Late Weichselian stratigraphic sites in the area,
such as Brgggerhalvgya [9, 10, 59], northern Prins Karls
Forland [70] and Bellsund in SW Spitsbergen [63]. The
soils are generally formed in beach deposits, or other coarse-
grained sediments, and are represented by horizons with
pedogenic silt and carbonate precipitation, typically com-
bined with weathered, frost-shattered clasts [e.g. 80]. The
amount of weathering products (e.g. depth and magnitude
of silt infiltration) has been used for a relative estimate of
duration of surface exposure [59, 81] in some Arctic areas.
However, other studies have shown significant spatial varia-
tion due to local factors and a less clear relationship between
duration of exposure and the formation of pedogenic hori-
zons [80, 82].

Facies model

The succession of depositional environments, represented
by the different sediment units described above, is largely
controlled by relative sea level. Global sea level has been
relatively low during the last 200 ka, with the exception of
the last interglacial [12], and there is no evidence of sig-
nificant tectonic activity in the Kongsfjorden area. Conse-
quently, over time, the high relative sea-level events have
mainly been controlled by glacial isostasy. As mentioned
in “Introduction”, this glacioisostatic signal—called emer-
gence cycles [9]—have for a long time been used as means
of identifying and separating glacial events. A facies model
for such an emergence or rebound cycle was also suggested
by Alexanderson et al. [10], and here we add to that model
by also including terrestrial deposits (Fig. 18).

Our facies model is based on the sediments and stratig-
raphies at Leinstranda [10] and at Kongsfjordhallet (this
study). The sedimentary record shown in Fig. 18c is an ide-
alised record, representing glacial advance and overriding
(facies A), deglaciation with isostatic rebound and succes-
sively shallower water (facies B—E) and eventually fluvial
and periglacial processes (facies F) on ice-free land. In most
cases, only few of the facies are actually found per sequence.
However, it is important to recognise that even if the record
is incomplete, e.g. lacking the subglacial till, it still implies
a regional glaciation and subsequent deglaciation.

The time represented by the sedimentary record is dif-
ficult to estimate. Most time is likely recorded in the sub-
glacial facies (A; Fig. 18c), whereas the shallowing-upward
sequence (B—E) may represent a few thousand years. This
is based on sea-level change during the last deglaciation as
recorded by shore-line displacement. The postglacial sea-
level lowering was initially slow in western Svalbard, but
after ca 3000 years it dropped rapidly to reach present-day
sea level [66]. If the alluvial deposits (F) can also be con-
nected to a high relative sea level, e.g. by interfingering with
beach deposits, they formed within this time period of high
relative sea level too, while the periglacial processes, result-
ing in, e.g. solifluction deposits (F), could have occurred at
any time subsequent to land exposure.

Chronological challenges

The results are not entirely consistent between the three dif-
ferent numerical dating methods we have used. The largest
difference is between OSL and ESR: the ESR ages are sig-
nificantly younger than the OSL ages for unit 2 (79-41 ka vs
172 + 13 ka) and units 4-5 (66—45 ka vs 139 +7 ka). Here,
we prefer the OSL chronology because the OSL ages change
in stratigraphic order and independent data (see “Event
K-II (units 3-5, ca 130 ka)”, “Event K-V (units 8b-10,
since ca 17 ka)”) suggest that the last interglacial and the
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Fig. 18 Facies model for an emergence cycle based on the sediments
found in the Kongsfjorden area. Modified and expanded from Alex-
anderson et al. [10]. For colour legend, see Fig. 19. a A schematic
model of depositional environments found in the Kongsfjorden area

last deglaciation are correctly identified. The reason for the
apparently young ESR ages could be high internal uranium
content, which is difficult to correctly account for in age
modelling. Like for similar sediments on Brgggerhalvgya
[28], the internal uranium content is lowest for samples from
the base of fine-grained units and these ages (from unit 3)
are considered the most reliable of the ESR ages, although
they still underestimate the age compared to OSL.

Modern analogues and comparison with radiocarbon
ages for deposits from the last deglaciation, however, sug-
gest that OSL ages from littoral sediments in this area may
suffer from apparent age overestimation in the order of a few
thousand years due to incomplete bleaching [83, Alexander-
son et al., unpublished]. This seems to be the case here as
well, see “Event K-V (units 8b—10, since ca 17 ka)” below.
Although insignificant for pre-Late Weichselian events, such
an effect cannot be disregarded for the young (late glacial to
Holocene) events.

Individual ages are discussed in their respective context
below (“Composite event stratigraphy”).

Composite event stratigraphy

The event stratigraphy (Figs. 19, 20) is based on the high rel-
ative sea-level events as interpreted from the glaciomarine,
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[modified from 10]. b The relationship of the different facies to local
sea level. ¢ Idealised stratigraphic record of a complete emergence
cycle with focus on relative sea-level change [modified from 10]

marine and littoral deposits that form coarsening-upward
(regressional) sequences or emergence cycles. Based only on
lithostratigraphy we can identify three such sequences, each
starting at one of the marker beds (units 1, 3/4 and 8); this
is the minimum version shown in Fig. 19. However, if we
also include the chronological information, mainly the OSL
ages and their spatial distribution, we are able to identify
five emergence cycles (maximum version in Fig. 19). This is
because we divide the sandy-gravelly sediments above unit 4
into two sets that are laterally separated: an older set (unit 5)
at sites 101-103 and a younger set (unit 6) at site 104. The
same situation is true for unit 8, which is split into subunits
8a and 8b (Fig. 4, cf. “Unit 8: marine sands and silts”).

Below, the events will be summarised (for details on dep-
ositional environments, see “Sediment units”’) and put into a
regional context by correlating to other stratigraphic sites on
Svalbard, mainly Leinstranda on the Brgggerhalvgya pen-
insula across the fjord [10, 28] and Kapp Ekholm on central
Spitsbergen [8, 15] as well as to other records from Svalbard
and in the Barents Sea region [e.g. 6, 84]. The different stud-
ies span almost 40 years, and several sites have not been
reinvestigated with modern dating methods. However, we
regard these correlations (Fig. 20) as the best approximation
from the available data.
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ber of emergence cycles is shown, a minimum version based only
on lithostratigraphy and a maximum version based on both litho-

Event K-I (units 1-2, ca 195 ka) Event K-I started with rela-
tively deep glacimarine conditions (unit 1; facies B in our
model; Fig. 18) that became shallower and less glacially
influenced, but received large sediment input from a nearby
source on land (unit 2, facies C) (Fig. 19). The relative sea
level during the event was at least 25 m a.s.1. Such a high rel-
ative sea level implies a preceding regional glaciation, and
the large sediment input shows that local glaciers existed
in the mountains inland of Kongsfjordhallet while sea level
was still high.

and chronostratigraphy, see further discussion in text. Note that the
ages for events K-III and K-V are the weighted means of the ages
from subunits 6a and 7b (OSL), and subunit 8b and unit 98b (OSL
and 'C), respectively. For events K-I and K-II the weighted ages are
excluding unreliable samples, cf. Table 2. See Fig. 5 for legend

We tentatively correlate Event K-I, which has been OSL-
dated to 195+ 10 ka (172 + 13 ka when not excluding an
unreliable age; Table 2), with event I (units 1-4; 185 + 8 ka)
at Leinstranda [10, 28], possibly also episode D at NW
Brgggerhalvgya (489178 ka; Miller [9]) (Fig. 20). These
units represent similar depositional environments, including
the large input of sediment from land, and both occur below
a unit interpreted to be of last interglacial age. The event is
thus likely placed in marine isotope stage (MIS) 6 or late
MIS7. Deposits on Kongsgya (unit B; Ing6lfsson et al. [7])
and at Kapp Ekholm (Formation B; Forman [85]) have been
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suggested to be of this age, but have by other authors been
placed in younger episodes [6, 15].

Event K-II (units 3-5, ca 130 ka) Starting with a glaciation
(unit 3), Event K-1I is characterised by a shallowing-upward
sequence from glaciomarine (unit 4) over shoreface (subu-
nit 5a) to beachface (subunit 5b) settings, i.e. encompassing
facies A-D (Figs. 18, 19). The glacier that deposited the unit
3 till must have been warm based, but directional evidence
is conflicting (see “Unit 3: glacial diamicton”). It is possibly
the result of local glaciers from the Kongsfjordhallet hinter-
land (in the north), which were reworking material previ-
ously deposited by glaciers moving from the inner fjord area
(east). That may suggest till deposition during a late, local
phase of glaciation (local flow style; Landvik et al. [2]). The
relative sea level at deglaciation was probably at least~50 m
a.s.l., as shown from the inland extent of the units in the
GPR profiles (e.g. Fig. 3). Perhaps the unit may even be cor-
related with beach sediments reported at up to 80 m a.s.l. by
Lehman and Forman [20] and Houmark-Nielsen and Funder
[22], but this has not been confirmed with absolute ages.

The event has been dated to 132 +7 ka (139 +7 ka when
not excluding an unreliable age; Table 2), i.e. the transition
to the last interglacial (MIS 5e), and interglacial conditions
are also supported by a diverse foraminiferal fauna [86,
87]. We thus correlate the event with event III (units 8—11)
at Leinstranda [129 + 10 ka; Alexanderson et al. 10, 28],
and further with the events represented by units A1-A2 at
Poolepynten (130-100 ka; Alexanderson et al. [14]), by For-
mation B at Kapp Ekholm (130-120 ka; [6, 8, 15]) and by
units 3—4 at Skilvika [63, 88] (Fig. 20). It may also correlate
with event C on NW Brgggerhalvgya, although that event is
poorly constrained in age: 290-130 ka (beach ridges; [59])
or 260-90 ka (stratigraphy; [9]).

Event K-IIl (units 6-7, ca 85 ka) During Event K-III there is
a transition from shoreface (subunit 6a) to beachface (subu-
nit 6b) to alluvial and periglacial (unit 7) conditions, thus
from a marine into a terrestrial environment (facies C-F;
Figs. 18, 19). The deposition in these two settings was partly
contemporaneous, with the littoral and alluvial environ-
ments replacing each other laterally, but the alluvial sedi-
ments (unit 7) are stratigraphically above the littoral ones
(unit 6). During deposition of unit 6 the relative sea level
was at least 30 m a.s.l., during deposition and subsequent
weathering of unit 7 at most 31 m a.s.l.

The OSL ages for the littoral and the alluvial deposition
overlap (84 +4 and 87 +4 ka, respectively) and the units are
also considered to be contemporaneous within the resolu-
tion of the dating method, and the weighted mean for the
combined unit 6/7 is 85 +2 ka. This age matches well with
the early part of the Kapp Ekholm interstadial (Formation
F at Kapp Ekholm; Mangerud and Svendsen [8]) as dated

by Eccleshall et al. ([15]; ca 80 ka), as well as with the
Early Weichselian interstadial recognised in Nordaustlandet
(80-76 ka, unit 1 at Isvika; Kaakinen et al. [16]) (Fig. 20).
The event may be also be correlated with the slightly older
event V (units 15-17) at Leinstranda [99 + 8 ka; 10, 28]
and with the event represented by unit A3 at Poolepynten
(100-85 ka; Alexanderson et al. [14]). However, it is pos-
sible that these two events—at least the one at Leinstranda—
represent an earlier Early Weichselian interstadial (MIS 5c)
than event K-III at Kongsfjordhallet, which falls into MIS
Sa. This would support the notion that there were two major
Early Weichselian glaciations as suggested in the revised
glaciation curve of Eccleshall et al. [15].

Event K-IV (subunit 8a, ca 60 ka) Event K-IV is represented
by one unit only (subunit 8a). The relative sea level was at
least 36 m a.s.l. and subunit 8a was deposited by sediment
density flows into a marine environment. No regressional
trend is recorded in the sediments (facies C; Figs. 18, 19).

This high relative sea-level event is dated to 60+ 4 ka,
which places it at the transition between MIS4 and MIS3. No
event of this age has been documented at Leinstranda, but
event K-IV can be correlated to events represented by units
A—C (or only unit C) at McVitiepynten (70 + 10 ka; Anders-
son et al. [70]), unit C at Poolepynten (70-50 ka; Alexander-
son et al. [14]) and to deposits in the Linnédalen, both the
87-m terrace (54 + 19 ka; Mangerud et al. [6, §9]) and units
A—C (57 + 8 ka; Lgnne and Mangerud [90]; Mangerud et al.
[6]) (Fig. 20). The event may possibly correlate to Formation
F at Kapp Ekholm if the ages according to Mangerud et al.
[6; 60—40 ka] and Forman [85; 70 + 10 ka] are used instead
of those from Eccleshall et al. [15], cf. “Event K-III (units
6-7, ca 85 ka)” above. The slightly younger sediments at
Amsterdamgya (59-40 ka; Landvik et al. [91]) may also
belong to the same event. A deglaciation of a regional ice
sheet at this time is supported by IRD and 8'%0 records
together with foraminiferal faunas from core HH11-09GC
north of Svalbard, which suggests ice-sheet disintegration
and retreat in early MIS3 [84].

Event K-V (units 8b-10, since ca 17 ka) The regressional
sequence of Event K-V is represented by debris flows and
turbidity currents in marine conditions (subunit 8b) suc-
ceeded by beach gravel (unit 9) deposited at or just above
sea level (facies C, E-F; Figs. 18, 19). The beach gravel was
then subjected to periglacial conditions for some time and
locally covered by solifluction lobes (unit 10). The sea level
was around 35 m a.s.l. during deposition of unit 9, and sub-
sequently lower.

Subunit 8b is OSL dated to 17+0.6 ka and unit 9 to
16 +0.8 ka by OSL and 13.1-12.8 cal. ka BP by radiocarbon
(Table 2). Morphologically, the surface of the beach sedi-
ments can be mapped to the marine limit nearby (39 m a.s.1.;
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[20]) and units 8b and 9 should thus have been deposited
shortly after deglaciation. The deglaciation of the central
part of Kongsfjordhallet took place before 14.4 +0.3 cal. ka
[19, 20]. Compared to this deglaciation age and the radio-
carbon age of unit 9, the OSL ages thus seem to overestimate
the true age by 2—4 ka, probably due to incomplete bleach-
ing (see “Chronological challenges™). The true age of these
deposits is, therefore, most likely 15-13 ka. Raised marine
sediments from the same event, the last deglaciation, have
been found at most stratigraphic sites on Svalbard (Fig. 20).

The soil formation in unit 9 has taken place since the unit
was raised above sea level. There is likely a hiatus between
the deposition of unit 9 and the overlying solifluction (unit
10).

Events L-Vand L-VI (ca 100 and 35 ka) We have also included
events L-V and L-VI described from the nearby Leinstranda
[10, 28], only 18 km away (Fig. 1b). Event L-V is character-
ised by a relatively thick regressional sequence from glaci-
marine to shoreface to beachface sediments (units 15-17;
facies A-D) that is dated to 99 + 8 ka [10, 28]. We correlate
this event to the event represented by unit A3 at Poolepynten
(100-85 ka; Alexanderson et al. [14]) and Formation D at
Kapp Ekholm (ca 100 ka; Mangerud et al. [6]). It may also
be correlated to units 3—4 at Skilvika if the younger, alterna-
tive age of those deposits is preferred [63, 88, cf. “Event K-11
(units 3-5, ca 130 ka)”’]. Unit D at Kongsgya may belong to
the same event, but it is poorly dated [7] (Fig. 20).

Event L-VI is represented only by a thin unit of beach
sediments (unit 18, facies D) dated to 36 +3 ka at Lein-
stranda. The only other site with raised marine sediments
suggested to be of similar age is found at Isvika on Nor-
daustlandet (unit 6, 40-38 ka: Kaakinen et al. [16]) (Fig. 20),
although other sites have sediments dated to this time within
uncertainties (e.g. by radiocarbon).

Summary and conclusions

We have studied the upper ~ 15 m of the coastal sections
at Kongsfjordhallet in NW Svalbard, corresponding to suc-
cession A of Houmark-Nielsen and Funder [22]. Gener-
ally, our results support their interpretations, but we pro-
vide more detailed sedimentological facies interpretation
and an improved chronological framework. The sediments
at Kongsfjordhallet are dominated by marine and littoral
deposits making up incomplete regression sequences that
are important indicators both for glacial events, even when
subglacial tills are lacking, and for establishing chrono-
logic frameworks. We have suggested a facies model for
such sequences which also includes the more rare terrestrial
deposits (alluvial, periglacial) preserved here.
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The sedimentary units at Kongsfjordhallet represent at
least three, but most likely five high relative sea level events,
which imply preceding regional glaciations. Together with
the record from nearby Leinstranda [10, 28] we can thus
identify six, possibly seven, major glacial advances during
the last 200 ka. Two of these occurred during the Saalian
and at least four during the Weichselian. The glaciations are
constrained in time by the ages of the high relative sea-level
events to just prior to ~ 190, ~ 130, ~100-85 ka (possibly
two events), ~60, ~35, and ~ 15 ka.

Correlation with sites elsewhere in Svalbard show that the
early- and mid-Weichselian high sea-level events and corre-
sponding glaciations are relatively poorly constrained. This
is mainly because of the wide, in some places overlapping
age spans for individual events that make it difficult to corre-
late between sites. The chronology for these events is largely
or solely based on luminescence dating, which typically has
age uncertainties of +5-10% [92]. The wide age ranges may
be due to poor precision of single ages (commonly related to
the luminescence characteristics of the dated mineral) or to
a large spread of ages within a certain sedimentary unit (e.g.
due to incomplete bleaching). Careful selection of sampled
sediments along with adapted analysis of the sample may
help to improve the situation.

Nonetheless, the number of events recognised in strati-
graphic superposition at Kongsfjordhallet, along with addi-
tional events at other sites, suggests that the Svalbard—Bar-
ents sea ice sheet must have been very dynamic during the
last 200 ka. The events showing regressional sequences can-
not just represent ice margin oscillations but major advance/
retreat of the ice sheet that allows the earth’s crust and man-
tle time to adapt isostatically. At Kongsfjordhallet, this is the
case for all events except event K-V, which does not have a
shallowing-upward signal.

Our study encompasses only the uppermost of three
successions at Kongsfjordhallet [22], and there is an addi-
tional ~ 20 m of sediments below our unit 1, which is prom-
ising for future studies and makes Kongsfjordhallet a key
stratigraphic site where multiple events are recorded in
superposition.
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