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A B S T R A C T   

The distal deposition of tephra from explosive volcanism has the potential to geochronologically constrain 
sedimentary archives and landforms. With this technique, we constrain a Late Glacial glacier re-advance on 
Svalbard and suggest that glacioisostatic emergence rates during the Younger Dryas chronozone were at least 
three times greater than previous estimates. The identification of cryptotephra (i.e., non-visible) horizons, 
outside the extent of visible fallout, has greatly expanded the field of application of tephrochronology. While the 
cryptotephra revolution has triggered a burst of investigations using low-concentration tephra to constrain distal 
sedimentary sequences, as of yet, few investigations have used this tool to constrain the age of glacial landforms. 
Here we constrain a moraine formed during a glacier re-advance (12.8–12.2 cal ka BP) into a high relative sea 
level during the early Younger Dryas chronozone, with the first identified occurrence of the Icelandic Vedde Ash 
on Svalbard. Low concentrations (~63 shards/g dried sediment) of the bimodal Vedde Ash (rhyolitic long axis c. 
30–90 μm; basaltic c. 35–100 μm) were identified in a lake sediment sequence collected from the Heftyebreen 
glacier foreland, in a tributary valley to Grønfjorden, western Spitsbergen. Given that the cryptotephra was 
deposited within a lacustrine isolation basin, we further reconstruct a minimum rate of glacio-isostatic emer-
gence during the end of the Late Glacial. Strong and longstanding evidence suggests Svalbard’s west-coast cirque 
glaciers were less extensive during the Late Glacial than the Late Holocene. However, the Late Glacial Hef-
tyebreen moraine suggests Svalbard glacier dynamics during this period may have been more complex.   

1. Introduction 

The distal deposition of tephra in far-field locations resulting from 
explosive volcanism is revolutionizing how we correlate and precisely 
date sedimentary archives and landforms (Lowe, 2011; Davies, 2015). 
Tephrochronology is unparalleled in spatial and temporal precision, 
providing the potential to investigate synchronicity or lag-response to 
climate forcing (Davies et al., 2012; Lane et al., 2013; Muschitiello et al., 

2017). Cryptotephra studies - investigations of non-visible horizons of 
distally deposited ash - continue to further extend the spatial frontiers of 
this geochronological tool (e.g. Haflidason et al., 2019; Kalliokoski et al., 
2020). 

Visible tephra beds are most often used to constrain stratigraphic 
sequences (Lowe, 2011), but have also been correlated to glacial land-
forms (e.g., Schomacker et al., 2003; Benediktsson et al., 2015) as well 
as relative sea level (Rundgren et al., 1997; Brader et al., 2017). While 
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cryptotephra investigations have most commonly been used to constrain 
marine and lacustrine stratigraphic sequences (Zamelczyk et al., 2012; 
Wastegård et al., 2018; van der Bilt and Lane, 2019), as of yet, little focus 
has been placed on dating landforms or linking non-visible tephra to 
relative sea level. Cryptotephra has global potential in aiding regions 
with poorly constrained glacial and sea level histories, particularly in 
regions like the Arctic, where other forms of geochronology can be 
problematic (i.e. lack of organic material for 14C dating, coal or car-
bonate rocks affecting radiocarbon ages; Wolfe et al., 2004; Timms et al., 
2017). 

A current synthesis of the Holocene glacial history of Svalbard 
highlights some of the geochronological challenges with dating glacial 

landforms and sea level changes especially during the last deglaciation 
(Farnsworth et al., 2020a). However, recent investigations have iden-
tified Middle and Late Holocene cryptotephra deposits in Svalbard and 
hinted at the chronological potential of these non-visible deposits 
(Kekonen et al., 2005; Wastegård and Davies, 2009; D’Andrea et al., 
2012; van der Bilt et al., 2017). Identifying Late Glacial-Early Holocene 
tephras, such as the well dated Vedde Ash/Skógar tephra (VA; 
12121±57 cal ka BP; (Mangerud et al., 1984; Norðdahl and Hafliðason, 
1992; Andersen et al., 2006 Lane et al., 2012), would help constrain 
Svalbard’s poorly dated glacier fluctuations (Farnsworth et al., 2018; 
Rasmussen and Thomsen, 2020). 

We investigate lake sediments collected from an isolation basin 

Fig. 1. Overview of the study site. A) Map of the Svalbard region. The Heftyebreen study area is marked with a red circle. Boxes indicate study locations of 
postglacial relative sea level curves (1-Mitrahalvøya, 2-Brøggerhalvøya, 3-Poolepynten, 4-Daudmannsodden). Blue circles mark lake sediment studies with previously 
identified cryptotephra (5-Hajeren, 6-Kongressvatnet) while black circles mark other Late Glacial – Early Holocene glacier re-advances (7-De Geerbukta, 8-Bolter-
dalen, 9-Gustavsdalen, 10-Bromelldalen). Ice margin time-slices outlined for 12.0 and 11.7 ka BP (Hughes et al., 2016; Farnsworth et al., 2020a). B) Inset map 
of the North Atlantic with Svalbard indicated. Red triangle marks the Katla volcanic system in southern Iceland. C) Map of Grønfjorden, with Linnévatnet (LV), 
Kongressvatnet (KV) and Heftyevatnet (HV) labeled. Heftyebreen catchment indicated with arcuate ridge symbolized by dashed red line. Dotted black line denotes 
70 m a.s.l. contour mapped as the marine limit by Mangerud and Svendsen (1990). All bathymetry obtained from IBCAO version 3.0 (Jakobsson et al., 2012). D) 
Drone image (view towards north) with overview of the Heftyebreen foreland adjacent to Grønfjorden. Key elevations are indicated. The red dashed line marks the 
suggested continuation of the Heftyebreen moraine deposited into a high relative sea level. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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located within an abandoned moraine ridge on the west coast of Sval-
bard. The moraine is partial located above the regional post-glacial 
marine limit of c. 70 m a.s.l. and extends below this elevation 
expressed in a terrace c. 52 m a.s.l. The objectives of this study are to: i) 
determine the age of the moraine and the timing of basin isolation, ii) 
determine the age and origin of a cryptotephra occurring within the lake 
sediments, iii) consider the glacier re-advance in the study area in the 
context of other Late Glacial-Early Holocene re-advances on Svalbard, 
and iv) examine possible rates of Late Glacial emergence in the study 
area. 

Here we present a well constrained glacier re-advance (12.8–12.2 cal 
ka BP) from western Svalbard which occurred during the first half of the 
Younger Dryas period (YD; 12.9–11.7 ka BP). The age of the glacier’s 
end moraine is constrained by maximum- and minimum-limiting 
radiocarbon ages, which are further supported by the occurrence of 
the Vedde Ash as a cryptotephra within the isolation basin located inside 
of the moraine (Heftyevatnet; Fig. 1) Furthermore, the well-defined age 
of the Vedde Ash provides a close minimum-limiting constraint for the 
timing of basin isolation and allows us to reconstruct rates of Late 
Glacial emergence that are at least three times greater than previous 
studies suggest (Forman, 1990; Forman et al., 2004). Despite the 
increasing amount of sedimentary sequences dated by cryptotephra 
(Høgaas et al., 2021), this investigation of distally deposited tephra is 
one of the first to constrain an ice marginal position and relative sea 
level. We demonstrate how greater geochronological precision resulting 
from the successful application of crypto-tephrochronology can result in 
valuable quantitative constraints for past glaciers and relative sea-levels. 

1.1. Setting 

Heftyevatnet (informal name; 77.998◦N, 14.149◦E) is located in 
western Svalbard with a threshold at 43 m a.s.l. (Fig. 1). Heftyevatnet 
has an area of 1.5 ha within a 0.16 km2 catchment and a maximum 
central water depth of 6.5 m (measured from lake ice). The regional 
bedrock is composed of NNW-SSE striking Early–Middle Triassic shale, 
siltstone and sandstone from the Sassendalen Group (Dallmann, 2015). 
At present, the lake catchment is non-glaciated and extends up to c. 130 
m a.s.l. to the south with no active inlet or outlet. The lake basin is 730 m 
west of Grønfjorden, a N–S trending tributary fjord of Isfjorden which 
deglaciated prior to 11.5 cal ka BP (Fig. 1; Mangerud et al., 1992; 
Farnsworth et al., 2020a). A postglacial marine limit of ~70 m a.s.l. is 
described from a valley 6 km west (Mangerud and Svendsen, 1990) and 
the mouth of Grønfjorden (12 km north; Fig. 1D). The highest raised 
marine deposits within inner Grønfjorden, however, are located at c. 52 
m a.s.l. comprising the terrace immediately to the east of Heftyevatnet 
(Fig. 1). However, depending on the timing of deglaciation, the relative 
sea level in inner Grønfjorden likely exceeded 52 m a.s.l. 

2. Methods 

2.1. Lake sediment coring 

A series of lake sediment cores were retrieved using a hand-held 
piston coring system (with 205 cm long core tubes and a 64 mm inner 
diameter) from a small boat platform (August 2017) and spring lake ice 
(May 2019). Two overlapping piston cores were taken during each 
campaign in addition to a surface gravity core capturing the lake 
sediment-water interface in the central basin at 6.5 m water depth 
(Fig. S1). The region was field mapped during an August 2016 recon-
naissance as well as during the 2017 field campaign. 

2.2. Digital elevation model acquisition and processing 

The Norwegian Polar Institute performed an aerial image survey 
(July 2010) over the study area, and the resultant 5 × 5 m Digital 
Elevation Model (DEM) is available publicly online (https://geodata. 

npolar.no). The DEM was used to derive elevation of Heftyevatnet and 
the surrounding landforms, as well as for visualization purposes (Fig. 2). 

A semi-oblique (~20◦ off nadir) drone survey was conducted over 
the Heftye-moraine ridge (August 18th, 2019) at an altitude of approx-
imately 120 m above ground level, using a commercial DJI Mavic 2 Pro 
drone. The drone captured 20 megapixel images with a focal length of 
10.26 mm (28 mm in “35 mm equivalent”). The survey was processed in 
Agisoft Metashape 1.7.0 using rolling shutter compensation, an align-
ment quality of “High” (full resolution) and a dense cloud quality of 
“Ultra High” (full resolution) with the proprietary depth map filtering 
setting of “Aggressive”. The image alignment yielded a low Root Mean 
Square (RMS) tie point reprojection error of 0.41 pixels (Carrivick et al., 
2016; James et al., 2017), and a dense cloud point density of 627 points 
per m2. The model was georeferenced using Iterative Closest Point (ICP; 
Besl and McKay, 1992) registration using the “xdem” Python package 
(xdem contributors, 2021) to reference 2010 DEM, yielding a vertical 
median difference of 0.00 m and a normalized absolute median devia-
tion (NMAD) of 0.42 m. The NMAD was subsequently used as the 
georeferencing error of the model. With an average model diameter of 
492 m, the 0.42 m vertical error equates to approximately 0.10◦ of 
rotational error (tan⁻1 (error/(0.5 x diameter))). After registration, DEM 
gridding was conducted with 0.05 m resolution per pixel. Subsequently 
an orthomosaic was created over the DEM. Minute error associated with 
model acquisition and processing should not affect geomorphological 
interpretations. 

The bedrock surface underlying the moraine is near-horizontal with 
minor projected convex curvature (Figs. 1, 2). An attempt at modeling 
the bed of the landform was thus deemed viable to obtain a rough vol-
ume estimate. By masking out the landform, the remaining part of the 
DEM was fitted with a 5th degree 2D polynomial to predict its general 
shape. The NMAD between the estimated polynomial surface and the 
true surface was 1.41 m. Using the presumption that the underlying 
ground is as homogeneous underneath the landform as around it, the 
bed of the landform could be predicted within the associated error 
margin. The volume of the landform was calculated from the mean 
estimated thickness within the ridge outline, multiplied by its plani-
metric area. The volume error was calculated as the polynomial NMAD 
multiplied by the same area. 

2.3. Sediment core processing 

Sediment core splitting, logging and analyses were conducted in the 
sediment lab and ITRAX core facility at the University of Copenhagen 
(Centre for GeoGenetics). High-resolution data including X-ray fluores-
cence (XRF), magnetic susceptibility (MS) as well as optical and radio-
graphic images were collected for all cores after splitting. XRF 
measurements were conducted every 1 mm at 30 kV and 30 mA with a 
30 s exposure with the ITRAX scanner. The core scanner has an X-ray 
source with a Rh (rhodium) anode (Croudace et al., 2006). For inter-
pretation of the ITRAX measurements, Ti was normalized against the 
incoherent (inc) and coherent (coh) Rh scatter (Ti/(inc+coh)) to remove 
instrumental effects (Kylander et al., 2011). Furthermore, the Ca/Fe 
ratio signals minerogenic input and has been used to indicate the marine 
to lacustrine transition within isolation basins (Larsen et al., 2017; 
Schomacker et al., 2019). 

2.4. Radiocarbon dating 

Marine bivalve shells (Hiatella arctica), mixed benthic foraminifera 
and terrestrial macrofossils were radiocarbon dated at the Ångström 
Laboratory at Uppsala University, Sweden and LARA at the University of 
Bern, Switzerland. All radiocarbon ages were calibrated with Calib 8.2.0 
(Reimer et al., 2020). Age-depth models were developed for the core 
sequence and the lowermost piston core with the Bayesian statistics code 
BACON (v. 2.5.2; Blaauw and Christen, 2011) within R studio (v. 3.3.3; 
R Core Team, 2020). The IntCal20 calibration curve was used on 
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terrestrial macrofossils while the Marine20 curve was used for shells and 
foraminifera (Heaton et al., 2020; Reimer et al., 2020). A regional delta 
R value of 70 ± 30 14C years was implemented during calibration 
(Mangerud et al., 2006). All ages are presented in calibrated kilo anno 
before present (cal. ka BP; BP = 1950; Table S1). Furthermore, radio-
carbon ages from published relative sea level and glacier studies have 
been recalibrated and presented accordingly (Table S2). 

2.5. Cryptotephra analysis 

The lowermost sediments were surveyed for minute concentrations 
of non-visible tephra in accordance with developed practice (Pilcher and 
Hall, 1992; Timms et al. 2017; Kalliokoski et al., 2020). During the 
primary survey, the lower 60 cm of strata were sub-sampled at 3 cm 
resolution while the following 20 cm were investigated at 2 cm resolu-
tion. Roughly 1 cm3 samples were dried (24 h at 105 ◦C), pestle-ground, 
ashed (4 h at 550 ◦C), bathed in 10% HCl, rinsed and then sieved in order 
to isolate the 10–90 μm fraction. Sediments were then subjected to 
heavy liquid density separation concentrating and dividing the potential 
volcanic glass into a silicic (2.3–2.5 g/cm3) and a basaltic fraction (>2.5 
g/cm3; Turney, 1998). All survey samples were evaporated on glass 
microscope slides, mounted within Canada Balsam and capped with 
cover slides prior to inspection under a polarizing microscope. Tephra 
was identified based on distinct morphological characteristics including 
vesicularity, fluted structure and optical isotropy (Lowe, 2011). Where 
tephra was identified during the initial survey, the sediment core was 

again sub-sampled and surveyed once again at a 1 cm resolution in order 
to identify the stratigraphic interval with peak shard concentration. At 
this resolution tephra was counted, measured and described. 

At peak intervals, cryptotephra samples were once again sampled for 
electron microprobe analysis (EMPA). The processing procedure was 
repeated although this time an acid digestion method was used in place 
of ashing (to avoid high temperature geochemical alteration; Dugmore 
et al., 1995). Volcanic glass was further concentrated on a microscope 
slide by individually picking shards with a micromanipulator equipped 
with a micro-syringe. Shards were embedded in epoxy prior to being 
sanded and polished to the surface (~15 μm). Before carbon coating, 
glass slides were inspected, mapped and shards were sketched in order 
to enhance EMPA-time efficiency. Major element composition was ob-
tained by a standard wavelength dispersive technique on as many shards 
as possible for each sample (often in 2–3 rounds to avoid polishing away 
tephra). Cryptotephra was analyzed using a JEOL JXA-8230 SuperProbe 
with an accelerating voltage of 15 kV, beam current of 10 nA and a beam 
diameter of 5–10 μm (Kalliokoski et al., 2020). Standards (A99 for 
basaltic; and Lipari Obsidian for rhyolitic) were run in the beginning and 
end of each round of analysis (Table S3). 

3. Results and interpretation 

3.1. Heftyebreen moraine 

A 540 m long sharp-crested, curvilinear ridge of poorly sorted 

Fig. 2. Hill-shaded digital elevation model 
of the Heftyebreen foreland and high reso-
lution map of the subaerial Heftyebreen 
moraine system. A) Norwegian Polar Insti-
tute DEM with outlined ridge and lake 
indicated. Stars mark core location (red) and 
approximate location of shell samples 
(black). B-E) Hill-shaded 0.1 m resolution 
drone DEM of sharp-crested ridge system 
with schematic cross-section model of land-
form thickness, slope inclination and ridge 
thickness projections. Ridge crest marked 
and cross profile indicated. (For interpreta-
tion of the references to colour in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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sediments is located to the southeast of Heftyebreen, in inner 
Grønfjorden. The SW-NE oriented ridge extends from ~80 to 160 m a.s.l. 
and overlies the NNW-SSE trending bedrock. Cross profiles from the 
drone DEM suggest a maximum thickness on the order of 16.5 m with a 
total landform volume of 0.40 ± 0.09 hm3 (Fig. 2). The ridge has a 
slightly steeper NW flank with a slope inclination approaching ~30◦

(mean 24◦; Fig. 2). The sharp-crested ridge is concordant with an 
adjacent terrace that has less relief and extends northward for ~1.5 km 
at an elevation of ~52 m a.s.l. (Figs. 1C and 2A; Fig. S2). Together, the 
moraine and the terrace delineate a nearly 2 km-long arcuate landform. 
This terrace is dissected by a channel draining catchment runoff into 
Grønfjorden. The terrace is composed of bedrock capped by a matrix- 
supported diamict with small boulders and shell fragments (Table S1). 
The flat-topped terrace morphology suggests deposition in a submarine 
environment. The mollusc fragments are interpreted as being ice- 
transported and redeposited, given their occurrence within a diamict, 
and likely originate from older marine deposits pre-dating the glacier re- 
advance. The terrace holds a small lake basin to the west, Heftyevatnet 
(Figs. 1C and 2). 

We hypothesize that the sharp-crested curvilinear ridge and diamict 
capping the adjacent lower terrace were deposited contemporaneously 
as a moraine at the terminus of a glacier emanating from the Hef-
tyebreen cirque. The sharp-crested ridge exhibits weathering and 

subaerial periglacial degradation characteristic of a sub-aerial deposi-
tional environment. The morphology of the corresponding lower 
elevation terrace as well as the shell occurrence suggests a subaquatic 
depositional environment (although it is unclear if the sediments were 
once subglacial). Thus, the palaeo-sea level when the moraine was 
deposited was above 52 m a.s.l. and below 80 m a.s.l. (lower extent of 
the sharp-crested ridge). 

3.2. Heftyevatnet sediment sequence and tephra correlation 

A ~300 cm long composite stratigraphy was developed for Heftye-
vatnet by correlating XRF data from one surface and two overlapping 
piston cores (sediment water interface = 0; Fig. S1). The lowermost 
meter of sediment (core HBP2b) was logged, scanned and analyzed in 
order to determine i) the age of the lowermost sediments in the basin (i. 
e. a minimum-limiting age for the Heftyebreen moraine) and ii) when 
Heftyevatnet isolated from the sea. The lower 100 cm is comprised of 
two lithostratigraphic units, recording the transition from a shallow 
marine environment during the Late Glacial (Unit 1) to a lacustrine 
setting during the Early Holocene (Unit 2; Fig. 3). 

Unit 1 is a clayey-silty diamict extending from 240 cm to 300 cm 
depth in the composite stratigraphy. It is crudely horizontally bedded 
and matrix-supported. The diamict exhibits reduced X-ray transmission 

Fig. 3. Sediment proxies for the lowermost 100 cm of sediment core HBP2b, corresponding to 200–300 cm of the composite stratigraphy for the Heftyevatnet basin: 
core photograph, X-ray image, lithology with median calibrated 14C (blue), anomalously old 14C (grey) and tephra (green) ages. XRF data for Ca/Fe, Ti normalized by 
incoherent and coherent signal (Ti/inc+coh) and magnetic susceptibility (MS). XRF data plotted raw with 5 point running averages. Age-depth model developed 
from radiocarbon dates and VA cryptotephra. R and B symbolize shard concentrations of rhyolitic and basaltic tephra (respectively) per dried gram sediment. Details 
provided in Tables S1 and S3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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as well as elevated Ca/Fe, Ti/(inc.+coh.) and magnetic susceptibility 
(Fig. 3). Furthermore, Unit 1 contains (presumed in situ) benthic fora-
minifera (predominantly Elphidium excavatum f. clavata). No crypto-
tephra was identified in Unit 1 despite a 3 cm resolution survey of both 
silicic and basaltic weight fractions (Fig. 3). Unit 2 is a finely laminated 
brown gyttja extending from 200 cm to 240 cm depth in the composite 
stratigraphy. It contains intermittent beds of clayey-silt and exhibits 
moderate x-ray transmission with reduced Ca/Fe, Ti/(inc.+coh.) and 
magnetic susceptibility values characteristic of organic rich strata. 
While no foraminifera were identified in Unit 2, terrestrial and aquatic 
macrofossils are present throughout the strata (Fig. 3; Table S1). Cryp-
totephra was identified in the lower half of Unit 2 following a 2 cm 
survey of both silicic and basaltic weight fractions (Fig. 3). 

Peak ash concentrations were identified within the lowermost in-
terval of Unit 2, composed of finely laminated brown gyttja (sample 
HBP2_21A). Approximately 63 shards of rhyolitic and basaltic tephra 
per dried gram sediment were identified in the second cm of laminated 
organic rich lacustrine sediments overlaying the transition from marine 
basal sediments (Figs. 3, 4). Tephra shards were manually concentrated 
from the peak interval through micromanipulation prior to electron 
microprobe analysis detailing the major element composition of the 
glass (Fig. 4). Initial probe analysis suggested the silicic component was 
potassium-rich, characteristic of rhyolitic tephra from the Katla volcanic 
system, however not distinctive to the Vedde Ash (Lane et al., 2012; 
Haflidason et al., 2019). However, identifying and probing basaltic 
tephra in the same 1 cm sample interval, suggestive of a bimodal tephra 
horizon is unique to the Vedde Ash within the North Atlantic (Lane et al., 
2012; Table 1). The correlation of this tephra horizon to the Vedde Ash 
derives from the Late Glacial – Holocene age of the sediment sequence, 
the bimodal nature of the tephra identified in sample HBP2_21A and the 
geochemically indistinguishable composition to other VA horizons in 
the North Atlantic. In addition to total alkali silica plots, potassium and 
iron are commonly used in bi-plots to distinguish the Vedde Ash from 
other geochemically similar deposits from the Late Glacial – Holocene 
transition (Fig. 4; Lane et al., 2012; Haflidason et al., 2019; Høgaas et al., 
2021; Supplementary). 

3.3. Heftye-moraine and sediment chronology 

Eight distinct samples (including shell fragments, mixed benthic 
foraminifera and terrestrial/aquatic macrofossils) were radiocarbon 

dated in order to constrain the age of the Heftyebreen moraine and lake 
sediment sequence. The landform and strata are further constrained in 
time by the presence of a cryptotephra horizon identified near the bot-
tom of Unit 2 (Figs. 3, 4). All radiocarbon ages bracket the Late Glacial to 
Early Holocene (Fig. 3; Table S1). However, radiocarbon age reversals 
suggest some of the dated material may present anomalously old ages 
(Fig. 3). Due to low concentrations of terrestrial macros, aquatic bryo-
phytes were also analyzed in samples at 239 and 234 cm (composite 
depth) in order to date the lower sediments in Unit 2. Ages 13.9 and 
12.7 cal ka BP respectively, from the lacustrine sequence, are older than 
the shell fragments form the diamict as well as the Vedde Ash. Due to the 
identification of a cryptotephra isochron within this record, we are able 
to identify likely anomalously old radiocarbon ages. Given the 
geomorphological context of the Heftyevatnet basin, situated within the 
end moraine, we assume the moraine was formed and abandoned prior 
to sediment accumulation within the lake basin. 

Two shell fragments of Hiatella arctica, collected from diamict within 
the 52 m terrace, suggest ice-free marine conditions between c. 
12.9–12.8 cal ka BP (Fig. 2A; Table S1; Fig. S2). Shell ages indicate that 
inner Grønfjorden had deglaciated approximately 1.5 ka earlier than 
previously reconstructed (Mangerud et al., 1992). Furthermore, the ages 
provide a maximum constraining age on the deposition of the sediments 
in the 52 m terrace and the corresponding sharp-crested ridge. It is thus 
assumed that a local glacier re-advanced into a high relative sea level, 
and re-deposited the shell fragments while forming the curvilinear ridge 
(with an ice margin both in marine and subaerial environments). Only 
following the retreat of the local glacier did sediment begin to accu-
mulate in the Heftye-basin. Therefore, the ages from the mollusc frag-
ments within the diamict, additionally provide a maximum-limiting age 
constrain for the basal sediments in Heftyevatnet. No direct evidence of 
a subglacial facies has been identified (i.e. low angle thrusts) within the 
diamict. However, we suggest given the setting and diamict composi-
tion, the sediments must at least have a glacial proximal origin. 
Furthermore, we cannot fully negate that the shell fragments post-date 
the moraine. However, given their occurrence within the diamict as 
opposed to literal position within beach gravels (overlaying the dia-
mict), the post-deposition of these shells in a shore-face environment 
seems less likely. If however, the shells were deposited post moraine 
formation, they were likely re-sediment shortly following moraine 
abandonment given the foraminifera age (at the base of the lake 
sequence) closely aligns with the 2-sigma of the younger shell fragment. 

Fig. 4. Heftyevatnet cryptotephra bi-plot and photomosaic. A) Geochemical bi-plot comparing distally deposited Vedde Ash (VA) from Norway, Russia and Scotland 
to sample HBP2_21A from Heftyevatnet, Svalbard (Fig. S3; Lane et al., 2012; Timms et al., 2017; Haflidason et al., 2019). Microscopic imagery of sample HBP2_21A 
with examples of rhyolitic (B & C) and basaltic (D & E) tephra identified in the lowermost lacustrine sediments of Heftyevatnet. Micromanipulator controlled syringe 
visible (at right) in image B) photographed during tephra concentration. Images C-E were obtained from smear slides. 
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Radiocarbon-dated benthic foraminifera (at 299 cm) and plant 
macrofossils (at 239, 234, 228 and 212 cm) constrain the timing of 
moraine formation and lake basin isolation from Grønfjorden. The most 
robust age constraint for the marine to lacustrine facies transition is the 
cryptotephra, occurring between 1 and 2 cm above this sedimentary 
boundary and limiting the basin isolation to roughly a century before 
12.1 ka BP (12,225 yr. BP derived from the Bayesian statistics code 
BACON). Peak ash concentrations were identified within the lowermost 
interval of Unit 2, composed of finely laminated brown gyttja (sample 
HBP2_21A). Approximately 63 shards of rhyolitic and basaltic tephra 
per dried gram sediment were identified in the second cm of laminated 
organic rich lacustrine sediments overlaying the transition from marine 
basal sediments (Figs. 3, 4). Tephra shards were manually concentrated 
from the peak interval through micromanipulation prior to electron 
microprobe analysis detailing the major element composition of the 
glass (Fig. 4). Both rhyolitic and basaltic components of sample 
HBP2_21A (239-238 cm) indicate geochemical fingerprinting of the 
Katla volcanic system and the Vedde Ash (Figs. 4A and S3; Tables 1 and 
S3; Lane et al., 2012). The presence of the Vedde Ash at this interval in 
the Heftyevatnet sequence suggests that the lake basin isolated from the 
fjord before 12.1 ka BP (Andersen et al., 2006; Lane et al., 2013). 

Given that the Heftyevatnet Vedde Ash was deposited in the lower-
most lacustrine gyttja (Unit 2), stratigraphically above the marine sed-
iments, the relative sea level must have already dropped below the lake 
threshold level of 43 m a.s.l. at the time of the eruption. Based on shell 
ages and the Vedde Ash, we assume the lower two radiocarbon dates 
(terrestrial/aquatic macrofossils at 239 and 234 cm composite depth) 
from Unit 2 exhibit anonymously old ages as they are older than the 
shells and Vedde Ash. With the given data, there is no means of dis-
crediting the quality of the remaining radiocarbon ages (8.1 cal ka BP at 
212 and 9.5 cal ka BP at 228 cm in Unit 2 and 12.5 cal ka BP at 299 cm 
depth in Unit 1), however further independent constraints (teph-
rochronology) may allow for testing the validity of these ages. 

4. Discussion 

4.1. Svalbard glaciers during the Younger Dryas period and the 
Heftyebreen moraine 

Longstanding and robust evidence suggests that Spitsbergen’s west- 
coast cirque glaciers were less extensive during the Late Glacial than 
the Late Holocene (Mangerud and Svendsen, 1990; Svendsen and 
Mangerud, 1997; Mangerud and Landvik, 2007). Until recently, the 
deglaciation of Svalbard has been considered as being continuous with 
uninterrupted retreat (Hormes et al., 2013). This is partly due to the 
apparent absence of moraines or other ice-marginal landforms dating to 
the YD chronozone (Forwick and Vorren, 2009; Hormes et al., 2013). 
The scarcity of ice-marginal features has been associated with deglaci-
ation ice-shelves potentially influencing the nature of landform devel-
opment and sedimentation (Farnsworth et al., 2018; Larsen et al., 2018; 
Noormets et al., 2021). Additionally, ice marginal retreat within 
fjord-systems has been proposed to have occurred during the YD in some 
areas (Larsen et al., 2018; Rasmussen and Thomsen, 2020). However, an 
increasing number of studies from around Svalbard have identified 

ice-marginal landforms deposited by glacier re-advances during the Late 
Glacial-Early Holocene (Salvigsen et al., 1990; Lønne, 2005; Henriksen 
et al., 2014; Farnsworth et al. 2017, 2018, 2020a; Flink et al., 2018; 
Larsen et al., 2018; Rasmussen and Thomsen, 2020). 

We associate the diamict-composed, sharp-crested ridge and the 
accompanying 52 m terrace to the palaeo-Heftyebreen cirque glacier. 
We also suggest that the palaeo-glacier re-advanced into Grønfjorden’s 
high (>52 m) relative sea level during the early YD chronozone, forming 
the frontal-lateral moraine at the mouth of the Heftyebreen catchment. 
Our interpretation is based on the curvilinear structure of the ridge and 
the 52 m terrace (with associated marine diamict) as well as the steeper 
northwestern (glacial proximal) flank. Presumably if the sea level has 
regressed below 52 m elevation prior to moraine formation, the 
morphology of the sharp crested ridge would have continued northward 
capping the terrace. 

We interpret the sharp-crested ridge and the adjoining terrace as an 
end moraine, deposited by a tidewater cirque glacier in the Heftyevatnet 
catchment during the early YD chronozone. Previously, however, it has 
been suggested that the sharp-crested ridge may originate from the 
Aldegondabreen catchment (a cirque to the south of Heftyebreen), as a 
result of a surge event prior to 12 ka BP (Kokin and Mavlyudov, 2020). 
Their inferred age (based on cross-cutting relationship with sea level) is 
comparable to ours; however, we hypothesize the frontal-lateral 
moraine around the mouth of the Heftyebreen cirque indicates there 
must have been a glacier in the Heftye-catchment during ridge forma-
tion. The morphology of the ridge (prominent, sharp-crested, 16 m 
thick) is more characteristic of an end moraine than a medial moraine. 
Regardless of whether there was also a glacier on the southeastern 
margin of the moraine system, it was deposited prior to deposition of the 
basal sediments in Heftyevatnet. There are two lines of evidence support 
this interpretation: i) the basal sediments are laminated and undeformed 
and therefore bear no evidence of being overridden during a glacier 
re-advance and ii) radiocarbon ages from the basal sediments and from 
the diamict comprising the moraine are 12.5 and 12.8 ka BP respec-
tively, suggesting basin sedimentation began immediately after moraine 
abandonment. 

The Heftyebreen moraine is the first and (as of yet) only glacier 
margin constrained to the YD chronzone in Svalbard (Fig. 5A and B). 
Furthermore, the glacier seems to have retreated shortly after the for-
mation of the moraine, within the early YD chronzone. According to our 
new chronological constraints, the Heftyebreen cirque glacier re- 
advanced into a high relative sea level, depositing the moraine after 
12.8 ka BP and before 12.5 ka BP. The 12.1 ka BP Vedde Ash is a more 
reliable minimum-limiting age for the moraine, however, given the 
relative stratigraphic positions, we consider the 12.5 ka BP radiocarbon 
age a closer minimum-limiting constrain (Fig. 5A and B). While 
numerous other moraines have been effectively constrained to the Late 
Glacial – Early Holocene transition, none have been completely con-
strained to within the YD chronozone (Fig. 5; Mangerud et al., 1992; 
Lønne, 2005; Farnsworth et al., 2018; Larsen et al., 2018). Notably, 
where these Late Glacial – Early Holocene re-advances are identified, 
Late Holocene glacier expansion was minimal with some cirque and 
valley systems remaining nearly ice free during this period (Farnsworth 
et al., 2018), suggesting that more extensive Late Holocene glaciers may 

Table 1 
Non-normalized mean major element values for the Vedde Ash tephra samples. The number of analyzed shards is shown in parentheses. Basaltic points were conducted 
on one large shard. SD refers to standard deviation. All analysis was conducted at the Institute of Earth Science, University of Iceland.  

Sample  SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

HBP2_21A 
Vedde R M 71,18 0,25 13,64 3,64 0,12 0,15 1,25 3,73 3,72 0,03 97,71 
(7) SD 1,08 0,05 0,48 0,29 0,03 0,10 0,11 1,14 0,15 0,02 2,42 

Vedde B M 46.84 4.68 12.69 14.56 0,23 5.10 9.76 2.68 0.70 0.56 97.78 
(2a) SD 0.18 0.03 0.07 0.18 0.01 0.03 0.04 0.05 0.00 0.06 0.31  

a Data reflects two probe readings taken from the same tephra shard. 
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have removed older, potentially correlative deposits. Despite an 
increasing number of these dated ice margins with enhanced chrono-
logical constraint, there is no clear synchronicity among Late 
Glacial-Early Holocene glacier fluctuations. Thus, the ice-marginal 
behavior of some glacier systems during the Late Glacial-Early Holo-
cene may have been controlled by internal glacier dynamics rather than 
by regional mass balance trends which would have presumably forced 
more synchronous ice-marginal oscillations. 

4.2. Heftyevatnet and Late Glacial emergence 

Shell fragments were eroded from marine sediments, transported 
and redeposited by a glacier into the diamict (capping the terrace) at an 
unknown palaeo-sea level, albeit greater than 52 m above present sea 
level. Although the shells may have been resedimented from higher or 
lower elevation, they provide a maximum-limiting age for the 52 m a.s.l. 
shoreline. Thus, the relative sea level dropped at least 9 m (from >52 m 
a.s.l. to below 43 m a.s.l.) in approximately 600 years (between 12.8 and 
12.2 ka BP), yielding a minimum rate of emergence of 1.5 m per 100 
years (1 m/66 yrs; Fig. 5A). If we assume the palaeo-sea was 70 m a.s.l. 
(like the marine limit at the mouth of Grønfjorden; Mangerud and 
Svendsen, 1990) during the re-sedimentation of the shells (by glacier 
re-advance), the rate would be 4.5 m per 100 years (Fig. 5A). The 
palaeo-sea level was likely between these two elevations and thus 
emergence rates may have been on the order of 3 m per 100 years. 
Despite variable ice thicknesses, ice-cover durations and deglaciation 
histories, relative sea level curves from western Svalbard generally 
suggest lower rates of Late Glacial emergence. Even the minimum 
emergence rate (1.5 m per 100 yrs) reconstructed from Heftyevatnet is 
roughly three times greater than that inferred from relative sea-level 

curves from western Svalbard (Fig. 5C; Forman, 1990; Forman et al., 
2004). Two to 3 m of emergence over a 100 year period is similar to 
Early Holocene rates which have been reconstructed from raised 
shorelines (Forman et al., 2004; Farnsworth et al., 2020a). However, an 
emergence rate of two to 3 m per 100 years during the Late Glacial is 
significant as it may have impacted glacier dynamics during the degla-
ciation. Furthermore, such rates of emergence may indicate poorly un-
derstood restrained rebound prior to deglaciation. 

Extensive efforts have been placed on radiocarbon dating postglacial 
raised shorelines around former ice sheet margins in order to constrain 
rates of postglacial uplift and subsequently provide input data for glacier 
models (Forman et al., 2004; Lecavalier et al., 2014; Simon et al., 2016). 
As a result, the rates and spatial variability of postglacial uplift are 
relatively well constrained in near-field regions. However, due to the 
lack of datable material and resolution, our understanding of the rates 
and magnitudes of restrained rebound (prior to shoreline formation) is 
limited (Andrews et al., 1970). Here we contribute directly to a quan-
titative reconstruction of restrained rebound in western Svalbard during 
the YD. Furthermore, our reconstructed minimum emergence rate 
highlights the under-represented crustal response to ice loss during this 
time. 

While we know relatively little about glacier margins during the YD 
in Svalbard, we know even less about the regional equilibrium line 
altitude (ELA) at this time (Rea et al., 2020). Assuming that the ELA 
remained constant through the 1.2 ka YD period, with an emergence rate 
of 3 m per 100 years, we would expect roughly 33 m of vertical 
displacement (land passing up through the ELA). Although the process is 
non-linear (Andrews et al., 1970; Forman et al., 2004), as an approxi-
mation we can extend this estimate farther back in time to c. 14.6 ka BP, 
following the initiation of regional ice loss from the continental shelf 

Fig. 5. Time – elevation plots exhibiting Late Glacial – Early Holocene emergence and glacier fluctuations. A) Plot indicating the range of potential emergence 
constrained by the shells within the 52-m terrace and the Vedde Ash within an isolation basin (threshold elevation 43 m a.s.l.). Shell fragments are interpreted to 
have been redeposited from the former glacier margin providing a maximum-limiting constraint for the age of the 52 m a.s.l. terrace and likely reflecting a relative 
sea level higher than the elevation at which they were deposited. Potential emergence rates range from 1.5 to 4.5 m per 100 years depending on the palaeo-sea level 
in which the shells reflect (>52 and <70 m). B) The Heftyebreen moraine is constrained between 12.8 and 12.5 cal ka BP by the shell fragments in the 52 m terrace 
and the basal age of mixed benthic foraminifera from the lowermost Heftyevatnet sediments. Furthermore, while the Vedde Ash best constrains the basin isolation, its 
presence in the lake record suggest Heftyebreen had advanced and retreated from the shallow marine environment prior to the eruption. C) Restrained rebound rates 
from Heftyebreen compared to other Late Glacial emergence curves from western Svalbard (Forman, 1990; Forman et al., 2004). All sea level curve ages have been 
re-corrected and calibrated (Table S2). D) The early Younger Dryas re-advance from Heftyebreen compared to other re-advances constrained to the Late Glacial - 
Early Holocene (Mangerud et al., 1992; Lønne, 2005; Farnsworth et al., 2018; Larsen et al., 2018). No clear synchronicity is exhibited in this series of 
glacier re-advances. 
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edge (Brendryen et al., 2020). This would suggest nearly 100 m of 
displacement (i.e. restrained rebound) may have occurred prior to the 
formation of beach ridges and measurable relative sea level. 

Based on a reconstruction from western Svalbard, the ELA is sug-
gested to have risen roughly ~50 m over the last 100 yrs, since the 
culmination of the Little Ice Age (Røthe et al., 2015). The regional ELA 
was certainly not constant during the transition from Late Glacial to 
Early Holocene. However, comparing emergence rates from this period 
with modern glacier response to rising ELA provides perspective 
regarding the potential effects of restrained rebound on Svalbard’s 
sensitive glaciers (Noël et al., 2020). While modeling investigations 
incorporating restrained rebound in Iceland have indicated a significant 
effect on glacier dynamics and the regrowth of the Younger Dryas Ice 
Sheet, this has not yet been developed for other ice sheets (Norðdahl and 
Ingólfsson, 2015). A minimal glacier model that incorporates varying 
rates (and durations) of restrained rebound would be valuable to further 
enhance our understanding of these potential effects on glacier dy-
namics (Oerlemans, 2018). 

4.3. Distally deposited tephra in Svalbard and future prospects 

Despite occurring at low concentrations, the presence of distally- 
deposited tephra has a high potential to improve geochronology in the 
Arctic. While the VA cryptotephra is the first isochron from the Katla 
volcanic system to be identified in lake sediments from Svalbard, other 
tephra from Late Holocene eruptions of Hekla, Öræfajökull and Snæ-
fellsjökull have previously been identified (D’Andrea et al., 2012). 
Furthermore, the identification of a Middle Holocene cryptotephra from 
Kamchatka highlights the potential of pan-Arctic cryptotephra deposi-
tion in Svalbard (van der Bilt et al., 2017). Outside of lacustrine ar-
chives, a historical tephra from Grímsvötn has been identified from ice 
cores from Svalbard (Kekonen et al., 2005; Wastegård and Davies, 
2009). As well, ocean-rafted pumice from Katla has been collected from 
Holocene raised beaches (Blake, 1961; Farnsworth et al., 2020b). 
Tephra identified in Svalbard has enhanced our understanding of the 
distal deposition of the volcanic glass, the chronology of the substratum 
in which it was deposited, as well as in some cases the eruption history. 
It would be valuable for further work to develop a chronostratigraphic 
framework of tephra in Svalbard. Additionally, linking cryptotephra 
investigations to varved lake sediments may help better constrain the 
age of past eruptions (Lane et al., 2013). Furthermore, identification of 
tephra horizons from high resolution marine sedimentary archives 
would help test hypotheses regarding Late Glacial Holocene marine 
reservoir corrections around Svalbard. 

5. Conclusions 

Low concentrations of tephra have a high potential to improve 
geochronology in the Arctic. This study demonstrates that cryptotephra 
on Svalbard can provide reliable new age constraints for lacustrine 
sedimentary archives, glacial landforms and raised marine deposits. We 
successfully extend the tool of crypto-tephrochronology from beyond 
sedimentary sequences to landforms and processes.  

● We describe the first cryptotephra horizon of Vedde Ash identified on 
Svalbard.  

● For the first time, the cryptotephra isochron constrains glacial and 
sea level history – thus highlighting the great geochronological po-
tential of non-visible tephra, especially when combined with other 
dating methods.  

● The well-defined age of the Vedde Ash allows us to constrain a cirque 
glacier re-advance on Svalbard to the early Younger Dryas chro-
nozone. This result indicates that Svalbard’s glacier margins were 
more complex and dynamic during the Late Glacial than previously 
thought. 

● Given cryptotephra deposition occurred prior to the regional degla-
ciation and subsequent to local beach ridge formation, this record 
provides an exclusive opportunity to reconstruct the rate of 
restrained rebound for the region.  

● While large uncertainties remain with relative sea-level histories 
constrained by shell fragments, the combination of the well-defined 
age of the Vedde Ash allows us to highlight rates of Late Glacial 
(restrained) rebound were over three times greater than previous 
estimates from western Svalbard. We highlight the need to revise the 
Late Glacial portions of regional sea-level curves and emphasize new 
rates should be incorporated in future glacier and isostatic adjust-
ment models. 
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