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Sea–ice conditions on the North Icelandic shelf constitute a key component for the study of the climatic 
gradients between the Arctic and the North Atlantic Oceans at the Polar Front between the cold 
East Icelandic Current delivering Polar surface water and the relatively warm Irminger Current derived 
from the North Atlantic Current. The variability of sea ice contributes to heat reduction (albedo) and 
gas exchange between the ocean and the atmosphere, and further affects the deep-water formation. 
However, lack of long-term and high-resolution sea–ice records in the region hinders the understanding 
of palaeoceanographic change mechanisms during the last glacial–interglacial cycle. Here, we present a 
sea–ice record back to 15 ka (cal. ka BP) based on the sea–ice biomarker IP25, phytoplankton biomarker 
brassicasterol and terrestrial biomarker long-chain n-alkanols in piston core MD99-2272 from the North 
Icelandic shelf. During the Bølling/Allerød (14.7–12.9 ka), the North Icelandic shelf was characterized by 
extensive spring sea–ice cover linked to reduced flow of warm Atlantic Water and dominant Polar water 
influence, as well as strong meltwater input in the area. This pattern showed an anti-phase relationship 
with the ice-free/less ice conditions in marginal areas of the eastern Nordic Seas, where the Atlantic 
Water inflow was strong, and contributed to an enhanced deep-water formation. Prolonged sea–ice 
cover with occasional occurrence of seasonal sea ice prevailed during the Younger Dryas (12.9–11.7 ka) 
interrupted by a brief interval of enhanced Irminger Current and deposition of the Vedde Ash, as opposed 
to abruptly increased sea–ice conditions in the eastern Nordic Seas. The seasonal sea ice decreased 
gradually from the Younger Dryas to the onset of the Holocene corresponding to increasing insolation. 
Ice-free conditions and sea surface warming were observed for the Early Holocene, followed by expansion 
of sea ice during the Mid-Holocene.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Sea–ice cover on the North Icelandic shelf, at the Polar Front 
separating the North Atlantic and the Arctic Oceans, is principally 
linked to the advective strength of the relatively warm Irminger 
Current and the cold East Icelandic Current, which dominate the 
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surface waters of the region (Fig. 1; Rudels et al., 2005). The 
Irminger Current is a branch of the North Atlantic Current and its 
strength is associated with another branch of the North Atlantic 
Current, the Norwegian Current. The Norwegian Current flows into 
the eastern Nordic Seas and is linked to the rate of North Atlantic 
Deep Water (NADW) formation and the strength of the Atlantic 
Meridional Overturning Circulation (AMOC), substantially influenc-
ing the global climate system (cf. Rayner et al., 2011). Furthermore, 
the waxing and vaning of sea–ice extent in the Nordic Seas also 
significantly influence the NADW formation and AMOC process, 
as a result of brine formation and freshwater input, respectively 
(Thornalley et al., 2010).
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Previous palaeo-sea–ice reconstructions north of Iceland have 
mainly been deduced from microfossil, sedimentological and geo-
chemic data, including ice-rafted debris (IRD), stable isotopes, 
foraminiferal assemblages and diatoms (e.g. Eiríksson et al., 2000;
Knudsen et al., 2004; Ślubowska-Woldengen et al., 2008). Poor 
preservation of foraminifera and diatoms due to carbonate or sil-
ica dissolution has limited sea–ice distribution reconstructions in 
many regions of the Arctic and sub-Arctic (Schlüter and Sauter, 
2000; Zamelczyk et al., 2014). A molecular proxy, IP25, mono-
unsaturated highly branched isoprenoid (HBI) alkene biosynthe-
sized by sea–ice diatoms (Belt et al., 2007; Brown et al., 2014), 
has turned out to be well-preserved in Arctic and sub-Arctic 
marine sediments and has been determined in a sediment core 
from the central Arctic Ocean during the Miocene, beyond 5.3 
Ma (Stein et al., 2016), thus enabling its application for sea–
ice assessment even during the distant past. Although there is 
still a lack of knowledge about the vertical transport, degrada-
tion process and environmental controlling factors of this novel 
biomarker (for details see Belt and Müller, 2013), IP25 has been 
applied for palaeo-sea–ice reconstructions covering different areas 
of the Arctic Ocean and sub-Arctic region (cf. Stein et al., 2012;
Belt and Müller, 2013 and references therein). However, there 
is an ambiguous interpretation of the absence of IP25, since the 
lack of ice cover or, conversely permanent sea–ice cover inhibiting 
light penetration, can both limit the sea–ice algal growth. There-
fore, phytoplankton biomarkers (e.g. brassicasterol or dinosterol), 
as open water indicators (Volkman, 2003), have been proposed to 
be used alongside IP25 to distinguish these ambiguous scenarios 
(Müller et al., 2009). Generally, the lack of both IP25 and phyto-
plankton biomarker reflects permanent sea–ice cover; the absence 
of IP25 with elevated phytoplankton biomarker indicates an open-
water condition; while the occurrence of both biomarkers suggests 
stable sea–ice margin or seasonal sea–ice condition (Müller et al., 
2009). Furthermore, the new PIP25 (Phytoplankton-IP25) index, a 
combination of IP25 and phytoplankton biomarker, was initially de-
veloped (Müller et al., 2011) to reconstruct the intensity of spring 
and summer sea–ice cover semi-quantitatively. By combining new 
data from high-Arctic realm surface sediments with published data 
from Arctic marginal areas, Xiao et al. (2015) found a pronounced 
correlation between PIP25 index values and satellite sea–ice con-
centrations, providing strong support for a broad application of the 
PIP25 index.

IP25-based sea–ice reconstructions have been conducted for 
sediment cores from the Icelandic shelf. IP25 was below detection 
limit in a sediment core from the southwest of Iceland (Axford et 
al., 2011) as sea ice did not reach this area over the past 2000 yr, 
while Andrews et al. (2009) reconstructed the sea–ice condition in 
a low-resolution sampling core on the Northwest Icelandic shelf 
during the past 2000 yr by means of multiple proxies includ-
ing IP25. High-resolution IP25 records, established by Massé et al.
(2008) and Cabedo-Sanz et al. (2016) in sediment cores from the 
North Icelandic shelf, revealed significant sea–ice variability dur-
ing the past 1200 yr and 8000 yr, respectively. High-resolution IP25
records beyond the Holocene from the Icelandic shelf, however, are 
required to further understand rapid sea–ice variations and their 
responses to oceanic changes in detail.

Here, we present high-resolution (20 and 26 yr) biomarker 
records in marine sediment core MD99-2272 from the North 
Icelandic shelf during the last deglaciation and relatively lower-
resolution (mostly about 100 yr) records during the Early to 
Mid-Holocene to assess the sea–ice conditions under different 
oceanic environments. Core site MD99-2272 (Fig. 1) is located in 
the frontal area between the Irminger Current and the East Ice-
landic Current, close to fjords influenced by glacial rivers from 
the Vatnajökull ice cap in Iceland, ideally archiving changes in 
the oceanic circulation system of the North Atlantic. To evaluate 
Fig. 1. Study area with the MD99-2272 core location (red star) used for our IP25

study on the North Icelandic shelf. Black dots in the left-hand map represent two 
areas of deep-water formation in the North Atlantic, and the black rhombus shows 
the extent of the Nordic Seas (modified from http :/ /en .es-static .us). The modern av-
erage summer sea–ice extent (white line) and winter sea–ice extent (white dotted 
line) are indicated in the right-hand map. Red arrows show the surface circulation 
of warm Atlantic Water entering the Nordic Seas (NAC = North Atlantic Current, 
NwAC = Norwegian Atlantic Current, IC = Irminger Current), while blue arrows 
show the circulation patterns of the cold Polar water (EGC = East Greenland Cur-
rent, EIC = East Icelandic Current). Red dots and blue dots refer to the core sites for 
IP25 records (Fig. 4) and isotope records (Fig. 5), respectively. White dot on Green-
land is the location of the NGRIP ice core. The right-hand map was generated using 
Ocean Data View (Schlitzer, 2017). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

the sea–ice changes and related sea surface conditions, we com-
pare an IP25 record with the phytoplankton biomarker brassicast-
erol record (an open-water indicator) and the terrestrial biomarker 
long-chain n-alkanols record (a freshwater input indicator; derived 
from leaf waxes of land plants, Englinton and Englinton, 2008) 
from MD99-2272. We also compare the IP25 record of MD99-2272 
with the same proxy records in sediment cores from the Fram 
Strait and eastern Nordic Seas to assess oceanographic processes 
at a larger scale of the northern North Atlantic during the criti-
cal period of the last deglaciation. In addition, we focus on high-
resolution sea–ice variability during the last deglaciation and its 
linkage with insolation, current circulation and AMOC changes, 
which influence this critical region for the global thermohaline cir-
culation.

2. Regional setting

Iceland is located in the northern North Atlantic (Fig. 1), an 
area which is sensitive to climate changes. Atmosphere–ocean in-
teractions during abrupt climate shifts are therefore detectable in 
marine sediment cores from the area (cf. Jiang et al., 2015). Model-
ing experiments have shown that Iceland was extremely sensitive 
and vulnerable to temperature change, with just 3 ◦C of cooling 
being sufficient to create an ice sheet covering half the present 
land area (Hubbard et al., 2006). Today, the hydrography of this 
area is dominated by the cold East Greenland Current and East 
Icelandic Current from the Arctic Ocean, and the relatively warm 
and saline Irminger Current, a branch of the North Atlantic Cur-
rent (Fig. 1; Rudels et al., 2005) which flows along the southern, 
western and northern shelf of Iceland. Furthermore, the north-
ward flowing warm Atlantic Water becomes cold and dense in 
the Nordic Seas, northeast of Iceland. Here, cooled Atlantic Wa-
ter sinks and forms the NADW which overflows the Iceland-Faeroe 
ridge towards south, associated with the AMOC (Fig. 1; Rayner et 
al., 2011).

At present, glaciers and ice caps cover ca. 10% of Iceland’s 
area, locking up a considerable volume of freshwater (Ingólfsson 
et al., 2016), while during the glacial, Iceland and the surrounding 
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Table 1
Age-depth model boundaries for core MD99-2272 and sedimentation rates.

Top depth 
(cm)

Base depth 
(cm)

Base age
(cal. yr BP)

Sedimenta-
tion rate
(cm/kyr)

Base boundary, 
Tephra maker

0 14 233 62 V1717
14 46.5 473 135 V1477
46.5 253.5 2980 82 Hekla 3
253.5 355.5 4200 84 Hekla 4
355.5 487.5 6650 54 Hekla -DH
487.5 527.5 7050 100 Hekla 5
527.5 776.5 10300 77 Saksunarvatn ash
776.5 1221.5 12120 244 Vedde Ash
1221.5 1696.5 14550 195 Borrobol

shallow shelf were nearly fully covered by the Iceland Ice Sheet 
(Hubbard et al., 2006). The advance and retreat of the Iceland Ice 
Sheet, as well as isostatic adjustments were of substantial impor-
tance to North Atlantic sea level changes, response to the climate 
forcing (i.e., solar insolation) and oceanic variability (i.e., circula-
tion and deep-water formation) (Norðdahl and Ingólfsson, 2015).

It is well known that Iceland is characterized by active vol-
canic processes which could change ice volume and induce rapid 
collapses of the ice sheet, resulting in large pulses of meltwater 
or ice-bergs into the North Atlantic. The volcanism also produced 
tephras, potentially deposited on the sea floor and imbedded in 
the sediment record as important chronological markers (Eiríksson 
et al., 2000; Knudsen and Eiríksson, 2002; Knudsen et al., 2004).

3. Materials and methods

3.1. Sediment core and chronology

Piston core MD99-2272 (66◦59′34′′N; 17◦58′29′′W, 410 m wa-
ter depth) was recovered from the North Icelandic shelf (Fig. 1) 
during the RV Marion Dufresne Expedition MD114 in 1999, with a 
total length of 22.60 m. The interval at 3.40–17.80 m in the sedi-
ment core was sampled at every 10 cm between 3.40 and 7.70 m, 
every 15 cm at 7.70–9.05 m and every 5 cm at 9.05–17.80 m 
for biomarker analysis, covering the time interval of 15.0–4.0 ka, 
which represents the younger part of the last deglaciation and 
Early to Mid-Holocene.

The chronology of core MD99-2272, which was initially pub-
lished by Knudsen and Eiríksson (2002), has been updated based 
on tephra markers rather than AMS 14C dates. The age model 
for this study was constructed using nine tephra markers as age 
zone boundaries (Table 1) and an estimated top core age of 
zero (AD 1950). Major element geochemical analyses of samples 
from core MD99-2272 have been used to correlate tephra markers 
with markers in neighbouring cores (Gudmundsdóttir et al., 2012). 
The identified tephra markers are shown in Table 1 (Knudsen 
and Eiríksson, 2002; Larsen et al., 2002; Rasmussen et al., 2006;
Gudmundsdóttir et al., 2012). The core chronology builds on a lin-
ear interpolation between calibrated ages (Fig. 2). The sedimenta-
tion rate for the interval between 1221.5 and 1696.5 cm is extrap-
olated and used for all data points below 1696.5 cm in the core. 
All ages are given in calibrated years before present (AD 1950).

3.2. Biomarker analysis

The IP25 extraction and purification follow the procedure of 
Müller et al. (2011), and the sterol and n-alkanols extraction and 
purification follow the procedure of Zhao et al. (2006). Briefly, 
about 5–8 g sediment samples were freeze-dried and homoge-
nized before any further treatment. Prior to the biomarker anal-
yses, the internal standards 7-hexylnonadecane and C19 n-alkanol 
were added to the sediments for quantification. Subsequently, the 
Fig. 2. Calibrated age-depth model for core MD99-2272. The positions of the iden-
tified tephra used as age boundaries are marked with green vertical and red hori-
zontal lines, respectively. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

sediments were solvent extracted ultrasonically four times using 
dichloromethane: methanol (2:1 v/v) as solvent. Further separation 
of hydrocarbons (containing IP25) and alcohols (containing sterols 
and n-alkanols) was carried out via open-column chromatography 
using SiO2 as a stationary phase using 8 ml n-hexane and 12 ml 
dichloromethane: methanol (95:5 v/v), respectively. Alcohols were 
silylated with 40 μl BSTFA (bis-trimethylsilyl-trifluoroacetamide; 
70 ◦C, 1 h) after elution. IP25 was analyzed by gas chromatog-
raphy (Agilent 7890A GC; 30 m HP-5MS column, 0.25 mm i.d., 
0.25 μm film thickness) coupled to an Agilent 5975 C VL mass 
selective detector (MSD, 70 eV constant ionization potential, ion 
source temperature 230 ◦C). The oven was kept initially at 60 ◦C 
for 3 min and then programmed to 150 ◦C at 15 ◦C/min, followed 
by 10 ◦C/min to 320 ◦C holding for 15 min. Sterols and n-alkanols 
were analyzed by gas chromatography (Agilent 6890N GC; 30 m 
HP-1 capillary column, 0.32 mm i.d., 0.17 μm film thickness). The 
oven was kept initially at 80 ◦C for 1 min and then programmed 
to 200 ◦C at 25 ◦C/min, followed by 4 ◦C/min to 250 ◦C, 1.7 ◦C/min 
to 300 ◦C for 10 min, and finally 310 ◦C holding for 8 min. For the 
quantification of IP25 its molecular ion (m/z 350) in relation to the 
ion of internal standard 7-hexylnonadecane (m/z 266) was used. 
The content of sterols and n-alkanols were calculated from the ra-
tio of their GC peak integrations to that of the C19 n-alkanol IS. The 
biomarker concentrations are reported as ng/g of bulk dry weight 
sediment.

3.3. Calculation of PIP25

The phytoplankton-IP25 (PIP25) index was defined by Müller et 
al. (2011):

PIP25 = IP25/(IP25 + phytoplankton · c)

with c = mean IP25 concentration/mean phytoplankton concentra-
tion.

Since IP25 is a trace compound and only detectable by GC-MS 
selected ion monitoring in most cases, the c-factor is proposed to 
compensate the significant imbalance caused by the different or-
ders of magnitude between low IP25 concentration and high phyto-
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Fig. 3. Biomarker concentrations and PIP25 index in core MD99-2272. Light gray bars indicate the Saksunarvatn ash (10.3 ka) and Vedde Ash (12.1 ka), respectively. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
plankton biomarker concentration. Despite the limitations and dif-
ficulties arising from the employment of this balance factor (c) (for 
details see Belt and Müller, 2013), the PIP25 index has been widely 
applied in both surface and core sediments. Brassicasterol-based 
PIP25 (PBIP25) values showed a better correlation with sea–ice con-
centrations both in the original study from the Fram Strait (Müller 
et al., 2011) and in the overview study with a comprehensive data 
set across the Arctic (Xiao et al., 2015) than other phytoplankton 
biomarkers (e.g., dinosterol and short chain n-alkanes). Thus, we 
also use brassicasterol as the phytoplankton biomarker to calcu-
late the PIP25 (PBIP25) values in this study. Recently, a HBI triene 
has been used as a phytoplankton biomarker together with IP25
to calculate PIP25 (the so called PIIIIP25), because the magnitude 
of triene concentrations is comparable to that of IP25 concentra-
tions that can avoid the uncertainty of balance factor (c) (Belt et 
al., 2015; Smik et al., 2016).

4. Results

A total of 228 samples from MD99-2272 was analyzed for IP25, 
sterol and n-alkanol contents. IP25 contents are in the range of 
0–4.9 ng/g (ng/g of bulk dry weight sediment) with an average 
value of 1.1 ng/g (Fig. 3). The Bølling/Allerød (14.7–12.9 ka) in-
terval was characterized by generally high concentrations of IP25, 
with the highest concentration (4.9 ng/g) at 14.3 ka. A lower 
IP25 concentration (1.2 ng/g) is detected in sediments between 
the Bølling and Allerød intervals at 13.9 ka. During the Younger 
Dryas (12.9–11.7 ka), IP25 values show strong variability between 
0.2 ng/g and 2.4 ng/g in sediments. IP25 drops to zero values in 
sediments at 11.3 ka during the Early Holocene until 6.8 ka. Subse-
quently, IP25 shows generally low values (0–0.4 ng/g) in sediments 
until 4 ka.

Brassicasterol values (Fig. 3) are generally low (10–355 ng/g) in 
sediments during the Bølling/Allerød and Younger Dryas periods, 
and reach minimum values (17–92 ng/g) in sediments between 
12.3 and 12.2 ka during the Younger Dryas. A generally positive 
trend is observed for brassicasterol concentrations during the Early 
and Mid-Holocene (11.7–4 ka) with obvious and strong fluctua-
tions, reaching the highest values at 7–6 ka.

In general, PBIP25 values are high (0.64–0.97) during the 
Bølling/Allerød and are strongly variable (0.14–0.98) during the 
Younger Dryas (Fig. 3). Zero values of PBIP25 occur during the Early 
Holocene and part of the Mid-Holocene, but PBIP25 gradually in-
crease after ca. 6.8 ka maintaining low values (<0.23) until ca. 
4 ka.

The contents of long-chain C26 + C28 + C30 n-alkanols range 
from 131 to 1404 ng/g (Fig. 3). The highest value (1404 ng/g) 
is detected in sediments at 13.5 ka during the Bølling/Allerød, 
while the concentrations decrease during the transition from the 
Bølling/Allerød to the Younger Dryas. There is an abrupt decrease 
to the lowest value (131 ng/g) at ca. 12.2 ka in the Vedde tephra 
layer during the Younger Dryas interval. We observe gradually in-
creased long-chain n-alkanols concentrations (260–1220 ng/g) in 
sediments during Early and Mid-Holocene, with a distinct decrease 
at ca. 10.3 ka.

The HBI triene concentrations are in the range of 0–3.48 ng/g, 
with general low values in sediments during Bølling/Allerød and 
Younger Dryas and abrupt increased values during the Early 
Holocene (Fig. A1). PIIIIP25 values strongly vary (0.21–1.0) in sed-
iments during the Bølling/Allerød and the Younger Dryas, and 
show zero values during the Early Holocene and part of the Mid-
Holocene (Fig. A1).

5. Discussion

The data presented in this study allow us to reconstruct the 
sea–ice conditions on the North Icelandic shelf during the last 
deglaciation and in the Early and Mid-Holocene. Sea–ice vari-
ability in the area was controlled by several factors, e.g., alter-
nations of the palaeocirculation, the freshwater input due to ice 
sheet melting, as well as changes in insolation and atmospheric 
forcing. Previous studies reported that the northern North At-
lantic was influenced by drift-ice export through the Fram Strait 
from the Arctic Ocean during the Younger Dryas and Holocene 
(Not and Hillaire-Marcel, 2012; Cabedo-Sanz et al., 2016). How-
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ever, Knudsen et al. (2004) concluded that isotope values and 
variability in planktonic and benthic foraminifera indicated brine 
formation caused by local freezing of surface waters at the 
same location as core site MD99-2272 during the early part 
of the Bølling-Allerød complex and during the Younger Dryas.
Dokken and Jansen (1999) also pointed out that shelf areas (in-
cluding the coast of Iceland) were potential source areas for in-
tensive sea–ice formation. These studies indicate that the sea ice 
on the North Icelandic shelf was presumably mainly formed in 
situ during the last deglaciation, but that the influence of the al-
lochthonous drift ice cannot be ignored. Thus, we interpret the 
IP25 biomarker as an indicator of in-situ formed sea ice in the 
area. In addition, we observe similar trends of IP25 and long-
chain n-alkanols of core MD99-2272 during the Bølling/Allerød 
and Younger Dryas (Fig. 3). Continuous wavelet analyses show 
quite similar periodic patterns of IP25 and long-chain n-alkanols 
(Fig. A2a and b), and wavelet coherence analyses reveal that 
IP25 and long-chain n-alkanols display clear coherency (Fig. A2c). 
Therefore, it is probable that freshwater input has substantially 
influenced the sea–ice formation on the North Icelandic shelf 
during the Bølling/Allerød and Younger Dryas. Furthermore, con-
sidering the possible influence of allochthonous drift ice from the 
Arctic Ocean and the lack of surface sediment-based calibration 
of the PIP25 in the study area, the interpretation of PBIP25 has 
been restricted. The variability patterns of PBIP25 (brassicasterol 
based PIP25) and PIIIIP25 (triene based PIP25) are broadly similar 
in our study (Fig. A1). We use PBIP25 to interpret sea–ice condi-
tions rather than PIIIIP25 for the North Icelandic shelf because the 
producer of triene is yet unidentified, and it is totally absent in 
the ice-free scenario on the West Icelandic shelf (Cabedo-Sanz et 
al., 2016). Thus, there is still an uncertainty associated with using 
triene as an open water indicator, at least on the Icelandic shelf.

Based on biomarker changes, the records have been subdivided 
into three time intervals for discussion, i.e. the Bølling/Allerød 
(14.7–12.9 ka), the Younger Dryas (12.9–11.7 ka) and the Early to 
Mid-Holocene (11.7-4.0 ka). The IP25 record of Bølling/Allerød and 
Younger Dryas intervals are compared with the same proxy records 
in sediment cores from different areas (Fig. 4).

5.1. Extensive sea–ice cover during the Bølling/Allerød (14.7–12.9 ka)

An extensive spring/summer sea–ice cover at the core site dur-
ing the initial interval (ca. 14.7–13.9 ka) of the Bølling/Allerød is 
indicated by a significant increase of IP25 concentration to the 
highest values, and low brassicasterol concentrations (Fig. 3). This 
is also supported by the high values of the PBIP25 index (aver-
age 0.86; Fig. 3). Ocean circulation changes presumably played 
an important part in the sea–ice expansion during this interval. 
The cold East Icelandic Current probably dominated the study 
area, considering that a diatom study of the neighboring core 
HM107-05 (Fig. 1) revealed that the T. Antarctica resting spores be-
came the most important component of the diatom assemblage 
during the interval 15–13.8 ka (Knudsen et al., 2004). Apparently, 
the Irminger Current ceased at the same time, and cold bottom 
waters entered the area, as indicated by the dominance of high-
arctic benthic foraminiferal species and the almost disappearance 
of planktonic foraminifera (Eiríksson et al., 2000). The combina-
tion of East Icelandic Current domination and Irminger Current 
reduction resulted in surface water freezing in the area, triggering 
sea–ice expansion. In addition, high concentrations of long-chain 
n-alkanols (Fig. 3) provide evidence of a large volume of fresh-
water input to the cold sea surface area of the North Icelandic 
shelf, consistent with a decrease in planktonic foraminifera and 
planktonic foraminiferal δ18O at the same location as core site 
MD99-2272 (Fig. 5; Eiríksson et al., 2000; Knudsen et al., 2004). 
This was taken to indicate brine formation caused by local freez-
ing of surface waters, i.e. sea–ice formation. The freshwater in-
put to the core site was mainly caused by meltwater pulse 1A 
(MWP-1A) deriving from the collapse of the Greenland and Ice-
land ice sheets at 14.5 ka (cf. Telesinski et al., 2014a, 2014b;
Norðdahl and Ingólfsson, 2015), which caused high accumulation 
of terrestrial organic matter.

A similar mechanism can also be applied to interpret sea–
ice conditions during the later part (ca. 13.9–12.9 ka) of the 
Bølling/Allerød. Substantial sea–ice cover is indicated by high IP25
and low brassicasterol and HBI triene concentrations, as well as 
high values of PBIP25 index (Fig. 3). The strong influence of Polar 
water via the East Icelandic Current and a ceased Irminger Current 
resulted in an increase in sea–ice coverage (Eiríksson et al., 2000;
Knudsen et al., 2004). However, a short period (ca. 14.0–13.8 ka) of 
distinctly reduced IP25 concentrations together with a synchronous 
decrease in NGRIP δ18O was observed within the Bølling/Allerød 
(Figs. 3 and 5). This was caused by abrupt cooling rather than by 
a circulation change. This cold period, the Older Dryas (cf. Knies, 
2005), is reflected by a re-advance of the ice sheet and further 
increase of sea–ice thickness which reduced the light penetration 
thus inhibiting the ice algae growth. In addition, the increase in sea 
ice over the core site hindered the input of terrestrial material via 
freshwater, as revealed by reduced long-chain n-alkanol concentra-
tions (Fig. 3). The decreased IP25 concentrations and continued low 
brassicasterol concentrations, however, resulted in reduced PIP25
values during this short cold period (Fig. 3). Thus, careful eval-
uation of individual biomarker concentrations is required to avoid 
misleading interpretation when using PIP25 to estimate the sea–ice 
conditions (for details see Müller et al., 2011).

Generally, our results indicate that North Icelandic shelf condi-
tions during the Bølling/Allerød were harsh with pronounced sea–
ice cover and decreased influence of Atlantic Water (Eiríksson et 
al., 2000; Knudsen et al., 2004; Ślubowska-Woldengen et al., 2008). 
This provided suitable living conditions for ice algae but inhib-
ited phytoplankton growth, thus yielding high IP25 concentrations 
but low brassicasterol concentrations in the underlying sediments. 
Similar environmental conditions were also reconstructed in sed-
iment cores further north of the Iceland from the Fram Strait at 
high latitudes (79–81◦N) (Yermak Plateau and west of Svalbard, 
Fig. 1). In that area elevated IP25 concentrations and high PIP25
values are observed in the sediments during the Bølling/Allerød 
(Figs. 4 and A3), as a result of the influence of meltwater from 
the Svalbard–Barents Sea Ice Sheet (Müller et al., 2009; Müller and 
Stein, 2014). Müller and Stein (2014) also reported high concen-
trations of terrestrial, potentially meltwater-derived organic matter 
from the western continental margin of Svalbard. In contrast, the 
IP25 and PIP25 values obtained from sediment cores from the east-
ern Nordic Seas (western Barents Sea and northwest of Norway; 
Fig. 1) showed low and/or zero values (Figs. 4 and A3), at least 
during the Allerød period, indicating less-ice or ice-free conditions 
(Cabedo-Sanz et al., 2013; Belt et al., 2015). Altogether, our new 
results and previous results suggest anti-phase sea–ice conditions 
between the western and eastern Nordic Seas in the sub-Arctic re-
gion.

5.2. Fluctuations of sea–ice cover during the Younger Dryas 
(12.9–11.7 ka)

The Younger Dryas event was a period of rapid cooling in the 
Northern Hemisphere, driven by atmospheric and oceanic circu-
lation changes (Bakke et al., 2009), resulting in low NGRIP δ18O
values (Fig. 5). Generally, the cooling resulted in intermediate IP25
concentrations and low brassicasterol during the Younger Dryas 
(Fig. 3), as the harsh conditions favored sea–ice formation and 
hampered marine productivity. Both IP25 and PIP25 values show 
strong variability during the Younger Dryas (Fig. 3), indicating 
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Fig. 4. Compilation of sea–ice proxy records for various regions with the terrestrial record on the North Icelandic shelf: IP25 concentrations in PS2837-5 (Müller et al., 2009); 
IP25 concentrations in MSM5/5-723-2 (Müller and Stein, 2014); IP25 concentrations in JM09-KA11 (Belt et al., 2015); IP25 concentrations in JM99-1200 (Cabedo-Sanz et al., 
2016); IP concentrations in MD99-2272 (this study); long-chain n-alkanols concentrations in MD99-2272 (this study).
25
strong fluctuations in sea ice between seasonal sea–ice cover and 
permanent sea–ice condition on the North Icelandic shelf. Simi-
larly, the increase of pebble content (interpreted as IRD) in neigh-
boring core HM107-05, contributed by ice-bergs from calving val-
ley glaciers, as well as material released by coastal ice floes break-
ing away from the sea shores of Iceland (Knudsen et al., 2004), 
indicate the occurrence of sea ice in the study area. Also, these 
studies show fluctuations in the flux of planktonic foraminifera 
due to changes in sea–ice cover, supporting the biomarker records. 
High abundances of Cassidulina. neoteretis (subarctic foraminiferal 
species related to Atlantic Water) indicate that the warm Atlantic 
Water via the Irminger Current penetrated to the subsurface and 
bottom waters of the shelf area throughout much of the Younger 
Dryas (Eiríksson et al., 2000; Knudsen et al., 2004), and changes 
in the strength of the Irminger Current resulted in fluctuations in 
the sea–ice cover on the North Icelandic shelf. The increased influ-
ence of the Irminger Current caused an early melting of the base 
of the sea ice, but the ice edge/seasonal sea–ice cover prevailed at 
the surface between the generally permanent sea–ice conditions.

Interestingly, there was a distinct and rapid decrease in all 
biomarker concentrations at ca. 12.1 ka (Fig. 3), when the Vedde 
Ash was deposited. The Vedde tephra formed a peak in both the 
sand fraction and the mean grain size, as well as in the IRD in 
neighboring core HM107-05 (Eiríksson et al., 2000; Knudsen et 
al., 2004). This would explain the decreased and low biomarker 
concentrations, as the accumulation of organic materials is nor-
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Fig. 5. Compilation of Nordic Seas proxies and model data documenting atmospheric and oceanic changes during the last deglaciation. Insolation displays changes in the 
atmosphere (http :/ /vo .imcce .fr /insola /earth /online /earth /online/). AMOC changes were simulated by modeling (Ritz et al., 2013). NGRIP δ18O data were obtained from the 
Greenland ice core (Rasmussen et al., 2006). The isotope data from core HM107-05 (Eiríksson et al., 2000; Knudsen et al., 2004); PS1878 (Telesinski et al., 2014b); MD95-2010 
(Dokken and Jansen, 1999); JM05-085 (Aagaard-Sorensen et al., 2010). The pink bar indicates an interval barren of the planktonic foraminifera. T.q = Turborotalita quinqueloba; 
N.p. sin = Neogloboquadrina pachyderma sinistral. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
mally low in coarse sediments. Also, the Vedde tephra horizon 
of core HM107-05 was totally barren of foraminifera (Eiríksson 
et al., 2000; Knudsen et al., 2004). The maximum values of both 
IP25 and n-alkanols before and after the Vedde Ash of MD99-2272 
reflect a freshwater peak triggering the sea–ice formation at the 
core site (Fig. 3). This is consistent with a decrease in δ18O values 
just below the Vedde tephra horizon, continuing to the end of the 
Younger Dryas in core HM107-05. This indicates that the interval 

http://vo.imcce.fr/insola/earth/online/earth/online/
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presumably represented a sea surface freshwater peak, combined 
with brine formation (Knudsen et al., 2004). A Younger Dryas melt-
water spike has also been observed before the Vedde Ash Zone in 
the Greenland Sea (Fig. 5; Telesinski et al., 2014a, 2014b), suggest-
ing that a freshwater discharge could be considered as a trigger for 
the Younger Dryas.

Furthermore, the summer insolation during the Younger Dryas 
became higher than that during the Bølling/Allerød (Figs. 4 and 5). 
The influence of the Irminger Current (Eiríksson et al., 2000;
Knudsen et al., 2004) and the increased insolation resulted in a re-
duction of sea–ice coverage towards the end of the Younger Dryas 
(Fig. 3). This agrees well with the change from abundant sea–ice 
diatom species to warm water species on the North Iceland Shelf 
towards the end of the Younger Dryas (Knudsen et al., 2004).

IP25 and PIP25 records from the Yermak Plateau and west of 
Svalbard (Fig. 1) indicated an almost perennial sea–ice coverage 
at the early stage of the Younger Dryas and less sea–ice cover-
age during the Mid- and Late Younger Dryas when the warm At-
lantic Water could penetrate to the Arctic through the Fram Strait 
(Müller et al., 2009; Müller and Stein, 2014). In the western Bar-
ents Sea and northwest of Norway in the eastern Nordic Seas 
(Fig. 1), extensive and seasonal sea–ice conditions were revealed 
by IP25 and PIP25 records, respectively (Cabedo-Sanz et al., 2013;
Belt et al., 2015). Thus, IP25 and PIP25 in sediment cores from both 
the northern Nordic Seas (Fram Strait) and the eastern Nordic Seas 
(Fig. 1) displayed obvious peak values during the cold Younger 
Dryas interval compared to the previous Bølling/Allerød and the 
subsequent Holocene period (Figs. 4 and A3), in contrast to fluctu-
ating sea–ice conditions on the North Icelandic shelf.

5.3. Climatic amelioration from the Early to Mid-Holocene (11.7–4.0 ka)

At the onset of the Holocene (ca. 11.7–11.3 ka), IP25 dropped to 
zero values while brassicasterol concentrations were high (Fig. 3). 
The PBIP25 index decreased from around 0.4 to 0, indicating con-
tinuous retreat of the spring sea–ice extent, with occurrences of 
shorter periods of seasonal sea ice. The total absence of IP25 and 
the persistent high brassicasterol concentrations during part of the 
Early and Mid-Holocene (ca. 11.3–6.8 ka) most likely indicate ice-
free conditions throughout the year on the North Icelandic shelf 
(Fig. 3; cf. Müller et al., 2011), consistent with an abrupt increase 
in NGRIP δ18O (Fig. 5). However, a minor contribution from the 
winter sea ice cannot be excluded as IP25 is an indicator of spring 
sea ice (Müller et al., 2011). Significantly, HBI triene concentration 
increased to its highest values during this time interval (Fig. A1). 
This was caused by the Early Holocene warming as reflected by 
zero PIP25 values (Figs. 3 and A1). The diatom and foraminiferal 
assemblages were composed mainly of warm species, and the cold-
water and sea–ice species decreased to low frequencies (Knudsen 
et al., 2004), reflecting that the North Icelandic shelf was domi-
nated by the Iminger Current. The maximum insolation and en-
hanced warm Atlantic Water inflow stimulated the productivity of 
phytoplankton and restricted sea–ice formation (Figs. 4 and 5).

IP25 is detectable at low concentration during the Mid-Holocene 
from ca. 6.8 to 4 ka (Fig. 3). This coincides with an increase in the 
percentage of the polar planktonic foraminifera Neogloboquadrina
pachyderma (sinistral) to more than 95% in the neighboring core 
HM107-05 with a similar oceanographic setting as MD99-2272. 
Together, these results indicate an increase in the influence of Arc-
tic or Polar water masses on the North Icelandic shelf (Knudsen 
et al., 2004). A generally increased IRD from ice-bergs or sea ice 
along the North Icelandic shelf also indicated a general cooling of 
the surface water at this site (Eiríksson et al., 2000; Knudsen et 
al., 2004). Brassicasterol concentrations were also elevated after ca. 
7 ka at MD99-2272. This is consistent with the increased biogenic 
carbonate in the nearby core MD99-2269 and the highest pro-
ductivity of phytoplanktonic and benthic foraminifera on the East 
Greenland Shelf during the Mid-Holocene (Giraudeau et al., 2004;
Cabedo-Sanz et al., 2016).

During the Early to Mid-Holocene, the North Icelandic shelf was 
characterized by reduced sea–ice cover indicating climate amelio-
ration. Similarly, ice-free/less sea–ice conditions during the Early 
Holocene are indicated by the IP25/PIP25 records of sediment cores 
from the Fram Strait and the eastern Nordic Seas (Fig. 4). Addition-
ally, an increase in sea ice after 6.8 ka during the Mid-Holocene on 
the North Icelandic shelf is consistent with a general cooling and 
an increased sea–ice scenario in Fram Strait and Eastern Greenland 
shelf, also based on IP25 study (Müller et al., 2012). Therefore, the 
Holocene sea–ice conditions in the western Nordic Seas and neigh-
boring regions generally showed in-phase changes.

5.4. Implications for regional oceanic variability

Our biomarker data constitute the first record of rapid sea–ice 
variability on the North Icelandic shelf through the transition from 
the last deglaciation to the Holocene, reflecting the unstable and 
complex climate situation in the region. A synthesis of our data 
and previously published data affords a more detailed discussion 
on the link between the recurrent advance and retreat of sea ice 
during the last deglaciation (15–11.7 ka) with significant variability 
in ocean circulation in the Nordic Seas.

The Bølling/Allerød interval was generally warm as recorded in 
the Greenland NGRIP ice core (Fig. 5). However, the North Ice-
landic shelf was characterized by an extensive sea–ice cover in-
dicated by our biomarker data, probably caused by ocean circu-
lation changes (Fig. 6a). This region was dominated by the en-
hanced East Greenland Current and East Icelandic Current, while 
the Irminger Current was reduced and the marine sediments con-
tained basaltic pebbles from ice-bergs or drift-ice floes, reflect-
ing the cooling of the surface water on the North Icelandic shelf 
(Eiríksson et al., 2000). Modeling results show that an enhanced 
Norwegian Current leads to the weakening of the Irminger Current 
to the Icelandic shelf, and, inversely, a reduction of the Norwe-
gian Current leads to warming of the Iceland Sea (Drange et al., 
2005). Giraudeau et al. (2004) also suggested that the strength of 
Atlantic inflow into the Nordic Seas was subjected to a balance be-
tween the Irminger and the Norwegian branches. Isotope records 
from the Greenland Sea and west of Norway (Figs. 1 and 5) also 
indicate that increased influence of the East Greenland Current 
in the western Nordic Seas coincides with enhanced Atlantic Wa-
ter inflow to the eastern Nordic Seas (Dokken and Jansen, 1999;
Telesinski et al., 2014b). A strengthening of North Atlantic Water 
inflow to the eastern Nordic Seas led to deep-water formation, and 
thus a recovery of the AMOC (Fig. 5; Ritz et al., 2013). Therefore, 
a cooling of surface waters north of Iceland, characterized by the 
extensive spring and summer sea–ice cover and pronounced cold 
bottom water, was probably related to the onset of Nordic Seas 
deep-water formation and recovery of AMOC. Since the Iceland, 
Greenland and Svalbard ice sheets retreated from the shelves to 
the fjords and the cold freshwater prevailed in the central Nordic 
Sea during the Bølling/Allerød, sea ice prevailed throughout the 
spring and summer in the Nordic Seas except the marginal areas 
of the eastern Nordic Seas which were influenced by the pen-
etration of warm, saline Atlantic Water (Knudsen et al., 2004;
Ślubowska-Woldengen et al., 2008). The Icelandic shelf and the 
eastern margin of the Nordic Seas thus displayed an obvious see-
saw pattern in the flow of the Atlantic Water and in sea–ice distri-
bution (Fig. 6a).

The Younger Dryas cold period has been commonly consid-
ered as driven by freshwater forcing on the ocean surface that 
hampered NADW formation and thereby reduced the northward 
heat advection of Atlantic Water. The East Icelandic Current was 
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Fig. 6. Schematic illustration of last deglaciation to Holocene changes of spring/sum-
mer sea–ice conditions (white shadings) for the study areas as reconstructed from 
biomarker data. Extent of continental ice sheets (transparent shadings with blue 
edge) during the Bølling/Allerød after Ślubowska-Woldengen et al. (2008) and dur-
ing the Younger Dryas after Bradley and England (2008). Red arrows refer to the 
Atlantic Water advection, and blue arrows show the cold Polar water from the Arctic 
Ocean. For explanation of the dots, see Fig. 1. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)

dominant on the North Icelandic shelf but a periodic flux of an 
enhanced Irminger Current also occurred (Eiríksson et al., 2000). 
During the Younger Dryas interval, the increased deposition of the 
IRD in marine sediments from the Nordic Seas indicates fluctuation 
and re-advance of glacier and/or sea ice in fjords and on shelves of 
Scandinavia and Iceland (Eiríksson et al., 2000; Bauch et al., 2001;
Knudsen et al., 2004). The shelf bottom waters along the margin of 
the eastern Nordic Seas were cold with low salinity. In contrast, 
chilled Atlantic subsurface water flowed to the North Icelandic 
shelf below the cold and fresh surface water (stratified water col-
umn). A less pronounced meltwater event with brine formation 
occurred during the Younger Dryas, with the Vedde Ash deposited 
within this interval. During the Younger Dryas, there was no signif-
icant cooling accompanied by the influence of the Irminger Current 
in subsurface waters of the North Icelandic shelf (Knudsen et al., 
2004). The Younger Dryas was thus characterized by a continuous 
strong East Iceland Current, a fluctuating influx of the Irminger 
Current and sea–ice cover on the North Icelandic shelf (Fig. 6a). 
Heavy δ18O values in a sediment core from the west of Norway 
and lack of planktonic foraminifera in a sediment core from off 
northern Norway during the Younger Dyas (Figs. 1 and 5) indicate 
a cold scenario in the eastern Nordic Seas (Dokken and Jansen, 
1999; Aagaard-Sørensen et al., 2010). Compared to the cooling 
event in the Nordic Seas region (e.g. Greenland, Northern Europe 
and the eastern Nordic Seas), the warming of the North Icelandic 
shelf bottom waters indicated a northward displacement of the Po-
lar Front in the western North Atlantic. The strengthening of the 
Irminger Current may have been caused by the western deflection 
of the North Atlantic Current (Eiríksson et al., 2000), resulting in 
less severe sea–ice conditions than those during the Bølling/Allerød 
interval (Fig. 6a and b).

The Late-glacial anti-phase relationship in the oceanic en-
vironment between the North Icelandic shelf and the eastern 
Nordic Seas switched to an in-phase situation when entering 
the Holocene. The IRD content is low in sediments from the 
entire Nordic Sea during the Early Holocene (Eiríksson et al., 
2000; Klitgaard-Kristensen et al., 2001; Knudsen et al., 2004;
Ślubowska-Woldengen et al., 2008), indicating an absence of sea 
ice in the area (Fig. 6c). Bauch et al. (2001) also reported that the 
freshwater input to the central Nordic Sea from melting ice-bergs 
was completely cut off at around 10.0 ka. The decrease of sea 
ice and climatic amelioration on the North Icelandic shelf were 
caused by the enhanced influence of the warm Irminger Current 
and maximum insolation. There was also a pronounced warming 
in the eastern North Atlantic (cf. Klitgaard-Kristensen et al., 2001) 
with warm Atlantic Water penetrating to the northern Norwegian 
shelf and increased deep-water formation. In addition, the recov-
ery of the AMOC after 11.7 ka (Fig. 5; Ritz et al., 2013) further 
supported a significant heat transport from the tropical area to the 
Nordic Seas (McManus et al., 2004).

6. Conclusion

For the first time, North Icelandic shelf sea–ice variability 
throughout the Late-glacial and Early to Mid-Holocene is recon-
structed from biomarker data in a marine sediment core. A com-
parison with records from Nordic Seas sediment cores, the Green-
land NGRIP ice core and modeling data is presented. Sea–ice vari-
ability on the North Icelandic shelf is linked to broader regional 
changes in the northern North Atlantic. The results show a Late-
glacial oceanic seesaw pattern between the western and eastern 
Nordic Seas, while an in-phase relationship prevailed during the 
Holocene. The sea–ice variability and warm/cold oscillations in the 
area were related to the variability of deep-water formation and 
AMOC. The main conclusions for the North Icelandic sea–ice his-
tory during the Late-glacial and Early to Mid-Holocene and its 
relationship to the oceanic environment are:

1. Spring sea ice extended across the core site on the North 
Icelandic shelf during the Bølling/Allerød (14.7–12.9 ka), caused 
by a reduction of Irminger Current and increase of the East Ice-
land Current, as well as a meltwater pulse. This is in contrast to 
ice-free conditions in the margins of the eastern Nordic Seas with 
enhanced Norwegian Current inflow.

2. Spring sea ice still prevailed on the North Icelandic shelf dur-
ing the Younger Dryas interval (12.9–11.7 ka), but seasonal sea 
ice occurred occasionally and was less severe than during the 
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Bølling/Allerød. This was related to a short interval of enhanced 
Irminger Current on the North Icelandic shelf and is in contrast 
to increased sea–ice cover in the eastern Nordic Seas caused by a 
reduction of the inflow of the Atlantic Water inflow to that area.

3. Sea ice was totally absent during the Early Holocene and 
part of the Mid-Holocene interval (11.7–6.8 ka), when insolation 
reached its maximum after the deglaciation; but a re-advance of 
sea ice occurred during the Mid-Holocene (6.8–4 ka). These results 
from the North Icelandic shelf are consistent with the sea–ice vari-
ability in the eastern Nordic Seas.
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