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The Arctic region is very sensitive to climate change and important in the Earth’s climate system.
However, proxy datasets for Arctic climate are unevenly distributed and especially scarce for Svalbard
because glaciers during the Little Ice Age, the most extensive in the Holocene, destroyed large quantities
of sediment records in Svalbard. Fortunately, palaeo-notch sediments could withstand glaciers and be
well-preserved after deposition. In this study, we reconstructed a mid-to-late Holocene record of climate
changes in a palaeo-notch sediment sequence from London Island. Multiple weathering indices were
determined, they all showed consistent weathering conditions in the study area, and they were closely
linked to climate changes. Total organic carbon (TOC) and total nitrogen (TN) were also determined,
and their variation profiles were similar to those of weathering indices. The climate change record in
our sediment sequence is consistent with ice rafting record from North Atlantic and glacier activity
from Greenland, Iceland and Svalbard, and four cold periods are clearly present. Our study provides a
relatively long-term climate change record for climate conditions from mid-to-late Holocene in Svalbard.

Keywords. Palaeo-notch sediment; mid-to-late Holocene; climate change; weathering indices; TOC and
TN; Svalbard.

1. Introduction

The Arctic region plays a vital role in the Earth’s
climate system, and the Arctic climate and envi-
ronmental changes are twice as fast as the global
mean variations (Cohen et al. 2014; van der Bilt
et al. 2015). The rapid climate warming in the
Arctic exacerbates sea-ice loss and has a signif-
icant impact on the Arctic climate system, and
the recent, frequent extreme weather events in

Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.
ias.ac.in/Journals/Journal of Earth System Science).

mid-latitudes of the Northern Hemisphere are
closely coupled with the Arctic amplification phe-
nomenon (Cohen et al. 2014). However, instru-
mental climate records in the Arctic are rare and
seldom more than 100 years long (Røthe et al.
2015). Long-term proxy records are needed to
study the Arctic climate changes, and they are
very valuable for evaluating future climate changes.
Holocene climate record is increasingly regarded as
a potential proxy to evaluate future Arctic climate
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changes in natural state (Wanner et al. 2011; van
der Bilt et al. 2015).

The climate of the Holocene varied dramatically
on multi-centennial to millennial timescale, unlike
the earlier expectation of a relatively stable con-
dition (Bond et al. 1997; Wanner et al. 2011).
Bond et al. (1997) proposed a change cycle of
approximate 1470 ± 500 years for Holocene climate
based on ice rafted detritus (IRD) in the North
Atlantic Ocean. Holocene experienced dramatic cli-
mate changes including several cold episodes, for
example, ‘2.8 ka’ cooling event (Bond et al. 1997;
Plunkett and Swindles 2008), ‘4.2 ka’ cooling event
(Roland et al. 2014) and ‘5.8 ka’ cooling event
(Ojala et al. 2014). Many studies have been per-
formed to reconstruct Holocene climate changes in
the Arctic region (Moros et al. 2012; Perner et al.
2015). Alsos et al. (2016) reconstructed past vege-
tation and species diversity from Lake Skartjørna,
Svalbard and assessed its resilience to Holocene
climate change. Glacier variability and Holocene
climate at Alaska and Svalbard were also recon-
structed by McKay and Kaufman (2009) and van
der Bilt et al. (2015). Nevertheless, climate records
in Ny-Ålesund during the Holocene are still very
rare.

Marine, lacustrine and glacial sediments have
been widely used to reconstruct palaeoclimatic

changes, palaeoecological variability and glacier
fluctuations (Bond et al. 1997, 2001; Sun et al.
2000a; Balascio et al. 2015; van der Bilt et al. 2015).
However, available Arctic climate proxy datasets
are scarce and unevenly distributed (Wanner et al.
2011; van der Bilt et al. 2015). Especially for Ny-
Ålesund, it is very difficult to find well-preserved
and long time span sediment sequences during
mid-to-late Holocene, because glaciers in western
Spitsbergen during the Little Ice Age had the
largest extent during the Holocene, larger than dur-
ing the Younger Dryas (Mangerud and Landvik
2007). The glacier advance greatly destroyed the
sediment sequences in lakes and terraces, limiting
our understanding of climate and environmental
changes in Spitsbergen.

In this study, we collected a well-preserved
palaeo-notch sediment sequence, a reliable proxy
material for studying the palaeoclimate (Sun et al.
2005), and reconstructed the mid-to-late Holocene
climate change in Ny-Ålesund, Svalbard.

2. Study area

Svalbard is a high Arctic archipelago located
between 74−81◦N and 10−35◦E (figure 1), with
an area of 63,000 km2. It includes Spitsbergen,

(a)
(b)

(c)

Figure 1. Map of our studied area and sampling site. (a) Location of Svalbard, (b) location of Ny-Ålesund, and (c) sampling
site.



J. Earth Syst. Sci. (2018) 127:57 Page 3 of 12 57

Nordaustlandet, Edgeoya, and dozens of small
islands. The largest island of Svalbard is Spitsber-
gen, with a total area of over 39,000 km2 (Hisdal
1998). About 60% of the land area of Svalbard is
covered by glaciers, which are especially extensive
in northeast part (Birks et al. 2004). The central
and western areas are the most concentrated ice-
free areas of the island. Svalbard is sensitive to
climate change due to its location near the inter-
face of warm and cold waters between the Arctic
and the world’s oceans (Werner et al. 2016) and
thus an ideal place for palaeoclimate studies.

Ny-Ålesund (78◦55′N, 11◦56′E) is located in the
northwest of Svalbard, and London Island locates
about 5 km to the north of Ny-Ålesund (fig-
ure 1). West Spitsbergen Current flows northwards
along western Svalbard, and coupled with much
cyclonic activity it brings Svalbard a milder climate
(Birks et al. 2004; Yuan et al. 2010). The mean
annual temperature at Ny-Ålesund is − 5.8 ◦C,
about 6−7 ◦C warmer than eastern Greenland of
corresponding latitudes. In the western coast of
Svalbard, the mean annual precipitation is about
400 mm, and gradually decrease to 200–300 mm
towards inland places (Hisdal 1998; Yuan et al.
2011).

3. Materials and methods

3.1 Sample collection

The sampling site (78◦57′46′N, 12◦02′10′E), Lon-
don Island, is about 5 km north of the Yellow
River Station of China. We discovered a cave in
the marine terrace of London Island which opens
towards the sea and configuration of the cave is
very similar to that of the palaeo-notch found in
Antarctica (Sun et al. 2005). Based on the above
characteristics, this cave is a palaeo-notch; it was
formed by ocean wave before rising to the ter-
race, became exposed above sea level when the
terrace uplifted or sea level decreased, and then
began to receive deposit. Previous studies also indi-
cated that palaeo-notch sediment was formed in
lacustrine environment (Sun et al. 2005). The cave
opens towards the southwest, and it is approxi-
mately 80 cm wide, 50 cm deep and 30 cm high.

A well-preserved palaeo-notch sediment profile
was excavated using a small shovel and then sec-
tioned at 2 cm intervals. It is a brown soil layer
with a few angular gravels (0.5–1.5 cm), and there
is no distinct difference for the lithology of the
sediment profile. The sub-samples were labeled as

LDP-1–LDP-18, frozen and brought back to
laboratory for analysis.

3.2 Methods

Each sample was air-dried in a clean laboratory
and homogenized with a mortar and pestle, and
then sieved through a 200 mesh sieve. For chem-
ical element analysis, 50 mg of powdered sample
was weighed, and 1 ml of hydrochloric and 0.5 ml
of hydrofluoric acids were added into the Teflon
vessel. After sealing the vessel and leaving it to
stand for more than 12 h at room temperature,
the contents were transferred to a polypropylene
bottle with 6 ml of 4% (w/v) boric acid solution.
The solution was finally diluted with water to 100 g
and weighed. Then the samples were analyzed for
SiO2,Al2O3,Fe2O3,K2O,Na2O, CaO, MgO, Sr,
and Ba using inductively coupled plasma-optical
emission spectrometry (ICP-OES). For determina-
tion of CaO in silicate phase, carbonate bearing
samples were treated with 5% cold dilute HCl acid.
Precision and accuracy of our results were mon-
itored by analyzing sediment standard reference
materials (GBW-7301a and GBW-7404) in every
batch of analysis. The analyzed results of the stan-
dard reference materials were consistent with the
reference values (table S1). The measured element
data are shown in table 1.

For total organic carbon (TOC) and total nitro-
gen (TN) analysis, about 0.1–0.5 g of powdered
sample was precisely weighed to determine TOC
content using chemical volumetric methods with a
duplication error < 0.05% (Yuan et al. 2010). The
precision and accuracy was monitored by standard
reference materials (GBW-7301a and GBW-7404).
TN was determined by NCSH elemental analyzer
(varioEL) with an error of less than 1%. The pre-
cision and accuracy was monitored by analyzing
standard reference materials (Sulfanilic acid).

4. Results

4.1 Chronology

The chronology of the sediment profile LDP was
established using AMS 14C dating technique.
Radiocarbon dating was performed on seven bulk
sediment samples from the palaeo-notch sediment
sequence. Six of them were determined at Cen-
ter for Applied Isotope Studies, University of
Georgia and the sample at the bottom labeled
as LDP-18 was analyzed at A.E. Lalonde AMS
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Table 1. Major chemical compositions of the palaeo-notch sediment sequence.

Depth

(cm)

Sr

(μg/g)

Ba

(μg/g)

K2O

(%)

Na2O

(%)

MgO

(%)

Fe2O3

(%)

CaO

(%)

CaO∗

(%)

Al2O3

(%)

SiO2

(%)

2 120.67 385.49 1.79 1.49 1.32 3.31 4.00 1.49 8.99 68.35

4 110.00 398.79 1.86 1.45 1.37 3.71 2.67 1.45 9.53 68.74

6 112.84 411.44 1.89 1.55 1.30 3.56 2.10 1.14 9.47 70.99

8 115.77 385.94 1.71 1.66 1.04 2.85 1.93 1.08 8.69 76.17

10 121.27 402.42 1.80 1.63 1.18 3.02 2.86 1.42 9.14 74.69

12 125.48 402.43 1.87 1.44 1.32 3.18 4.47 1.44 9.13 69.03

14 119.28 384.40 1.72 1.49 1.17 2.82 4.37 1.49 8.52 72.66

16 126.63 379.75 1.77 1.47 1.48 2.93 5.70 1.47 8.84 69.07

18 119.46 384.19 1.80 1.43 1.53 3.14 4.72 1.43 9.05 69.65

20 109.34 411.43 1.95 1.44 1.43 3.52 3.03 1.44 9.78 71.33

22 121.90 388.43 1.85 1.37 1.64 3.33 4.94 1.37 9.32 67.90

24 137.80 353.85 1.64 1.42 1.89 2.72 8.17 1.42 8.38 68.03

26 131.48 346.87 1.62 1.35 1.95 2.65 8.50 1.35 8.05 66.41

28 127.38 364.72 1.71 1.41 1.88 2.85 6.10 1.41 8.63 69.43

30 128.85 348.59 1.68 1.39 1.91 2.85 7.10 1.39 8.44 68.00

32 128.85 363.12 1.73 1.32 1.91 3.03 7.38 1.32 8.70 66.69

34 139.22 343.58 1.59 1.36 1.91 2.46 9.56 1.36 7.70 65.47

36 147.18 328.92 1.52 1.37 1.96 2.34 11.74 1.37 7.45 65.52

CaO∗ represents CaO in silicate minerals only.

Laboratory, University of Ottawa. The carbon
isotopic ratios were also measured during AMS 14C
dating. Radiocarbon dates were calibrated using
Clam 2.2 (Blaauw 2010) based on IntCal13 (Reimer
et al. 2013; table S2). The AMS radiocarbon dates
are expressed in conventional 14C years before the
present (BP), conventionally before 1950. An age-
depth model (figure 2) for the sediment profile was
created using Clam 2.2 (Blaauw 2010) and fitted
using linear interpolation with temporal sampling
resolution of ∼200 years. The best fitted ages and
95% confidence intervals are plotted in figure 2.
The palaeo-notch started to deposit no later than
5700 BP and stopped at around 1600 BP according
to the chronology.

4.2 Weathering indices

Silicate weathering indices such as Chemical Index
of Alteration (CIA; Nesbitt and Young 1982), Pla-
gioclase Index of Alteration (PIA; Fedo et al. 1995),
and Chemical Index of Weathering (CIW; Harnois
1988) have been widely used to evaluate the weath-
ering history of sediments. CIA is an excellent
measure of chemical weathering degree of sediment
or soil, and it is calculated using the following
formula in molecular proportions

CIA = [Al2O3/(Al2O3 + CaO∗

+ Na2O + K2O)] × 100 (1)

6000 5000 4000 3000 2000

53
03

52
02

51
01

5

cal BP

LDP

7 cm/kyr

17 cm/kyr

Figure 2. Age-depth model for the sediment profile LDP
based on 14C dating of bulk sediments at different depths.

where the CaO∗ represents CaO in silicate
minerals only (same for formula below). Thus cor-
rection to the measured CaO is necessary due to
the presence of carbonate. McLennan (1993) pro-
posed an approximate correction by assuming rea-
sonable Ca/Na ratios in silicate materials (table 1).
The determined CIA values of the palaeo-notch
sediment sequence fluctuate from 54.77 to 58.88,
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Figure 3. Temporal changes of commonly used weathering
indices for palaeo-notch sediment sequence LDP in Svalbard.

with an average of 57.07. K in sediment or paleosols
is more abundant than that in basement sources
(Fedo et al. 1995) as a result of post-burial addi-
tion of K by metasomatism or illitization of clay
minerals (Eze and Meadows 2013). CIW avoids this
problem by excluding K from the CIA (Harnois
1988). However, rocks rich in K-feldspar are char-
acterized by extremely high CIW values. PIA was
proposed to monitor plagioclase weathering (Fedo
et al. 1995). Weathering indices of CIW and PIA
are calculated using the following formula in molec-
ular proportions

CIW = [Al2O3/ (Al2O3 + CaO∗

+ Na2O)] × 100 (2)
PIA = [(Al2O3 − K2O) / (Al2O3 + CaO∗

+ Na2O − K2O)] × 100 (3)

The CIW values in the studied sequence are from
62.28 to 67.44, with an average of 65.11, while
values of PIA vary from 56.29 to 61.90, with an
average of 59.39 (table S3).

All weathering indices in the palaeo-notch sed-
iment sequence have similar profiles of weath-
ering intensity (figure 3). There are four time
periods characterized by weak chemical weather-
ing intensity and thus cold environment, namely,
1900–2000, 2600–2700, 4100–4500 and 5400–5700
BP.

4.3 TOC and TN

The temporal changes of TOC and TN contents
are very similar (table S3 and figure 4) and they
are highly correlated with each other (R2 =
0.9031, P < 0.01). The values of TOC and TN are
relatively low from 5700 to 4000 BP and high from
4000 to 1600 BP. Distinct depressions in TOC and
TN values could be found around 1900, 2700, 4200
and 5700 BP.

The TOC level varies from 0.86 to 2.84%, with
an average of 1.86%, while the TN content from
0.12 to 0.42%, with an average of 0.25%. Two peri-
ods are identified according to temporal changes
in both TOC and TN contents. From 5700 to
4000 BP, the average value of TOC and TN is 1.30
and 0.18%, respectively. The TOC and TN con-
tents increase sharply from 5700 to 5400 BP and
then slightly decrease to a trough around 4000 BP.
From 4000 to 1600 BP, the TOC and TN lev-
els jump from 1.40 to 2.28% and 0.18 to 0.28%,
respectively. TOC and TN decline gradually until
2500 BP and then increase rapidly except a trough
around 1900 BP.

5. Discussion

5.1 Sedimentary environment and formation
history of the palaeo-notch

The C/N ratio has widely been used to identify
organic matter sources in lacustrine sediment
(Meyers 1994; Choudhary et al. 2009). Lacustrine
algae have low atomic C/N ratio (4–10) due to their
high protein content, while the atomic C/N ratio of
terrestrial plants is higher (20 or greater) because
of their high cellulose content (Meyers 1994). C/N
ratios of the palaeo-notch sediment range from 7.8
to 10.2 (figure 5a), within the range of organic mat-
ter from lacustrine algae. Carbon isotopic ratios are
also very useful to trace sediment organic matter
(Meyers 1994). The δ

13C values and corresponding
atomic C/N ratios in the palaeo-notch sediment are
plotted in figure 5b; they fall into or very close to
values for lake algae, which indicate that organic
matters of the palaeo-notch sediment are mainly
from aquatic algae. In addition, Sr/Ba ratios in the
sediment sequence are less than 1 (figure 5a), indi-
cating a fresh water lacustrine environment (Sun
et al. 2000b, 2005). Thus the palaeo-notch sediment
is accumulated in an aquatic environment, consis-
tent with the finding in Antarctic that palaeo-notch
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sediments deposit in a lacustrine environment (Sun
et al. 2005).

We proposed an outline for the formation of the
palaeo-notch sediment sequence based on previ-
ous researches (Sun et al. 2005; Yuan et al. 2010,
2011). The Svalbard was totally covered by the
Late Weichselian Barents ice sheet during the Last
Glacial Maximum (Landvik et al. 1998). The Late
Weichselian ice margin retreated to the coastline of
western Svalbard around 13,000–12,000 BP. Since
then, the islands gradually appeared and sea water
could pour into the Kingsfjorden after the ice sheet
retreat (Lehman and Forman 1992; Mangerud et al.
1992; Forman et al. 2004). The coast bedrock
was constantly washed and eroded by ocean wave
to form a rock notch (figure 6a). At around
10,000 BP, the relative sea-level of Broggerhalvoya
dropped rapidly (30 m/1000 year; Forman et al.
(1987, 2004) to lift the rock notch above sea level

(figure 6b). The ice sheet in the Kingsfjorden
did not retreat thoroughly until 9440 ± 130 BP.
However, the sediment began to deposit around
5700 BP and had a sedimentary hiatus of nearly
3700 years. The possible reason for the begin-
ning of sediment is likely an extremely cold period
around 5700 BP (Bond et al. 2001; van der Bilt
et al. 2015); the terminal moraine caused by glacier
advance in front of the rock notch acted as a
dam to form a small pond and the same situa-
tion occurred in Fildes Peninsula, Antarctica (Sun
et al. 2005), and thus the sedimentary process
began (figure 6c). Climate became warmer around
1600 BP (Bond et al. 2001) and the dam was
destroyed due to high water level in the pond or
other external reasons. After that, the sediments in
front of the palaeo-notch was gradually eroded and
only those in the palaeo-notch were well preserved
(figure 6d).

Figure 4. Temporal changes of TOC and TN in palaeo-notch sediment sequence LDP as well as their correlation between
each other.

(a) (b)

Figure 5. (a) Sr/Ba and C/N ratios of the sediment sequence LDP, (b) C/N atomic ratios and δ
13C for lacustrine algae,

C3 land plants, C4 land plants and sediments in the palaeo-notch (modified from Meyers 1994).
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(a)

(b)

(c)

(d)

Figure 6. Schematic diagram for the formation process of
the palaeo-notch. (a) Rock notch was caused by ocean wave
erosion. (b) Rock notch was exposed after the terrace lifted.
(c) Surrounding materials was carried to a catchment to
deposit in the notch. (d) The dam was destroyed and the
sediment was well-preserved in the notch.

5.2 Weathering intensity

Geochemical proxies of mineral alteration obtained
from sediment analysis have been extensively used
to determine the weathering conditions of source
area (Garzanti and Resentini 2015). Chemical
weathering strongly affects major element and
mineralogy compositions of siliciclastic sediments
(Nesbitt and Young 1982; McLennan 1993; Fedo
et al. 1995). These chemical characteristics are
ultimately recorded in sediments (Nesbitt and
Young 1982; Selvaraj and Chen 2006). Therefore,
well-preserved sediment sequence could provide
an excellent proxy to study weathering history
of sources area. Moreover, chemical weathering
indices have been widely used for palaeoclimatic
reconstructions (Garzanti and Resentini 2015);
comparing to other proxy indices, they are more
direct data for evaluating climate conditions
because soil or sediment form at the Earth’s surface
and are in direct contact with climate conditions
(Sheldon and Tabor 2009). Chemical weathering
rates increase during warm and humid periods and
decrease during cold and dry periods (Qiao et al.
2009).

Quantitative weathering indices have been pro-
posed to monitor weathering conditions of different

sediments. For example, silicate weathering indices
such as CIA, PIA and CIW are preferred to
measure the degree of chemical weathering (Fedo
et al. 1995; Selvaraj and Chen 2006). High CIA
values indicate great loss of labile cations such
as Ca+,Na+ and K+ compared with stable con-
stituents such as Al3+ and Ti4+, while low CIA
values indicate deficient chemical alteration and
reflect cold and arid conditions (Nesbitt and Young
1982; Fedo et al. 1995). Overall, the CIA values (fig-
ure 3) in our sediment sequence have a relatively
low level, indicating weak chemical weathering
and a cold climate and environment condition in
the high Arctic. The CIA values are relatively
high during 5250–5150, 3800–3500, 2350–2150 and
1900–1700 BP, suggesting an enhanced chemical
weathering and warm climate condition. The CIA
values have several valleys around 5700, 4200, 2700
and 1900 BP, corresponding to four cold peri-
ods (Bond et al. 1997; Levy et al. 2014). The
weathering indices PIA and CIW, modified forms
of CIA, are positively linked to CIA. Together,
these indices provide a reliable chemical weath-
ering history of London Island. Therefore, we
standardized all three weathering indices to Z-score
(Z = (X − A)/STD; here X is original value; A and
STD are the averaged value and standard deviation
of data series) and calculated the average as one
weathering index (WI) to represent the weathering
history of the studied area (figure 7).

5.3 TOC as a palaeoclimate proxy

Palaeo-notch sediment is deposited in a lacustrine
environment, and it provides an excellent material
for palaeoclimatic and palaeo environmental stud-
ies (Sun et al. 2005). In recent years, TOC and
TN of lacustrine sediments have been extensively
used as an indicator of palaeoclimate (Yoon et al.
2006; Melles et al. 2007; Choudhary et al. 2010;
Kigoshi et al. 2014). TOC values in sediments can
be largely dependent on initial primary production,
post-depositional degradation and sedimentation
rates (Schelske and Hodeli 1991; Choudhary et al.
2010). The palaeo-notch sediment is accumulated
in a relatively enclosed environment with very
weak wind-driven mixing of water, it has minimal
amount of bioturbation, and it is good for preser-
vation of organic matter (Melles et al. 2007; Vogel
et al. 2013). Besides, many studies (e.g., Yoon et al.
2006; Melles et al. 2007; Vogel et al. 2013) have
confirmed a positive correspondence between TOC
content and climatic warmness. According to the
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7. Palaeo-climate proxies in the North Atlantic
region during mid-to-late Holocene. (a) Climate changes
inferred from TOC content in palaeo-notch sediment
sequence LDP. (b) Standardized weathering history proxy
of Svalbard. (c) Variations of Hematite-stained grains from
North Atlantic deep sea sediment core interpreted to indicate
ice rafting events (Bond et al. 2001). (d) XRF PC1 data of
Kulusuk Lake sediment in Greenland, a proxy interpreted to
reflect Kulusuk glaciers activities (Balascio et al. 2015). (e)
Carbon–nitrogen ratio of Hv́ıtárvatn lake sediment in Ice-
land interpreted to indicate the size of Langjökull ice cap
(Larsen et al. 2012). (f) Dry Bulk Density (DBD) changes of
lake sediment in Svalbard interpreted to reflect past varia-
tions in glacier activity (van der Bilt et al. 2015). The grey
bands mark the cold periods recorded in these proxies.

C/N ratios, TOC of the palaeo-notch sediments
mainly reflects the amount of organic detritus of
aquatic origin; thus temporal change of TOC in
this palaeo-notch sediment sequence is a potential
indicator of climate changes in the study area.
When the climate is relatively warm, the TOC
value is high, and vice versa. Thus, the temporal
changes of TOC indicate cold periods during 5700–
5400, 4500–4100, 2700–2600 and 2000–1900 BP
and warm periods during 5250–5150, 3800–3500,
2350–2150 and 1900–1700 BP in the study area,
and they are consistent with the results from
weathering intensity changes (figure 7).

5.4 Palaeoclimate implications

The Holocene climate changes in North Atlantic
Ocean, Greenland and Iceland (Bond et al. 2001;

Harris et al. 2009; Larsen et al. 2012; Müller et al.
2012; Balascio et al. 2015; van der Bilt et al. 2015)
have been evaluated in recent years. Evidences
from North Atlantic deep sea sediment indicate
that the Holocene climate experienced multiple
cooling periods around 1400, 2800, 4200, 5900,
8100, 9400, 10,300 and 11,100 BP (Bond et al.
1997). These episodes may be related to changes
in thermohaline circulation, solar activity, volcanic
eruptions and melt water influence (Wanner et al.
2011). Our records from this palaeo-notch provide
a better understanding of the mid-to-late Holocene
climate changes in Svalbard.

We compared our records with other climate
proxies from North Atlantic Ocean, Greenland,
Svalbard and Iceland (figure 7) and found a good
correspondence between cold climate periods and
glacier advance, ice cap expansion as well as ice
rafting events.

The cold period characterized by low TOC con-
tent and weak weathering during 5700–5400 BP
in our record coincides with the onset of cold cli-
mate conditions around 5600 BP inferred from
pro-glacial lake sediment in Scores by Sund region,
which marks the termination of Holocene thermal
maximum (Funder 1978; Larsen et al. 2012). This
is further supported by the ice rafting event during
this period in North Atlantic region (Bond et al.
1997). The sedimentary ancient DNA record from
Lake Skartjørna, Svalbard also indicate a transi-
tion from warm/moist conditions to colder/drier
conditions around 6600–5500 BP (Alsos et al.
2016). This cooling event indicates a disproportion-
ate environmental response to gradually decreasing
solar insolation and may be related to changes in
atmospheric or oceanic circulation (Larsen et al.
2012).

Around 5000–4000 BP, the TOC content is
relatively low and the chemical weathering is weak
in our record, indicating a cold climate. During
the same period, glaciers began to expand in west-
ern Svalbard (Harris et al. 2009). In addition, a
pro-glacial lake sediment in Svalbard also record
a glacial advance at 4200 BP (van der Bilt et al.
2015), corresponding to the ice rafting event at
4200 BP in North Atlantic Ocean (Bond et al.
1997). The cooling event is further supported by
the glacier advance in Greenland (Balascio et al.
2015) and ice cap expansion in Iceland (Larsen
et al. 2012) at 4200 BP.

The low TOC values and weak chemical weath-
ering from 3500 to 2500 BP (figure 7) indicate a
cold period in Svalbard. The results are consistent
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with records from a pro-glacial lake sediment in
Svalbard that suggest a glacier advance around
3300 BP. However, lack of moisture source makes it
unfavorable for glacier growth after 3230 BP (van
der Bilt et al. 2015), and climate changes in Sval-
bard after 3230 BP are unlikely recorded in the
pro-glacial sediment record. Marine record from
Fram Strait indicates an increased sea ice cover and
stronger influence of cold arctic waters during the
comparable time period (Müller et al. 2012). More-
over, the Langjökull ice cap in Iceland advanced
greatly around 2900 BP (Larsen et al. 2012) along
with North Atlantic IRD events at 2800 BP (Bond
et al. 1997). The Kulusuk glacier advanced as well
in Greenland around 3200 and 2800 BP (Balascio
et al. 2015).

The valley of TOC content around 1900 BP
in our record suggests a rapid cooling event. Ice
expansion of Bregne ice cap in east Greenland at
∼ 1900 BP has been documented (Levy et al. 2014)
and the Kulusuk glacier in Greenland advanced at
2100 BP within chronological uncertainties (Balas-
cio et al. 2015). Though lake sediment in Svalbard
did not record glacier advance during this period
due to lack of moisture source (van der Bilt et al.
2015), the sedaDNA taxon richness record from
Lake Skartjørna (Alsos et al. 2016) and hydrocli-
mate changes of High Arctic Svalbard (Balascio
et al. 2016) revealed an abrupt shift to colder
conditions around 1800 BP.

Holocene climate in Svalbard was governed by
an alternation of forcings during different periods
(van der Bilt et al 2016). The TOC and weathering
intensity records in Svalbard indicate that climate
was relatively warm from 5400 to 5200 BP, which is
consistent with the calculated summer SST record
in the eastern Fram Strait (figure 8; Werner et al.
2013). The onset of cold climate conditions since
5200 BP (figure 8) could be related to increased
export of ice and cold Arctic water from the Arc-
tic Ocean (Werner et al. 2013). The sustained
cooling around 4400 BP was caused by sea-ice
expansion around Svalbard, driven by high sea-
ice production and export in the Arctic (van der
Bilt et al 2016). However, the climate from Sval-
bard decoupled from external (insolation) forcing
and began to respond to North Atlantic Oscilla-
tion (NAO) since the onset of the Neoglacial period
(∼ 4300 BP; van der Bilt et al 2016). The NAO
is closely linked to the westerlies and thus the
Atlantic water into the Nordic Seas (Andersen et al.
2004). During positive NAO phase, the climate in
Svalbard is relatively warm due to warm moist air

(a)

(b)

(c)

(d)

Figure 8. (a) Climate changes inferred from TOC content
in palaeo-notch sediment sequence LDP. (b) Standardized
weathering history proxy of Svalbard. (c) A SIMMAX-based
summer SST reconstruction for the eastern Fram Strait
(Werner et al. 2013). (d) Reconstructed NAO index for the
past 5200 years (Olsen et al. 2012).

and water masses advected from low latitude by
strengthening westerlies (van der Bilt et al 2016),
and vice versa. The low-frequency NAO index
(Olsen et al. 2012) changed from negative to posi-
tive conditions after ∼4300 BP, further confirmed
the warm climate from 3800 to 3500 BP in our
record. The cold period around 2700–2600 and
200–1900 BP could be related to negative NAO
conditions ∼2500 and 2000 BP. The NAO stayed
positive from 2500 to 1600 BP except for these two
negative NAO periods, which are consistent with
the warm periods 2350–2150 and 1900–1700 BP in
this study.

The stable and warm climate of the Holocene
was interrupted by several cold episodes on multi-
century scale. Besides, the mechanism of Holocene
climate change in Svalbard varies during different
periods (van der Bilt et al 2016). The mid-to-late
Holocene climate changes reconstructed from the
well-preserved palaeo-notch sediment sequence in
this study help us to have a better understanding
of climate dynamics in Svalbard during Holocene.

6. Conclusions

This study presents a reconstruction of mid-to-
late Holocene climate changes on Svalbard through
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geochemical analysis of a palaeo-notch sediment
sequence. Multiple weathering indices were deter-
mined, and they all showed consistent weathering
conditions. The variation profiles of TOC and TN
are similar to those of weathering indices. The
chemical weathering indices, TOC and TN indi-
cate four cold and four warm periods in the study
area, and the inferred four cold periods (5700–5400,
4500–4100, 2700–2600 and 2000–1900 BP) are con-
sistent with ice rafting events in the North Atlantic
region and glacier activity in Greenland, Iceland
and Svalbard. This study provides new proxy data
for climate dynamics during mid-to-late Holocene
in Svalbard.
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