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Better understanding of deglacial meltwater pulses (MWPs) is imperative for future predictions of
human-induced warming and abrupt sea-level change because of their potential for catastrophic dam-
age. However, our knowledge of the second largest meltwater pulse MWP-1B that occurred shortly after
the start of the Holocene interglacial remains very limited. Here, we studied fossil ostracods as paleo-
environmental indicators of water depth, salinity, and temperature in two marine sediment cores from
Storfjorden, Svalbard margin (the Arctic Ocean), to investigate near-field (i.e. areas located beneath
continental ice sheets at the Last Glacial Maximum) evidence of MWP-1B. The depositional environment
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1. Introduction 2014). The middle to late Holocene is characterized by gradual
cooling and climatic deterioration (Mayewski et al., 2004), and
global sea levels showed minor rises occurring at progressively

slower rates until they approached modern values (Lambeck et al.,

The last deglaciation-Holocene is one of the most studied pe-
riods in Earth history due to its importance for understanding

short-term evolution of global climate in relation to oceanographic
and glacial conditions in high-latitude regions of the northern
hemisphere. During the main phase of deglaciation from
16,500—8200 yr BP, regional to global warming triggered the rapid
decay of large ice sheets and massive discharge of meltwater, which
contributed to total eustatic sea-level rise of ~120 m (Lambeck et al.,
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2014). During the late Holocene, Neoglacial cooling culminated in
ice sheet advance under the background of declining insolation
(Mayewski et al., 2004).

During the overall main deglaciation phase, two events of
abrupt sea level rise known as meltwater pulses (MWPs) 1A and 1B
occurred, superimposed on the secular, gradual background rise.
Post-glacial global sea-level rise has been reconstructed primarily
based on tropical coral-reef cores, because low-latitude regions
(far-field) have experienced mostly eustatic effects with minimal
isostatic effects on the sea level change (Milne and Mitrovica, 2008;
Stanford et al., 2011; Yokoyama et al., 2018). While MWP-1A at
14,500—14,000 yr BP is distinct and well-documented, MWP-1B is


mailto:u3514102@connect.hku.hk
mailto:moriakiyasuhara@gmail.com
mailto:moriakiyasuhara@gmail.com
mailto:yasuhara@hku.hk
mailto:oocirclr@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2020.106237&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2020.106237
https://doi.org/10.1016/j.quascirev.2020.106237

2 S.Y. Tian et al. / Quaternary Science Reviews 233 (2020) 106237

elusive in far-field sea-level records (Lambeck et al., 2014; Harrison
et al,, 2019). Since Fairbanks (1989) first identified MWP-1B at
11,300 yr BP from Barbadian coral reef cores, the timing, magnitude
and even existence of MWP-1B have been debated and currently
remain inconclusive. This is despite the acquisition and analysis of
new, high-quality coral-reef cores from key regions including Tahiti
and the Great Barrier Reef, possibly because depth uncertainties of
coral habitat (approximately 6 m) make it difficult to reconstruct
and interpret far-field MWP-1B that is in relatively small magni-
tude (14 + 2 m) in short duration against continuous deglacial sea
level rise. (Bard et al., 1996, 2010; Stanford et al., 2011; Abdul et al.,
2016; Yokoyama et al., 2018). Another major criticism is that, to
date, evidence for MWP-1B within marine sediments from the
Southern Ocean or North Atlantic adjacent to the relevant ice
sheets, the source of the meltwater, has been lacking (Bard et al.,
2010).

A high-latitude (near-field) ocean should have experienced
MWP-1B-induced environmental changes if MWP-1B existed.
Likely changes are especially water-depth decrease (relative sea-
level fall) due to isostatic rebound from ice-sheet loss over-
whelming eustatic sea-level rise (see the next section) as well as
cooling and salinity change induced by meltwater runoff. Ostracods
(small crustaceans with calcite shells) are known to be sensitive to
environmental changes including changes in water depth, tem-
perature, and salinity (Cronin, 1981, 2015; Yasuhara and Seto, 2006;
Gemery et al., 2017; Hong et al., 2019; Stepanova et al., 2019). Here
we investigate fossil ostracods in two sediment cores (JM10-10 GC,
7741 N, 20.10 E, water depth 123 m; JM10-12 GC, 7712 N, 19.41 E,
water depth 146 m) from Storfjorden Sound (Fig. 1), Svalbard, and
provide evidence of MWP-1B during the final stages of deglacia-
tion. Penetration of the warm Atlantic water into the Nordic seas
melted the covering ice sheets ~11,300 years ago and the isostatic
rebound associated with MWP-1B resulted in an abrupt relative sea
level fall between ~11,300—11,000 yr BP on the Svalbard margin.
Neoglacial cooling and glacier advance likely commenced at
~2000 yr BP with oceanographic and glacial conditions becoming
more unstable.

2. Oceanographic and geologic setting

Storfjorden is a sound which extends from 76 to 80°N in the
southeastern part of the Svalbard archipelago (Fig. 1). It is open to
the south and is bordered by Spitsbergen to the west and Bare-
ntsgya and Edgegya to the northeast, where two passages connect
the sound to the Arctic Ocean. Warm Atlantic water of the West
Spitsbergen Current runs northward along the western slope of
Svalbard and a small branch enters Storfjorden (Skogseth et al.,
2004; Rasmussen and Thomsen, 2015). Cold polar water of the
East Spitsbergen Current also enters Storfjorden (Skogseth et al.,
2004; Rasmussen and Thomsen, 2014). There is an inner deep ba-
sin (maximum water depth ~190 m) connected to shallow shelves
(~40 m) to the north and the east, and a 120 m deep sill in the south
that separates it from the Storfjorden Trough (Rasmussen and
Thomsen, 2015). From December to July, seasonal sea ice covers
the sound and wind from the northeast blows ice to create large
polynyas on the shelf east of the deep basin (Skogseth et al., 2005;
Rasmussen and Thomsen, 2015). Recurrent freezing and salt
rejection in the polynyas produce cold (—1.9 °C) and salty (>34.8)
brine, which sinks into the inner basin and eventually overflows the
sill into the Storfjorden Trough (Skogseth et al., 2004; Rasmussen
and Thomsen, 2015; Knies et al., 2016).

In near-field regions, the timing and magnitude of post-glacial
glacio-isostatic uplift and resultant relative sea-level fall is
controlled by the distribution of past ice loading and deglacial
history (Khan et al, 2015). Areas beneath and surrounding a

substantial ice load were subject to the greatest glacioisostatic
depression and then greatest uplift when major retreat or rapid
disintegration of ice sheets occurred (Khan et al., 2015; Harrison
et al., 2019). The Svalbard-Barents Sea Ice Sheet formed part of
the Eurasian ice sheet complex (Patton et al., 2017) during the Last
Glacial Maximum (LGM), and extensively covered Svalbard in the
northwest. It exhibited spatio-temporally dynamic patterns of ice
retreat during the last deglaciation to early Holocene followed by
ice readvances since the late Holocene (Ingolfsson and Landvik,
2013; Farnsworth et al., 2018). Recent studies recognize it as an
unstable, multi-domed ice sheet with one of the large ice domes
located on easternmost Spitsbergen or northeastern Svalbard near
our study sites (Dowdeswell et al., 2010; Hogan et al., 2010;
Ingolfsson and Landvik, 2013). Ice sheet thinning commenced in
the southern and western Svalbard before circa 20,000 yr BP and
progressed to northern and eastern Svalbard, with different phases
of major retreat correlative with abrupt warming events (e.g.
Bolling-Allersd warming) and warm Atlantic water incursions
(Gjermundsen et al., 2013; Ingolfsson and Landvik, 2013; Lacka
et al,, 2015; Nielsen and Rasmussen, 2018). The ice front may not
retreated from northern Svalbard until the earliest Holocene and
some recent studies show spatial variation in timing of final retreat
ranging from 11,600 to 11,300 yr BP (Gjermundsen et al., 2013; Flink
et al., 2017; Nielsen and Rasmussen, 2018).

3. Materials and methods
3.1. Sample processing

We studied two cores JM10-10 GC and JM10-12 GC from the
Storfjorden inner basin. Age models of these cores are based on
AMS C dates and from Rasmussen and Thomsen (2014). All AMS
14C dates were calibrated to calendar ages using the Calib7.02 and
the Marine13 programs (Rasmussen and Thomsen, 2014). Sedi-
mentation rate is relatively uniform in both cores except for a hiatus
between 345.5 cm and 324.5 cm (9500—6500 yr BP) in Core JM10-
10 GC (Rasmussen and Thomsen, 2014). Core JM10-10 GC (403 cm
long) was taken from 123 m water depth in a sub-basin east of the
main basin (Rasmussen and Thomsen, 2014) (Fig. 1). The 320-cm-
long Core JM10-12 GC was taken on the northern flank of the sill at
a water depth of 146 m (Rasmussen and Thomsen, 2014) (Fig. 1).
Cores JM10-10 GC and JM10-12 GC were sub-sampled at 5 cm and
4 cm intervals respectively. All sedimentary sub-samples were wet
sieved with mesh sizes of 63, 100 and 1000 pum, oven dried, and
then dry sieved over mesh-size of 150 pm, the standard fraction for
fossil ostracod research (Gemery et al.,, 2017; Yasuhara et al., 2017).
Specimens smaller than 150 pum are usually early molt stage juve-
niles that are difficult to identify. We used a standard counting
method that counts every articulated carapace as two specimens
and isolated valves as one (Yasuhara et al., 2017).

3.2. Multivariate analysis, Mutual Ostracod Depth Range (MODR),
and Mutual Ostracod Salinity Range (MOSR)

Multivariate statistical analyses including Q-mode K-means
clustering and Species Indicator Value were used to show temporal
variation of ostracod faunal composition. We combined species
relative abundance data (%) of two cores in multivariate analyses
considering inter-core similarity and consistency. We performed
sample cutoff and species cutoff on fossil assemblages to exclude
samples with less than 10 specimens and rare species that has a
negative lower boundary of 95% cluster confidence interval
(Bennington and Rutherford, 1999). After these cutoffs, there are
5492 specimens that belong to 30 species from 128 samples
included in multivariate analyses, taking up 96% of total number of
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Fig. 1. Map of Storfjorden, Svalbard, the Arctic Ocean. This map shows position of Sites JM10-10 GC and JM10-12 GC (black circles indicated as 10 and 12, respectively) and main
ocean currents (warm Atlantic water by red arrows and cold polar water by blue arrows). Tow bathymetric lines indicate water depth of 100 m and 200 m respectively across the
studied area. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

specimens. The mechanism of Q-mode k-means clustering is to
divide samples into clusters so that species composition difference
is maximized across clusters and minimized within clusters
(Hartigan and Wong, 1979; Dimitriadou et al., 2002). Simple
Structure Index was used to determine the optimal number of
clusters (i.e. four clusters in this case) (Hartigan and Wong, 1979).
The post-hoc species indicator value method quantifies the fidelity
and specificity of species in relation to each cluster, and it is used to
calculate indicator values of each species for each cluster and
identify significant indicator species of each cluster with permu-
tation testing (Dufréne and Legendre, 1997).

The Mutual Ostracod Depth Range (MODR) and Mutual Ostracod
Salinity Range (MOSR) methods are analogous to the Mutual
Ostracod Temperature Range (MOTR) method developed by Horne

(2007) and were used to semi-quantitatively reconstruct paleo
water depth and paleo salinity respectively in Svalbard, based on
presence/absence of species in a fossil assemblage. Although water
depth itself may impact ostracod assemblages through combined
effects of a suite of environmental variables that co-vary with
depth, ostracods in general exhibit relatively strict depth zonation
and they can be used as a reliable proxy for qualitative to quanti-
tative paleodepth reconstructions (Yasuhara et al., 2005; Yasuhara
and Seto, 2006; Cronin, 2015; Cronin et al., 2017). The MODR and
MOSR methods run in parallel here. Their mechanism is to find the
mutual depth range/salinity range where depth/salinity range
values of all species in a given sample overlap. The resulting mutual
depth/salinity range is regarded as an estimation of paleo depth/
paleo salinity for that sample. Sample and species cutoffs on fossil
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assemblages were conducted in the same way as described in the
last paragraph. The Arctic Ostracode Database 2015 (AOD, 2015)
provided comprehensive modern data from which species’ depth
ranges and salinity ranges could be inferred (Gemery et al., 2017).
Samples with <10 specimens or >500 m water depth were
excluded from the database. For each species in the AOD 2015
dataset, its shallowest and deepest occurrences (number of speci-
mens in a sample out of total number of specimens in all samples
>1%) were identified and the range between them is considered as
the species depth range. The species salinity range is determined in
the same way as that of the depth range. Noticeably, Cytheropteron
montrosiense and Loxoconcha sp. which coexisted within Cluster D
before 11,300 yr BP are possibly transported from shallow-marine
areas with ice rafted debris. The occurrence of such shallow-
living species in glaciomarine sediments has been reported
before by Cronin (1981) and Schoning and Wastegard (1999).
Therefore, these two species are not considered in the water depth
reconstruction. Two examples of paleo water depth estimation
with the MODR method are shown in Fig. 2.

4. Results

We studied 82 samples from Core JM10-10 GC and 75 samples
from JM10-12 GC and found 5719 specimens and 52 species in total.
Q-mode k-means clustering divided the JM10-10 GC and JM10-
12 GC samples into four Clusters — A, B, C and D (Figs. 3 and 4).
Indicator Value results revealed statistically significant indicator
species for these clusters (Figs. 4—6; Table 1): Cluster A, Acantho-
cythereis dunelmensis, Cytheropteron discoveria and Heterocyprideis
fascis; Cluster B, Bythocythere constricta, Cluthia cluthae, Cyther-
opteron arcuatum, Cytheropteron paralatissimum, Cytheropteron
tumefactum and Semicytherura concentrica; Cluster C, Elofsonella
concinna, Normanicythere leioderma, Sarsicytheridea bradii and
Sarsicytheridea punctillata; and Cluster D, Cytheropteron dimlingto-
nensis, Cytheropteron irizukii, Cytheropteron montrosiense and
Cytheropteron pseudomontrosiense. Cluster A characterizes the up-
permost section of Core JM10-10 GC spanning the past 2000 years
(Fig. 3A). Although there is no sample in Core JM10-12 GC repre-
senting Cluster A, the indicator species of Cluster A show a
consistent increase in relative abundance in the uppermost sedi-
ments (Fig. 3B). Cluster B characterizes the lower and upper core
sections that correspond to sediments older than ~11,000 and
younger than 2000 yr BP respectively. Cluster C spans the middle of
the cores between 11,000 and 2000 yr BP (Fig. 3), although Cluster B
also intermittently occurs in this section. Cluster D exclusively oc-
curs in the base of the two cores representing sediments older than
11,300 yr BP (Fig. 3). Immediately after the disappearance of Cluster
D and before the emergence of Cluster C, there is a short-term spike
in Krithe glacialis occurrence from ~11,300 yr BP (Fig. 3). Paleo water
depths and paleo salinities of Cores J]M10-10 GC and JM10-12 GC
quantitatively reconstructed using the MODR and MOSR methods
are shown in Figs. 7 and 8, respectively. The application of MOSR
method to a given fossil assemblage is not always successful as
salinity range values of some component species do not overlap
and no mutual salinity range can be inferred for this fossil assem-
blage. In such case, one missing data horizon is introduced into the
MOSR reconstruction as shown in Fig. 8.

5. Discussion

Discovered from far-field marine sediment records, MWP-1B is
currently understood to have resulted in a rapid global sea level rise
of 14—20 m at ~11,300 yr BP, induced by the Northern Hemisphere
ice-sheets loss (Fairbanks, 1989; Bard et al., 2010; Abdul et al,,
2016). In the near-field regions under direct influence of the
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Fig. 2. Two examples of the application of MODR method to reconstruct paleo water
depth in Cores JM10-10 GC and JM10-12 GC.

Svalbard-Barents Sea Ice Sheet, we hypothesize that MWP-1B
would be recorded by the following environmental changes at
~11,300 yr BP: warming by penetration of warm Atlantic water;
resulting melt of the covering and surrounding ice in the region;
abrupt sea level fall due to isostatic uplift; and cooling and fresh-
ening by meltwater discharge. These predictions are clearly
depicted in the sedimentological record when the autoecology of
key species (summarized in Table 2) is applied to the rapid faunal
turnovers from Cluster D through Cluster B to C (Figs. 3, 5 and 6).
Cluster D is the pre-MWP-1B assemblage dating 13,500—11,300 yr
BP and its most important indicator species, Cytheropteron pseu-
domontrosiense (Figs. 3, 5 and 6), inhabits upper bathyal, low
temperature (0 to 8—12 °C) environments (Whatley and Masson,
1979; Cronin, 1981; Stepanova, 2006; Stepanova et al., 2019). This
assemblage also almost completely lacks neritic species that are
abundant in other clusters (Figs. 3, 5 and 6; Table 2). Cluster D
therefore indicates an upper bathyal, very cold marine setting. The
pre-MWP-1B assemblage rapidly declined at ~11,300 yr BP, mean-
while Krithe glacialis briefly emerged for approximately 200—300
years (Fig. 3). Krithe glacialis indicates deep but comparatively
warmer environments than those of Cytheropteron pseudomon-
trosiense, because Krithe glacialis [see Yasuhara et al. (2014) for the
taxonomic definition of this species] is known from uppermost
bathyal depths of the Greenland Sea where temperatures are
comparatively warm, but absent from deeper, colder waters
(Whatley et al., 1996, 1998). Furthermore, modern distribution of
Cytheropteron pseudomontrosiense is mostly limited to the Arctic
Ocean excluding the Greenland Sea (Stepanova et al., 2003). Thus,
the occurrence of Krithe glacialis here indicates an uppermost
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bathyal environment and an influx of warm Atlantic water. It is
noticeable that peaks of Krithe glacialis in two cores correlated well
in time with abrupt increase in planktonic foraminifera abundance
that is indicative of oceanic conditions (Fig. 9) (Rasmussen and
Thomsen, 2015). Consistent with other marine sediment records
showing abrupt and significant warming in this region at similar
timing (i.e. ~11,000 BP) (Hald et al., 2004; Ebbesen et al., 2007),
coeval peaks of Krithe and planktonic foraminifera strengthen our
interpretation of warm Atlantic water incursion that may have
region-wide impacts on the Svalbard-Barents Sea ice sheet.
Following the ephemeral peaks of Krithe glacialis, indicator species
of Cluster B and then C rapidly emerged from ~11,300 yr BP on-
wards by replacing Cluster D indicator species (Fig. 3). The most
important indicator species of Cluster B, Cytheropteron arcuatum,
and the indicator species of Cluster C, Normanicythere leioderma,
Sarsicytheridea bradii, Sarsicytheridea punctillata, and Elofsonella
concinna, are all cold, neritic species that are widely distributed in
subarctic to Arctic regions (Stepanova, 2006; Stepanova et al., 2007,
2012, 2019; Gemery et al., 2017). Indeed, these species often coexist
in both Cluster B and C samples (Figs. 3, 5 and 6). Their ecological
preferences differ in that Cytheropteron arcuatum is a comparatively
deeper species (lower neritic) than the indicator species of Cluster C
(Fig. 3 and Table 2) (Stepanova et al, 2019). The Cluster
D—Krithe—Cluster B—Cluster C succession reflects environmental
changes related to MWP-1B as follows (Fig. 3; Table 3): (1) The
region was an upper bathyal environment >11,300 yr BP before
MWP-1B, (2) warm Atlantic water influx rapidly melted the
Svalbard-Barents Sea ice sheet and triggered MWP-1B at ~11,300 yr
BP, (3) MWP-1B meltwater cooled the sea water and sudden ice-
sheet loss caused rapid relative sea-level fall (regional uplift/
rebound), changing the depositional environment from an upper
bathyal setting to neritic setting. The timing of the end of this
succession slightly varies between the two cores (11,000—10,500 yr
BP), but Core JM10-12 GC has higher time resolution in this section
and the Cluster B/C boundary in this core is at ~11,000 yr BP. Thus
the MWP-1B-induced environmental changes recorded in this
study started from 11,300 and ended at 11,000 yr BP abruptly,
consistent with previous proposals of MWP-1B timing and our
hypotheses of MWP-1B occurrence in near field regions (Fairbanks,
1989; Lambeck et al., 2014; Yokoyama et al., 2018). It is important to
know the timing of MWP-1B relative to the Younger Dryas (YD)
(ended at 11,700 yr BP) precisely. Although it is difficult to ascertain
a few hundred years difference from a marine sediment core,
several cores with independent age models [this study; Hald et al.
(2004); Ebbesen et al. (2007)] consistently indicate warm Atlantic
water incursion at ~11,000 yr BP and, thus, MWP-1B likely occurred

after the termination of the YD.

Field-based reconstructions (e.g., based on raised beaches,
glacial sediments and glacial landforms) and modelling of the
deglacial history in Svalbard generally support our inference that
the abrupt sea-level fall in Storfjorden was caused by isostatic
adjustment during late stage ice retreat (Auriac et al., 2016; Nielsen
and Rasmussen, 2018). Northern and eastern Svalbard fully degla-
ciated during the YD — earliest Holocene, and this was possibly in
phase with the decay of the large ice dome in easternmost Spits-
bergen thus triggering regional postglacial rebound (Dowdeswell
et al., 2010; Flink et al., 2017; Nielsen and Rasmussen, 2018).
Post-glacial uplift curves constructed from dated raised beaches
provide direct evidence of the relative sea-level fall associated with
the postglacial rebound (Forman et al., 2004; Ingolfsson and
Landvik, 2013). However, they are of relatively low time-
resolution, and cannot be compared with the MWP-1B timing
precisely. Thus, our ostracod evidence of the abrupt relative sea-
level fall from well-dated marine sediment cores provides a key
piece of the puzzle of MWP-1B.

Quantitative water-depth reconstruction is in accordance with
the above-discussed scenario by showing conspicuous, abrupt
relative sea level fall at the time of MWP-1B (Table 3; Fig. 7).
Because the present water depths of Sites JM10-10 GC and JM10-
12 GC are 123 m and 146 m, respectively, which approximates the
maximum depth of the upper part of each core estimated by the
MODR method, we consider that the maximum depth (orange plots
in Fig. 7A and B) represents actual paleo-depth. General underes-
timation of water depths may be due to the continuous presence of
euryhaline species that adapt to relatively wide ranges of water
depths and salinities across the neritic zone (see discussion in the
next section). The magnitude of the decrease in water-depth from
pre- to post-MWP-1B is estimated to be ~40—80 m by the MODR
method (Fig. 7), which is consistent with our interpretation of
ostracod faunal change from Cluster D to Cluster B/C (as discussed
above; Table 3) and also coarser time-resolution reconstructions
from raised beaches (Forman, 1990; Bondevik et al., 1995; Forman
et al., 2004; Long et al., 2012).

During ~11,000—2000 yr BP, Cluster C indicator species (Elofso-
nella concinna, Normanicythere leioderma, Sarsicytheridea bradii and
Sarsicytheridea punctillata) have dominated (Figs. 3, 5 and 6). They
are all cold neritic species (Cronin, 1981; Gemery et al., 2017), but
have different salinity preferences (Stepanova, 2006; Stepanova
et al., 2007, 2012, 2019). Normanicythere leioderma is a fully ma-
rine species; Sarsicytheridea bradii (salinity 6.5 to >30), Elofsonella
concinna (salinity >16), and Sarsicytheridea punctillata (salinity 3.8
to >30) are euryhaline species that tolerate low salinities in



S.Y. Tian et al. / Quaternary Science Reviews 233 (2020) 106237 7

JM10-10 GC
O
g g ;
o
=
N
o
o]
o
< 4
o o
o 3]
— 9
o © 4
3 -
o 97
o)) o
< 3]
8_'
S ] $
gl %
ISt by
N
-1 o=
rrrrrrrr1rmi rrrrrrrr1rmi rrrrrrrr1rmi l'l'l'l'l'l l'l'l'l'l'l l'l'l'l'l'l
0 40 80 % 0 40 80 % 0 40 80 % 0 40 % % %
C. dimlingtonensis C. inzukif C. montrosiense C. pseuo’omon[rOS/ense E. concinna /V. /e/oderma
ER ot I k
o]
S+ o
N 4 &
o
o]
o
<
E -
o 3]
= O
g =]
5 81
< 3]
o]
§—_ — $
o]
S
]
8 i

6']']']']'] rrrrrrrrir i rrrrrrr1ri rrrrrrrrirmi l'l'l'l'l'l l'l'l'l'l'l

40 8 % 0 40 80 % O 40 8 % O 40 80 % 0 40 % %
S. bradii S. punctillata B. constricta C. cluthae C. arcuatum C. para/at/SS/mum
E l r
o]
o
=
N
o]
o
=
< 4
E -
m 8]
T 3
e
3 8]
< &7
8_'
g] §
o] —— Cluster D
=N —— Cluster C
=1 —— Cluster B
rrrrrrrrrm rrrrrrrTrmi rrrrrrTimi I'l'l'l'l'l I'l'l'l'l'l Cluster A
0O 40 8 % 0 40 8 % 0 40 8 % 0 40 % %
C. tumefactum  S. concentrica  A. dunelmensis  C. d/'scover/a /-/. fa(:/s

Fig. 5. Plots of relative abundance of important ostracod species in Core JM10-10 GC. Samples of low abundance (less than 10 specimens) are excluded. Indicator species of Clusters
A, B, C and D are highlighted by corresponding color used in Fig. 3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)



8 S.Y. Tian et al. / Quaternary Science Reviews 233 (2020) 106237

JM 10-12 GC

0

Age (cal BP)
12000 10000 8000 6000 4000 2000
| I I I AU NN N I I NI T B I |

L

i

o0
| LU L U R | SN L R | R LU | LU
0 40 80 % 0 40 80 % 0 40 80 % 0 40 80 % 0 40 80 % 0 40 80 %
C. dimlingfonensis C. inzukir C. montrosiense C. pseudomontrosiense E. concinna N. leioderma

©7 % ﬁ
o ¢ =
S q
N 4
o 1 { §
o ]
o
<
o o] %
n 8]
- 2] /
3 8] < 3
I % ;
o 1
o
S ]
8_
o__
g
< ; :
| R R | L R U | R U | U | SR U | U
0 40 80 % 0 40 80 % 0 40 80 % 0 40 80 % 0 40 80 % 0 40 80 %
S. bradii S. punctillata B. constricta C. cluthae C. arcuatum C. paralafissimum
©7 % %
o] & g
o
o
ISl
o
o
o
SE
o o]
o 8]
—_ O
©w © 4
s 4
[=
o 2
< 8
o 1
o
8]
A —— Cluster D
S A —— Cluster C
g
I | | —— Cluster B
- Cluster A

i1 i i1 i Mrrrrrrirl
0O 40 8 % 0 40 80 % O 40 8 % O 40 8 % O 40 80 %

C. tumefactum  S. concentrica A. dunelmensis  C. discoveria H. facis

Fig. 6. Plots of relative abundance of important ostracod species in Core JM10-12 GC. Samples of low abundance (less than 10 specimens) are excluded. Indicator species of Clusters
A, B, C and D are highlighted by corresponding color used in Fig. 3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)



S.Y. Tian et al. / Quaternary Science Reviews 233 (2020) 106237 9

Table 1

Indicator Value scores of ostracod species for each cluster and corresponding p-value.
Species Cluster A Cluster B Cluster C Cluster D p-value
Acanthocythereis dunelmensis 0.958717 0.002506 0.002176 0 0.001
Argilloecia sp. 1 0.075352 0.006367 0.146314 0 0.233
Argilloecia sp. 2 0 0.013717 0.043805 0 0.604
Bythocythere constricta 0 0.148346 0.004856 0 0.047
Cluthia cluthae 0.053578 0.307193 0.094853 0 0.023
Cytheropteron arcuatum 0 0.450434 0.184302 0.007909 0.002
Cytheropteron biconvexa 0.066882 0.103582 0.259639 0.012386 0.107
Cytheropteron dimlingtonensis 0.256061 0.087882 0.00482 0.282091 0.044
Cytheropteron discoveria 0.303358 0.009527 0.002878 0 0.001
Cytheropteron inflatum 0.002161 0.175862 0.059062 0.085325 0.308
Cytheropteron irizukii 0 0.00201 0.002067 0.158587 0.026
Cytheropteron laptevensis 0 0.082765 0.015655 0.01296 0.352
Cytheropteron montrosiense 0 0.116478 0 0.189822 0.019
Cytheropteron nodosum 0.009073 0.001858 0.009315 0.121573 0.095
Cytheropteron nodosoalatum 0.124894 0.107746 0.044409 0 0.519
Cytheropteron paralatissimum 0.017583 0.257464 0.005404 0.22343 0.032
Cytheropteron pseudomontrosiense 0 0.034015 5.77E-06 0.905081 0.001
Cytheropteron tumefactum 0 0.155239 0.006995 0.010807 0.044
Elofsonella concinna 0 0.052374 0.472403 0 0.001
Heterocyprideis fascis 0.385669 0.133498 0.001291 0 0.003
Heterocyprideis sorbyana 0 0.037709 0.205298 0.008624 0.072
Krithe glacialis 0 0.125621 0.042817 0.095453 0.318
Loxoconcha sp. 0 0.062959 0 0.043213 0.233
Normanicythere leioderma 0 0.01196 0.742277 0.00497 0.001
Pseudocythere caudata 0 0.0321 0.010533 0 0.8
Rabilimis mirabilis 0 0 0.08 0 0.233
Sarsicytheridea bradii 0.217476 0.080423 0.518348 0 0.001
Sarsicytheridea punctillata 0 0.010957 0.869599 0 0.001
Semicytherura complanata 0.128733 0.257017 0.12248 0 0.088
Semicytherura concentrica 0 0.149904 0.001683 0 0.036

Table 2

Autoecology summary of indicator species and Krithe glacialis.
Species Cluster Autoecology References
Acanthocythereis dunelmensis, Cytheropteron A Relatively deep (lower neritic) and cold water, (Stepanova et al., 2003, 2019; Stepanova, 2006; Gemery

discoveria full marine et al,, 2017)

Heterocyprideis fascis A Shallow (neritic) and cold water, euryhaline (Brouwers, 1992; Gemery et al., 2017)
Bythocythere constricta, B Relatively deep (lower neritic) and cold water, (Penney, 1989; Brouwers, 1992; Stepanova et al., 2003,

Cluthia cluthae, full marine
Cytheropteron arcuatum, Cytheropteron tumefactum,

Semicytherura concentrica

Cytheropteron paralatissimum B Cold water, full marine
Elofsonella concinna, Sarsicytheridea bradii, C

Sarsicytheridea punctillata
Normanicythere leioderma C

Krithe glacialis

Shallow (neritic) and cold water, euryhaline

Shallow (neritic) and cold water, full marine
Deep (uppermost bathyal) and warm water, full (Whatley et al., 1998; Stepanova, 2006)

2007, 2012, 2019)

(Lord, 1980; Brouwers, 1992)

(Cronin, 1981; Penney, 1993; Stepanova et al., 2003,
2012, 2019; Stepanova, 2006)

(Gemery et al., 2017; Stepanova et al., 2019)

(Brouwers, 1992; Stepanova, 2006)

Deep (lower neritic to uppermost bathyal) and (Whatley and Masson, 1979; Stepanova, 2006)

Yasuhara et al. (2014)

marine
Cytheropteron montrosiense D Shallow (neritic) and cold water
Cytheropteron dimlingtonensis D

cold water, full marine
Cytheropteron irizukii D Deep (bathyal) and cold water
Cytheropteron pseudomontrosiense D

Deep (upper bathyal) and cold water, full marine (Stepanova et al., 2003, 2019; Stepanova, 2006)

shallower neritic zone with freshwater discharge (Stepanova et al.,
2019). From YD-Holocene transition to early Holocene, develop-
ment of low-salinity conditions indicated by the Cluster C assem-
blage is not unexpected in Storfjorden since the depositional
environment changed from a deep bathyal setting to a shallow
neritic setting, possibly under the greater influence of fresh surface
water. Furthermore, inflow of warm and saline Atlantic water may
be weaker after the major incursion event between
11,300—11,000 yr BP and local hydrology may be more dominated
by cold and fresh Arctic water (Cronin et al., 2012; Rasmussen et al.,
2012; Rasmussen and Thomsen, 2014, 2015). Freshening during
~11,000—2000 yr BP as inferred above is quantitatively illustrated

by MOSR reconstruction in Fig. 8. Maximum and minimum esti-
mations of paleo salinities both represent rapid decline across the
MWP-1B interval from high values before 11,300 yr BP to relatively
low values between ~11,000—2000 yr BP, despite slight timing
offset between two cores. Large (small) difference between the
maximum and minimum salinity estimations before (after)
11,300 yr BP likely reflects short-term (e.g., seasonal or inter-
annual) salinity variability. As ice had already retreated from the
Storfjorden inner basin during the YD-Holocene transition (Nielsen
and Rasmussen, 2018), the nearby large ice dome may have been
relatively stable during ~11,000—2000 yr BP with insignificant
meltwater discharge into Storfjorden as evident from generally low



10 S.Y. Tian et al. / Quaternary Science Reviews 233 (2020) 106237

Table 3
Summary of paleobathymetry (shown by orange box) of Clusters A—D.

Paleobathymetry

Cluster | Indicator species Upper neritic- | Lower neritic

middle neritic

Bathyal

A Acanthocythereis dunelmensis
Cytheropteron discoveria

Heterocyprideis fascis

B Bythocythere constricta
Cluthia cluthae
Cytheropteron arcuatum
Cytheropteron paralatissimum
Cytheropteron tumefactum

Semicytherura concentrica

C Elofsonella concinna
Normanicythere leioderma
Sarsicytheridea bradii

Sarsicytheridea punctillata

D Cytheropteron dimlingtonensis
Cytheropteron irizukii

Cytheropteron montrosiense

Cytheropteron pseudomontrosiense

IRD content (Rasmussen and Thomsen, 2015). In summary, paleo-
ceanographic conditions were probably cold and slightly fresher
with an inactive ice-sheet condition in this long, stable interval.

(A) JM 10-10 GC (B) JM 10-12 GC
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The uppermost core sediments (after ~2000 yr BP) are charac-
terized by the prevalence of Cluster A and B indicator species and
the disappearance of Cluster C indicator species (Figs. 3, 5 and 6 ).
This succession indicates the establishment of modern conditions
at ~2000 years ago. Acanthocythereis dunelmensis and Cytheropteron
arcuatum as the most important indicator species of Cluster A and
Cluster B respectively are both fully marine, cold and relatively
deep (lower neritic) species while another important indicator
species of Cluster A, Heterocyprideis fascis, is euryhaline, cold and
shallow species (Table 2) (Stepanova, 2006; Gemery et al., 2017;
Stepanova et al., 2019). Coexistence of fully marine species (domi-
nant) and euryhaline species (rare) in this period may indicate a
generally saltier but highly variable environment, which is
consistent with our MOSR reconstruction showing higher salinities
with larger differences between maximum and minimum esti-
mates after ~2000 yr BP. The surrounding ice sheets may have been
active again to develop seasonal ice cover over Storfjorden (i.e.
Neoglacial glacier advance) as indicated by peaks in IRD concen-
tration and abundance of colder-water indicator benthic forami-
nifera species Elphidium excavatum (Rasmussen and Thomsen,
2015). Destabilization of the oceanic and glacial conditions after
~2000 yr BP is widely indicated by other studies in Svalbard region,
which show long-term cooling culminated during the Little Ice Age
(LIA) to cause glacier advance (Rasmussen et al., 2012; van der Bilt
et al., 2015; Farnsworth et al., 2018; Geirsdéttir et al., 2019).

6. Conclusion

Our ostracod record allows continuous observation of the
Svalbard margin post-glacial emergence in higher time resolution
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than that of raised beach studies. We successfully reconstructed
relative sea-level history in Svalbard, a near-field region, that
showed the isostatic rebound of MWP-1B of
~40—80 m at~11,300—11,000 yr BP associated with the regional ice-
sheet retreat possibly triggered by warm Atlantic water incursion.
Low-salinity and cold conditions probably prevailed in Storfjorden
with stabilization of regional ice sheets during ~11,000—2000 yr BP.
Modern-like oceanographic, climatic and glacial conditions were
established at ~2000 yr BP that were characterized by an active ice-
sheet and perhaps even colder conditions, consistent with current
understanding of Neoglacial glacier advances and cooling.

We found clear near-field evidence of MWP-1B that was pre-
viously elusive from far-field records (Lambeck et al., 2014) and not
known from near-field records (Bard et al., 2010). High-resolution
down-core ostracod record allows continuous reconstruction of
subtidal water-depth and thus sea-level changes in a single loca-
tion. This is complementary both to high-resolution, indirect sea-
level records from a single location (e.g., oXygen isotope) and to
direct sea-level records from many different locations (e.g., corals).
Deglacial-Holocene sea-level studies tend to focus on far-field re-
gions, because they record near eustatic sea-level changes with
minimal isostatic effects. But near field records with sensitive in-
dicator like ostracods can help to identify abrupt sea-level events.
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