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Abstract

Mg/Ca-ratios have been used to reconstruct the temperature variations observed in the
Atlantic Water carried towards the Arctic by the North Atlantic Current (NAC) and the West
Spitsbergen Current (WSC). The investigated sediment cores are located in outer Andfjorden,
Northern Norway (69°18" N) and on the West Spitsbergen Slope, eastern Fram Strait (78°54"
N). Both proxy records cover the past 14,000 cal yr B.P. The eastern Fram Strait Mg/Ca-
ratios were measured on the planktic foraminiferal species Neogloboquadrina pachyderma.
The Andfjorden Mg/Ca-ratios were measured on the benthic foraminiferal species Melonis
barleanus and stable oxygen and carbon isotopes were measured on the benthic foraminifer
Cassidulina leavigata in the Holocene part of the record. In the eastern Fram Strait little
change in sea surface temperature (SSTwmgca) is Observed across the Late Glacial - Holocene
boundary. Average temperatures were ca. 3.8°C. A temperature decline initiated in the early
Holocene and culminated with lowest recorded averages of ca. 2.8°C at ca. 6,000 to 3,000 cal
yr B.P. After 3,000 cal yr B.P. SSTs gradually increased reaching the highest recorded values
averaging 5°C at ca. 1,100 cal yr B.P. to present. The SSTwgca development correlates well
with other Nordic Seas paleo records. The paleo records were governed by different forcing
factors like fluctuations of insolation, North Atlantic Deep Water formation intensity, and
poleward Atlantic Water advection due to changes of the atmospheric pressure systems.
Furthermore, changes of the calcification season for N. pachyderma might have been a
contributing factor to the observed signal. In Andfjorden bottom water temperatures

(BWTwmgica) at ca. 500 meters water depth showed a strong influence from coastal waters
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during the deglaciation. Relatively high BWTwgca 0f ca. 4.6°C was recorded during the
Balling/Allerad followed by a decline in the Younger Dryas showing average values around
3.3°C. BWTwgica increased markedly to ca. 7°C at 11,500 cal kyr B.P., when Atlantic Water
started flowing into the Andfjorden. BWTgca remained high and relatively stable with
average values of ca. 11°C during the Holocene except for a small significant decrease
observed from ca. 4,000 to 3,500 cal yr B.P. In general the Holocene BWT vgca development
correlates with the decreasing insolation at 70°N.

1. Introduction.

In order to elucidate modern climate changes observed in Arctic and Subarctic environments,
it is necessary to improve the knowledge regarding long term naturally occurring climate
variations in the region (IPCC, 2007). The climate development in the Nordic Seas over the
past 14.000 years have previously been studied in regard to numerous different proxies
including distribution of diatoms (e.g. Koc et al., 1993), planktic foraminifera (e.g. Hald et
al., 2007), benthic foraminifera (e.g. Slubowska-Woldengen et al., 2008), ice rafted debris
(IRD) (e.g. Bond et al., 1997), stable isotopes in planktic and benthic foraminifera (e.g.
Bauch et al., 2001, Rasmussen, T. L. et al., 2007). All these studies and many more have
elucidated that both the Late Glacial and the Holocene climate was variable. Many forcing
factors and mechanisms are suggested to have governed the observed variability. These
include orbital forcing resulting in changes in overall insolation forcing (Berger and Loutre,
1991), solar irradiance variability (Steinhilber et al., 2009), changes in atmospheric pressure
systems giving rise to displacement of primary wind patterns (North Atlantic Oscillation
index) (Hurrell, 1995), expansion and retraction of sea ice cover (Bond et al., 1997, 2001),
North Atlantic Deep Water (NADW) formation variability (Oppo et al., 2003) and freshwater
outburst from waning terrestrial ice sheets altering the thermohaline circulation (Teller et al.,
2002; Alley and Agustsddttir 2005). An additional complication in the interpretation of
paleoceanographic climate records is that surface and subsurface water masses respond
differently to the intricate interactions of forcing mechanisms though the Holocene (e.g.
Andersson et al., 2009).

In the north Atlantic and Nordic Seas observed variation in Atlantic Water inflow and
composition during the Late Glacial and Holocene has been ascribed to and explained by
various forcing factors and ecological parameters. These include atmospheric forcing

(Risebrobakken et al., 2003; Giraudeau et al., 2004), ecology difference between zoo- and



phytoplankton (Jansen et al., 2008), orbitally driven seasonality changes (Hald et al., 2007;
Jansen et al., 2008) and stratification due to surface water freshening (Giraudeau et al., 2004;
Hald et al., 2007).

Studies have shown that Mg/Ca-ratios exponentially (or linearly) are positively correlated to
water temperatures in both planktic (e.g. Elderfield and Ganssen, 2000; Kozdon et al., 2009)
and benthic foraminifera (e.g. Lear et al., 2002; Kristjansdattir et al., 2007). The present
study uses long time series of high resolution Mg/Ca-ratio measurements to calculate the
temperature of the Atlantic Water transported toward the Arctic during the Late Glacial and
Holocene. Similar long time series analyses of Mg/Ca-ratios have not previously been
presented from Subarctic or Arctic environments. However, shorter time series utilizing the
Mg/Ca method have been presented by Spielhagen et al. (2011) (eastern Fram Strait; N.
pachyderma; 2,000 cal yr B.P. to present) and Rervik et al. (submitted) (Malangen fjord,
North Norway; Cassidulina neoteretis; 8,000 to 1,600 cal yr B.P.). SiZer analysis is used in
the present study to identify significant changes taking place in the presented proxy records.
Subsequent correlation to observed variations in North Atlantic and Nordic Sea paleo records
is performed in order to elucidate on the forcing factors controlling the physical composition
of the advected Atlantic Water. Mg/Ca-ratios have been measured at two strategic sites under
the inflow of Atlantic Water via the North Atlantic Current (NAC) and West Spitsbergen
Current (WSC). In Andfjorden, Northern Norway, Mg/Ca ratios measured on the benthic
foraminifer Melonis barleanus were used to calculate bottom water temperatures (BWT vg/ca).
The bottom water conditions were further studied by analyzing stable isotopes in the benthic
foraminifer Cassidulina laevigata. The combined BWTwgca and stable oxygen isotope (8*°0)
values furthermore enable a tentative analysis of the relative bottom water salinity changes
during the Holocene. In the eastern Fram Strait the Mg/Ca ratios measured on the planktic
foraminifer Neogloboquadrina pachyderma formed basis for reconstructions of (sub) surface

water temperatures (SSTwmg/ca)-

2. Oceanographic setting

The majority of the Atlantic Water is transported into the Nordic Seas over the Faeroe-
Iceland Ridge at ~62°N (Hansen & @sterhus, 2000) (Fig 1). The Atlantic Water is advected
northward in the North Atlantic Current (NAC; T>2°C, S>35) (Hopkins, 1991) adjacent to
and below the Norwegian Coastal Current (NCC; T=3 to 13°C, S=30 to 34) (Aure and
Strand, 2001) following the bathymetry along the Norwegian shelf (Fig 1). Presently the



Atlantic Water of the NAC has a thickness 500 to 600 m along the Norwegian continental
shelf (Furevik et al., 2007). The NCC forms a westward thinning wedge over the Atlantic
Water with a northward increasing depth varying between 50 to 150 m. The NCC is a
mixture of Atlantic Water and fresh water originating from the Baltic Sea that is being
continuously infused with run-off along the Norwegian coast (Aure and Strand, 2001). The
shelf water enters into the Andfjorden (Fig 1) along the western slope and exits along the
eastern slope (Nordby et al., 1999). At the studied core site the upper 125 m of the water
column is influenced by the fresh NCC with salinities of ca. 33 and temperatures averaging
8°C (October 1999) (Fig 2). During summer the surface temperatures reach 12°C (Aure and
Strand, 2001). The water masses from ca. 125 to 300 m water depth are a mixture of water
from the NCC and Atlantic Water. Below 300 m water depth Atlantic Water dominates
(T~7.8°C; S>35) (Fig 2).

The NCC continues northward and turns east into the SW Barents Sea alongside a branch of
the NAC, the North Cape Current (Schauer et al., 2002). The other branch of the NAC
continues further north along the west Barents Sea and Spitsbergen slopes where it is termed
the West Spitsbergen Current (WSC) (Schauer et al., 2004) (Fig 1A & B). Atlantic Water (T:
3t0 7°C; S: 34.9 to 35.2) is carried by the WSC into the Arctic Ocean in the eastern part of
the Fram Strait where it occupies the upper ~700 meters of the water column (Schauer et al.,
2004; Walczowski et al., 2005) (Fig 1). In the Fram Strait the Atlantic Water submerges at
~78°N and is partly advected back south (Bourke et al. 1988) underneath the southward
flowing East Greenland Current (Rudels et al. 2005) (Fig 1). The remaining Atlantic Water
disperses into several sub currents in the Arctic Ocean (Manley, 1995). In the eastern Fram
Strait modern temperatures in the melt water influenced surface layer (0 to 25 m) reach 8.2°C
with a salinity at 34.95 (August 2006) (Fig 2). From 25 to 550 m Atlantic Water dominates
(T~4°C; S=35 to 35.15). Below 550 m water depth Arctic Water is found (T= -1 to 1°C;
S$=34.9).

3. Material and methods

Sediment cores from Andfjorden, northern Norway and the West Spitsbergen slope were
investigated (Fig 1, Table 1). The paleo record from Andfjorden is based on two sediment
cores T79-51/2 and JM99-1200 (T79/JM99) previously studied by Hald and Hagen (1998) in
addition to Ebbesen and Hald (2004). The lithology is described specifically by Vorren et al.
(1983) and Plassen and Vorren (2002). The lithology of core MSMO05/5-712-2 was described



onboard the R/V “MERIAN S. Merian” after coring. CTD profiles from both core site areas

are shown in figure 2.

3.1. Age models

Age models have been constructed on the basis of 1*C AMS dates using linear interpolation
between dated levels (Fig 3 & Table 2). The two cores from Andfjorden (T79-51/2 and
JM99-1200) have been spliced together to form a single paleo record (Fig 3). The AMS dates
from T79-51/2 and JIM99-1200 were measured on various mollusc shells and fragments of
shells (Table 2). Age models have previously been developed for these cores (Hald and
Hagen, 1998; Ebbesen and Hald, 2004). In this study the radiocarbon dates were recalibrated
with Calib version 6.0 (Reimer et al., 2005; Stuiver et al., 2005) using the marine calibration
curve Marine09 (Hughen et al., 2004; Reimer et al., 2009). The standard reservoir correction
of 400 years (R) was used in all calibrations. Furthermore the local reservoir age of 64+35
years (AR) was applied (Ebbesen and Hald, 2004) (Table 2) apart from during Younger
Dryas (11 to 10 **C kyr) where a reservoir age of 200+50 years (AR) was applied (Bondevik
etal., 1999, 2006) (Table 2). The two cores, T79-51/2 and JIM99-1200, were spliced together
at ca. 10.6 *C kyr where *C measurements almost overlap (Table 2). An age model was
developed with linear interpolation between calibrated ages and the lowest date in T79-51/2
(at 318 cm) and the Vedde Ash layer in JM99-1200 (at 436.5 cm) (Gronvold et al., 1995).
The sediment accumulation rate shows high and variable values on the late Glacial/Holocene
transition (~35 to 424 cm/kyr) with low and stable values (<16 cm/kyr) after ~9.5 kyr (Fig 3).
The age model of MSMO05/5-712-2 was constructed on the basis of 10 AMS **C dates (Table
2). The AMS *C dates were carried out on planktic foraminiferal tests (N. pachyderma) from
the upper 441cm of the sediment core (Aagaard et al. (in prep); Werner and Spielhagen (in
prep); Giraudeau (in prep)). The AMS *C dates were calibrated using the latest calibration
program and marine calibration curve (See above for details). The local reservoir age
(AR=151+51) from Magdalenafjorden, Svalbard was used in the calibration (Mangerud and
Gulliksen, 1975; Mangerud et al., 2006) (Table 2). The sediment accumulation rate is highest
during Early Holocene and lowest in the early and late part of the studied time interval (Fig
3). All calibrated ages are an expression of years before present (1950). Late Glacial and
Holocene chronostratigraphical zones used on figures and mentioned in the text follow
Mangerud et al. (1974), Rasmussen, S. O. et al. (2007), Steffensen et al. (2008) and Walker
et al. (2009).



3.2. Element analysis and contaminants

The sediment cores were sub sampled in 1 cm (MSMO05/5-712-2) and 2 cm (T79-51/2 and
JM99-1200) slices. The sediment was wet sieved at 63um, 100pum and 1mm mesh sizes. For
trace metal analysis of the Andfjorden record T79/JM99 (Fig 4) specimens were picked from
the >100um size fraction ensuring that specimens were of similar size. In T79/JM99 15 to 50
infaunal benthic foraminifera (Melonis barleanus) were picked per sample. Samples were
picked at 4 cm resolution in T79-51/2 and at 5 to 10 cm resolution in JIM99-1200 yielding a
temporal resolution of ca. 8 to 300 yr/sample in the combined record. Two different
phenotypes of M. barleanus were observed in the samples; a small “Slim” phenotype and
medium sized “Transitional” phenotype following Quillmann & Jennings (in prep). Prior to
11,600 cal yr B.P. only the “Slim” phenotype was observed. This phenotype generally is
small and most specimens were picked at the ca. 100 to 150um size interval. During the
Holocene the “Transitional” phenotype of M. barleanus was dominating and was picked at
the >150um size fraction.

In MSMO05/5-712-2, West Svalbard Slope ca. 50 specimens per sample of the planktic
foraminiferal species N. pachyderma were picked for trace metal analysis (Fig 5). Samples
were picked at 2 cm and 3 cm resolution in the upper part (0 to 210cm) and lower part (210 to
441cm) of the sediment core, respectively, translating into a temporal resolution of ~36 to
120 yr/sample. In general only the most pristine specimens were selected during the picking
procedure, i.e. very “dirty”” specimens or specimens visibly influenced by dissolution were
avoided. Furthermore specimens were picked within a relatively narrow size range (150 to
212um) to reduce size dependant bias on the Mg/Ca measurements (Elderfield et al., 2002).
After picking the foraminiferal tests were crushed and reductively (anhydrous hydrazine) and
oxidatively (H,0O,) cleaned (Boyle and Keigwin, 1985; Boyle and Rosenthal, 1996).
Subsequently the samples were analyzed by magnetic-sector singlecollector ICP-MS, on a
Thermo-Finnigan Element?2 at the Litmann laboratory, University of Colorado operating with
a long-term 1o precisions of 0.54% for Mg/Ca measurements (Marchitto, 2006). Other trace
element ratios simultaneously measured were: Mn/Ca, Fe/Ca and Al/Ca (Fig 4 & 5). After
about 30 measured samples, a replicate analysis was carried out. The average reproducibility
of sample splits was +£0.089 (T79-51/2 and JM99-1200) and +£0.039 mmol/mol (MSM5/5-
712-2) in regards to Mg/Ca which on average is below <5% difference between duplicate
measurements. Samples with <0.1 Ca recovery (<5ug CaCOs3) were rejected (Marchitto,
2006) (Fig 4 &5). The Fe, Al and Mn (Fig 4 & 5) are tracers of contamination that might
bias the Mg/Ca ratios (Barker et al., 2003). Fe and Al are tracers of detrital material



contamination (silicate minerals) and Mn is tracer of secondary diagenetic (Mn-rich
carbonate coating (Boyle, 1983).

In regards to contamination the two present proxy records were treated differently. In the
subarctic proxy record from Andfjorden (T79/JM99) the contamination thresholds for Fe, Al
and Mn (>100umol/mol) (Barker et al., 2003) are frequently transgressed (Fig 4). However,
the Mg/Ca ratios are generally high in this record making the impact of contamination
relatively smaller. Furthermore correlation between the Mg/Ca ratio and Fe/Ca, Al/Ca,
Mn/Ca ratios is weak (Fig 6). Therefore only samples with low CaCOj3 recovery were omitted
(Fig 4).

In the Arctic proxy record at west Spitsbergen slope (MSM05/5-712-2) all samples with >100
pmol/mol in regards to Fe, Al and Mn were omitted (Fig 5) because low Mg/Ca ratios are
relatively more susceptible to contamination bias. Furthermore the weak but present
correlation between Mg and Fe (R?=0.25) and Mn (R?=0.22) demand extra caution while Al
show no significant correlation to Mg (R?=0.01) (data not shown) (Fig 6).

3.3. Isotopic analysis

Stable isotope analysis was conducted at the (Leibniz Labor Kiel) using a Finnigan MAT 253
mass spectrometer with a reproducibility of +0.04 for §"*C and +0.07 for 5'%0. Results were
calibrated to Pee Dee Belemnite (PDB) standard. The measurements were performed on
average 34 specimens of the benthic foraminiferal species Cassidulina laevigata (n=161) (Fig
4). The specimens were picked at the >125um size fraction at 2-cm intervals throughout core
T79-51/2 (Andfjorden) covering most of the Holocene. The 80 values measured on C.
laevigata (present study) and C. reniforme (Ebbesen and Hald, 2004) were corrected for a
vital effect of 0.19%o and 0.27%. (Poole, 1994), respectively (Fig 4). The 5'%0 values were
corrected for ice volume effect where 0.11%o change in 5'20 signal corresponds to a sea level
change of 10 m (Fairbanks, 1989) (Fig 4).

3.4. Water temperature and relative salinity reconstruction

Sea water temperatures were calculated on Mg/Ca ratios measured in foraminiferal tests
using species specific temperature equations (Fig 7). For M. barleanus an equation developed
on the basis living specimens from shallow Iceland and Greenland shelves was used to
calculate bottom water temperatures (BTWwmgca) (Fig 8) (Kristjansdottir et al., 2007): (Eq. 1)
Mg/Ca =0.658 £ 0.07 * exp(0.137 £ 0.020 * T). The equation is based on fauna living in



water temperatures of ~0 to 7°C which is equivalent or slightly below to the expected
paleotemperatures.

The Mg/Ca ratios of N. pachyderma were calculated into sea surface temperatures (SSTwmg/ca)
using the linear equation of Kozdon et al. (2009): (Eq. 2) Mg/Ca (mmol mol™) = 0.13
(x0.037) * T + 0.35 (£0.17) (Fig 7). This equation is based on cross calibrated Mg/Ca and
§*40 Ca proxy signals of N. pachyderma from Nordic Sea core top samples and covers a
temperature range of ca. 3 to 6°C.

Tentative paleo bottom water temperatures based on isotopes (BWT sotope) Were calculated
using the equation of Shackleton (1974): (Eq. 3) T=16.9 — 4 * (5'®0 — §*%0,,), assuming
constant 8*%0,, of 0.2 corresponding to a salinity of 34.5 in northern Norwegian fjords
(Mikalsen et al., 2001) (Fig 7). Tentative relative changes in bottom water salinity were
calculated using Eq.3. §'%0,, (PDB) was estimated inserting the BWTwg/ca calculated on M.
barleanus and 5'%0. values of C. laevigata in Eq. 3. 5'%0,, (PDB) was subsequently
converted to SMOW scale by adding 0.2%o. Translation of '%0,, (SMOW) to relative salinity
change was done using the mixing line developed for Andfjorden by Austin and Salomonsen
(in prep): (Eq. 4) S = (14.88 + 8" Owater, vs. v-smow) / 0.43. However, it must be noted that the
Mg/Ca and 580, signals were measured on different species and therefore the bottom water

salinity can only be translated into relative changes.

3.5. SiZer and spectral analysis

SiZer (Significance of Zero Crossings of the Derivative) analysis was conducted on separate
and combined proxies from both records in order to elucidate and test statistical reliability of
the major tends/developments in the records (Chaudhuri and Marron, 1999). The method was
used to explore significant features in the proxy records. The method assumes that individual
values are independent random variables. During the analysis a family plot is generated
which is a smoothing of data at minimum to maximum resolution (Fig 8). By studying the
wide range of resolutions (bandwidth, h), features in the curve can be identified at different
levels of smoothing. Thereby the true underlying curves at particular levels of resolution are
identified and insignificant natural variability is eliminated. The SiZer plot therefore gives a
measure of the true variation observed in the proxy records. The SiZer map identifies patterns
in the family plot by highlighting significant features (i.e. true decrease or increase in the
curve) via a graphical display over age and scale (Fig 8). On proxies measured in Andfjorden
the SiZer method was applied to the stable oxygen isotope (8*°0) record in T79-51/2 (Fig
8A) and to the BWTwgca record from combined cores T79-51/2 and JM99-1200 covering the



past 14 cal yr B.P. (Fig 8C). SiZer analysis was performed on the West Spitsbergen Slope
SSTwmgca record measured using linear temperature equation (Fig 8D). The twoSiZer analysis
was applied in order to test pairs of time series against each other at equal times on various
timescales (Fig 8B: §'°0 - Mg/Ca ratios in core T79-51/2; Fig 8E: BWTgca, (Andfjorden) —
SSTmgca (West Spitsbergen slope). This approach enables direct comparison of relative rates
and directions of change between individual proxy records.

Spectral analysis was conducted on various records in order to identify recurrent patterns. In
the Andfjorden proxy records (T79-51/2 + JM99-1200) data were to scarce for analysis,
while despite sufficient data points no significant periodicities were observed for the eastern
Fram Strait record (MSMO05/5-712-2) (data not shown).

4. Results

4.1. Subarctic record of benthic Mg/Ca ratios and stable isotopes (T79-51/2 and JM99-
1200)

The trace metal analysis conducted at the benthic foraminifera M. barleanus is shown in
Figure 4. The contamination with Mn, Fe and Al is quite extensive in T79-51/2 and JM99-
1200 (Fig 4). However, no correlation between Mg/Ca and the contaminant indicators is
found and the Mg/Ca values are thus assumed to be relatively unaltered by contamination
(Fig 6). A few measurements prior to 11,700 cal kyr B.P. with low CaCOj3 recovery were
omitted (Fig 4). From 14,000 to 11,600 all element analysis was conducted on M. barleanus
(Slim) (Fig 4). The Mg/Ca values prior to ~12,800 cal yr B.P. average 1.26 mmol/mol and
drop to 1.04 mmol/mol at ~12,800 to 11,600 cal yr B.P. After 11,600 cal kyr B.P and for the
remainder of the record all analysis was conducted on M. barleanus (Transitional) (Fig 4).
The two low values measured at 11,600 cal yr B.P. (~0.82 mmol/mol) are followed by a
marked shift to high stable values, averaging 2.6 mmol/mol values at 11,400 to 10,000 cal yr
B.P. (Fig 4). At ca. 10,000 cal yr B.P. the Mg/Ca values increase further to reach an average
of 3.08 mmol/mol. At 10,000 to 400 cal yr B.P. the values show a slightly decreasing trend
while some scatter between neighboring values is observed. Reconstructed BWTwg/ca sShows
low values before 12,800 cal yr B.P. (averaging 4.6°C) and a decline at 12,800 to 11,600 cal
kyr B.P. (averaging 3.3°C) (Fig 7). The cold interval is followed by a large increase to ca.
10°C lasting from ca. 11,600 to 10,000 cal yr B.P. At 10,000 cal yr B.P. BWTugca rise
further to ca. 11.5°C and exhibit a slightly upward decreasing trend for the remainder of the
record (Fig 7).
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Stable isotopes measured on the benthic foraminiferal species C. laevigata in core T79-51/2
cover the time interval from 11,600 to 400 cal yr B.P (Fig 4). The 520 values are initially
enriched with values averaging 3.6%o. A rapid transition is observed at 11,600 to 11,500 cal
yr B.P. during which values decrease ca. 1.2%o. Subsequently an increase is observed with
values fluctuating around 2.75%. at 11,600 to 10,500 cal kyr B.P. At 10,500 cal yr B.P.
values decrease further to ca. 2.5%o followed by a steady increase to ca. 3%o at the top of the
record (Fig 4). The BW T sotope estimated from the 5'°0 signal (constant salinity) show a rapid
increase from 1.5 to 8°C in 100 years (11,600 to 11,500 cal yr B.P.), before dropping ca. 2°C
at 11,500 to 10,600 cal yr B.P. (Fig 7). At 10,600 cal yr B.P. values increase to ca. 7.5°C and
subsequently decline steadily toward ca. 6°C (Fig 7). The §*°C values initially fluctuate
rapidly between -1.3 to -0.8%o at 11,600 to 11,000 cal yr B.P. (Fig 4). After 11,000 cal yr
B.P. the values gradually increase to average ca.

-0.3%o at ca. 5,000 to 1,500 cal yr B.P. before a slight decrease is observed at the top 1000
years of the record (Fig 4). The relative salinity change shows an increase at 11,600 cal yr
B.P. from -0.1%o to averages of 1.2%o corresponding to a ca. 3 unit salinity increase (Fig 7).
Values decrease again to around 1% at 11,400 to 10,000 cal yr B.P. At 10,000 cal yr B.P.
values increase ca. 0.5%o (ca. 1.2 salinity units). The values average of ca. 1.5%o for the rest

of the record with the fluctuation amplitudes decreasing towards to top of the record (Fig 7).

4.2. Arctic record of planktic Mg/Ca ratios (MSMO05/5-712-2)

The trace metal analysis conducted at the planktic foraminifera N. pachyderma is shown in
Figure 5. Samples with low CaCO3 recovery and/or high Mn, Fe and Al values (>100
pmol/mol) were omitted from further interpretation (Fig 5). At ca. 10,500 to 7,800 cal yr B.P.
generally high Mn/Ca values are found (average ~80 pmol/mol). In this interval five samples
exceeded the level of contamination and were omitted. During and in close temporal
proximity to Younger Dryas Mn/Ca values are also intermittently elevated but only one
sample exceeds the contamination threshold (Fig 5). Contamination level Fe/Ca values are
found prior to ca. 10,300 cal yr B.P. at the top of the record (Fig 5). In total four samples
were omitted due to Fe contamination. Al/Ca values are generally low (<50 pumol/mol) with
only two samples at 7,900 and 200 cal yr B.P. omitted (Fig 5). The Mg/Ca values fluctuate
between 0.6 to 1.1 mmol/mol with highest values prior to ca. 7,900 cal yr B.P. (average ~0.83
mmol/mol) and after ca. 2,500 cal yr B.P. (average ~0.89 mmol/mol) (Fig 5). Through the
Late Glacial - Holocene transition Mg/Ca values fluctuate between 0.6 and 1.05 mmol/mol,

but only little sustained change is registered. However, an early Holocene maximum could be
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construed at ca. 10,500 to 7,900 cal yr B.P. with many high values above 0.95 mmol/mol and
minimum values rarely below 0.75 mmol/mol. At 7,900 to 2,600 cal yr B.P. generally lower
values are found (average ca. 0.75 mmol/mol) with especially low values with dampened
variability found at ca. 5,200 to 2,600 cal yr B.P. (Fig 5). The SSTwugcareconstruction (Fig 7)
mirrors the Mg/Ca measurements (Fig 5) due to the linearity of the formula used (Kozdon et
al., 2009). It must be cautioned that the equation of Kozdon et al. (2009) is based on samples
that have not undergone the reductive cleaning step. The reductive cleaning lowers the
Mg/Ca ratio by ca. 15% on average (Barker et al., 2003). However, despite the lowest
SSTwgrca Values (<2.5°C) trespassing of the lower sensitivity level of Eq. 2 the values can still
be regarded as sound reflections of water temperatures as long as the cleaning procedures are
kept in mind (Kozdon pers. com.). The sub SSTwgca Values fluctuate between 5.8 to 1.9°C
(Fig 7). Highest values are found at ca. 10,500 to 7,900 cal yr B.P. (average 3.8°C) and after
ca. 2,600 cal yr B.P. (average 4.1°C). Lowest sub SSTwugca is recorded at 7,900 to 2,500 cal
yr B.P. (average 3.1°C) (Fig 7).

4.3. SiZer analysis

The results of the SiZer analysis including family of smooths (h) are shown in figures 8A-E.
The SiZer plot shows a map as a function of scale (y-axis: logig(h)) and location (x-axis: cal
yr B.P.). The SiZer analysis yields an estimate of whether the curve at the specific point (x,h)
has a derivative different from zero, i.e. if a true increase or decrease of the curve is observed.
The SiZer analysis of the benthic 20 values from the Andfjorden record (T79-51/2) show a
marked two step decrease at ca. 11,600 and 10,600 cal yr B.P. at multi decadal scale (Fig
8A). At ca. 9,000 cal yr B.P. an increase is observed which initially is seen in the multi
centennial bandwidth and develops into a sustained increase at multi-millennial scale for the
remainder of the record (Fig 8A). The twoSiZer plot is the result of subtracting the Mg/Ca
record (reflecting temperature variations) from the §'%0 signal (reflecting temperature and
salinity variations) (Fig 8B). The map shows that the "0 values decrease compared to
Mg/Ca at ca. 11,500 to 7,000 cal yr B.P., with pronounced fast (multi centennial) relative
change at ca. 10,700 and 10,000 cal yr B.P. After ca. 6,500 cal yr B.P. to the present the 820
values gradually increase relative to Mg/Ca (Fig 8B).

The SiZer analysis based on BWTwgca from the entire Andfjorden record (T79-51/2 and
JM99-1200) shows a significant decrease within a century at ca. 12,800 cal yr B.P. (Fig 8C).
At ca. 11,800, 11,000 and 10,000 cal yr B.P. marked centennial and bicentennial increases
are observed and at ca. 4,000 to 3,000 cal yr B.P. a decrease is observed at millennial scale
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bandwidth (Fig 8C). The SiZer analysis of the West Svalbard record of SSTwg/ca Shows a
significant temperature decrease at ca. 10,000 to 6,000 cal yr B.P. and a rise after ca. 3,000
cal yr B.P. (Fig 8D). The twoSiZer plot compares the temperature development in
Andfjorden (BWTwgca) and at the West Spitsbergen Slope (SSTwgica) by subtracting the
latter from the former (Fig 8E). At the beginning of the Holocene ca. 11,800 to 9,000 cal yr
B.P. the BWTwmgca in Andfjorden increase while the SSTugca 0N the west Spitsbergen slope
remain stable. After ca. 3,500 cal yr B.P. the BWTwgica in Andfjorden is approximately
constant while SSTwgca at west Spitsbergen increases resulting in significant overall

decreasing difference between the records (Fig 8E).

5. Discussion

The two Mg/Ca proxy records (Fig 4 & 5) and subsequent calculations into water
temperatures (Fig 7) show very different patterns throughout the Late Glacial and the
Holocene, despite that both are being derived from core sites under influence from Atlantic
Water via the NAC and WSC (Fig 1). This difference is mainly that the Andfjorden and west
Spitsbergen Slope records represent different depth intervals in the advected Atlantic Water,
i.e. recording fluctuations of bottom water masses at 500 m and surface/subsurface water
masses between 0 to 200 m water depth, respectively. The two core sites are also influenced
by very different current systems. At the west Spitsbergen Slope the water column is
influenced by Atlantic and Arctic Water masses while the Andfjorden is influenced by
Atlantic Water and Coastal water masses (Fig 1). Furthermore the record from Andfjorden
(60°N) is warmer compared to the record from the west Spitsbergen Slope (79°N) due to the
heat loss to the atmosphere during the meridional advection of Atlantic Water (Fig 1). The
difference between the records may also depict the increasing variability due to Arctic
amplifications of the climatic signals towards the north (e.g. Hald et al., 2007). In Andfjorden
the close proximity to land, glaciers and fresh water run-off during the deglaciation has
significant impact on the studied bottom water environment. During the deglaciation the
water depth in Andfjorden changed up to 30 m due to isostatic depression and eustatic sea
level rise (Vorren and Moe, 1986; Fairbanks, 1989), while during most of the Holocene the
water depth remained more or less constant. However, since the studied sediment cores were
taken at ~500 m water depth the changing water depth is assumed to have been of minor
importance in regards to BWTwgca and relative salinity change. The absolute BWTwg/ca

values recorded during the Holocene in Andfjorden range between ca. 9 to 12.5°C (Fig 7).
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Modern bottom water temperature was measured to 7.5°C in Andfjorden (October 1999) (Fig
2). Through the Holocene Atlantic Water inflow to the Nordic Seas at 62°N show stable
temperatures of about 8°C at ca. 350 m water depth (Rasmussen and Thomsen, 2010)
indicating that the absolute Holocene BWTvgca Values calculated further north in Andfjorden
are overestimated (Fig 7). However, preliminary parallel analysis of M. barleanus phenotypes
from the Holocene part of the present record indicates that “Transitional” M. barleanus
generate temperatures that are up to 3°C higher than “Slim” M. barleanus which suggests that
the phenotypes are governed by different temperature equations (Quillmann & Jennings,
unpublished data). Furthermore the “Transitional” specimens were relatively large (ca. 125-
200 um) compared to the “Slim” specimens (ca. 100-150 pm) which also may have played a
significant role in the overall Mg/Ca ratios (e.g. Elderfield et al., 2002). The Andfjorden
BWTwmgica record is based on both “Slim” (ca. 14,000 to 12.800 cal yr B.P.) and
“Transitional” (ca. 12,800 to 0,4 cal yr B.P) M. barleanus, hence the absolute values should
be regarded with some caution (Fig 7).

In the eastern Fram Strait at the West Spitsbergen slope temperatures in the surface or near
surface environment is recorded by N. pachyderma. This site was influenced by advected
Atlantic Water and melt water from retreating glaciers (e.g. Elverhgi et al., 1995; Landvik et
al., 1998; Birgel and Hass, 2004). The season and depth at which N. pachyderma calcifies is
controlled by factors such as sea ice cover, proximity to sea ice margins and oceanic fronts,
water mass distribution and food availability (Carstens et al., 1997; Volkmann, 2000).
Furthermore recent investigations have shown that N. pachyderma during its life cycle
migrates within the upper water column, reportedly being bound to a specific isopycnal layer
(or: 27.7 to 27.8) (Simstich et al., 2003; Kozdon et al., 2009). This means that N. pachyderma
prefers gradually deeper habitats with increasing sea surface temperatures (Kozdon et al.,
2009). Given the specific isopycnal layer disposition of N. pachyderma, the salinity of the
water mass presumably also governs the depth habitat of N. pachyderma, i.e. decreasing
salinities will, like increasing temperatures, make the species move to water masses with the
preferred water density. Therefore the Mg/Ca ratios and subsequent sub SSTwgca estimates
cannot be regarded as originating from a specific depth but rather a varying depth interval
generating a dampened temperature signal compared to the surface water mass temperature

signal.

5.1. Evolution of BWTwmgica in Andfjorden, northern Norway
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The benthic foraminiferal record from Andfjorden is an expression of sea bed conditions at
500 m water depth. Andfjorden is influenced by the nearby Norwegian mainland and the
interplay between inflowing Atlantic Water of the NAC and Norwegian Current Water
(NCW) of the NCC (Fig 1). The BWTmgca from Andfjorden depicts a very prominent
response to the final stages of the deglaciation (Fig 7). During Allergd at 14,000 to 12,800 cal
yr B.P. temperatures were slightly elevated averaging 4.6°C (Fig 7). The increased inflow of
Atlantic Water to the Nordic Sea during Bglling - Alleragd (e.g. Kog et al., 1993) influenced
the water masses in Andfjorden by increased mixing of Atlantic Water into NCC waters. The
influence from Atlantic Water also resulted in elevated surface water temperatures and
salinities allowing a subarctic planktic foraminiferal fauna to thrive in the surface water
masses (Ebbesen and Hald, 2004).

At ca. 12,800 cal yr B.P. on the transition into Younger Dryas a significant BWT yigca decline
of ca. 2°C is identified by the SiZer (Fig 8C). During Younger Dryas at 12,800 to 11,600 cal
yr B.P. BWTwgca are low averaging ca. 3.3°C (Fig 7). The cold conditions indicate that
Atlantic Water influenced the bottom water mass to a lesser extent probably due diminished
meridional advection of Atlantic Water in the Nordic Seas (e.g. Kog et al., 1993). The low
BWTwmgica is supported by high stable oxygen isotope values measured on the Arctic benthic
species Cassidulina reniforme (Fig 4) (Ebbesen and Hald, 2004). The generally cold
conditions are also reflected by the planktic foraminiferal fauna that exhibits an almost
complete dominance of the polar N. pachyderma in Andfjorden during this period (Ebbesen
and Hald, 2004). The low BWTwgca during Younger Dryas was followed by a multi step
warming. The first and largest step is marked by a significant BWTwg/ca increase of ca. 8°C
(Fig 7) also identified by the SiZer at ca. 12,000 to 11,600 cal yr B.P. (Fig 8C). The warming
is mirrored by a significant decrease in "0 values (from 3.5 to 2.7%o) (Fig 4) observed by
the SiZer at ca. 11,600 cal yr B.P. (Fig 8A) which could indicate an increase in bottom water
temperature and/or decrease in salinity. Rapid fluctuations between warm and cold periods at
the end of Younger Dryas has been observed in both sea surface proxies and lake deposits in
northern Norway (Ebbesen and Hald, 2004; Bakke et al., 2009). Similar “flickering” of the
climate signal is not observed in the present BWT wgca record indicating that alternation
between sea-ice cover and the influx of warm Atlantic Water did not influence the relatively
more stable Atlantic Water inflow at 500 m water depth in Andfjorden. However, the
calculated relative salinity clearly indicates a salinity increase at ca. 11,600 to 11,400 cal yr
B.P. (Fig 7). This marked warming and relative salinity increase reflects the displacement of
low temperature/low salinity NCW by warm and saline Atlantic Water from the NAC. A
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similar large SST increase is recorded by the planktic faunal distribution change at ca. 11,600
to 11,000 cal yr B.P. (Hald et al., 2007).

The second significant BWTwg/ca increase identified by the SiZer at ca. 11,000 cal yr B.P.
(Fig 8C) corresponds to a BWTwgca increase of ca. 1°C (Fig 7). The third significant
BWTwmg/ca increase of ca. 1.5°C (Fig 7) happened at ca. 10,000 cal yr B.P. (Fig 8C) and is
predated by a significant 5'®0 decrease at ca. 10,500 cal yr B.P. (Fig 8A) (from 2.7 to 2.5%o)
(Fig 4). The elevated early Holocene BWTygc, combined with the increasing 5'°0 values
results in a marked relative salinity increased at ca. 10,000 cal yr B.P. which could indicate a
general decrease in melt water runoff from the Norwegian mainland at this time (e.g.
Eilertsen et al., 2005). The SiZer identifies a steadily increasing §*°0 after 9,500 cal yr B.P.
and for the remainder of the record (Fig 8A) while BWTwgca after 10,000 cal yr B.P.
remained relatively stable until a small but significant decrease occurred at ca. 4,000 to 3,500
cal yr B.P. (Fig 8C). The SST values inferred from planktic foraminifera show similar high
but slightly increasing temperatures at 11,000 to 4,000 cal kyr B.P. (Hald et al., 2007).
Contrary to the significant BWTwgc. decrease at 4,000 cal kyr B.P. an increase of ca. 1°C is
expressed by the planktic fauna (Hald et al., 2007). The stable carbon isotope (5'*C)
measurements (C. laevigata) show an increasing trend during most of the Holocene and a
slight decrease after 1,500 cal yr B.P. (Fig 4). This could indicate decreasing primary
production in the water column and/or an increasingly improved ventilation state of the
Atlantic Water mass. The former explanation is supported by the general decrease of the
planktic foraminifera Turborotalita quinqueloba (Hald et al., 2007) which is a high

productivity indicator species (Johannessen et al., 1994).

5.2. Evolution of sub SSTwmgca from the West Spitsbergen slope, eastern Fram Strait
The proxy record from the eastern Fram Strait is based on elemental ratios measured on the
planktic foraminiferal species N. pachyderma expressing surface and/or surface near
conditions the past 14,000 cal yr B.P. Across the Late Glacial/Holocene boundary at 14,000
to 10,000 cal yr B.P. some SSTwg/ca Scatter is observed (Fig 7), but no significant changes are
identified by the SiZer analysis (Fig 8D). This apparent lack of a significant SSTugca
changes could be ascribed to the capability of N. pachyderma to dwell at different depths
depending on temperature and salinity (Kozdon et al., 2009) or a shift in seasonal production
patterns (e.g. Farmer et al., 2008). The area was strongly influenced by sea-ice cover and ice
berg transport prior to ca. 10,300 cal yr B.P. as observed by elevated IRD concentrations in
the sediment and lowered foraminiferal fluxes (Aagaard-Sgrensen et al., in prep).
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Anomalously high Mg/Ca ratios have previously been identified in areas with sea ice cover
(Nlrnberg 1995; Meland et al., 2005) and could therefore be another possible explanation for
the lack of any statistically significant temperature change across the boundary. Despite
several proxies indicating change at ca. 10,300 cal yr B.P. in MSMO05/5-721-2 (Aagaard-
Sarensen et al., in prep) there seems to be only little or no change in the SSTwgca. The SiZer
analysis confirms the lack of any significant changes taking place prior to ca. 10,000 cal yr
B.P. but identifies a significant decline in SSTwgca coOmmencing at ca. 10,000 cal yr B.P. and
ending at ca. 5,500 cal yr B.P. (Fig 8D). During the general temperature decline a rapid
temperature drop of 0.5°C at ca. 7,700 cal yr B.P. (Fig 7 & 8D) and slightly elevated
temperatures at 5,900 to 5,300 cal yr B.P. are the most pronounced features (Fig 7). SSTmg/ca
remain low and stable averaging 3°C at 5,300 to 3,200 cal yr B.P. with no significant changes
observed in the SiZer (Fig 7 & 8D). This cold period is followed by a significant warming
initiating at ca. 3,200 cal yr B.P. (Fig 8D). The warming is especially pronounced after 2,600
cal yr B.P. with only one short lived period at ca. 1,300 cal yr B.P. with temperatures <3°C
(Fig 7). This late Holocene warming might be a depiction of generally elevated temperatures
of the advected Atlantic Water mass or it could be linked to changes in foraminiferal

calcification depth and/or season (e.g. Farmer et al., 2008; Kozdon et al., 2009).

5.3. Correlation to North Atlantic water masses and forcing factors

Temporal variation in the temperature, salinity and volume transport of Atlantic Water
towards the Arctic Ocean can be observed by various proxies in different areas of the North
Atlantic and the Nordic Seas. The variations are controlled by local, regional and global
factors, which interplay to generate the observed signals.

In figure 7 the proxy records of the present study are compared to various forcing
mechanisms. The North Atlantic Oscillation (NAO) winter index is defined by the
atmospheric pressure difference between Iceland and the Azores. Positive index indicates
larger difference resulting in stronger westerlies increasing wind driven Atlantic Water influx
to the Nordic Seas yielding warm/wet conditions over NW Europe and vice versa (Negative
NAO= less AW advection and cold/dry conditions) (Hurrell, 1995). The Holocene NAO
index was deduced from glacier mass balances in maritime southern Norway (Nesje et al.,
2001) (Fig 7E). Nine periods of increased ice rafting have been identified in the North
Atlantic. Increased ice rafted debris (IRD) concentration denotes expansion of sea ice and
increased ice berg transport in the North Atlantic (Bond et al., 1997) (Fig 7F). A close
relationship between atmospheric 1°Be and sunspot frequency exists (Beer, 2001). High sun
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spot frequency denotes high solar activity and increased solar irradiance. Measurements of
19Be in ice core records have been used to estimate Holocene solar irradiation variability
(Steinhilber et al., 2009) (Fig 7G). High 5'*C values measured on deep water benthic
foraminifera in the northern North Atlantic (55°N, 15°W; water depth: 2,179 m) indicate
periods of enhanced NADW formation, while low values indicate a slowing or shutdown of
NADW formation (Oppo et al., 2003) (Fig 7H). Insolation is a measure of orbitally driven

solar radiation energy received at various latitudes through time (Berger and Loutre, 1991)
(Fig 71).

5.3.1. Bottom water masses. Andfjorden.

Relatively high BWTwgca averaging 4.6°C is recorded during the Bglling - Allergd (14,000
to 12,800 cal yr B.P.) followed by a significantly colder Younger Dryas with temperatures
averaging 3.3°C (12,800 to 11,600 cal kyr B.P.) in Andfjorden (Fig 7). During these periods
the bottom water mass was probably strongly influenced by melt water runoff and ice berg
release from the nearby Fennoscandian Ice Sheet. The relatively increased Bglling/Allergd
BWTwmg/ca correlates to enhanced inflow of Atlantic Water and opening of an ice free corridor
along the coast of Norway (Kog et al., 1993; Klitgaard-Kristensen et al., 2001). The
subsequent cooling during Younger Dryas correlates to the expansion of sea ice in the Nordic
Seas (Kog et al., 1993). The Younger Dryas cooling generated a re-advance of the
Fennoscandian Ice Sheet (Tromsg-Lyngen event) (Vorren and Plassen, 2002) and resulted in
lowered overall primary productivity and a complete dominance of N. pachyderma in the
surface water mass (Knies et al., 2003; Ebbesen and Hald, 2004). During early Younger
Dryas a further 1°C BWTwg/ca decline is observed at 12,500 cal yr B.P. (Fig 7). This cooling
correlates with the large sea ice expansion in the North Atlantic identified by Bond et al.
(1997) (IRD event 9) (Fig 7F) and the high residual A*C values (Reimer et al., 2005)
indicating lowered oceanic ventilation and weakening of the Atlantic meriodional circulation
system (Thornalley et al., 2010). The reduced Atlantic Water advection resulted in surface
ocean cooling along the west coast of Norway and the Barents Sea shelf as inferred from
radiolarian and foraminiferal fauna, diatom flora and elevated oxygen stable isotope values
measured on planktic foraminifera (Ko¢ Karpuz and Jansen, 1992; Hald and Aspeli, 1997,
Dolven et al., 2002; Klitgaard-Kristensen et al., 2001; Birks and Kog, 2002; Risebrobakken et
al., 2003; Sarnthein et al., 2003).

The proxy records south of Andfjorden depict a transition into warm Holocene oceanic
conditions happening almost simultaneously with the significant BWTwugca (Fig 7B) and SST
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increase in Andfjorden (Hald and Hagen, 1998; Ebbesen and Hald, 2007). This similarity
indicates a link between varying Atlantic Water advection into the south-eastern Nordic Seas
and the fluctuating temperatures observed in the Andfjorden proxy records on the Younger
Dryas/Holocene transition. Furthermore the transition is almost concurrent (lacking ~200
years) with the 5'%0 increase recorded in the NGRIP ice core (Rasmussen, S.O. et al., 2006)
(Fig 7J). This implies that increased atmospheric temperatures, driven by the maximum
summer insolation values (Berger and Loutre, 1991) (Fig 71) and/or increased Atlantic Water
advection into the North Atlantic influenced in the entire region. For the remaining part of the
Holocene high and relatively stable BWTwgca (averaging ca. 11 °C) and SST inferred from
planktic foraminiferal fauna is observed (Hagen, 1995; Hald et al., 2007) (Fig 7).

The bottom water stability is underscored by the tentative salinity estimate indicating
relatively stable values after ca. 10,000 cal yr B.P. (Fig 7C). Despite its relative stability the
BWTwmg/ica Shows a steady but minor decline throughout the Holocene correlating to the
steady decline in summer insolation forcing (Berger and Loutre, 1991) (Fig 71), while
correlation to other forcing factors remains limited. A similar decline observed in the NGRIP
ice core 5'°0 signal confirms that the BWTgic, signal in Andfjorden draws its Holocene
trend from a large scale orbitally driven north Atlantic atmospheric temperature development
(Fig 7J). At ca. 4,000 cal yr B.P. a period of significant temperature decline is observed (Fig
7B & 8C) which correlates to the northern hemispheric Neoglacial cooling identified in
numerous proxy records (e.g. Johnsen et al., 2001; Hald et al., 2007; Bakke et al., 2010).
Elevated Holocene temperatures with low variability are also depicted by sub SST proxies
along the Norwegian Shelf (Klitgaard-Kristensen et al., 2001; Dolven et al., 2002;
Risebrobakken et al., 2003; Hald et al., 2007) showing the clear link between the poleward
transport of Atlantic Water into the south eastern Nordic Sea and the water masses in
Andfjorden. However, these records all depict slightly increasing or stable temperature during
the Holocene implying influence on the sub surface temperatures from a range of factors that
did not affect the BWTgca in Andfjorden. These include seasonality of primary
production/calcification (e.g. Volkmann, 2000; Farmer et al., 2008), changes in depth habitat
(Simstich et al., 2003; Kozdon et al., 2009), influence of salinity and temperature on
stratification (Hald et al., 2007) and/or varying influence from Arctic Water driven eastward
by changing strength of the westerlies (Risebrobakken et al., 2003). Additionally the
BWTwmgicain Andfjorden during Holocene show almost no correlation to North Atlantic IRD
events (Bond et al., 1997), changes in wind driven advection of Atlantic Water due to
changing NAO (Hurrell, 1995; Nesje et al., 2001), solar irradiation (Steinhilber, et al., 2009)
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or varying NADW production (Oppo et al., 2003) implying that temperature in the deep core
(500 m) of the advected Atlantic Water was relatively unaffected by these forcing factors (Fig
7). The significant BWTwgca change found in Andfjorden at ca. 4,000 to 3,500 cal yr B.P.
(Fig 8C) does, however, correlate with SST and BWT declines, inferred from foraminiferal
fauna, observed in Atlantic Water advected through the Faroe-Shetland Channel at 62°N

(Rasmussen and Thomsen, 2010).

5.3.2. Surface water masses. Eastern Fram Strait

Contrary to the Andfjorden BWTwgca record the eastern Fram Strait SSTwg/ca record shows
no significant response to the final stages of the deglaciation, but significant change during
the Holocene (Fig 7 & 8). During Belling/Allergd, Younger Dryas and well into the
Holocene prior to ca. 10,500 cal yr B.P. N. pachyderma seems to have continuously recorded
sub surface temperatures of a relatively warm inflowing Atlantic Water mass (Fig 4 & 7D).
During the deglaciation, after ca. 15,000 cal yr B.P., a continuous subsurface influx of
Atlantic Water to the Arctic Ocean has been described (Slubowska-Woldengen et al., 2005;
Rasmussen, T. L. et al., 2007). The Atlantic Water mass was situated below a melt water, sea
ice and iceberg influenced surface water mass (Rasmussen, T. L. et al., 2007; Ebbesen et al.,
2007; Aagaard-Sgrensen et al., in prep). The presence of a fresh and cold surface layer may
have facilitated a migration of N. pachyderma deeper into the warmer Atlantic Water and/or
shift in the calcification season (e.g. Kozdon et al., 2009; Jonkers et al., 2010). The
dominance of the fresh and cold surface layer diminished at ca. 10,500 cal yr B.P. where the
Atlantic Water emerged at the surface and generated a marked SST increase along the West
Spitsbergen slope as inferred from planktic foraminiferal fauna distributions (Sarnthein et al.,
2003, Ebbesen et al., 2007; Aagaard-Sgrensen et al., in prep). This marked SST increase
along the West Spitsbergen slope is part of a south to north time-transgressive development
in the Nordic Seas where the remnant cold water and sea ice pool gradually was displaced by
Atlantic Water (Hald et al., 2007). However, the SSTvgca recorded by N. pachyderma in the
eastern Fram Strait remained relatively unaffected as the species kept recording
approximately the same sub surface water mass conditions as before the Atlantic Water
emerged at the surface.

A significant millennial to submillennial SSTwgca decline commencing at ca. 10,000 cal yr
B.P. and ending at ca. 5,500 cal yr B.P. is shown in figure 8E. This decline correlates with the
decreasing summer insolation at 80°N during the period (Berger and Loutre, 1991) (Fig 71).
A wide spread early to middle Holocene cooling in the advected Atlantic Water has been
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observed in various proxy records in the Nordic Sea including distribution patterns of
diatoms (Koc et al., 1993; Birks and Koc, 2002) and benthic and planktic foraminifera (Hald
and Aspeli, 1997; Hald et al., 2004; Knudsen et al., 2004; Ebbesen et al., 2007; Rasmussen,
T. L. etal.,, 2007). The period at 7,700 to 6,000 cal yr B.P. exhibits some of the lowest
recorded average sub SSTugca (3.1°C) during the Holocene matched only by even lower
average sub SSTugica (2.9°C) at 5,200 to 2,700 cal yr B.P. (Fig 7D). Both these cold intervals
correlate with marked periods of increased NADW formation (Oppo et al., 2003) (Fig 7H).
Therefore it seems that during periods of stronger NADW production in the Nordic Sea the
heat loss to the atmosphere was larger resulting in lower sub SSTwgca Values recorded in the
part of the Atlantic Water advected further poleward in the Fram Strait. The cold period at
7,700 to 6,000 cal yr B.P. furthermore correlates to a period of low overall irradiance which
could be a contributing factor to the SSTwgca cooling (Steinhilber et al., 2009) (Fig 7).
However, during the subsequent, even colder, period (5,200 to 2,700 cal yr B.P.) overall
irradiation was high and rising and can therefore not contribute to explaining the stable low
SSTwmgrca values (Steinhilber et al., 2009) (Fig 7G). Instead the cold period at ca. 5,200 to
2,700 cal yr B.P. could be linked to weakened poleward Atlantic Water advection (Hurrell,
1995) as indicated by the frequently negative phase of the North Atlantic Oscillation (NAO)
during the period (Nesje et al., 2001) (Fig 7E). In between the two relatively cold periods a
minor warming at ca. 6,000 to 5,200 cal yr B.P. is observed in the present SSTugica (Fig 7D).
An almost concurrent pattern of two cold periods bracketing a brief warmer period is also
observed along the Barents Sea slope in SSTs inferred from planktic foraminiferal fauna
distributions (Hald and Aspeli, 1997; Sarnhein et al., 2003). Furthermore Ebbesen et al.
(2007) found Holocene minimum temperatures at ca. 8,000 to 3,000 cal yr B.P. with lowest
values at 5,500 to 3,500 cal yr B.P. just south of the present core location (77°N) in the
eastern Fram Strait. The similarity between the present and the above mentioned records
indicate that areas under the axis of meridional Atlantic Water flux in the northeastern Nordic
Seas were controlled by common forcing factors during the middle Holocene.

A significant warming in the WSC initiates at ca. 3,000 cal yr B.P. (Fig 8D). The warming is
especially pronounced after 2,600 cal yr B.P. with only one short lived period at ca. 1,300 cal
yr B.P. with temperatures <3°C (Fig 7D). This brief cooling coincides with the IRD event 1
(Fig 7F) (Bond et al., 1997). The warming trend is in contradiction to the low and declining
insolation forcing at 80°N (Berger and Loutre, 1991) (Fig 71). However, the period falls

within a period of primarily positive NAO index values (like during the early Holocene) (Fig



21

7E) which could indicate stronger advection of Atlantic Water towards the North (Hurrell,
1995).

Furthermore the period at 2,600 to 1,400 cal yr B.P shows the strongest total solar irradiance
during the Holocene, but the decline after 1,400 cal yr B.P to present (Steinhilber et al., 2009)
does not correlate with the significantly increasing SSTwmgca (Fig 7) indicating that total solar
irradiance probably was a subordinate driving mechanism. Reconstructed SSTs based on
transfer functions from the eastern Fram Strait show a ca. 3°C increase at around 3,000 cal yr
B.P. (Ebbensen et al., 2007). SST estimates deduced from zooplankton at ca. 67°N also show
a late Holocene temperature increase commencing, however, at different times (Dolven et al.,
2002; Risebrobakken et al., 2003). At this low latitude the proxy record based on radiolarians
show increasing sub surface temperatures continue to the present (Dolven et al., 2002) while
increases recorded by planktic foraminifera ended during the Little Ice Age (Risebrobakken
et al., 2003). However, other proxy records indicate atmospheric and marine temperature
stability or decline more in line with the low and declining insolation forcing (Berger and
Loutre, 1991). These include the NGRIP ice core record (Vinther et al., 2006; Rasmussen, S.
O. et al., 2006), SST estimates based diatom distributions the Nordic Seas (Ko¢ Karpuz and
Jansen, 1992; Kog et al., 1993; Andersen et al., 2004), summer temperatures based on pollen
distribution in northern Scandinavia (Seppé et al., 2008), glacier advances in southern
Norway (Nesje et al., 2001), BWT from north Iceland shelf derived from benthic Mg/Ca-
ratios (Kristjansdottir et al., 2007), and indeed the present BWTwg/ca record from Andfjorden
(Fig 7B & 8C).

The late Holocene warming possibly could be linked to the weaker seasonality of insolation
(Berger and Loutre, 1991) (Fig 71) narrowing the growing season for phytoplankton and
foraminiferal calcification to late summer where the advected Atlantic Water was warmer. A
shorter calcification season might also have been forced by increased and prolonged sea ice
cover generating primary productivity blooms later in the season. Increased influence of sea
ice in the eastern Fram Strait has been inferred from elevated IRD concentrations in the
sediment recorded at the West Spitsbergen Slope after ca. 5,000 cal yr B.P. (Rasmussen, T. L.
etal., 2007).

A striking feature observed in the present record is the larger variability of SSTwgca from
2,500 cal yr B.P. to the present which probably also can be linked to more variable sea ice
cover and/or to more variable Atlantic Water advection into the Nordic Seas as inferred from
frequently fluctuating NAO index values (Nesje et al., 2001) (Fig 7E).
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6. Conclusions

Mg/Ca element ratios were used to reconstruct bottom temperatures (BWTwgca) and (sub)
sea surface temperatures (SSTwgica) at two core sites under the influence of Atlantic Water in
the Nordic Sea and the Fram Strait. The two proxy records investigated in the present study
depict different temperature responses to known climatic periods through the Late Glacial
and the Holocene.

The Andfjorden BWTwgca at ca. 500 m water depth measured on M. barleanus shows a
pronounced response to the final stages of the glaciation due a close proximity to the waning
Scandinavian Ice Sheet and strong influence from low salinity Norwegian Coastal waters.
The Balling/Allerad showed slightly elevated average temperatures (4.6°C) compared to the
subsequent Younger Dryas period depicting lower average temperatures (3.3°C). At ca.
11,500 cal yr B.P. BWTgca increased ca. 7°C as the seabed became flushed with Atlantic
Water. The initial BWTvgca increase was followed by two minor increases at 11,000 (ca.
1°C) and 10,000 cal yr B.P (ca. 1.5°C). After the early Holocene BWTwg/ca increases the
record remained relatively stable at around 11°C until ca. 3,500 cal yr B.P. where a small but
significant decrease of ca. 0.5°C was recorded. The general stability of the Holocene bottom
water composition was supported by oxygen isotope values measured on C. laevigata. The
main forcing factor influencing the Holocene BWTwmgca Seems to be the overall decreasing
insolation at 70°N.

The eastern Fram Strait sub SSTugca Was measured on N. pachyderma. No significant
sustained changes were observed in the SSTwg/ca, averaging ca. 3.8°C, during the Late
Glacial and into the early Holocene possibly due to severe sea ice conditions in the area prior
to ca. 10,300 cal yr B.P. A gradual decrease in SSTwgca Was observed at ca. 10,000 to 6,000
cal yr B.P. followed by sustained low temperatures averaging ca. 2.8°C recorded at ca. 5,500
to 3,000 cal yr B.P. The lowest recorded temperatures correlate to periods of stronger NADW
production in the Nordic Sea. The late Holocene after ca. 3,000 cal yr B.P. depict a marked
increase in SSTwg/ca, reaching an average of ca. 5°C the last 1000 year of the record. This
significant late Holocene SSTwgca increase possibly can be linked to stronger advection of
Atlantic Water as indicated by positive NAO index values and/or a shift in calcification

season for N. pachyderma.
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Figure captions

Table 1. Core location, water depth, length, geographical area and new proxies and reference
of previous works.

Table 2A-C. Radiocarbon datings, Vedde Ash horizon and calendar year calibrations for the
proxy records in Andfjorden: (A) T79-51/2, (B) JM99-1200 and the Eastern Fram
Strait (C) MSM5/5-712. A standard reservoir correction of 400 years with an
additional reservoir correction AR was used. Andfjorden: AR=64+35; YD
AR=200£50. Eastern Fram Strait: AR=151+51.

Figure 1. (A) Map of northern North Atlantic and adjoining seas showing major currents
systems, oceanic fronts and sea ice limits modified from Mosby (1968), Hopkins
(1991) and Marnela et al. (2008). VP=Vgring Plateau. (B) Zoom in on the Fram Strait
with core site. (C) Zoom in on Andfjorden with core sites. AO=Arctic Ocean,
BS=Barents Sea.

Figure 2. Conductivity, temperature, and depth (CTD). (A) Andfjorden, October 1999. (B)
Eastern Fram Strait, August 2007. Solid line = salinity. Dashed line = temperature.

Figure 3. Age model and bulk sediment accumulation rate (cm/kyr) of cores (A) T79-51/2 +
JM99-1200 and (B) MSM5/5-712. The age models are developed by linear
interpolation between the calibrated radiocarbon dated levels (Points) and Vedde Ash
layer (Diamond). Error bars depict 2o standard deviation on calibrated ages.

Figure 4. Trace metal concentrations and stable isotope measurements versus calibrated age
and depth in cores T79-51/2 (black lines) and JM99-1200 (grey lines). (A) CaCOs
recovery (1g). Broken line= minimum recovery level for sample omittance (5ug)
(Marchitto, 2006). (B) Mg/Ca concentration (mmol/mol). Crosses mark omitted data
points. Filled circle shows the average reproducibility of sample splits (£0.088
mmol/mol). (C, D, E) Mn/Ca, Fe/Ca and Al/Ca concentrations (umol/mol). Broken
lines = threshold level of possible contamination (100 pumol/mol) (Barker et al., 2003)
(see text for discussion). (F) 820 measured on C. laevigata in T79-51/2 (present
study) and on C. reniforme in JM99-1200 (Ebbesen and Hald, 2004). (G) "*C
measured on C. laevigata in T79-51/2 (present study) and on C. reniforme in JM99-
1200 (Ebbesen and Hald, 2004). Diamonds on X-axis indicate radiocarbon dated
levels.

Figure 5. Trace metal concentrations versus calibrated age and depth in core MSMO05/5-712-
2. (A) CaCOg recovery (ug). Broken line= minimum recovery level for sample
omittance (5ug) (Marchitto, 2006). (B) Mg/Ca concentration (mmol/mol). Thin line =
raw data. Thick line = 5-point running mean. Crosses mark omitted data points. Filled
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circle shows the average reproducibility of sample splits (£0.044 mmol/mol). (C, D,
E) Mn/Ca, Fe/Ca and Al/Ca concentrations (umol/mol). Broken lines = threshold
level of possible contamination (100 pmol/mol) (Barker et al., 2003). Diamonds on
X-axis indicate radiocarbon dated levels.

Figure 6. Correlation between Mg/Ca and contamination indicator concentrations. (A)

Individual Mg/Ca vs. Fe/Ca, Al/Ca and Mn/Ca and regressions between records in
cores T79-51/2 + JIM99-1200. (B) Individual Mg/Ca vs. Fe/Ca and Mn/Ca in
MSMO05/5-712-2 and regressions between records.

Figure 7. Bottom and surface water temperatures and bottom water salinity versus calibrated

age and depth. (A) (Left) BWT sotope Calculated from stable oxygen isotopes assuming
a constant salinity of 34.5 (Mikalsen et al., 2001), using the equation of Shackleton
(1974). (Right) 5'°0 measured on C. laevigata in T79-51/2 (B) BWTwgc, calculated
from Mg/Ca values using Eq.1 (Kristjansdottir et al., 2007) (Standard Error £1.1°C).
(C) Relative salinity changes. Seawater 5"®Ogottom water, vs. v-smow (%o) inferred from the
foraminiferal 5**0 and Mg/Ca. (D) SSTwmgica calculated from Mg/Ca values using
Eq.2 (Kozdon et al., 2009) (E) Black line = positive NAO index, No line = negative
NAO index (Nesje et al., 2001). (F) Boxes showing approximate periods of increased
drift ice and IRD production (Bond et al., 1997). (G) Total solar irradiance. Thick line
= 59-point running mean (300 years) (Steinhilber et al., 2009). (H) Benthic §°C
values. Proxy for North Atlantic Deep Water formation (Oppo et al., 2003). Thick line
= 5-point running mean. (1) June insolation at 70 and 80°N (Berger and Loutre, 1991).
(J) NGRIP 80 (%o) values (Vinther et al., 2006; Rasmussen et al., 2006).

Figure 8. SiZer analysis of proxy data from cores T79-51/2 (1), IM99-1200 (2) and

MSM5/5-712-2 (3). (A) (1) SiZer of Mg/Ca-ratios (M. barleanus). (B) (1) SiZer of
§'80 values (C. laevigata). (C) (1) TwoSiZer of 820 - Mg/Ca. (D) (1+2) SiZer of
BWTwmgica. (E) (3) SiZer of SSTvgica (linear formula). (F) TwoSiZer of BWTwgica
(1+2) - SSTmgica (3). In the top panel of each SiZer figure a family of smooths (h-
values) is given. The dots show all data and the thin lines show smooths obtained
from various values of h. In the lower panel a SiZer map shows at what given time
significant increase (red), decrease (blue), no change (purple) or where there are too
few observations (grey). In the top panel of each twoSiZer figure the two proxy
records subtracted from each other are shown. In the lower panel a twoSiZer map
shows at what given time significant relative changes between the two proxy- records
occur. Color codes are the same as for the SiZer.
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Table 1
Coreiid Latitude Longitude
T79-51/2
JM99-1200 69°15.95°N 16°25.09°E

MSMO05/5-712-2

Water depth
(m)

Core length
(m)

Location

North Norwegian margin
(Andfjorden)

New proxies

References

Ebbesen and Hald, 2004
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Table 2A
. Lab. code Depth . 14 Calibrated (cil?angg)?n(:tzlfcz%(:s) Re_servoir age
Core id range (cm) Material C age age = 2c 2 5 min cal. age (R=400 + AR) References
T 79-51/2 TUa-1119 03 Yoldiella sp. 905465 437+132 304 (437) 569 464135 Hald(ir;g é—)lagen
T 79-51/2 TUa-948 59-61 Yoldiella sp. 4195465 41904211 3979 (4190) 4400 464+35 Hald(ir;%gagen
T 79-51/2 TUa-1120 97-99 Bathyarca pectun 9000480  eee Excluded, reversal 464+35 Hald(ir;% é—)lagen
T 79-51/2 TUa-949 133-135 Yoldiella sp. 8570+65 9163+192 8971 (9163) 9354 464+35 Hald(ig(égagen
T 79-51/2 TUa-950 147-149 Yoldiella sp. 9334+100 100444313 9731 (10044) 10356 464+35 Hald(igg EI;-)lagen
T 79-51/2 TUa-951 225-227 Yoldiella sp. 9995495 108634265 10598 (10863) 11127 464+35 Hald(ig%;agen
T 79-51/2 TUa-952 251-253 Yoldiella lenticula 10405495 11279 +377 10902 (11279) 11656 600£50 Hald(e]l-ggsl-)lagen
T 79-51/2 TUa-1121 287-289 Yoldiella sp. 10560490 11467 +296 11171 (11467) 11763 600+50 Hald(ig(égagen
T 79-51/2 NSRL-2057 317-319 Nuculana sp. 10620470 115504321 11229 (11550) 11870 600150 Hald and Hagen

(1998)
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Table 2B
Core id Lab. code Depth Material 14C age Calibrated 2 o max cal. age Reservoir age
range (cm) age * 2c (cal. age intercepts) (R=400 + AR) References
2 ¢ min cal. age

JM99-1200 436.5 Tephra Vedde ash 11982 Ebbesen and Hald
(2004)

JM99-1200 Tua-3730 457.5 shell fragments 11165490 125904229 12361(12590)12819 464135 Ebbesen and Hald
(2004)

JM99-1200 TUa-2922 511 Nuculana pernula 11460+85 12880+217 12663(12880)13097 464+35 Ebbesen and Hald
(2004)

JM99-1200 TUa-2923 655.5 Bathuarca glacialis 11830485 13256+171 13085(13256)13427 464+35 Ebbesen and Hald
(2004)

JM99-1200 Tua-2924 723.5 Bathuarca glacialis 12160+80 13553+171 13347(13553)13758 464+35 Ebbesen and Hald
(2004)

JM99-1200 KIA-11109 788 Bathuarca glacialis 12425455 13815+178 13637(13815)13992 464+35 Ebbesen and Hald
(2004)

JM99-1200 Tua-3030 855 Bathuarca glacialis 12575+100 13973+273 13700(13973)14246 464+35 Ebbesen and Hald

(2004)
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Calibrated 2 o max cal. age Reservoir age
Core id Lab. code Depth range (cm) Material 14C age age * 20 (cal. age intercepts) (R=400 + AR) References
2 o min cal. age
MSM5/5-712-2 20 -22 . pachyderma 1570+25 9724141 831(972)1113 551+51 Werner and
Spielhagen (in prep)
MSM5/5-712-2 60-61 . pachyderma 3365+30 3029+175 2854(3029)3203 551+51 Giraudeau
(in prep)
MSM5/5-712-2 94-95 . pachyderma 4915430 5041+189 4852(5041)5230 551+51 Giraudeau
(in prep)
MSM5/5-712-2 138.5-139.5 . pachyderma 6440+30 6756151 6605(6756)6906 551451 Giraudeau
(in prep)
MSM5/5-712-2 168.5-169.5 . pachyderma 7305 +35 7630£126 7504(7630) 7756 551451 Werner and
Spielhagen (in prep)
MSMb5/5-712-2 191.5-192.5 . pachyderma 781545 8133+157 7976 (8133) 8290 55151 Werner and
Spielhagen (in prep)
MSM5/5-712-2 Poz-30723 214-215 . pachyderma 8362+45 8749 +209 8540 (8749) 8958 551+51 Aagaard et al.
(in prep)
MSM5/5-712-2 KIA 37423 280-281 . pachyderma 922050 9797+252 9551 (9797) 10042 551451 Aagaard et al.
(in prep)
MSM5/5-712-2 Poz-30725 322-323 . pachyderma 958047 10310 £158 10152 (10310) 10468 551+51 Aagaard et al.
(in prep)
MSM5/5-712-2 Poz-30726 428-431 . pachyderma 1235863 13629+197 13432 (13629) 13826 551451 Aagaard et al.

(in prep)
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Fig 8A. SiZer analysis of benthic 5'0 from the Andfjorden record (T79-51/2).
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Fig 8B. TwoSiZer analysis based on 820 - Mg/Ca ratios from the Andfjorden record (T79-
51/2).
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Fig 8C. SiZer analysis of the BWTwgca from the Andfjorden record (T79/JM99).
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Fig 8D. SiZer analysis of SSTwgca from the West Spitsbergen record.
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Fig 8E. TwoSiZer of BWTwmgica, (Andfjorden) — SSTwgica (West Spitsbergen slope).
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