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Abstract

The full consequences of the rapidly disappearing sea-ice in the Central Arctic Ocean system
are unknown. It is therefore important to learn more about previous interglacials to predict the
future. Paleodata from the Central Arctic Ocean is scarce and to be able to make projections
of the consequences for global climate change, more research within paleoceanography is
needed. A common approach to investigate past ocean conditions is to measure the stable
oxygen and carbon isotope ratio (δ18O and δ13C) in the calcareous fossilised foraminifera
shells, which may provide an understanding of e.g. salinity, ocean temperature and sea ice
conditions. The aim of this study is to reconstruct the surface water conditions in the Central
Arctic Ocean during previous Quaternary interglacials MIS11 and MIS5. By using this
approach on known modern Arctic Ocean foraminifera, the paleoecological isotopic signals
can be traced into the past. The foraminifera used were planktonic species N. Pachyderma, T.
quinqueloba, T. egelida and benthic species C. wuellerstorfi and O. tener. An important
difference between the past two interglacials is the presence of T. egelida in MIS11 which can
not be found in MIS5 or today. A clear δ 13C offset was found in MIS11 between T. egelida and
N. pachyderma while the relationship between N. pachyderma and T. quinqueloba in MIS5
and the modern period were similar. This could be due to a strong metabolic effect in T.
egelida.

Abstrakt

I och med den globala uppvärmningen smälter havsisen i Arktiska havet snabbt bort. Vad
konsekvenserna kommer bli för havscirkulationen i centrala Arktis och det globala
havssystemet är osäkert. Då det inte finns tillräckligt med paleodata från Arktiska havet krävs
därför mycket mer forskning för att kunna förutsäga framtiden. En viktig metod som används
för att studera paleooceanografi är att mäta förhållandet av de stabila syre- och kolisotoperna
(δ18O och δ13C) i fossiliserade foraminifera-kalkskal. Detta kan ge en insikt i havsförhållanden
såsom salinitet, temperatur och isförhållanden. Syftet med den här studien är att rekonstruera
förhållandena av ytvattnet i det Centrala Arktiska havet genom att använda foraminifera under
de tidigare interglacialerna MIS11 och MIS5 under kvartär. De arter av foraminifera som
användes var planktoniska N. Pachyderma, T. quinqueloba, T. egelida och bentiska C.
wuellerstorfi och O. tener. En viktig skillnad mellan de två tidigare interglacialerna är att T.
egelida endast kan hittas under MIS11. En förskjutning i δ13C kunde även observeras mellan
T. egelida under MIS11 och N. Pachyderma under MIS5. Detta tros vara på grund av en
metabolisk fraktioneringseffekt i T. egelida.

Keywords: Paleoclimate, Arctic Ocean, Foraminifera, Pleistocene, paleoecology,
palaeoceanography, MIS5, MIS11
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1. Introduction

To be able to predict what the full consequences for the rapidly disappearing sea-ice in the
Central Arctic Ocean system will be and what impact it will have on the global climate it is
necessary to investigate past interglacials, which were also warm periods in the past. One way
to do this is by using the unicellular protists foraminifera. Foraminifera can be found
throughout marine environments where they dwell in both surface waters (planktonic) or live
on the seafloor or at/below the water-sediment contact (benthic). They are widely used in
palaeoceanography to reconstruct past oceanic environments such as ocean temperature,
salinity, carbon cycling of the past and stratification (Kucera, 2007). This can be made by
using the stable oxygen and carbon isotope composition ratios (δ18O and δ13C) of the
calcareous foraminifera shells (also known as tests). Because the tests are assumed to have
similar δ18O and δ13C as the surrounding seawater where it calcifies they are great tracers of
ocean properties and climate changes (Kucera, 2007; Pados et al., 2015). By understanding
the controls of oxygen and carbon isotopic ratio in the test, the past ocean-climate conditions
can be reconstructed.

Today there are no continuous δ18O and δ13C records from the Central Arctic Ocean. Recent
work has suggested that the ice loss was extensive based on findings of the subpolar
Turborotalita quinqueloba (T. quinqueloba) during the last interglacial, Marine Isotope Stage
5 (MIS5, ca. 130-80 ka). T. quinqueloba which lives in ice-free conditions, does not live in the
polar region today. Furthermore, the enigmatic Turborotalita egelida (T. egelida) could be
found during the earlier interglacial, Marine Isotope Stage 11 (MIS11, ca. 424-374 ka). This
finding also indicates that conditions during the interglacial periods were different. By
analysing the foraminifera composition during MIS5 and MIS11 we can try to find out what
the surface water conditions were in the past and how these subpolar species could invade the
Arctic Ocean.

In this study a geochemical analysis will be applied using stable oxygen and carbon isotope
ratios (18O/16O and 13C/12C) on foraminifera from the central Arctic Ocean. By using multiple
well known species (Neogloboquadrina pachyderma, Cibicidoides wuellerstorfi and
Oridorsalis tener) for comparison with T. quinqueloba and T. egelida, this thesis will try to
reconstruct the paleoecology and depth habitat during the previous interglacials MIS5 and
MIS11, as well as our current interglacial Holocene.

The aim for this study is to try answering the questions:
● Are the foraminifera species showing different stable isotopic signals than today?
● Can similarities in the δ18O and δ13C composition of the locations be observed to find

out about ocean properties i.e. water chemistry, surface temperature, salinity and
stratification, and/or planktonic foraminiera biology and ecology?

● Is there a difference between T. quinqueloba and T. egelida that can say something
about MIS5 and MIS11?
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2. Theoretical background
2.1 Arctic foraminifera

Today N. pachyderma is the most common planktonic foraminifera found in the polar
province in the Arctic Ocean. It can be found at/in the Atlantic halocline where they thrive in
the cold saline waters (fig 1). Usually N. pachyderma are not found in salinities lower than 32
psu (practical salinity unit) and it has recently been found out that they are asymbiotic species,
meaning that they do not live in symbiosis with algae (Takagi et al., 2019). The second
planktonic foraminifera, T. quinqueloba, can today be found in the subpolar regions. It thrives
in the warmer ice-free north Atlantic waters with salinities around 33-34.5 psu. T. quinqueloba
dwells in the shallower near-surface water (Simstich et al., 2003) and are like N. pachyderma
asymbiotic (Takagi et al., 2019). The presence of T. quinqueloba in the Arctic Ocean during
the interglacial Marine isotope stage 5 is therefore thought to be due to a stronger and warmer
Atlantic water inflow or a different nutrient composition (Werner et al., 2013). T. egelida is
considered to be a morphotype of T. quinqueloba. It could be found during the interglacial
MIS11 without the polar N. pachyderma derived from cores of the Central Arctic Ocean
(O’Regan et al., 2019). Since T. egelida is an extinct species much is still not known about it.

The epifaunal Cibicidoides wuellerstorfi (C. wuellerstorfi) and infaunal Oridoralis Tener (O.
tener) live at depths of the seafloor where the temperature is uniformly low, and are adapted to
oligotrophic conditions (Rathmann et al., 2004). Since the epifaunal C. wuellerstorfi lives on
the seafloor and the infaunal O. tener below the sediment-water contact they will trace
different physical and biological properties. Today O. tener commonly occurs in sea ice
covered areas in the central Arctic Ocean (Hanslik, 2011).
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Figure 1. Modified cross section of the Central Arctic Ocean showing typical depth habitat of
planktonic (N. pachyderma) and benthic (C. wuellerstorfi) foraminifera and water inflow and
outflow (Macdonald et al., 2023).

2.2 Foraminifera test stable isotope fractionation

Typically the nutrient composition and carbon dioxide of the water column in the Arctic
Ocean increases with depth while the oxygen levels and water temperature decrease (fig 1).
Diverse depth habitats of foraminifera can therefore record physical and biological properties
through the water. A study by Volkmann and Mensch (2001) has shown that the studied Arctic
foraminifera do not calcify in equilibrium with the ambient seawater. The offsets between the
equilibrium calcite values had been studied and described as ‘vital effects’ related to different
isotopic uptake in organisms due to their biology compared to equilibrium calcite value by
Pados et al. (2015).

One vital effect is metabolic activity which discriminates against heavy isotopes of carbon
(13C). A high metabolic activity is characteristic for small species but also for earlier
ontogenetic stages (Birch et al., 2013; Pados et al., 2015). Heavier tests tend to have higher
δ18O and lower δ13C values (Pados et al., 2015). Unfavourable conditions such as low salinity
in freshwater can also lead to vital effects, making the foraminifera grow faster, decreasing
δ18O of their tests (Kucera, 2007). Increased primary production from when the sea ice is
melting is another one. The increased primary production can trigger phytoplankton blooms
which in turn could increase the pH and carbonate ion concentration hence decrease δ18O of
the tests.

The main regional factor that affects the isotopic composition of the global ocean, thus the
18O/16O and 13C/12C composition of the test is the ice volume effect (Kucera, 2007) (figure 2).
Because sea ice stores a lot of 16O  an increased temperature would lead to a release of 16O
back to the ocean when the sea ice is melting. Local changes such as changes in advection and
upwelling causes a mix of oxygen isotopes while precipitation causes the local δ18O to
decrease and evaporation the δ18O to increase (Kucera, 2007).

Global factors affecting the 13C/12C composition of the seawater is the release of carbon from
the lithosphere and growth of the terrestrial biosphere (figure 3). Carbon uptake of the
terrestrial biosphere causes the δ13C in the atmosphere to increase since most plants
discriminate against the heavier isotope when photosynthesizing. Growth of the terrestrial
biosphere would hence cause an increase of δ13C in the ocean. A decrease of the terrestrial
biosphere would give the opposite effect, causing the δ13C in the atmosphere to decrease,
hence decreasing the δ13C of seawater. The main local changes of stable carbon isotope in the
seawater are photosynthesis causing δ13C to increase while respiration causes the δ13C to
decrease, and change is advection/upwelling (Kucera, 2007). An increased pH could also lead
to fractionation towards a decreased δ13C (Pados et al., 2015).
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Figure 2. Environmental factors affecting the δ18O of the foraminifera tests
(Ravelo and Hillaire-Marcel, 2007).

Figure 3. Environmental factors affecting the δ13C of the foraminifera tests
(Ravelo and Hillaire-Marcel, 2007).
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2.3 Arctic oceanography and paleoceanography during Pleistocene

Figure 4. Map of the Arctic circle showing the locations of the retrieved cores (LOMROG
07-4PC, AO16-10PC and AO16-8GC), the north Atlantic current (more specific called the
Norwegian current in red) and the transpolar current and Beaufort Gyre (blue). The modified
map is produced with Google Earth pro. Notice that no north arrow has been added since the
study area is in the North Pole.

The study area is located in the Arctic Ocean, north of Canada and Greenland (figure 4). Two
major ocean basins are the Amerasian Basin and Eurasian Basin and are separated by the
Lomonosov Ridge. Two major currents off the Arctic Ocean circulation are the transpolar and
Beaufort Gyre currents. The third major current is the North Atlantic current. The North
Atlantic current carries warm and saline water masses northwards into the basins which
extends 200-800 m under the Transpolar current. During interglacials a strong intensity of
Atlantic water got into the Arctic Ocean called the Atlantification (Werner et al., 2013). The
Atlantic water inflow is thought to have carried high productivity and/or high Atlantic water
temperatures, resulting in a strong heat flux to the Arctic (Werner et al., 2013). The transpolar
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current carries cold and fresh polar waters from the Arctic ocean southwards (Pados et al.,
2015). The Arctic Ocean also gets inflow water from the northern Atlantic through the
Canadian archipelagos via Baffin Bay and from the Pacific Ocean through the Bering Strait
(Hanslik, 2011). Consequently, inflow of nutrients from the Pacific surface water and Atlantic
water enrich the Atlantic Ocean (Rennermalm et al., 2007; Hanslik, 2011).

The surface temperature of the Arctic Ocean is generally around -1.5 to -1 °C and gets
gradually warmer through the first 500 m of the water column. At 500 m depth, reaching 1 °C
the temperature starts decreasing until 1500 m depth where the temperature stays constant
around -1 to -0.5 °C (figure 5). The salinity of the Arctic surface water is around 30 to 32 psu
(practical salinity unit) and gradually increases to 35 psu at 450-500 m depth where it remains
more or less constant through the water column (Rennermalm et al., 2007).

Today, much of the Arctic Ocean is one of the least productive parts of the world's Oceans,
due to the sea ice cover (Hanslik, 2011). The sea ice extent is at least fifteen percent during
September and forms during winter when the weather is cooler and reaches its maximum
extent in March (Molar-Candanosa, 2022). In general the ice drift follows the surface
circulation characterised by the Beaufort Gyre and Transpolar Drift (Hanslik, 2011).

Figure 5. Salinity (A) and conservative temperature (B) from vertical profiles of CTD data north
of Greenland (Snoeijs-Leijonmalm, 2021).
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2.4 Glacial and interglacial periods

Glacial periods are defined as periods with growing ice sheets and times with retreating ice
sheets as interglacial periods (National Oceanic and Atmospheric Administration [NOAA],
2021). The glacial-interglacial cycles are caused by variations in the Earth's orbit through time
also known as the Milankovitch cycles (Marshak, 2015) which causes a change in the amount
of radiation that the Earth receives. Periods with more intensive solar radiation will lead to
retreating ice sheets while periods with less intensive solar radiation will lead to growing ice
sheets (National Oceanic and Atmospheric Administration [NOAA], 2021). By using benthic
δ18O stack the glacial-intercycles can be traced throughout the Quaternary period (fig. 6)
(Lisiecki and Raymo, 2005). The high δ18O represents the glacial periods and the decreasing
δ18O the interglacial periods. It is important to know that foraminifera in the Central Arctic
Ocean do not occur during glacial periods which is why there is no separate stable isotope
curve for local dating during these periods. For each site a separate age model was developed
by other workers (table 1), this is however outside the scope of this thesis.

Figure 6. Modified benthic δ18O stack from Lisiecki and Raymo (2005) showing the
global temperature (black line) from thousands of years before present to recent time. The
interglacials are presented in orange and glacials in blue. The interglacials MIS11 and
MIS5 are marked in red boxes.
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3. Methods
The samples were collected from two expeditions with Icebreaker Oden in the Arctic Ocean;
expedition LOMROG07 in 2007 (Lomonosov Ridge off Greenland) and expedition AO16 in
2016 (Arctic Ocean in 2016). The sediment cores LOMROG07-4PC (86.70117° N, 53.76717°
W, 5.49m length), AO16-8-GC (86.7795° N, 140.6433° W, 3.59m length) and AO16-10-PC
(82.398° N, 141.245° W, 7.96m length) were retrieved from a water depth of 2.620 m, 2.872m
and 811m (table 1). From each of the three cores a sample from modern age (core-top
sample), MIS5 and MIS11 were taken to be analysed. The species of foraminifera used for
each period are shown in table 2. The samples had been wet-sieved with a >63-μm sieve
before the study.

Table 1. Cores used in this study. For sample details see Appendix A.

Core name Latitude Longitude Water depth
(m)

Core
length (m)

Age model

AO16-8-GC 86.7795° N 140.6433° W 2620 3.59m Vermassen et al. (2021)

AO16-10-PC 82.398° N 141.245° W 2872 7.96 F. Vermassen (personal
communication)

LOMROG07-4PC 86.70117° N 53.76717° W 811 5.49 Vermassen et al. (2021)

Table 2. Species representing the modern, MIS5 and MIS11 age for each core.

Age Species

Modern N. pachyderma,
C. wuellerstorfi, O. tener

MIS5 N. pachyderma, T. quinqueloba,
C. wuellerstorfi, O. tener

MIS11 T. egelida, C. wuellerstorfi, O. tener

In order to avoid an influence of ontogenetic isotope fractionation effects on the isotopic
results, samples were dry-sieved before picking (Hillaire-Marcel et al., 2004). N. pachyderma
were picked from the 150-250 μm fraction, T. quinqueloba and T. egelida from the 63-125μm
fraction and C. wuellerstorfi and O. tener from the 63-250μm fraction due to little material.
Planktonic and benthic taxonomy followed Young et al. (2017). Each sample analysis was
repeated twice with a weight of 0.20 mg except for T. egelida and T. quinqueloba that had a
minimum weight of 0.034 mg, respectively. Altogether 54 benthic and planktonic foraminifera
samples were collected for analysis; 21 of these, containing the T .egelida and T. quinqueloba
specimens including 2 test samples, were sent off to the Farlab at the University of Bergen,
Norway due to their low weight which could not be analysed in Stockholm. The rest were
analysed at the department of Geological Sciences, Stockholm University.

Stockholms universitet
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For the samples analysed at Stockholm university, the picked samples were put in marked
vials. A 0.2 mg standard isotope based on the Vienna Pee Dee Belemnite (VPDB) together
with 0.2 mg of the in-house working standard -Merck was prepared in separate vials𝐶𝑎𝐶𝑂

3

for every sixteenth sample. The samples were put in the oven at for 12 hours and then50◦𝐶
flushed with helium for 10 minutes to avoid contamination from the air. 100 μl of over 99%
sulfuric acid was added in the samples to react with the foraminifera to produce . Lastly,𝐶𝑂

2

samples were put in a MAT 253 mass spectrometer connected to a gasbench II device to
measure the oxygen and carbon isotopes. Stable carbon and oxygen isotope ratios are
expressed against the VPDB standard, following equations (1) and (2). The working standard,

-Merck along with two international standards IAEA-CO-1 and NBS 18 were analysed𝐶𝑎𝐶𝑂
3

each day interspersed with samples. The external precision for the samples between 200 - 300
μg was better than 0.102‰ for δ18O and 0.068‰ for δ13C, based on the long-term
reproducibility (1σ SD) of the working standard -Merck. No drift correction for the𝐶𝑎𝐶𝑂

3

machine was used.

C ‰ =  ( - 1 ) 1000‰ (1)δ13
(  13𝐶 

12𝐶
)

𝑆𝑎𝑚𝑝𝑙𝑒

(  13𝐶 

 12𝐶 
)

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

×

O ‰ = ( - 1 ) 1000‰ (2)δ18
(  18𝑂 

16𝑂
)

𝑆𝑎𝑚𝑝𝑙𝑒

(  18𝑂 

 16𝑂 
)

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

×

For stable isotope analyses in Bergen, a Finnigan MAT253 mass spectrometer with an online
Kiel IV was used. The values were reported on a Vienna Pee Dee Belemnite (VPDB) scale
where two working standards (CM12 and Riedel) along with two international standards
(NBS-18 and NBS-19) were analysed each day interspersed with samples. The external
precision for the samples sent to Bergen was between 10 and 100 μg and was better than 0.08
‰ and 0.04 ‰ for δ18O and δ13C, respectively. The long-term reproducibility (1σ SD) of the
working standard was based on CM12.

Results will be presented in stable isotope cross plots shown in figure 7 where δ18O values are
represented on the y-axis and δ13C values on the x-axis. The interpretation will broadly follow
the model shown in figures 7 and 8.
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Figure 7. Example of a δ18O and δ13C cross plot of foraminifera in units per mil
(Pearson and Wade., 2009).

Figure 8. Interpretation model of δ18O and δ13C for the data from figure 7. a Isotopic δ13C
signals around zero are at the equilibrium line with dissolved inorganic carbon while lower or
higher values are in the metabolic depletion or symbiotic enrichment areas. b Foraminifera
different ecological niches based on their stable isotope values (Pearson and Wade, 2009).

Stockholms universitet
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4. Results

Results show microscope images of the well preserved foraminifera and stable isotope
analysis presented in a series of δ18O and δ13C cross plots. The main aim is to compare the
stable isotope signatures of planktonic species from the surface ocean. The results are
following an interpretive model by Pearson and Wade (2009) from lower latitudes (figure 8) it
is therefore important to note that other factors in the Arctic Ocean such as meltwater also
influence the seawater chemistry. The data are compared to studies by Pados et al. (2015)
from the Fram Strait and Simstich et al., (2003) from the Nordic Seas.

Figure 9. Images of the ventral (left) and dorsal side (right) of the planktonic and benthic foraminifera
collected for this study. Starting on the upper left image is Neogloboquadrina pachyderma from
AO16-8GC, MIS5, Turborotalita egelida from AO16-10PC, MIS11, Turborotalita quinqueloba picked
from LOMROG07, MIS5, Oridorsalis tener from AO16-8GC, Modern period and Cibicidoides
wuellerstorfi from AO16-8GC, MIS11.
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Figure 10. δ18O and δ13C values of N. pachyderma (triangle), C. wuellerstorfi (circle), T.
quinqueloba (crossed square), T. egelida (cross) and O. tener (square) shown in scatter plots produced
with Rstudio for the individual sites. The colours represent three different cores starting with
AO16-8GC (yellow points) at the top, AO16-10PC (pink points) in the middle and LOMROG07-PC04
(blue points) at the bottom. Horizontally for each core, the plots are ordered by increasing sample age,

Stockholms universitet
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starting from ‘modern’ on the left towards the older MIS5 in the middle and MIS11 to the right.
Missing values are because of too little material (see appendix B).

Figure 11. Scatterplot of all δ18O and δ13C data for modern, MIS5 and MIS11 age. N. pachyderma, C.
wuellerstorfi, T. quinqueloba, T. Egelida and O. tener (shown with different point shapes). Cassidulina sp.
(diamond shape) and T. egelida from a MIS11 sample from core LR-07-PCO4 (Green) have been added
for data comparison. Note that LOMROG07 and LR-07-PC04 are the same core. Samples marked with red
circles are ‘check samples’ that were analysed in both Bergen and at IGV. Blue and green ellipses are
added for data comparison and represent the proximate isotopic fields for modern sedimented T.
quinqueloba and N. pachyderma respectively from Fram Strait (Pados et al., 2015) (see figure 12).

All scatterplots show a clear difference between the isotopic composition of benthic and
planktonic species. Comparing the check samples from Bergen with the samples from the Sil
lab the check samples gives a higher δ13C value by ca. 0.25‰. The results of N. pachyderma
show similar δ13C values as Pados et al. (2015) in figure 11 and 12, ranging from 1.08‰ to
0.39‰, while the δ18O composition from this study shows a much lower value ranging from
0.73‰ to 2.61‰. Location AO16-10PC for N. pachyderma show similar δ18O values for the
modern age and MIS5 but different δ13C values. N. pachyderma for location AO16-8GC and
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LOMROG07 however show different δ18O values for modern age and MIS5 but similar δ13C
values. T. quinqueloba show higher values for both the δ13C  and δ18O compared to Pados et
al. (2015). The δ13C values for core AO16-8GC and AO16-10PC range between -0.19 ‰ to
-0.04 ‰ and core LOMROG-07 PCO4 from 1.2 ‰ to 1.13‰ showing approximately 1‰
difference from the other two locations. The δ18O values for T. quinqueloba is between 3.00
‰  and 3.46‰ for core AO16-8GC and AO16-10PC and 3.97‰ to 4.11‰ for LOMROG-07
PCO4. It is worth noting that the MIS5 δ18O for N. pachyderma and T. quinqueloba are
different even though they are from the same core location. However there seems to be a more
or less consistent difference between MIS5 for T. quinqueloba and N. pachyderma for each of
the locations.

T. egelida show general low values of δ13C and δ18O ranging from -1.54‰ to -0.91‰ and
0.73‰ to 1.63‰, respectively. Here it is worth pointing out the similar δ18O values between T.
egelida and N. pachyderma. Compared to T. egelida from LR-07-PCO4 (green), core
AO16-8GC and LOMROG07 seem to have similar negative δ13C value trend ranging from
-1.54‰ to -1.1‰, but lower δ18O values ranging from 1.24‰ to 1.63‰. T. egelida from core
AO16-10PC shows a higher value of  δ13C ranging from -0.98‰ to -0.91‰ and lower δ18O
values ranging from 0.73‰ to 1.00‰.

Values of C. wuellerstorfi show general high δ13C and δ18O composition. δ13C starting from
0.92‰ to 1.33‰ and δ18O from 3.52‰ to 3.82‰. The modern age C. wuellerstorfi have
similar δ18O values but slightly different δ13C values compared to MIS11 which seem to have
an decreasing δ18O and δ13C value. One extreme value from MIS5 LOMROG07 shows a
lower delta carbon value of 0.51 ‰. O. tener show a general low δ13C value, -1.66‰ to
-0.56‰ especially for the modern age compared to MIS5 and MIS11 (represented by
Cassidulina sp.). The δ18O value for O. tener is high ranging from 3.82‰ to 4.45‰.
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Figure 12. δ18O and δ13C values of N. pachyderma and T. quinqueloba from surface
sediment samples (modern age) at 10 stations (coloured points) along an E-W transect in the
Fram strait (Pados et al., 2015).

5. Discussion

As mentioned before, the scatter plots show a clear difference between the isotopic
composition of benthic and planktonic species which is expected due to their large different
living habitat. The check samples from Bergen seem to give a higher δ13C value compared to
the SIL lab. A possible explanation for this could be that no drift correction for the SIL lab
machine was used and/or that the sample sizes for the two labs were different. However, since
the approach used to correct data by the Bergen lab is not known it is uncertain. Starting with
N. pachyderma which compared to Pados et al. (2015) show much lower δ18O range. Whether
this is due to different size fractionation of foraminifera, different water masses with different
temperature and chemistry or vital effects is uncertain. Since it is known today that N.
pachyderma are asymbiotic a depletion of δ18O due to higher carbon dioxide fixation caused
by photosynthesis is excluded. For the MIS11 and MIS5 samples, another factor for the low
δ18O compared to Pados et al. (2015) could be the difference in age. Different interglacial
periods may have had different water masses, ocean temperature and chemistry compared to
the modern interglacial. Also the foraminifera analysed for the modern period in this study is
from a different location and could be older than the surface samples analysed in the study by
Pados et al. (2015). However, more research on N. pachyderma from these locations and
periods would be needed to see if a similar trend can be seen.
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N. pachyderma from location AO16-10PC show the lowest δ18O values where similar δ18O
composition between MIS5 and the modern period can be observed. The similar δ18O values
suggest that there was no significant change in water condition such as surface salinity and
temperature during the periods. A possible explanation for the lower δ 18O composition at
AO16-10PC could be due to changes in advection/upwelling of water with different δ18O
(Kucera, 2007). Another possibility that could explain why AO16-10PC has the lowest δ18O
values could be due to an increased primary production from when the sea ice is melting,
triggering phytoplankton blooms. This would later increase the pH and the carbonate ion
concentration and thus lead to a decrease δ18O of the tests. An increased primary production
could however not explain the lower δ13C values. The low scattered δ13C values of
AO16-10PC from modern age and MIS5 might nonetheless be explained by changes in
advection/upwelling of water with lighter 12C values.

Looking at the data from AO16-8GC, MIS5 and the modern period show scattered values
indicating that there may have been changes such as advection/upwelling or depth ecology of
the foraminifera within the interglacials at this location. The slightly higher δ18O values
compared to AO16-10PC indicate that N. pachyderma lived slightly deeper in the surface
water with less fresh water and higher δ18O. This location could also have had a slightly
increased salinity leading to favourable conditions for the specie not to grow faster, increasing
the δ18O of the test. Interestingly, AO16-8GC shows similar δ13C values during MIS5 and
more or less during the modern age. This indicates similar water mass carbon chemistry
during the two different ages where the modern time had slightly higher values than MIS5. An
increased δ13C for this location close to the sea surface is assumed to be caused by a higher
primary production, especially during MIS5. Same things discussed for location AO16-8GC
can have affected N. pachyderma at location LOMROG07 except that the effects were even
stronger giving higher δ18O and δ13C values. However, here the factors affecting δ13C seemed
to be stronger during the modern age compared to MIS5 in contrast to AO16-8GC, and the
δ18O stronger during MIS5.

Since not much is known about the enigmatic T. egelida it is difficult to interpret the factors
affecting their isotope values. Interestingly, even though N. pachyderma are abundant today in
the Arctic Ocean and during MIS5 there are none during MIS11. However it is clear that T.
egelida shows similar δ18O  compared to MIS5 and modern N. pachyderma during MIS11.
The similar δ18O  indicates that T. egelida most likely lived at similar shallow water depth as
N. pachyderma. The different δ13C composition could indicate that the primary production
during MIS11 was generally low, or the surface waters were affected by a source of
12C-enriched water or due to a strong biological carbon vital effect. A vital effect that could
explain the low δ13C composition is the metabolic fractionation whereby respired carbon, rich
in 12C, as described by Birch et al. (2013), gets preferentially incorporated into the test.
Considering that no other planktic species could be found with T. egelida during MIS11
(appendix B) the Arctic Ocean conditions might also have been so different that other species
did not thrive.
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Looking at location AO16-10PC T. egelida has clustered δ13C values around -0.91‰ to
-0.98‰ while core AO16-8GC show a linear decreasing δ13C pattern which could indicate
that there were local changes at this location during MIS11. Since LOMROG07- PC04 is
missing a sample measurement it is unclear if the δ13C values also are decreasing in a linear
pattern or are roughly clustered. The T. egelida from AO16-8GC, shows one of the lowest
δ13C among all the analysed T. egelida. This could indicate that AO16-8GC surface waters
were most impacted by 12C-enriched water and AO16-10PC least (fig. 11). However, more
isotope analysis would be needed to explore this pattern or if there is a high variability in δ13C
and δ18O values.

Considering that the subpolar T. quinqueloba most likely ended up in the Arctic ocean due to
the Atlantic current reaching further in to the Arctic ocean the high δ 18O values compared to
N. pachyderma during MIS5, particularly in LOMROG07 are unexpected. A similar offset
between T. quinqueloba and N. pachyderma for core AO16-8GC and AO16-10PC can be seen
in the study by Pados (2015) on modern age planktic foraminifera. However, for the Pados
study T. quinqueloba samples are showing a generally low δ18O  composition compared to N.
pachyderma. Although, looking at the two western most stations from the Pados study where
the transpolar current is situated T. quinqueloba show slightly higher δ18O  values. Contrary to
the study by Pados, Simstich et al. (2003) study has shown that in the East Greenland
transpolar current N. pachyderma is found at slightly shallower depths compared to T.
quinqueloba. Why N. pachyderma seems to prefer the shallower water depth and T.
quinqueloba the slightly deeper part is unclear. One possibility is that N. pachyderma is more
adaptable to its Arctic environment than T. quinqueloba. Another reason for the low δ18O
composition of T. quinqueloba could be due to the fragile tests leading to fast calcification.

T. quinqueloba shows low δ13C values for core AO16-10PC and AO16-8GC while core
LOMROG07 shows very high δ13C values. Considering that planktic foraminifera usually
have δ13C close to sea water composition and therefore similar δ13C values the δ13C
compositions for T. quinqueloba are surprising. For the high values in core station
LOMROG07, it seems like the δ13C compositions during MIS5 in general are high which
could be due to a higher primary production and/or changes in mixture of water masses.
However, having values that are more similar to the benthic species C. wuellerstorfi is
uncommon and are probably due to a distinct vital effect. Core sites AO16-8-GC and
AO16-10PC show low δ13C compositions compared to N. pachyderma. The same offset can
be observed in the study by Pados (2015). This could be explained by a metabolic
fractionation effect described by Birch et al. (2013).

The modern age δ18O composition of C. wuellerstorfi in AO16-8GC seems to be generally
higher than both AO16-10PC and LOMROG07 implying a slightly cooler bottom water mass
at that location during modern age. However, only one sample each of modern age C.
wuellerstorfi could be collected from AO16-10PC and LOMROG07 since the sample species
were too few and therefore not sufficient for comparison. Likewise for the single MIS5
isotope analysis obtained from LOMROG07-04 showing lower δ18O composition which could
indicate a warmer ocean bottom. Looking at the δ18O values during MIS11 from core location
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AO16-8GC the values are showing a positive linear pattern where two of the sample repeats
are showing slightly lower values. The same pattern could also be observed in T. egelida
during MIS11 at the same core location. Whether there are short term changes during MIS11
causing this difference at core location AO16-8GC is unclear.

The δ13C composition in C. wuellerstorfi is generally high and compared with Belanger et al.
(1981) study in the Norwegian-Greenland sea, it seems to be consistent. The δ13C composition
at core location AO16-8GC during MIS11 varies in a positive linear pattern while the δ13C
composition of the modern age seems to be clustered around the same values. The increasing
linear pattern from MIS11 can be due to the different ontogenetic stages since no size range
was used for C. wuellerstorfi. However, since the reversed linear pattern can be seen for T.
egelida during MIS11 at the same core station the size fractionation might not be the cause.
However there could be local short term effects causing changes during MIS11. A short term
effect causing the linear pattern could be due to differences in primary production during
MIS11. The similar modern age values for core location AO16-10PC, LOMROG07 and
AO16-8GC indicate similar conditions at these sites during modern time. Although core
location AO16-10PC shows a slightly lower value which could be caused by either a change

in the advection/upwelling of water with different C composition or lower primary δ13

production. As mentioned earlier, the single samples are however not sufficient for
comparison nor interpretations.

The infaunal O. tener in core LOMROG07 and AO16-8GC shows similar to slightly higher
δ18O composition compared to C. wuellerstorfi. This can also be observed in the study by
Belanger et al. (1981) explained to be caused by lower pH by Ravelo and Hillaire-Marcel
(2007). The one isotope analysis of the modern age O. tener in core LOMROG07 show
slightly higher δ18O values compared to the modern age values in core AO16-8GC. This could
indicate a slightly cooler habitat under the sediment-water contact during the modern age.
However more data of modern age O. tener in core LOMROG07-04 is needed for an accurate
interpretation. The δ18O values of the modern age and MIS5 are similar, indicating similar
temperature below the sediment-water at these ages and two locations. The added Cassidulina
sp. from MIS11 in core LOMROG07-04 are showing higher δ18O values which could indicate
cooler temperatures within the sediment surface during MIS11. However it is uncertain if the
δ18O during MIS11 would show similar δ18O values for O. tener considering that they are
different species. To explore this more measurements on O. tener during MIS11 would be
needed.

The δ13C values are consistent with the values in Belanger et al. (1981) study for the infaunal
O. tener showing a general low δ13C composition. Belanger et al. (1981) suggests that taxa
with negative δ13C values live in oxygen-free conditions within sediments which could
explain the lower δ13C values. However, the modern age O. tener is showing lower δ13C
values than observed in Belanger et al. (1981) study. This might be because O. tener is living
within the shallower sediment part that is not completely oxygen-free which could explain the
higher δ13C values during MIS5. A period with low to oxygen-free conditions or that O. tener
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lived slightly deeper in the sediment might therefore also explain the lower δ13C values during
the modern age. It is worth noting that the study by Belanger et al. (1981) showed that O.
tener do not have a systematic relationship of δ13C and δ18O to bottom water and are therefore
not reliable.

6. Conclusions

This study presents the first multi-site comparison during our current interglacial Holocene
and past interglacials MIS11 and MIS5, using stable isotope compositions (δ18O and δ13C) of
Central Arctic foraminifera. This study also includes the first isotopic data on the enigmatic
species T. egelida. The δ18O composition of N. pachyderma in MIS5 shows similar values to
T. egelida in MIS11 indicating similar surface water temperatures during the two interglacials.
The close δ18O values of T. egelida and N. Pachyderma also suggests that T. egelida could live
in the cold surface/subsurface fresh water. T. quinqueloba in MIS5 show significantly high
δ13C composition compared to T. quinqueloba in the Fram Strait which could be due to a
strong primary production during MIS5, potentially from a limited sea ice cover, increasing
δ13C. It could also be due to changes in mixture of water masses during MIS5. The much
lower δ13C composition of T. egelida compared to N. pachyderma is thought to be due to a
strong metabolic fractionation effect, although it may alternatively be due to a source of
12C-enriched water. Further research would be needed on C. wuellerstorfi for better bottom
water interpretations.
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URL:http://www.mikrotax.org/pforams/index.php?taxon=Streptochilus&module=pf_cenozoic

8. Appendices

Appendix A: Analysed data of foraminifera
Table A1: Data of foraminifera stable carbon and oxygen isotope composition and information of the
species size fraction, core sample and depth, number of species picked and place of analysis.
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Appendix B: Microscope lab notations of foraminifera.
Figure B1: Notations of foraminifera physical properties and other observations found in each core
and age during the microscope lab.
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