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Abstract 

The Arctic reacts very sensitively to natural and anthropogenic climate perturbations due to 

positive feedback mechanisms of the so-called “Polar Amplification”. Sea ice is a very important 

part of the Arctic climate system, however, since the late 70s, the Arctic sea ice extent has 

decreased by more than one-third (>40%) than forecasted by climate models. This rapid decline 

has raised concern about the role of anthropogenic greenhouse gas emissions and natural 

variability of sea ice in relation to its short and long-term changes. Paleoenvironmental 

investigations are essential for the development and correction of futuristic climate models. 

Arctic outflow through Baffin Bay, via the Labrador Sea, acts as a substantial contributor of 

fresh water to the North Atlantic fuelled by the melt water input from the West Greenland Ice 

Sheet (GIS). Marine sedimentary archives from this area may thus provide records of sea ice and 

past ice sheet dynamics in this highly climate-sensitive area. So far, the sea ice variability and 

long-term changes in the water masses, especially the West Greenland Current, as well as the 

impact of melt-water discharge from the GIS that occurred since deglaciation, all remain barely 

documented. Furthermore, it is of particular interest to investigate how climatic and 

oceanographic changes have affected sea ice, primary productivity conditions and terrigenous 

input in this north-south transect of eastern Baffin Bay and Labrador Sea margin, where such 

long-term Holocene records are sparsely documented. 

To achieve these objectives biomarkers (sea ice proxy IP25, phytoplankton biomarkers; 

brassicasterol and dinosterol and terrigenous biomarkers; campesterol and ß-sitosterol) as well as 

organic geochemical bulk parameters (TOC, TOC/N, δ
13

Corg) were analyzed. The first 

manuscript provides insights into Holocene variability in sea ice and primary productivity 

conditions on a 
14

C-dated sediment core from NE Baffin Bay (Core GeoB19927-3). In the 

second study, we described and compared past variability in sea ice and primary productivity 

conditions from a N-S transect along the eastern Baffin Bay (Core GeoB19948-3, Core 

GeoB19927-3) and Labrador Sea (GeoB19905-1) margin. A third study addresses the variability 

in terrigenous organic carbon input along this N-S transect during the Holocene covering the last 

11.5 ka BP. 

In the early Holocene, the conditions in Baffin Bay were characterized by extended (early) 

spring sea ice cover (SIC), low primary productivity and low (terrigenous) organic carbon 
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deposition prior to 9.4 ka BP suggesting cold deglacial conditions. This is followed by a period 

(~9.4-8.8 ka BP) of a variable to marginal SIC, increased primary productivity and high 

terrigenous input. Thereafter, a short period of increased SIC and reduced productivity was 

recorded between ~8.8-7.6 ka BP, probably related to the opening of the Nares Strait and 

subsequently increased Arctic Water influx and decreased WGC strengths, albeit, terrigenous 

organic matter accumulation rates display a decreasing trend but remained high compared to the 

mid Holocene level. However, during the early Holocene, prior to 9.1 ka BP, the conditions in 

the NE Labrador Sea remained predominantly ice-free (in spring/autumn). Very low 

accumulation rates of marine and terrigenous biomarkers indicate cold conditions related to the 

ice-proximal environment. Afterwards, between about 9.1-7.6 ka BP, the conditions in the NE 

Labrador Sea are characterized by high biological production and spring-autumn ice-free 

conditions corresponding to the onset of Holocene Thermal Maximum (HTM)-like conditions. 

This is reflected in relatively high accumulation rates of terrigenous biomarkers in this interval 

possibly related to the enhanced summer melting and relatively high WGC strength in the 

Labrador Sea area until 7.6 ka BP, which may have promoted long-distance transport of 

terrigenous matter supply into the area. 

A transition towards reoccurring ice-edge (polynya-type) and significantly reduced SIC and 

primary productivity conditions in Baffin Bay are evident in the mid Holocene (~7.6-3 ka BP). 

Terrigenous organic carbon flux also decreased significantly in this interval and overall the 

surface conditions can be characterized as HTM-like conditions. These HTM-like conditions are 

especially represented in the NE Labrador Sea core during 5.9-3 ka BP as shown by continued 

spring-autumn ice-free conditions and high biological productivity. Terrigenous biomarkers 

indicate a decrease in terrigenous sediment delivery, in accordance with the retreated GIS and 

local glaciers in this period. 

In the late Holocene (last ~3 ka BP), the conditions in eastern Baffin Bay are represented by an 

overall decrease in sea ice and primary productivity conditions, in combination with decreased 

terrigenous input of organic carbon. Our sea ice proxy PIP25 show no correlation to the 

Neoglacial cooling trend observed elsewhere in Northern Hemisphere, possibly due to the 

persistent influence of the WGC and interactions with the adjacent fjords. However, the last 3 ka 

BP (late Holocene) at core GeoB19905-1 from the NE Labrador Sea is characterized by 
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increased accumulation of terrigenous biomarkers. The accumulation rates of primary 

productivity biomarkers also show a strong increase during the last about 2 ka BP. This can be 

explained by increased preservation of organic matter related to a strong increase in the 

accumulation of poorly-sorted fine-grained sediments due to which organic matter may have 

become enriched. However, the possibility of diagenetic alterations and stimulated growth by 

melt water released nutrients (e.g. Fe, silica) linked to the Neoglacial regrowth of local Glaciers 

cannot be ruled out in the upper-most centimetres of the last 1.4 ka BP. 

The results from this transect study provide further insights into the understanding of the 

influence of melt water discharges and oceanic current variability on sea ice, marine productivity 

conditions and terrigenous input in this highly sensitive area. 
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Zusammenfassug 

Die Arktis reagiert aufgrund positiver Rückkopplungsmechanismen der sogenannten „Polar 

Verstärkung“ sehr empfindlich auf natürliche und anthropogene Klimastörungen. Meereis ist ein 

sehr wichtiger Bestandteil des arktischen Klimasystems. Seit Ende der 70er Jahre hat sich die 

Ausdehnung des arktischen Meereises um mehr als ein Drittel (> 40%) verringert. Dies ist 

weitaus mehr als Klimamodelle prognostiziert haben. Dieser rasche Rückgang hat sowohl die 

anthropogene Treibhausgasemissionen als möglichen Verursacher als auch die natürliche 

Variabilität des Meereises im Verhältnis zu seinen kurz- und langfristigen Veränderungen in den 

Focus der Forschung gesetzt. Paläoumweltuntersuchungen sind für die Entwicklung und 

Korrektur von Klimamodellen von wesentlicher Bedeutung. Durch den Schmelzwassereintrag 

durch den Westgrönländischen Eisschild trägt der Abfluss arktischen Wassers durch die Baffin 

Bay über die Labradorsee wesentlich zum Süßwasserhaushalt im Nordatlantik bei. Marine 

Sedimente aus diesem Gebiet können daher Erkenntnisse über Meereis und die Dynamik der 

Eisdecke in diesem hochklimasensiblen Gebiet liefern. Bisher sind die Veränderungen von 

Meereisesausdehnung und die langfristigen Veränderungen der Wassermassen, insbesondere des 

Westgrönlandstroms, sowie die Auswirkungen des Schmelzwassereintrages durch den 

Grönländischen Eisschild, die seit der Enteisung aufgetreten sind, kaum dokumentiert. Darüber 

hinaus ist es von besonderem Interesse zu untersuchen, wie sich klimatische und ozeanografische 

Veränderungen auf das Meereis, die Primärproduktion und den terrigenen Eintrag in der 

östlichen Baffin Bay und am Rande der Labradorsee ausgewirkt haben.  

Um diese Ziele zu erreichen, wurden Biomarker (Meereis-Proxy (IP25), Phytoplankton-

Biomarker ( Brassicasterol und Dinosterol) sowie terrigene Biomarker (Campesterol und ß-

Sitosterol) sowie organische geochemische Bulk-Parameter (TOC, TOC / N, δ
13

Corg) analysiert. 

Das erste Manuskript bietet Einblicke in die holozäne Variabilität des Meereises und der 

Primärproduktion eines 
14

C-datierten Sedimentkerns aus nordöstlichen Baffin Bay (Core 

GeoB19927-3). In der zweiten Studie haben wir die Variabilität des Meereises und der 

Primärproduktion im Holozän anhand eines Nord-Süd-Transekts entlang der östlichen Baffin 

Bay (Core GeoB19948-3, Core GeoB19927-3) und Labradorsee (GeoB19905-1) beschrieben 

und verglichen. Eine dritte Studie befasst sich mit der Veränderung des organischen 

Kohlenstoffeintrags entlang dieses Nord-Süd -Transekts während der letzten11,5 ka BP. 
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Im frühen Holozän (vor 9,4 ka BP) waren die Bedingungen in Baffin Bay durch eine 

ausgedehnte Frühjahr-Eisbedeckung, eine geringe Primärproduktivität und eine geringe 

Ablagerung von terrigenem organischen Kohlenstoff gekennzeichnet, dies deutet auf kalte 

deglaziale Bedingungen hin. Darauf folgt ein Zeitraum (~ 9,4-8,8 ka BP) mit variablen bis 

marginalen Meereisbedeckung, einer erhöhten Primärproduktivität und hohem terrigenen 

Eintrag. Zwischen 8,8 und 7,6 ka BP war die Meereisbedeckung größer und Produktivität 

geringer. Dies steht wahrscheinlich im Zusammenhang mit der Öffnung der Nares-Straße und 

dem dadurch vermehrten Zufluss von arktischem Wasser und/oder einer verringerten Stärke des 

Westgrönlandstroms. Obwohl die Akkumulationsraten der terrigenen organischen Substanz 

einen abnehmender Trend zeigen, bleiben sie im Vergleich zum mittleren Holozän hoch. 

Während des frühen Holozäns vor 9,1 ka BP herrschten in der nordöstlichen Labradorsee  

überwiegend eisfreie Bedingungen (im Frühjahr / Herbst) vor. Sehr niedrige Akkumulationsraten 

von marinen und terrigenen Biomarkern weisen auf kalte Bedingungen durch die eisnahe 

Umgebung hin. Danach sind die Bedingungen in der nordöstlichen Labradorsee zwischen etwa 

9,1 und 7,6 ka BP durch eine hohe biologische Produktion und eisfreie Bedingungen im Frühjahr 

und Herbst gekennzeichnet, die den Bedingungen des Holozäne Thermal Optimum (HTM) 

entsprechen. Dies spiegelt sich in relativ hohen Akkumulationsraten terrigener Biomarker in 

diesem Intervall wider, die möglicherweise mit verstärktem Schmelzen im Sommer und der 

Stärke des Westgrönlandstroms im Labradorseegebiet zusammenhängen. Letzteres begünstigt 

möglicherweise den Transport von terrigenem Material über weite Strecke bis hin ins 

Untersuchnungsgebiet.  

Ein Übergang von wiederkehrenden Eiskante (Polynya-Typ) und signifikant reduzierter 

Meereisbedeckung und Primärproduktion ist in der Baffin Bay im mittleren Holozän (~ 7,6-3 ka 

BP) erkennbar. Der terrigene organische Kohlenstofffluss nahm in diesem Intervall ebenfalls 

signifikant ab. Insgesamt können die Oberflächenbedingungen als HTM-ähnliche Bedingungen 

charakterisiert werden. Diese HTM-ähnlichen Bedingungen sind insbesondere im nordöstlichen 

Labradorsee-Kern zwischen 5,9 und 3 ka BP erkennbar, wie die eisfreien Bedingungen im 

Frühjahr und Herbst und die hohe biologische Produktivität zeigen. Mit dem Rückzug des 

Grönländischer Eisschildes und den lokalen Gletschern in diesem Zeitraum weisen die terrigene 

Biomarker auf eine Abnahme des terrigenen Sedimenteintrages hin. 
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Im späten Holozän (letzte ~ 3 ka BP) sind die Bedingungen in der östlichen Baffin Bay durch 

eine allgemeine Abnahme des Meereises und der primären Produktivitätsbedingungen in 

Kombination mit einem verringerten terrigenen Eintrag von organischem Kohlenstoff dargestellt. 

Unser Meereis-Proxy PIP25 zeigt keine Korrelation mit dem an anderer Stelle auf der 

Nordhalbkugel beobachteten neoglazialen Abkühlungstrend, möglicherweise aufgrund des 

anhaltenden Einflusses des Westgrönlandstroms und der Wechselwirkungen mit den 

benachbarten Fjorden. Die letzten 3 ka (spätes Holozän) im Kern GeoB19905-1 aus der 

nordöstlichen Labradorsee sind jedoch durch eine erhöhte Akkumulation terrigener Biomarker 

gekennzeichnet. Die Akkumulationsraten der Biomarkern für die Primärproduktion zeigen 

ebenfalls einen starken Anstieg während der letzten etwa 2 ka. Dies kann durch eine höhere 

Erhaltung organischer Substanz erklärt werden, die durch ebenfalls erhöhte Akkumulation  

schlecht sortierter Sedimente begünstigt wird. Diagenetische Veränderungen und verstärktes 

Algenwachstum durch freigesetzte Nährstoffe (z.B. Eisen, Silizium) aus dem Schmelzwasser, die 

mit dem neoglazialen Nachwachsen lokaler Gletscher verbunden sind, kann jedoch im obersten 

Abschnitt des Kernes (letzten 1,4 ka BP) nicht ausgeschlossen werden. 

Die Ergebnisse dieser Studie liefern weitere Einblicke in das Verständnis des Einflusses von 

Schmelzwasserabflüssen und der Änderungen der Meeresströmung auf das Meereis, die marinen 

Produktivität und den terrigenen Eintrag in diesem hochempfindlichen Gebiet.   
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1 Introduction 

1.1 The Arctic Ocean–physiography and modern setting 

 The Arctic Ocean located high in the Northern Hemisphere represents a unique environmental 

setting. The ocean is almost entirely surrounded by the American and Eurasian continents (Fig. 

1.1) and its connection to the other ocean is limited. The deep Fram Strait provides a major 

pathway for exchanging warm Atlantic Water and cold Polar Water and sea ice between the 

Arctic and Atlantic Ocean (Rudels et al., 2000), while narrow and shallow Bering Strait imports 

mainly Pacific Water into the Arctic Ocean without a major outflow of Polar Water into the 

Pacific Ocean (Jones et al., 2003). Shallow waterways characterize the Canadian Arctic 

Archipelago, the Barents Sea and limited exchange conditions occur in the Chukchi Sea, the East 

Siberian Sea, the Laptev Sea, the Kara Sea and Baffin Bay.  

The hydrographical structure of the Arctic Ocean waters consists of three main water masses; the 

upper (surface) Water (~0-200 m), the intermediate (Atlantic) Water (~200-800 m), and the deep 

Water (>800 m) (Fig. 1.2). The upper layer consists of water masses characterized by cold 

temperatures and low salinity due to the influence of fresh water input from ice melting and cold 

atmospheric temperatures related to the polar night of the winter months. The circulation in this 

surface layer can be broadly characterized by the wind-driven clockwise flowing Beaufort Gyre 

in the western Arctic and the Transpolar Drift in the eastern Arctic Ocean, mainly responsible for 

exporting large volume of ice out of the Arctic Ocean (Fig. 1.1) (Gow and Tucker, 1987; 

Thorndike, 1986). These circulation patterns drive the export of low-salinity surface water 

alongside sea ice through the Fram Strait and the Canadian Arctic Archipelago (Jakobsson et al., 

2004; Jones et al., 2001; Schauer et al., 1997). The change in these circulation patterns strongly 

affects the sea ice formation as well as the sea ice and fresh water export via the Fram 

Strait/Canadian Arctic/Baffin Bay (Carmack, 2000). The large Arctic rivers i.e. the Yenisei, Ob 

and Lena from the Eurasian continent and Mackenzie river from the North American continent 

export large amount of fresh water, including dissolved nutrients which play a crucial role in 

controlling sea ice formation (Aagaard and Carmack, 1989) and marginal shelf productivity (see 

1.3 and 1.4). 
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Figure 1.1: Schematic map of the Arctic Ocean showing modern surface circulation and surrounding land 

masses (adapted after Macdonald et al., 2003). White dots indicate the location of studied sediment cores 

from Baffin Bay and the Labrador Sea area. Red arrows indicate the inflow of Atlantic Water, and blue 

arrows refer to the circulation of polar water. The bathymetry is based on the IBCAO V3 grid (Jakobsson, 

2002). (WGC = West Greenland Current, IC = Irminger Current, EGC = East Greenland Current, BC = 

Baffin Current, BG = Beaufort Gyre, TPD = Transpolar drift, NC = Norwegian Current, WSC = West 

Spitsbergen Current). 

 

Below the upper surface layer, the intermediate layer consists of relatively warm and saline 

Atlantic Water that flows northward and bifurcates into the Irminger Current (IC) and 

Norwegian Current (NC) and further into Spitsbergen Current (SC) that continues northwards 

along the Barents Sea coasts. In the Arctic Ocean, this Atlantic Water submerges beneath the 
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cold fresh water layer and continues in intermediate depths towards the Siberian continental 

shelves (Fahrbach et al., 2001; Rudels et al., 2015). The deep Arctic Water submerged beneath 

the Atlantic layer is dominated by waters of very high salinity formed due to lateral exchange of 

waters between the Nordic Seas and Arctic shelves during brine formation (Coachman and 

Aagaard, 1974). 

 

Figure 1.2: Schematic cross-section of the Arctic oceanographic structure along a transect from the 

Bering Strait to the Fram Strait (Source: Kremer, 2018, modified from MacDonald et al., 2004). Water 

mass exchange with neighboring oceans is shown as white arrows.  

 

1.2 Sea ice in the Arctic climate system and its modern distribution 

Sea ice is an important part of the Arctic climate system. Sea ice reflects much of the incoming 

solar radiation during the summer (>~80%), thus keeping the Arctic cooler than other 

tropical/low latitude areas. The sea ice cover limits the exchange of moisture, heat and gas 

between the ocean and the atmosphere, thus acting as a physical barrier between the ocean and 

the atmosphere (Fig. 1.3). Sea ice also provides a platform and hunting grounds for megafauna 

and acts as a barrier for other parts of the ecosystem. 

The most defining feature of sea ice in the Arctic is it’s seasonal to perennial sea ice cover, 

following the annual changes in insolation and fresh water discharge and thus pronounced 

seasonality. New sea ice forms during autumn and continues to grow until March to the 

maximum extent of ~15 million km
2
 (NSIDC, 2020) (Fig. 1.4). Following the return of sunlight,  
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Figure 1.3: Schematic sketch of sea ice-related processes in the Arctic regions (Source: Kremer, 2018a, 

from MacDonald et al., 2004). 

 

sea ice starts to melt in late spring, reaching the minimum extent around late September with <4-

5 million km
2
 of sea ice cover (Fig. 1.4) (NSIDC, 2020). Seasonal sea ice that lasts the summer 

may survive for years and become multiyear (perennial) ice, especially in the central Arctic 

Ocean with a thickness up to ~3-4 meters (Fig. 1.5, 1.6) (Wadhams, 1992). 

 

Figure 1.4: Arctic daily sea ice extent from January to December 2019 in comparison with the median 

between 1981 to 2010 and the record low year 2012 (Source: https://polarportal.dk). 

  

https://polarportal.dk/
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Since the beginning of satellite observations in the late 70s, the Arctic sea ice has decreased 

rapidly (Stroeve et al., 2007) (Fig. 1.5, 1.6), and this observed decline in sea ice extent exceeds 

several forecast model predictions for the 21
st
 century (Fig. 1.7). However, models in recent 

years have explored sea ice in some more detail and are now in much better agreement with the 

observed rate of sea ice decline (Fig. 1.7), although still imperfect. Since the 70s, the summer sea 

ice extent has decreased by -8.6% per decade, the fastest rate ever observed after the advent of 

the industrial era (Kinnard et al., 2011; Stroeve and Notz, 2018) (Fig. 1.7). The absolute sea ice 

minimum (so far) was reached in September 2012 when sea ice decreased to 3.4 million km
2 

(Fig. 1.4). The winter (March) sea ice extent has decreased too, however, at a smaller rate (-2.4% 

per decade from 1979 to 1999 and -3.4% per decade from 2000 to present) than the summer ice 

extent (Fig. 1.4, 1.6) (Notz and Stroeve, 2018; Stroeve and Notz, 2018). Based on the current 

trends (with middle-range CO2 emission scenario, i.e., 720 ppm), climate models forecast a 

seasonally ice-free Arctic Ocean in approximately 30 years (Holland et al., 2006; Wang and 

Overland, 2012) (Fig. 1.7). 

 

Figure 1.5: Monthly sea ice extent and linear trend (dashed) lines for March (black) and September (red) 

derived from the satellite measurement from 1979 to 2020 (NSIDC, 2020) showing the SIC decline in the 

last ~40 years (Arctic Report card, https://arctic.noaa.gov/Report _card). 
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Figure 1.6: Satellite-derived sea ice extent in March and September 2020 relative to the median ice edge 

extent from 1981 to 2010 (NSIDC, https://nsidc.org, accessed December 2020). 

 

Figure 1.7: The projections of September Arctic sea ice extent for the century based on 5
th
 assessment of 

IPCC AR5 report that best captures recent sea ice changes until 2013 (yellow curve). A high (red) and 

very low emissions (blue) scenario are shown as shaded bands with solid as mean. Representative 

Concentration Pathways of greenhouse gases emissions in relation to the projected radiative forcing in 

2100. (Source: USGS website accessed in 2020 and https://arctic.noaa.gov/Report _card). 
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The extent of sea ice cover is subject to various internal and external forcing mechanisms such as 

natural versus anthropogenic climate forcing. Sea ice reacts sensitively to atmospheric pressure 

changes (i.e. changing wind patterns) in the Arctic on decadal time scales, such as the Arctic 

Oscillation (AO) and North Atlantic Oscillation (NAO) (Hurrell et al., 2001; Kwok et al., 2013; 

Rigor et al., 2002) (Fig.1.8). Usually, these high latitude counter-clockwise circulation patterns 

are synchronous and exhibit a positive and negative mode (Darby et al., 2012; Jones et al., 1997). 

The positive/negative mode is associated with low/high surface pressure and strong/weak zonal 

winds over the Arctic Region. During a positive AO/NAO mode, the polar vortex remains strong 

due to low surface pressure in the Arctic, meaning northward shift of the Jet Stream, thus colder 

air masses are bound around the North Pole. In a negative mode, however, the polar vortex is 

weak and the Jet stream moves south, transporting cold air masses southwards. The positive 

mode of the AO/NAO is usually associated with the increased export of sea ice from the Arctic 

as well as the northwards transport of warm Atlantic Water causing thinning (reduction) of 

Arctic sea ice (Darby et al., 2012; Dickson et al., 1996; Thompson and Wallace, 1998). 

 

Figure 1.8: Schematic of the Arctic Oscillation (AO) and North Atlantic Oscillation (NAO) and its 

climatic effects during a) positive mode and b) negative mode (adapted after AMAP, 2017; Campos and 

Horn, 2018). 

 

Besides the areal loss of sea ice extent, the thickness and volume of ice too, have declined 

drastically (-3.1 thousand km
3
/decade) resulting in the loss of thick multi-year ice, as displayed 

by a continuous decline in ice volume from 1979 to 2018 derived from satellite measurements 
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(Fig. 1.9) (Serreze et al., 2007b; Stroeve et al., 2012). The loss of multi-year sea ice is very 

susceptible to a potential rise in oceanic and atmospheric temperatures in the future too because 

of ongoing climate change (Comiso, 2012). 

 

Figure 1.9: Sea ice volume (linear trend ‘blue’) anomalies in PIOMAS (Zhang and Rothrock, 2003) 

calculated from a 1979 to 2016 baseline. (Source: http://psc.apl.uw.edu/research/projects/arctic-sea-ice-

volume-anomaly/). 

 

Figure 1.10: Global land and ocean-based temperature anomalies in the last 50 years showing amplified 

global temperatures together with the Arctic warming twice than the global average. (Source: NASA/ 

https://en.wikipedia.org/wiki/Climate_change). 

http://psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly/
http://psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly/
file:///E:/PhD%20Thesis%20J%20Saini/NASA/
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One of the most obvious signals of climate change is the rise of global average temperatures in 

the past several decades (Fig. 1.10). The Arctic region will continue to warm more than twice the 

global average, a phenomenon called the “Polar Amplification” (Serreze and Barry, 2011) and 

will probably lead to the ice-free Arctic by the end of 21
st
 century (Fig. 1.7). 

Such developments would be disastrous to Arctic flora and fauna as sea ice presents a unique 

habitat for specialized microbes, fishes, birds and marine mammals (Fig. 1.3). Sea ice thickness 

controls light conditions and hence controls marine productivity to a great extent (Belchansky 

and Douglas, 2002; Cremer, 1999). Ice algae and phytoplankton bloom are the foundations of the 

Arctic food web that influence the organic carbon budget of the Arctic Ocean (Gradinger, 2009). 

Moreover, when sea ice melts, nutrients and terrigenous organic matter are released to the water 

column stimulating ocean primary productivity in combination with sunlight (cf. 1.3).     

Since the observational and satellite-derived sea ice time series are short and biased by the 

impact of industrialization since the 18
th

 century, the reconstructions of natural sea ice variations 

on longer geological time scales are highly relevant. Such reconstructions can greatly improve 

forecast climate models and clarify unsolved questions regarding the role of sea ice, primary 

productivity and fate of terrigenous OM in the climate system and its response to natural and/or 

anthropogenic climate changes. 

1.3 Processes controlling the organic carbon cycle in the Arctic Ocean 

1.3.1 Primary productivity 

Autotrophic algae living in sea ice (ice algae) and water column (phytoplankton) undergo 

photosynthesis and are usually the main primary producers in the Arctic Ocean. Primary 

productivity strongly depends on the light and nutrients availability, thus melting and retreat of 

sea ice during spring/summer/autumn might affect primary production in the Arctic Ocean and 

its adjacent shelf seas by altering light conditions and stratification (Ardyna et al., 2017; Barber 

et al., 2015; Leu et al., 2015) (Fig. 1.11). Phytoplankton bloom development is strongly 

influenced by sea ice conditions and in ice-edge areas the buildup of bloom may be faster than in 

areas of open waters (Wassmann et al., 2011).  
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Figure 1.11: Schematic illustration of principal processes during an annual productive cycle in the Arctic 

Ocean. The development of phytoplankton bloom, ice algae, and seasonal light conditions along the 

eastern Baffin Bay (Disko Bugt) region in the Arctic (Source: Kolling et al., 2018, modified from 

Wassmann et al., 2011, 2020). 

 

Climate change and the resulting reduction in ice cover will probably lead to more persistent ice 

algae blooms and will take a greater share of primary production (Wassmann et al., 2020). 

Recent studies have further shown that primary production can also occur under lower light 

conditions and earlier in the seasonal cycle than previously thought (Randelhoff et al., 2020). 

Also, light availability is not constant in the Arctic regions and varies significantly spatially and 

temporally. For example, between 67.4 and 72°N, the sun is below the horizon from 1 to 72 

days, however, between 72 and 78°N the sun is below the horizon for 112 to 144 days (Fig. 

1.12A) (Wassmann et al., 2020). The light forcing, among others, is a key determinant of ice 

algae and phytoplankton bloom development and therefore drives productivity as a function of 

latitude. Therefore, inside each longitudinal light window with its variable sea ice cover, the 

timing and extent of the ice and phytoplankton productivity vary from April to late summers 

from the south towards higher latitudes (Wassmann et al., 2020) (Fig. 1.12B).  
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Figure 1.12: (A) Different types of Polar night situations (number of days when the sun is below the 

horizon) from the Arctic Circle 67.4°N towards almost the North Pole 84°N. (B) Ice algae and 

phytoplankton bloom conditions as a function of latitude. Note that combined conditions including light, 

ice and stratification regulates the timing of the bloom development along a particular latitudinal axis. 

(Source: modified from Wassmann et al., 2020). 
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Recent studies have suggested the overall increase in primary production due to accelerated loss 

of Arctic sea ice as well as enhanced nutrient supply owing to increased ice-sheet melting over 

the past several decades (Hill et al., 2018; Lewis et al., 2020; Tremblay et al., 2015). Compared 

to the average 2003-2019, for example, increased chlorophyll-a concentrations were found in 

phytoplankton in the Laptev Sea during July and August 2020 (Fig. 1.13). This is probably 

linked to the very early sea ice loss and exceptionally warm conditions during 2020. A 

widespread increase in primary productivity is also reported along the SE and SW Greenland, 

Baffin Bay, Barents Sea, Hudson Bay and Bering Sea regions and is linked to the increases in 

sea ice losses (Fig. 1.13, 1.14). 

The amount and composition of organic carbon preserved in the sedimentary records depend 

upon factors such as primary production, terrigenous input, transformation processes as well as 

bulk accumulation rates. Owing to light limitation and sea ice cover, the central Arctic Ocean is 

characterized by very low primary production (<11 g cm
-2

 a
-1

) compared to the Arctic marginal 

seas (30-150 g cm
-2

 a
-1

) (Fig. 1.14) (Stein, 2008, Stein and MacDonald, 2004a). Baffin Bay is 

reported to have annual primary productivity in the range of 60-120 g cm
-2

 a
-1

, assuming a 120-

day growth season (Gosselin et al., 1997). 
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Figure 1.13: Satellite-based mean monthly chlorophyll-a concentration across the pan-Arctic region 

during 2020, displayed as a percent of the 2003-2019 average for a) May, b) June, c) July, and d) August. 

Areas shown as black represent regions where no data are available (due to cloud cover or >10% sea ice 

cover) (Source: http://oceancolor.gsfc.nasa.gov/; DOI: 10.25923/vtdn-2198). 

 

 

http://oceancolor.gsfc.nasa.gov/
https://doi.org/10.25923/vtdn-2198
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Figure 1.14: Total annual primary productivity (in g cm
-2

 a
-1

) distribution across the Arctic (Source: Stein, 

2008; based on Sakshaug, 2004). 

 

1.3.2 Terrigenous input 

Arctic regions act as sensitive filter zones for terrigenous matter input onto the continental 

shelves via river discharge and coastal erosion (Wegner et al., 2015). This material is distributed 

further across by ocean currents, sea ice, icebergs and aeolian processes (Fig. 1.15). Over the 

past several decades, Arctic regions have shown increased export of terrigenous sediments 

supply mainly due to enhanced annual river discharge, and this may alter the delivery of 

nutrients and promote primary production in the Arctic Ocean (Retamal et al., 2008). Climate 
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warming in the eastern Siberian Arctic has caused enhanced transport of large amounts of ‘old’ 

terrigenous organic matter, previously stored for a long time in the (thawing) Siberian 

permafrost, however, the fate of which is still debated (Bröder et al., 2019; Mann et al., 2015; 

Tesi et al., 2013). A significant part of the remobilized terrigenous organic matter could be 

degraded on the Arctic shelf and may be released into the atmosphere leading to further positive 

feedback for global climate warming. 

 

Figure 1.15: General processes controlling terrigenous sediments input in the Arctic Ocean (modified  

from Stein & Korolov, 1994; Stein, 2008). 

 

The significance of terrigenous organic matter in the contemporaneous ocean and deep-sea 

sediments is an important, however, yet poorly understood aspect of the global organic carbon 

cycle (Eglinton and Repeta, 2003). The influence of climate variations, including the supply of 

riverine, eolian and sea ice exported terrigenous organic matter to the ocean is also not well 

constrained and the conventional assumption that deposition of terrigenous particles is restricted 

to the shelf and the upper slope is questionable (Stein and Fahl, 2000; Stein and MacDonald, 

2004a; Wagner et al., 2004). During the LGM, thick perennial sea ice cover may have only 

allowed for minimal sea ice transport, and disintegrating ice sheets during the Deglacial period 

may have accounted for major transport. During the Holocene, however, the sediments released 
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from sea ice could have accounted for a major fraction or even dominate the total flux of 

terrigenous organic matter i.e. in the Arctic Ocean and Greenland Seas (Hebbeln and Wefer, 

1991; Stein and MacDonald, 2004a). 

 

Figure 1.16: Terrigenous (terr OC) and marine organic-carbon (mar OC) distribution (in average percent) 

across the central Arctic Ocean and its marginal seas. (Source: Stein & Macdonald, 2004a and references 

therein. 
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Presently, terrigenous organic carbon dominates the areas close to river mouth discharge i.e., the 

Laptev Sea, Kara Sea, East Siberian Sea and Mackenzie river delta as well as the central Arctic 

Ocean, however, marine organic carbon may become significant in areas with high primary 

production such as in the Barents Seas (Fig. 1.16). However, no significant reliable data are 

available for Canadian Arctic and Baffin Bay regions. 

1.3.3 Preservation 

The mechanisms that may control the preservation of organic matter in the ocean sediments are 

the key to interpreting paleoceanographic signal. Generally, the carbon content of ocean 

sediments is strongly influenced by the primary production, particulate organic carbon influx to 

the bottom, transformation processes in the water column, the oxygen content, and the organic 

matter degradation rate as well as bulk sedimentation rates. Additionally, sediment grain size 

may also play an important factor in controlling organic carbon concentrations. High fine-

grained siliciclastic material deposition may enhance preservation of marine (and terrigenous) 

organic matter by coagulation processes (“ballast effect”; Iversen and Robert, 2015; Fahl and 

Stein, 2007; Ittekot et al., 1992). For example, based on study by Fahl and Stein (2007) in the 

Kara Sea sediments (core BP99-04), the authors reported high accumulation of organic carbon 

linked to the distinct increase in fine-grained sediments caused by reduced current velocity and 

reduced river discharge. Here, the increased amount of organic carbon preservation was reported 

to be predominantly caused by terrigenous source of organic matter (Fahl and Stein, 2007). 

Furthermore, the understanding of the fate of terregenous organic carbon in marine sediments is 

quite important, as it is strongly related to the organic matter burial in marine sediments owing to 

different remineralization capacity of marine and/or terrigenouc organic carbon in the oceanic 

sediments. Additionally, marine organic matter can be more reactive than terrigenous organic 

matter, thus might undergo preferential remineralization. Additionally, in the topmost 

centimeters of the ocean sediments, preservation as well as diagentic alterations may also affect 

the organic carbon accumulation (cf. Fahl and Stein, 2012; Belt & Müller, 2013). However, these 

factors are highly variable in different environments of the Arctic Ocean (Stein, 2008) and 

should be interpreted with caution. 
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1.4 Study area and modern setting 

Our principal study area includes Baffin Bay and the NE Labrador Sea located between 

Greenland and the Canadian Arctic Archipelago (CAA) in the Arctic region (Fig. 1.17A, B). 

Baffin Bay is a narrow semi-enclosed oceanic basin constrained by Baffin Island to the west, 

Ellesmere Island, Nares Strait to the north and in the south connected to the Atlantic Ocean via 

the Labrador Sea and Davis Strait. On the eastern side, Baffin Bay is connected to the Greenland. 

Baffin Bay stretches from ~67°N to 76°N, covering a total area of ~690,000 km
2
. Baffin Bay is 

connected to the Arctic Ocean via the Nares Strait (~250 m deep) and Canadian Arctic islands in 

the north, while in the south it is connected to the Labrador Sea and North Atlantic via the Davis 

Strait (~640 m deep). The surface and subsurface waters in Baffin Bay and the Labrador Sea are 

characterized by a counter-clockwise gyre due to the interaction of northward-flowing warm 

high salinity Atlantic Water (Atl.W: 300-800m) transported by the West Greenland Current 

(WGC) with the southward flowing cold polar sourced Arctic Water (AW: 0-300m) transported 

via the Baffin Current (BC) (Fig. 1.17C) (Ribergaard et al., 2008; Tang et al., 2004). The WGC 

is formed by a combination of (1) Atlantic-sourced, relatively warm and saline water from the 

Irminger Current (IC), (2) polar-sourced cold, low salinity water from the East Greenland 

Current (EGC) and (3) local melt-water discharge along the SW-Greenland coast (Fig. 1.17) 

(Tang et al., 2004).  

Modern sea ice cover duration (Fig. 1.17B) is longest in the north-western areas of Baffin Bay 

and shortest in its south-eastern regions, an area strongly influenced by the northward flowing 

warmer WGC (Tang et al., 2004). Sea ice begins forming in the north around October and covers 

most of the bay with sea ice by March (Bi et al., 2019). Sea ice reduces in summer and attains its 

minimum in September in Baffin Bay; however, the eastern Labrador Sea remains generally ice-

free year-round due to the strong influence of the WGC (NSIDC, 2020; Tang et al., 2004). 

Furthermore, an area of around 80,000 km
2
 in north-western Baffin Bay (North Water Polynya) 

is kept open by prevailing north-westerly winds, limiting formation of newly-formed thick sea 

ice cover, resulting in open-water conditions, high primary productivity and extensive heat loss 

to the atmosphere (Melling et al., 2010; Dunbar and Dunbar, 1972; Tremblay et al., 2002). 
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Figure 1.17: A. Map showing the location of sediment cores (GeoB19948-3, GeoB19927-3 and 

GeoB19905-1) studied herein and surface circulation in Baffin Bay and Labrador Sea areas. The warm 

surface currents are shown in red and cold polar sourced currents in blue. B. The average maximum 

extent of the sea ice edge for each month of the year (as per data from NSIDC, 2012), adapted from 

Seidenkrantz (2013a). C. Water mass profile in the Baffin Bay area along 73°N transect and the star 

indicates the core site at 932m water depth. The Schematic depth profile of Atlantic Water (Atl. W): 300-

800m and Arctic Water (AW): 0-300m is shown according to World Ocean Atlas (Source: modified from 

Hansen et al., 2020; Locarnini et al., 2013). 

 

Fast-flowing glaciers i.e. Ussing Braeer and Cornerll glaciers from the northwestern GIS and 

Kangiata nunata sermia, Isortuarssup sermia from the southwestern GIS, are in close proximity 

(Fig. 1.18) and might influence sediment delivery in this area (Joughin et al., 2010; Rignot and 

Kanagaratnam, 2006; Wood et al., 2018). The sediments deposited at the seafloor of the eastern 
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margin of Baffin Bay and the Labrador Seas are predominantly derived from glacial erosion of 

the surrounding landmasses, and high sedimentation rates of 40-140 cm/ka make this area an 

ideal site for paleoenvironmental studies (St-Onge and St-Onge, 2014). 

 

Figure 1.18: Major glaciers around the (A) northwestern and (B) southwestern Greenland Ice Sheet and 

their coastal flow speed as per year 2005/06, modified from Joughin et al. (2010). 
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1.5 Quaternary climate evolution  

 

Figure 1.19: Northern Hemispheric ice-sheets variability during the Quaternary period. (a) Bar chart of 

major ice-sheet extents during the Quaternary period divided into 18 time-slices relative to the present-

day extent (0 ka). Low saturation colors indicate comparatively warm intervals, whereas high-saturation 

colors indicate maximum ice-sheets during full-glacial periods. (b) Relative sea level fluctuations over the 

past 800 ka relative to the present day (0 ka). (From Batchelor et al., 2019 and references therein). 
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1.5.1 Glacial-interglacial cycles 

In contrast to a significantly warmer period prior to 2.6 Ma, the Quaternary period of the last 2.6 

Ma is associated with extreme growth and decay of polar ice sheets and Arctic sea ice became an 

integral part of the earth’s climate system. During the Quaternary, Arctic climate was influenced 

by glacial-interglacial cycles (Fig. 1.19a) caused by changes in the Earth’s orbit (“Milankovitch 

cycle”; Berger et al., 2005) and is associated with major seesaw type fluctuations in the global 

sea level (Fig. 1.19b). These cycles have had period of about 20 ka, 40 ka and 100 ka (Bamber, 

2016). Since the middle Quaternary (around 800 ka BP), glacial-interglacial cycles tend to have a 

frequency of about 100 ka (so-called “eccentricity” cycle) (Lisiecki and Raymo, 2005). Over the 

last 450 ka, glacials have lasted about 70 ka to 90 ka, whereas interglacials lasts approximately 

10 ka (Philander, 2008). Abrupt warming at the end of glacial periods tends to occur much faster 

than the increase in solar insolation possibly due to several feedback mechanisms, including ice-

albedo and CO2 release into the atmosphere. Sea level fall and rise with each glacial (cold) and 

the interglacial (warm) period leading to animal, plants and human migration. When the ice ages 

began, ice sheets spread from the high latitudinal areas and covered much of North America, 

Eurasia and the Barents Seas in the northern hemisphere. During the glacials, the GIS was 

supposedly larger than present, extending out to continental margins (Bamber et al., 2015). 

Additionally, using terrestrial and modeling studies, Batchelor et al. (2019) hypothesized 

Northern Hemispheric ice-sheet extent prior to the LGM in 17 time-slices of 5 ka intervals for 

major marine isotopic stages (MIS) corresponding to cool and warm intervals (Fig. 1.19a, 1.20). 

During the last 800 ka, large parts of North America and Europe were covered with ice sheets in 

glacial times corresponding to MIS 20 to MIS 2 (LGM) (Fig. 1.19). In the Canadian Arctic and 

Greenland, ice sheet extended further onto the shelf areas, while in northern Eurasia, ice 

advanced onto the Barents Sea and Kara Sea ice shelves (Svendsen et al., 2004). However, NE 

Russia may have still remained ice-free (Gualtieri et al., 2003). During the most recent and best 

constrained glacial cycle (MIS 2-5d; Fig. 1.20d-m), the ice-sheet advanced in continental 

interiors of NE Asia and eastern Europe earlier in the last glacial cycle, whereas western Europe 

(EIS) and Laurentide ice-sheets (LIS) attained their maximum extent towards the end of the  
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Figure 1.20: Estimated (modelled) reconstructions of Northern Hemisphere (NH) ice-sheet during the 

Quaternary for various glacial stages (Marine Isotopic Stages 24-2). Time slices Fig. d-u are the best-

estimate reconstructions of NH ice-sheet extent during the Late Quaternary period. The robustness score 

(0-5) of this estimation is shown, 0 indicating no empirical/modelled data and higher values, i.e. 5 

indicate more/or all the empirical and modeled data in agreement with the reconstructed ice-sheet margin. 

(cf. Batchelor et al., 2019 and references therein). (Source: Batchelor et al., 2019) 
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glacial cycle (Fig. 1.20). A comparison of the older glacial period (MIS 4) with the LGM, shows 

that the south-western margins of the LIS and EIS attained more extensive ice growth during the 

LGM, in comparison to the eastern margin of EIS, however, during the MIS 4, glaciations in 

North America and NE Asia were more extensive in contrast to the LGM (Batchelor et al., 2019; 

Gowan et al., 2021). The EIS showed the greatest change during the LGM compared to relatively 

warmer intervals of MIS 3, 5a and 5c (Fig. 1.20), which can be explained partially by the 

marine-based nature (more susceptible to change; Oppenheimer, 1998) of this ice sheet, which  

covered the Barents Sea, Kara Sea and the North Sea during full glacial periods (Ehlers, 2011; 

Patton et al., 2017; Svendsen et al., 2004).  

1.5.2 LGM-deglacial-Holocene transition 

During the most recent glacial cycle (MIS2), the glaciers and ice sheets developed in continental 

interiors of Eastern Europe and NE Asia (Fig. 1.20d). Whilst large ice sheets such as LIS and 

western EIS attained its maximum extent towards the end of the glacial cycle (LGM) and 

probably also influenced ice-sheet configuration elsewhere in the Northern Hemisphere. Sea 

level fell to about 120 m lower than the present, when large ice sheets advanced to the broad 

continental shelves of the Arctic and subarctic seas (Fairbanks, 1989). During the deglacial 

period, the disintegration of ice sheets followed and the Arctic hinterland was accompanied by 

increased iceberg activity and huge input of fresh water discharge in the Arctic shelves as well as 

increased sea level inundation. The deglaciation period from 16 ka BP to 9 ka BP could be 

characterized by increasingly more open-water conditions with some regional variability (Cronin 

et al., 2010). This period might be associated with the increased seasonal opening of sea ice 

cover, i.e. around the Greenland, Norwegian, and Iceland Seas (Koc et al., 1993). During the 

warm Bølling/Allerød (BA) period between about 14.5 and 13 ka BP, a rapid decrease in sea ice 

cover followed as shown by sediment cores recovered from the Lomonosov Ridge (Fahl and 

Stein, 2012). Afterwards, a dramatic fresh water event and enhanced fresh water flux into the 

North Atlantic caused enhanced sea ice formation resulting in a abrupt cold event termed as the 

“Younger Dryas (YD)” which caused slow-down in the AMOC and was linked to the partial 

drainage of Lake Agassiz into the North Atlantic (Not and Hillaire–Marcel, 2013; Hillaire-

Marcel et al., 2013). During the deglacial transition, other cooling events in the Northern 

Hemisphere were also reported, such as the Preboreal Oscillation at about 11.7-11.2 ka BP, and 

the “8.2 ka event” at about 8.2 ka BP (Fig. 1.21) (Barber et al., 1999; Broecker et al., 1989). The 
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“8.2 ka – event” is a globally well-documented cold event, most probably caused by the influx of 

large volume of fresh water from the glacial lakes Agassiz and Ojibwa drained into the North 

Atlantic. This led to a drop in temperature of about 5-7˚C (Alley et al., 1997) and has been linked 

to the glacial advances in central and southern Greenland (Schweinsberg et al., 2017; Balascio et 

a., 2015). The huge inflow of fresh water into the North Atlantic may have significantly reduced 

deep-water formation and weakened the thermohaline circulation, which would lead to abrupt 

climate change in these cold periods (Schmittner and Clement, 2002; Stocker and Wright, 1991). 

 

Figure 1.21: Generalized Late Glacial to Holocene temperature variations in central Greenland 

(Source: http://www.endeavourswake.co.uk/439202548). 

 

1.5.3 The Holocene period 

The current warmer interglacial period when humans thrived, i.e. the Holocene, began ca. 11.7 

ka BP with the termination of colder and drier YD (Rasmussen et al., 2006) (Fig. 1.21). 

http://www.endeavourswake.co.uk/439202548
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Generally, reduced sea ice cover and high thermal maximum conditions characterized the onset 

of Holocene throughout most of the Arctic marginal seas (Cronin et al., 2010). Albeit, the 

Holocene climate fluctuations were relatively weaker than the LGM-deglacial period, it may be 

of great significance to test and improve our climate models (Kaufman et al., 2016; Mayewski et 

al., 2004). Several studies from the high northern latitudes along the West Greenland Shelf 

describe the Holocene into three main intervals; 1) the early Holocene (~11.5-7.8 ka BP), 2) mid 

Holocene (~7.8-3 ka BP) and 3) the late Holocene (last 3 ka BP).  

 

Figure 1.22: Overview of the major paleoclimatic events during the last 5 ka BP. Greenland atmospheric 

temperatures is based on δ
18

O from GISP2 ice core (Alley et al., 2010) and observed atmospheric 

temperatures from SW Greenland during the 1880-2010 time period (Cappelen and Vinther, 2014). The 

trend in mean solar insolation is shown together with the sunspot number as well as specific sunspot 

minima (Bond et al., 2001; Solanki et al., 2004; Stuiver, 1961). (Modified from Kolling, 2017a) 

The early-to-mid Holocene is generally characterized by high atmospheric temperatures, termed 

as the Holocene Thermal Maximum (HTM), however, its character and timing may differ 

between regions and especially between high and low latitudes (Kaufman et al., 2004; Renssen et 

al., 2012). In the early Holocene, paleoceanographic reconstructions from the North Atlantic and 
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circum-Greenland areas show conditions warmer than today (Briner et al., 2016; Kaufman et al., 

2016). This warming could be associated with high summer insolation and/or the increased 

advection of Atlantic Water masses and enhanced north-westward retreat of sea ice in the Arctic 

(Koc et al., 1993; Svendsen et al., 2004). In particular, the melting of the GIS during the early-to-

mid Holocene and its negative feedback to atmospheric warming might be linked to the distinct 

differences in the spatial and temporal extent of the HTM, i.e. in the Nordic Seas (Risebrobakken 

et al., 2011). The late Holocene, however, is widely characterized by decreased solar insolation 

and an increase in sea ice and glacier re-advances generally referred to as Neoglacial cooling 

(Fig. 1.22) (Isaksson et al., 2005; Levy et al., 2017; Nesje et al., 2001; Wanner et al., 2008). This 

cooling was associated with an enhanced influence of Arctic Waters into the Baffin Bay and the 

Fram Strait areas (Perner et al., 2012). However, the characteristics and timing of the Neoglacial 

cooling vary between different regions, some notice a stepwise (Werner et al., 2013) and other a 

gradual cooling (Müller et al., 2012). Superimposed on this general cooling trend, several short-

time climate fluctuations i.e. Roman Warm Period (RWP), Medieval Climate Anomaly (MCA), 

and Little Ice Age (LIA) were recorded in the North Atlantic regions (Jones and Mann, 2004; 

Ljungqvist, 2010) which were reported to be influenced by the retreat and/or advance of Atlantic 

Water towards the Arctic (Fig. 1.22). 

1.6 Paleoenvironmental proxy-based reconstructions 

Since direct observation of environmental conditions is only limited to past few decades to a few 

hundred years, deep-time past climate reconstructions rely mainly on proxy measurements. 

These proxies are usually related to certain environmental parameters such as sea ice, primary 

productivity, oceanic currents, terrigenous input and glacier retreats/advances.  

1.6.1 Micropaleontological and sedimentological proxies 

Paleo sea ice reconstructions rely heavily on proxies preserved in marine sediments. In this 

context, a combination of sedimentological and micropaleontological inferred proxies such as 

ice-rafted debris (IRD), assemblages of dinocysts, diatoms and ostracods and δ
18

O in 

foraminiferal tests may provide important information about past sea ice conditions (e.g., Cronin 

et al., 2014; de Vernal et al., 2005, 2013a; Gersonde et al., 2005; Hillaire-Marcel and de Vernal, 

2008; Jennings et al., 2002; Limoges et a., 2018; Matthiessen et al., 2005; Pieńkowski et al., 

2017; Warren, 1992). Despite the wide application of these sedimentological and 
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micropaleontological proxies, most of them can only be considered as indirect sea ice proxies, as 

sea ice being only one of several other environmental parameters affecting them. Also, 

microfossil records such as, for example, diatom assemblages must be interpreted with caution as 

they may also be influenced by dissolution and selective preservation (Bidle and Azam, 1999; 

Leventer, 1998; Shemesh et al., 1989). Errors of transfer functions applied to microfossils data 

may also increase within the application in paleorecords (de Vernal et al., 2005a). Moreover, the 

reconstructions from IRD cannot differentiate between sea ice and icebergs transport. 

1.6.2 Biomarkers and organic-geochemical bulk parameters 

The main approach of this thesis was to use specific biomarker proxies to investigate the sea ice, 

primary productivity and terrigenous input conditions off the eastern coast of Baffin Bay-

Labrador Sea transect along the West Greenland margin. The determination of such biomarkers 

provides useful information for past oceanographic conditions. A detailed description and 

interpretation of investigated lipid biomarkers, including HBIs and specific sterols, are also 

presented in more detail in the following chapters 4, 5 and 6. 

1.6.2.1 Sea ice 

The first identification of a source-specific highly branched isoprenoid alkene (HBI) in sea ice 

samples from the Canadian Arctic in a pioneer study by Belt et al. (2007) has started a new field 

of sea ice reconstructions in the polar environments. In general, HBIs are produced by diatoms 

and widely found in marine and fresh water ecosystem and their sediments (Belt et al., 2000; 

Volkman et al., 1994). Among them, however, a specific monounsaturated HBI alkene with 25 

carbon atoms (Fig. 1.23) is proposed to be directly synthesized by diatoms (mostly Haslea spp.) 

living in sea ice. This biomarker termed as “sea ice proxy IP25” has been preferentially used for 

reconstructing sea ice variability (Belt et al., 2007, 2008; Brown et al., 2014). 

A comprehensive and comparative study of IP25 extraction protocol, identification and 

quantification involving several international laboratories has revealed its source-specificity and 

stability and its potential for pan-Arctic sea ice proxy (Belt et al., 2014; Belt et al., 2012). The 

absence of IP25 in open-water phytoplankton samples and its isotopic 
13

C signature in sea ice, 

sediment trap and marine sediments showed its specific ice-origin (Belt et al., 2008; Brown et 

al., 2014). In previous sediment traps studies from Canadian Arctic (Belt et al., 2007), Fram 

Strait (Lalande et al. 2016; Soltwedel et al., 2016), the authors found the highest sedimentary  
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Figure 1.23: Chemical structure of common highly-branched isoprenoid HBIs and of specific sterols. 

 

IP25 concentrations related to spring bloom, however, in the central Arctic, the highest 

sedimentary IP25 concentrations were reported during summer months (Fahl and Stein, 2012; 

Nöthig et al., 2020) (Fig. 1.24). This showed the regional differences of IP25 producing diatoms, 

which depend on seasonal differences in light and sea ice conditions. The light-driven ice algae 

bloom is important in supporting the higher tropic food web and thus the deposition of sea ice 

derived organic matter into the marine sediments (Fig. 1.24). 

Furthermore, IP25 is stable over millions of years (Stein et al., 2016) and therefore; it has 

emerged as a successful approach for paleo sea ice reconstructions in the Arctic regions. As 
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proposed first by Belt et al. (2007), the absence of IP25 may be caused by both the permanent sea 

ice cover and the ice-free conditions (Fig. 1.24). To distinguish between these two extremes, 

Müller et al. (2011) and Smik et al. (2016) combined IP25 with open water phytoplankton 

markers (i.e., brassicasterol, dinosterol and tri-unsaturated HBI) in the so-called PIP25 index 

using the following equation: 

PpIP25=IP25/ (IP25 + (p*c)),  

Where p is the phytoplankton marker concentration (p = B(brassicasterol) or D(dinosterol) or 

III(HBI III), and c is a balance factor to compensate for a significant concentration difference  

 

Figure 1.24: Generalized overview sketch of the Greenlandic shelf cross-section showing deposition of 

different biomarkers related to ice algae (in blue), phytoplankton (in green) and terrigenous supply (in 

brown). PIP25 index varies from 0 to 1 from open waters towards extended sea ice conditions (Source: 

Kolling, 2017; modified from Müller et al., 2011; Stein et al., 2016). 

 

between IP25 and phytoplankton marker concentration (c = mean IP25 concentration/mean p 

concentration). When using HBI III as phytoplankton biomarker and IP25 and HBI III 

concentrations are similar in magnitude, a balance factor may not be needed (i.e., c = 1). Based 

on this equation, Müller et al. (2011) described high IP25 and concurrently low phytoplankton 

biomarker yielding high PIP25 values (>0.75) as indicative of extensive sea ice cover. However, 

low IP25 and concurrently high phytoplankton biomarker yield low PIP25 values (<0.5) as 
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indicative of reduced to minimal sea ice cover (Fig. 1.24). An intermediate PIP25 value (0.5-0.75) 

corresponds to marginal sea ice conditions (Müller et al., 2011). The PBIP25 and PDIP25 indices 

are most commonly used in the Arctic region and when compared from surface sediments yield a 

positive correlation with modern satellite-based observations and therefore were successfully 

applied in numerous paleo-sea ice reconstructions (see reviews by Stein et al., 2012; Belt and 

Müller, 2013; Belt, 2018 and references therein). The PIP25 approach still has its limitations, such 

as the inaccuracy and nonunique c factor depending on the type of phytoplankton markers used 

for PIP25 calculations. These may lead to spatially different magnitudes of sea ice cover. The 

review paper by Belt (2018) described the limitations and advantages of these proxies in more 

detail. 

Z-HBI III (commonly referred as ‘HBI III’) has been combined with IP25 (PIIIIP25) index that 

provided an additional proxy for sea ice reconstructions. Based on the distribution pattern of HBI 

III in surface sediments from the western Barents Sea and the correlation with seasonal sea ice 

concentration maps, for example, Belt et al. (2015) proposed that HBI III maxima reflect winter 

MIZ conditions. In contrast, based on a study of East Greenland fiords surface sediments, 

Ribeiro et al. (2017) proposed that HBI III maxima correlate with the July MIZ situation. Based 

on surface sediments from Baffin Bay area, Kolling et al. (2020) proposed that the sea ice indices 

PDIP25 and PBIP25 may show late spring and/or autumn conditions, while PIIIIP25 may record 

more the early spring and/or late winter (ice-edge) conditions. However, low to zero 

concentrations of HBI III in Baffin Bay sediments may cause an overestimation of the sea ice 

cover by the PIIIIP25 index and therefore should be interpreted with caution (Kolling et al., 2020).  

In addition to IP25, another diunsaturated molecule (HBI II) (Fig. 1.23) has been identified in 

both the Arctic and Antarctic sediments (Belt et al., 2007; Belt, 2018) and proposed as an 

additional sea ice proxy in the Southern Ocean and Antarctic realm (so-called, “IPSO25”; Belt et 

al., 2016). However, HBI II has also been found in ice-free and temperate fresh water systems 

such as Everglades in Florida, hence questioning its source-specificity and therefore, further 

research is needed to investigate its use and reliability as an Arctic sea ice proxy (Belt, 2018; 

Collins et al., 2013a; He et al., 2016; Masse et al., 2011; Summons et al., 1993; Yruela et al., 

1990). 
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1.6.2.2 Productivity 

Specific sterols such as brassicasterol and dinosterol (Fig. 1.23), usually produced by marine 

diatoms and dinoflagellates, have been preferentially used as biomarkers for marine 

phytoplankton productivity (Meyers, 1997; Robinson et al., 1984; Volkman, 1986; Volkman et 

al., 1993). However, brassicasterol may also be produced by fresh water diatoms. Therefore in 

regions that are strongly influenced by riverine discharge, the application of brassicasterol as a 

proxy for marine phytoplankton productivity is limited (Belt et al., 2013; Fahl and Stein, 1999; 

Yunker et al., 1995). Interestingly, HBIs with triple unsaturated bonds such as Z-HBI III and E-

HBI III (Fig. 1.23, with Z- and E-isomers) are closely associated with open-water and marginal 

ice-zones conditions and can be used as another phytoplankton biomarker proxy (Belt, 2018; 

Belt et al., 2015; Masse et al., 2011; Smik et al., 2016a). Additionally, based on the correlation of 

Z-HBI III and E-HBI III to spring cholorophyll a concentrations (chl a), Belt et al. (2019) have 

proposed that the proportions of HBIs Z and E-isomers (TR25) may indicate spring 

phytoplankton blooms, at least for the Barents Sea and surrounding regions. This approach, 

however, needs to be further evaluated by using additional data from surface sediments and 

sediment cores from other Arctic regions. 

1.6.2.3 Terrigenous input and organic matter sources 

Long-chain odd-numbered n-alkanes (i.e. C27+C29+C31), derived from the leaf waxes of 

terrestrial vascular plant material have been widely used as a proxy for terrigenous input in 

marine sediments (Eglinton and Eglinton, 2008; Schubert and Stein, 1996; Fahl et al., 2003; Fahl 

and Stein 2004a, b). Specific biomarker sterols such as ß-sitosterol (24-ethylcholest-5-en-3ß-ol) 

and campesterol (24-methylcholest-5-en-3ß-ol) (Fig. 1.23) are also predominantly produced by 

land vascular plants (Stein and Macdonald, 2004) and often and successfully applied as a proxy 

for land-derived terrigenous input (Fahl and Stein, 1997; Hörner et al., 2016; Kolling et al., 2017; 

Syring et al., 2020). Furthermore, long-chain even-carbon numbered fatty acids and n-alcohols 

may also provide an estimate of terrigeous input (Meyers, 1997). Even more accurate proxy for 

vascular plant organic carbon input can be obtained from specific lignin phenols (Kattner et al., 

1999), albeit lignin data is rare in the Arctic Ocean sediments (Goñi et al., 2000; Lobbes et al., 

2000; Schubert and Stein, 1996). The branched vs. isoprenoid tetraether index, the so-called 

“Branched and Isoprenoid Tetraether (BIT)” represents the relative proportion of branched 

GDGTs in marine sediments to an isoprenoid crenarcheol found in ubiquitous pelagic 
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Thaumarchaeota (Sinninghe Damsté et al., 2016) and can be used as a proxy for terrigenous 

organic carbon as discussed in some Arctic studies (Weijers et al., 2014; Ji et al., 2019; Sparkes 

et al., 2015; Yamamoto et al., 2008). 

These biomarker proxies may be supported by organic bulk parameters such as carbon to 

nitrogen ratio (TOC/N) and stable carbon isotopes (δ
13

Corg) which may help distinguishing 

terrigenous (higher plant) and marine (algal) organic matter in marine sediments (Hedges et al., 

1986; Schefuß et al., 2003; Stein and Macdonald, 2004). Based on the high TOC/N ratio (>10) 

lighter δ
13

Corg values <-23‰, a terrigenous origin of organic matter can be inferred. 

1.7 Rationale and Outline 

The Arctic Region reacts sensibly to climate changes and at times acts as an amplifier, hence a 

crucial topic for paleoclimate research. Arctic sea ice plays a crucial role in Earth’s climate and 

is very sensitive to climate change and internal feedback mechanism on short as well as longtime 

scales. Despite the growing wealth of research in Baffin Bay and the Labrador Sea, there are still 

unanswered questions regarding sea ice variability in the past, especially during the Holocene. 

So far, a relatively new, sea ice biomarker approach (IP25 and PIP25 index) has mainly 

concentrated on specific areas such as Fram Strait, central Arctic Ocean, including the Barents 

Sea and Russian Arctic shelf area. Sedimentary sections with high sedimentation rates recovered 

from Baffin Bay and NE Labrador Seas allow for the first time a high-resolution mainly 

biomarker-based paleoceanographic reconstruction to address the following research questions: 

 Manuscript I: How did sea ice conditions and primary productivity varied in the Baffin 

Bay area during the Holocene and how melt water and oceanic currents influenced the 

sea ice conditions? 

In chapter 4, our specific interests were to reconstruct the Holocene sea ice variability using a 

more direct ice-proxy (IP25) and to assess the mechanisms controlling the sea ice extent/retreat in 

the northeastern Baffin Bay. Here, we investigated the effects of sea ice and melt water discharge 

on primary productivity and their relation to global climate change. The sea ice record presented 

here seems to be mainly influenced by a combination of processes in the adjacent fjord including 

solar and oceanic forcings (i.e., WGC, BC) and show close interaction with the melt water 

discharge from the adjacent ice sheets. 
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 Manuscript II: How did sea ice and primary productivity conditions in Baffin Bay 

evolved in comparison to the Labrador Sea? How did melt water and oceanic currents 

affected the sea ice variability along this N-S transect? 

In Chapter 5, high-resolution Holocene (last 11.5 ka BP) reconstructions of sea ice cover and 

primary productivity conditions were investigated along a N-S transect of eastern Baffin Bay-

Labrador Sea margin with intention to provide deeper insight into sea ice variability using a 

more direct ice-proxy (IP25) on the West Greenland Shelf and compare it to previously published 

records. The sea ice conditions in this transect show strong variability; from a (spring-autumn) 

ice-free NE Labrador Sea to increased seasonal/marginal sea ice cover towards northern Baffin 

Bay areas throughout the Holocene. A deeper insight into sea ice evolution and primary 

productivity were achieved when compared with previously published proxy records in this area.   

 Manuscript III: How did terrigenous organic carbon input varied in the Baffin Bay-

Labrador Sea transect during the Holocene? 

In Chapter 6, three sediment cores along the N-S transect of Baffin Bay-Labrador Sea were 

investigated for assessing the main factors controlling the terrigenous organic carbon input as 

well as to decipher the main source of organic carbon, primarily by using organic geochemical 

(TOC, TOC/N), stable carbon isotope (δ
13

Corg) and biomarker approaches. We record a general 

trend of decreasing terrigenous sediment supply from the early to the mid-to-late Holocene 

(11.5-3 ka BP) which seems to be linked to the reduction/retreat in ice-sheets and oceanic current 

strengths (i.e. the WGC). However, during the late Holocene, the NE Labrador Sea core may 

indicate increased input of terrigenous organic matter supply possibly related to the Neoglacial 

regrowth of local ice sheets, albeit, we cannot rule out preservation and diagenetic alterations in 

the upper centimetres. 
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2 Material and methods 

This chapter describes investigations carried out on three sediment cores (GeoB19948-3, 

GeoB19927-3 and GeoB19905-1) collected from the eastern Baffin Bay and NE Labrador Sea 

areas. These cores were recovered during R/V Maria S. Merian cruise MSM44 in June/July 2015 

(Dorschel et al., 2015). The location, core lengths, and other information are described in Table 

1. The working half of these cores were sampled and divided into four sets of samples. One set 

was freeze-dried for biomarker analysis (5-10cm resolution) and the second set was used for 

dating (foraminifera and 
210

Pd). The other two sets were stored at +4 ˚C for other multi-proxy 

analyses (i.e. dinoflagellates, foraminifera, and provenance studies).  

 

Table 1: Investigated cores. 

 

2.1 Material 

The lithology of cores GeoB19948-3, GeoB19927-3 and GeoB19905-1 summarized below are 

based on the core scan, density, grain size and visual description of the cores and described in 

detail in the cruise report (Dorschel et al., 2015). 

2.1.1 Sediment core GeoB19948-3 from Northern Baffin Bay 

Only one major lithological unit (LU1) was observed for the upper 280cm (Fig. 2.1). LU1 (280 

to 0 cm) is composed of olive-grey silty-clay homogeneous sediments. 

2.1.2 Sediment core GeoB19927-3 from NE Baffin Bay 

Core GeoB19927-3 provides a continuous sedimentary record that can be divided into four 

lithological units (Fig. 2.1). The lowermost unit (LU1; 1147-1059cm) is primarily characterized 

by non-homogenous silt and fine sand sediments embedded with dropstones. Unit 2 (LU2; 1059-

759cm) is composed of olive-grey to beige silty-clay sediments with sharp color boundaries with 

some organic remains. Inclined sand layers are prominent features. Unit 3 (LU3; 759-557cm) is 
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composed of laminated dark grey silty-clay sediments with embedded dropstones and shell 

fragments. The upper unit (LU4; 557-0cm) is characterized as homogenous olive-grey silty-clay 

sediments with some faint dark grey laminations and embedded shell fragments at 251 and 199 

cm. 

 

Figure 2.1: A scheme of the lithological composition of the studied sediment cores, adapted after 

Dorschel et al., 2015. 
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2.1.3 Sediment core GeoB19905-1 from the NE Labrador Sea 

Significant changes in the physical parameters reveal a variable lithology throughout the core 

GeoB19905-1, which can be described in four units (Fig. 2.1) (Dorschel et al., 2015). Unit 1 

(LU1; 1036-737cm) is composed of olive-grey muddy to sandy layers with sharp transitions and 

presence of some shell fragments towards the upper part of this unit. Unit 2 (LU2; 737-329cm) is 

composed of mainly olive-grey muddy sediments, and the presence of many shell fragments is a 

prominent feature of this unit. A sharp drop in dry bulk density at ~640cm is apparent (Dorschel 

et al., 2015; Weiser et al., 2021)   . Unit 3 (LU3; 329-83cm) is composed of homogenous brown-

grey muddy sediments with few organic and shell remains and a faint H2S smell. The upper unit 

(LU4; 83-0cm) is characterized by brown to olive-grey homogenous, muddy sediments with 

distinct separating layers and a strong H2S smell towards the top of the unit. 

2.2 Methods 

2.2.1 Chronostratigraphy 

Constraining the correct age of Arctic Ocean sediments is imperative for the correct 

paleoceanographic reconstructions, as well as for the study of abrupt climate changes throughout 

the last deglaciation and beyond. Baffin Bay and the Labrador Sea is a challenging place to work 

compared to other world oceans due to low sedimentation rates and low biological production. 

The variability of the atmospheric radiocarbon (
14

C) poses a critical complexity in 
14

C dating, 

especially samples prior to the Holocene which is mainly based on marine and lacustrine 

sediments. Pre-Holocene 
14

C in marine sediments contain higher uncertainties in comparison to 

Holocene 
14

C which is relatively well constrained using much accurate tree-ring records (Reimer 

et al., 2013). Marine 
14

C reservoir ages are typically depleted with respect to the atmosphere, 

expressed in terms of Marine Reservoir Age (MRA). MRAs may range from about 400 years in 

the subtropical ocean to over 1000 years in Polar Oceans (Key et al., 2004). Furthermore, 

regionally elevated MRAs have also been reported (Sarnthein et al., 2015; Sikes and Guilderson, 

2016; Skinner et al., 2017). Thus, many studies left aside the MRA variability in their 

reconstructions (Jennings et al., 2014; Lloyd et al., 2011; Perner at al., 2012) for a constant 

reservoir correction. Overall, the global MRAs prior to Holocene are much poorly constrained in 

comparison to the Holocene (Butzin et al., 2017). 
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The chronology of sediment cores (GeoB19948-3, GeoB19927-3, and GeoB19905-1) used in 

this thesis is based on the Accelerator Mass Spectrometry (AMS) 
14

C-dating performed on 

mollusc shell fragments and foraminifera specimens at Poznan Radiocarbon Laboratory (Poland) 

and MICADAS-facility at AWI (Germany), respectively. Radionuclide analyses (
210

Pb, 
40

K, 

137
Cs) were performed on core top sediments of cores GeoB19948-3 and GeoB19927-3 at the 

Bremen State Radioactivity Measurements Laboratory. The final age model used in studies two 

and three (chapter 5, 6) was constructed using a combination of the PaleoDataView-program 

(PDV) (Langner and Mulitza, 2019) and the open-source software package BACON (Blaauw 

and Christen, 2011) . The PDV uses variable modelled reservoir ages (Butzin et al., 2017) to 

calibrate radiocarbon ages against IntCal13 (Reimer et al., 2013). The appropriate reservoir ages 

are chosen automatically based on the sample’s radiocarbon age and location of the core.  

Note, however, the final age model used in study one (Core GeoB19927-3; Saini et al., 2020, see 

chapter 4) was constructed using the Marine13-calibration (Reimer et al., 2013), which uses a 

constant reservoir age correction of 140±35yrs, widely applied for Disko Bugt and the NE 

Labrador Sea (Jennings et al., 2014; Lloyd et al., 2011; Perner at al., 2011, 2012; Allan et al., 

2021). These reservoir ages were subsequently used to construct the final age model with 

BACON-software (Blaauw and Christen, 2011). For details on the methodological approach, the 

reader is referred to the original (individual) publication (manuscripts). 

2.2.2 Organic-geochemical bulk parameters 

Total organic carbon (TOC) and total nitrogen (TN) were measured using Carbon-Sulfur 

Analyser CS-800, ELTRA for TOC and Carbon-Nitrogen-Sulfur Analyzer Elementar-III, Vario 

for TN measurements after carbonate removal by hydrochloric acid (37%, 500 µl). The 

analytical error of the TOC measurements was within 0.02%. Assuming the contained carbonate 

is predominantly calcite as inferred from high occurrence of foraminifera specimens and/or 

inorganic data (i.e. 
87

Sr/
86

Sr) in cores GeoB19905-1/GeoB19927-3 (Weiser et al., unpublished 

data; Madaj et al., unpublished data), carbonate contents were calculated by using the equation 

CaCO3 = (TC-TOC)*8.333 (here, 8.333 is the stoichiometric calculation factor). 

2.2.3 Stable isotopes (δ
13

Corg) 

Organic carbon isotope compositions (δ
13

Corg) of cores GeoB19948-3 and GeoB19927-3 were 

determined at GEOTOP, UQAM, Canada using homogenized and weighed samples into (8x5 
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mm) silver capsules and left for carbonate removal by conc. Hydrochloric acid for 24 hours. 

Thereafter, the acidified samples were weighed into a tin foil and wrapped tightly. The 

determination of δ
13

Corg was then performed using a continuous flow isotope ratio mass 

spectrometer (Isoprime-100 MS) using Urea/Air Isotopic laboratory method. Isotope ratios were 

expressed in delta notation (δ), in per mil (‰), relative to an international reference material 

(VPDB for δ
13

C) calculated according to Brand et al. (2014) and Coplen (2011). The error of our 

δ
13

C measurements was at ±0.1‰. 

 

 

Figure 2.2: Schematic sketch of the laboratory procedures, including all steps from sampling to the GC-

MS measurements. TLE = Total Lipid Extract, GC-MS = Gas Chromatograph-Mass Spectrometry 

(modified from Kremer, 2018). 

 

2.2.4 Biomarker identification and quantification 

For each sediment sample, the contents of specific biomarker (Fig. 2.2) HBIs (i.e. IP25, tri-

unsaturated HBIs) were quantified. Prior to extraction, 9-octylheptadec-8-ene (9-OHD; 0.1 

µg/sample), 7-hexylnonadecane (7-HND; 0.076 µg/sample), 5α-Androstan-3β-ol (Androstanol; 
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10.7 µg/sample) and 2,6,10,15,19,23-Hexamethyltetracosane (Squalane; 3.2 µg/sample) were 

added as internal standard for the quantification of biomarkers. For each sample, about 4-5 g of 

freeze-dried and homogenized sediment was used for extraction. Dichloromethane: methanol 

(2:1 v/v) was used as a solvent for ultrasonication (3x15min). After that, the extracts were 

separated in two fractions by open silica (SiO2) column chromatography with n-hexane (5 ml) 

and ethyl-acetate: n-hexane (9 ml, 2:8 v/v) as eluent into hydrocarbon and sterol fraction, 

respectively. The sterol fraction was silylated using 200 µl BSTFA (bis-trimethylsilyl-

trifluoroacet-amide) (60˚C, 2 h) to convert it to respective trimethylsilyl ethers. 

In the following step, two separate gas chromatography-mass spectrometers (GC-MS) (Fig. 2.3) 

with same basic configuration were used to qualify and quantify the hydrocarbon and sterol 

fractions. For hydrocarbon fraction (HBIs) identification and quantification, a gas chromatograph 

(Agilent Technologies GC6850, 30 m DB-1MS column, 0.25 mm id, 0.25 µm film) coupled to 

an Agilent Technologies 5977C VL MSD mass selective detector (Triple-Axis Detector, 70eV 

constant ionization potential, Scan 50-550 m/z, 1 scan/s, ion source temperature 230°C) was 

used. The sterols (quantified as trimethylsilyl ethers) fraction was analyzed using a GC Agilent 

6850 (30 m DB-1MS column, 0.25 mm id, 0.25 µm film) coupled to an Agilent 5975C VL MSD 

mass selective detector. GC measurements were carried out with the following temperature 

program for the hydrocarbons: 60 ˚C (3 min), 150 ˚C (15 ˚C/min), 320 ˚C (10 ˚C/min), 320 ˚C 

(15 min isothermal) for the hydrocarbons and 60 ˚C (2 min), 150 ˚C (15 ˚C/min), 320 ˚C (3 

˚C/min), 320 ˚C (20 min isothermal) for the sterols. Helium gas served as carrier with a constant 

flow of 1 ml/min. Specific compound identification was based on the comparison of gas 

chromatography retention times with those of reference compounds and published mass spectra 

(Belt et al., 2007; Boon et al., 1979; Brown and Belt, 2016; Volkman, 1986). The hydrocarbon 

fractions were measured additionally in selected ion monitoring (SIM) mode for the 

identification. For the quantification of IP25 and HBI III (Z & E isomer) their molecular ion (m/z 

350 for IP25 and m/z 346 for HBI III (Z & E isomer) in relation to the abundant fragment ion m/z 

266 of internal standard (7-HND) was used. The different responses of these ions and a detailed 

quantification method is given by Fahl and Stein (2012). For the quantification of the sterols, the 

molecular ions m/z 470 for brassicasterol (as 24-methylcholesta-5,22E-dien-3β-o-Si(CH3)3), 

m/z 472 for campesterol (as 24-methylcholesta-5-en-3β-ol), m/z 486 for ß-sitosterol (as 24-

ethylcholest-5-en-3β-ol) and m/z 500 for dinosterol (4α,23,24R-trimethyl-5α-cholest-22E-en-3β-
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o-Si(CH3)3) were used in relation to the molecular ion m/z 348 for the internal standard 

androstanol. The instrument stability was controlled using external standards measurements of 

individual samples. For further details on the methodology, we refer to Fahl and Stein (2012). 

 

Figure 2.3: Identification and quantification of biomarkers using GC-MS (Source: Stein et al., 2012). 

 

Changes in the percentage of organic carbon may result from changes in the supply of both 

mineralogical and organic carbon fraction; hence it might be ambiguous to interpret %TOC 

record. Therefore, converting them to their mass accumulation rates, using the equation 

developed by Van Andel et al. (1975); Weber et al. (1997), which could exclude dilution effects 

caused by inorganic components, the carbon data can be interpreted in terms of changes in 

supply and/or preservation of organic matter (ten Haven et al., 1990). Subsequently, all 

biomarker concentrations (or percentages) were normalized to either gram sediment or to TOC. 

The absolute biomarker concentration per gram sediment was normalized to TOC in order to 

compensate for different depositional and burial effects (“dilution effects”) and provide useful 

information about relative changes in sediment composition. However, for extremely low TOC 

concentrations, the absolute amount should also be considered for the absolute changes. 

Furthermore, for information about absolute changes in biomarkers input/fluxes, the 

accumulation rates of respective biomarkers were calculated by using the following equations 

which may indicate absolute productivity (e.g., Stein and MacDonald, 2004a).  
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Where, LSR = sedimentation rate (cm ka
-1

); DBD = dry bulk density (g cm
-3

); TOC = total 

organic carbon (%); BM = biomarker concentration (µg g
-1

); Bulk accumulation rate = total 

sediments accumulation rate (g cm
-2

 ka
-1

); TOC accumulation rate = total organic carbon 

accumulation rate (g cm
-2

 ka
-1

); CaCO3 accumulation rate = carbonate accumulation rate (g cm
-2

 

ka
-1

); Terrigenous accumulation rate  = Terrigenous accumulation rate (non-biogenic and non-

organic); BM accumulation rate = biomarker accumulation rate (µg cm
-2

 ka
-1

) 

For semi-quantitative sea ice reconstruction, ratio of IP25 and phytoplankton biomarkers can be 

used in order to calculate the so-called “PIP25 index”, which can be used to infer sea ice 

conditions using the following equation (Müller et al., 2011).  

PpIP25=IP25/ (IP25 + (p*c)),  

Where p is the phytoplankton marker concentration (p = B(brassicasterol) or D(dinosterol) or 

III(HBI III), and c is a balance factor to compensate for a significant concentration difference 

between IP25 and phytoplankton marker concentration (c = mean IP25 concentration/mean p 

concentration). When using HBI III as phytoplankton biomarker and IP25 and HBI III 

concentrations are similar in magnitude, a balance factor may not be needed (i.e., c = 1) (Smik et 

al., 2016a). 

The tri-unsaturated HBI ratio “TR25” was calculated according to Belt et al. (2019) and can be 

used as indicator for (early) spring bloom conditions (i.e. in Barents Sea) using the following 

equation as proposed by Belt et al. (2019):  

[TR25=Z-HBI III / (Z-HBI III + E-HBI III)]. 
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3 Paleoenvironmental studies 

3.1 Declaration of author’s contribution 

This cumulative thesis is part of a PhD project that is embedded in the International Research 

Training Group Program “ArcTrain” and proposed by R. Stein. It comprises of three joint-

authorship manuscripts that are or will be published as peer-reviewed articles within appropriate 

scientific journals. These studies were compiled in close collaboration of all co-authors as 

clarified below. 

(1) Holocene variability in sea ice and primary productivity in the NE Baffin Bay 

Authors: Saini, J., Stein, R., Fahl, K., Weiser, J., Hebbeln, D., Hillaire‑Marcel, C., de Vernal, A. 

 

Publication state: This manuscript is published (February 2020) in the Journal Springer-arktos. 

J. Saini, R. Stein and K. Fahl conceived and designed the experiment. J. Saini performed the 

sampling of the sediment core, the preparation of samples (freeze-drying, grinding), the bulk 

organic-geochemical analyses (TOC, CNS) and the biomarker analyses (HBIs, sterols). J. Weiser 

performed the AMS
14

C-datings on core GeoB19927-3. K. Fahl performed quality control of the 

biomarkers. J. Saini performed the interpretation of the results and wrote the preliminary 

versions of the manuscript with strong support and input by R. Stein. R. Stein, K. Fahl, J. 

Weiser, D. Hebbeln, C. Hillaire‑Marcel and A. de Vernal further supported the interpretation of 

results and improvements on the manuscript. All authors reviewed the results and approved the 

final version of the manuscript. 

 

(2) Holocene variability in sea ice and primary productivity in the Baffin Bay-Labrador Sea- A 

North-South transect study 

Authors: Saini, J., Stein, R., Fahl, K., Weiser, J., Hebbeln, D., Madaj, L. 

Publication state: This manuscript is submitted (26
th

 March 2021) to the Journal Boreas-

International Journal of Quaternary Research. 
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sampling of the sediment cores, the preparation of samples (freeze-drying, grinding), the bulk 

organic-geochemical analyses (TOC, CNS) and the biomarker analyses (HBIs, sterols). L. Madaj 

performed the TOC, CNS analyses of core GeoB19948-3. J. Weiser performed the AMS
14
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datings on cores GeoB19948-3, GeoB19927-3 and GeoB19905-1. K. Fahl performed quality 

control of the biomarkers. J. Saini performed the interpretation of the results and wrote the first 

versions of the manuscript with strong support and input of R. Stein. R. Stein, K. Fahl, J. Weiser 

and D. Hebbeln supported the interpretation of results and improvements on the manuscript. All 

authors reviewed the results and approved the final version of the manuscript. 

 

(3) Holocene variability in terrigenous organic carbon input in eastern Baffin Bay-Labrador Sea 

margin 

Authors: Saini, J., Stein, R., Fahl, K. 

Publication state: This manuscript will be submitted to an appropriate scientific journal as soon 

as finalized. 

J. Saini, R. Stein, A. de Vernal and K. Fahl conceived and designed the experiment. J. Saini 

performed the sampling of the sediment core, the preparation of samples (freeze-drying, 

grinding), the bulk organic-geochemical analyses (TOC, CNS), stable isotopes (δ
13

Corg) and the 

biomarker analyses (sterols). K. Fahl and A. de Vernal performed quality control of the 

biomarkers and stable isotopes data. J. Saini performed the interpretation of the results and wrote 

the first version of the manuscript. R. Stein supported the interpretation of results and 

improvements on the manuscript. All authors reviewed the results and approved the final version 

of the manuscript. 
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Abstract 

Arctic sea ice is a critical component of the climate system, known to influence ocean 

circulation, earth’s albedo, and ocean-atmosphere heat and gas exchange. Current developments 

in the use of IP25 (a sea ice proxy with 25 carbon atoms only synthesized by Arctic sea ice 

diatoms) have proven it to be a suitable proxy for paleo-sea ice reconstructions over hundreds of 

thousands to even millions of years. In the NE-Baffin Bay, off NW-Greenland, Melville Bugt is 

a climate-sensitive region characterized by strong seasonal sea ice variability and strong melt-

water discharge from the Greenland Ice Sheet (GIS). Here, we present a centennial-scale 

resolution Holocene sea ice record, based on IP25 and open-water phytoplankton biomarkers 

(brassicasterol, dinosterol and HBI III) using core GeoB19927-3 (73°35.26' N, 58°05.66' W). 

Seasonal to ice-edge conditions near the core site is documented for most of the Holocene period 

with some significant variability. In the lower-most part, a cold interval characterized by 

extensive sea ice cover and very low local productivity is succeeded by an interval (~9.4-8.5 ka 

BP) with reduced sea ice cover, enhanced GIS spring melting, and strong influence of the West 

Greenland Current (WGC). From ~8.5 until ~7.8 ka BP, a cooling event is recorded by ice algae 

and phytoplankton biomarkers. They indicate an extended sea ice cover, possibly related to the 

opening of Nares Strait, which may have led to an increased influx of Polar Water into NE-

Baffin Bay. The interval between ~7.8 and ~3.0 ka BP is characterized by generally reduced sea 

ice cover with millennial-scale variability of the (late winter/early spring) ice-edge limit, 
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increased open-water conditions (polynya-type), and a dominant WGC carrying warm waters at 

least as far as the Melville Bugt area. During the last ~3.0 ka BP, our biomarker records do not 

reflect the late Holocene ‘Neoglacial cooling’ observed elsewhere in the Northern Hemisphere, 

possibly due to the persistent influence of the WGC and interactions with the adjacent fjords. 

Peaks in HBI III at about ~2.1 and ~1.3 ka BP, interpreted as persistent ice-edge situations 

might, correlate with the Roman Warm Period (RWP) and Medieval Climate Anomaly (MCA), 

respectively, in-phase with the North Atlantic Oscillation (NAO) mode. When integrated with 

marine and terrestrial records from other circum-Baffin Bay areas (Disko Bay, the Canadian 

Arctic, the Labrador Sea), the Melville Bugt biomarker records point to close ties with high 

Arctic and Northern Hemispheric climate conditions, driven by solar and oceanic circulation 

forcings. 

4.1 Introduction 

Polar regions in the Northern Hemisphere, especially the Arctic and Greenland areas, are 

undergoing dramatic changes due to an accelerating reduction in sea ice cover and ice sheet 

extent for the past three to four decades. Since the late 70s, the Arctic sea ice cover has decreased 

rapidly (Kinnard et al., 2011; NSIDC, 2018). The summer sea ice extent and thickness of multi-

year ice are decreasing at the fastest rate ever observed during recent times (-8.6 % per decade), 

and model simulations suggest that Arctic summer sea ice may disappear within the next fifty or 

even thirty years (Holland et al., 2006; Stroeve and Notz, 2018; Stroeve et al., 2012; Wang et al., 

2012). Given the magnitude of the ongoing reduction in the sea ice cover, information on its 

impact on water mass circulation and related natural climate conditions over longer time scales is 

important, notably for the testing of predictive climate models. However, historical and satellite 

records only span a few centuries or decades, respectively (Walsh and Chapman (2001); NSIDC, 

2018), thus limiting the understanding of natural variability of sea ice, emphasizing the need for 

high-resolution multi-proxy records of its past variations (Jones et al., 2001; Massé et al., 2010). 

Reliable long-term, at least semi-quantitative sea ice reconstructions are thus needed for the 

validation of Arctic climate scenarios (Collins et al., 2013; de Vernal et al., 2013a). Furthermore, 

the ongoing enhanced melting of the Greenland Ice Sheet (GIS), and its significant contribution 

(~ 0.34 mm/yr) (Rignot and Kanagaratnam, 2006) to global annual sea-level rise (~ 3.3 mm/yr) 

(Cazenave and Remy, 2011), also need to be appraised in relation to natural processes that 

occurred at millenial to centennial time scales during the present interglacial. 
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Figure 4.1: (A) Bathymetric map of the Baffin Bay and the location of sediment core GeoB19927 from 

southern Melville Bugt. A schematic modern surface circulation system in Baffin Bay and around 

Greenland is also shown, i.e., WGC-West Greenland Current, BC-Baffin Current, IC-Irminger Current, 

LC- Labrador Current and EGC-East Greenland Current. The area marked with the dotted black line 

indicates the approximate extent of the North Water Polynya, and the solid white triangle, hexagon, and 

diamond indicate the location of Cores AMD14-Kane2B (Kane Basin), AMD14-204C (Upernavik), and 

MSM343300 (Disko Bay), respectively. (B) Satellite-based modern, monthly sea ice concentrations in 

(%, 1978-2015 (Cavalieri et al., 1996); updated 2015) in Baffin Bay for (a) winter (Jan-Mar), (b) spring 

(Apr-Jun), (c) summer (Jul-Sept), and (d) autumn (Oct-Dec), adapted from Kolling et al. (2018). The 

white dot indicates the position of Core GeoB19927, and the white diamond indicates the location of core 

MSM343300 in Disko Bay.  
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Northern Baffin Bay (Fig. 4.1A) is of particular interest due to the interaction of the relatively 

warm high-salinity West Greenland Current (WGC) water with the cold polar water of the Baffin 

Current (BC) originating from the Arctic Ocean, resulting in the presence of the high 

productivity North Water Polynya (NWP) kept open by winds, tides and ice bridges (Barber et 

al., 2001). Eastward of the polynya, Melville Bugt borders the heavily glaciated NW Greenland 

region, only separated by narrow fringes of ice-free islands, nunataks, and peninsulas. Fast-

flowing (>1000 m a
-1

) glaciers such as Ussing Braeer and Cornell glaciers, are in close proximity 

to Melville Bugt (Rignot and Kanagaratnam, 2006; Joughin et al., 2010; Wood et al., 2018). 

Marine sedimentary archives from this area may thus provide records of sea ice and past ice 

sheet dynamics in this highly climate-sensitive area. So far, the sea ice variability and long-term 

changes in water masses of the NE-Baffin Bay, especially the WGC, as well as the impact of 

melt-water discharge from the GIS that occurred since deglaciation, all remain barely 

documented (Briner et al., 2013; Caron et al., 2019; Hansen et al., 2020).  

The present study aims at filling this gap. It is based on a detailed analysis of a ~11.5 m long 

gravity core from the southern Melville Bugt (core GeoB19927-3; Fig. 4.1A) spanning a time 

interval of the last approximately 10 ka BP. Special attention is paid to the high-resolution 

reconstruction of sea ice conditions, mainly documented from the abundance and flux of IP25 and 

open-water phytoplankton biomarkers (brassicasterol, dinosterol and HBI III) and sand content 

(grain size). These data are complemented by information about the core lithology and dry bulk 

density, as well as additional published paleoclimate records from circum-Baffin Bay areas. 

 

4.1.1 Biomarker proxies for paleo-environmental reconstruction 

Paleo sea ice reconstructions rely heavily on proxy-based methods. In this context, combination 

of proxies (i.e., sedimentological, biogeochemical and micropaleontological) preserved in marine 

sediments such as ice-rafted debris, assemblages of diatoms, dinocysts and ostracods as well as 

δ
18

O in foraminiferal tests may provide indirect information about past sea ice conditions (e.g., 

Cronin et al., 2014; de Vernal et al., 2005, 2013a; Gersonde et al., 2005; Hillaire-Marcel and de 

Vernal, 2008; Jennings et al., 2002; Limoges et a., 2018; Matthiessen et al., 2005; Pieńkowski et 

al., 2017; Warren, 1992). However, microfossil records such as, for example, diatom 
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assemblages must be interpreted with caution as they may also be influenced by dissolution and 

selective preservation (Bidle and Azam, 1999; Leventer, 1998; Shemesh et al., 1989).  

As a more direct approach, the “sea ice proxy IP25”, after its first introduction in a pioneer study 

by Belt et al. (2007), has been preferentially used for reconstructing the variability of sea ice in 

the Arctic region (see Belt, 2018 for a recent review). IP25 is a highly-branched isoprenoid (HBI) 

alkene with 25 carbon atoms, derived from specific sea ice diatoms (mostly Haslea spp.) living 

in/under first-year ice and in brine channels (Belt et al., 2007, 2008; Brown et al., 2014). As IP25 

preserves well in the sediments and is resistant to degradation, it was possible to reconstruct sea 

ice variability dating back to hundreds of thousands to even millions of years ago (Knies et al., 

2014; Kremer et al., 2018; Stein and Fahl, 2013; Stein et al., 2016).  

Further, an even more reliable and detailed picture is achieved when combining IP25 with open-

water phytoplankton biomarkers such as brassicasterol, dinosterol and/or a tri-unsaturated HBI 

(Z-isomer; hereinafter referred to as “HBI III”) and its E-isomer (Belt et al., 2015, 2019; Müller 

et al., 2009, 2011; Navarro-Rodriguez et al., 2013; Smik et al., 2016; Volkman et al., 1998; Xiao 

et al., 2015). In this way, the problem of distinguishing perennial ice cover from ice-free water 

can be solved. The absence or low values of both IP25 and phytoplankton biomarkers indicate a 

more permanent ice cover, whereas a minimal (to zero) IP25 and high phytoplankton biomarkers 

are indicative of ice-free conditions, and a variable amount of these biomarkers may reflect 

changing seasonal sea ice cover. This approach has been successfully applied to sediments from 

the Fram Strait, the central Arctic Ocean, and Arctic marginal seas in order to reconstruct sea ice 

conditions during late Quaternary times (e.g., Belt and Müller, 2013; Belt et al., 2015; Fahl and 

Stein, 2012; Müller et al., 2009; Müller and Stein, 2014; for the most recent review with pros and 

cons of this approach see Belt, 2018). 

The use of different phytoplankton biomarkers (in combination with IP25) may even allow 

distinguishing between different seasonal sea ice conditions including marginal ice zone (MIZ) 

situations (e.g., Belt et al., 2015, 2019; Ribeiro et al., 2017). Based on the distribution pattern of 

HBI III in surface sediments from the western Barents Sea and the correlation with seasonal sea 

ice concentration maps, for example, Belt et al. (2015) proposed that HBI III maxima reflect 

winter MIZ conditions. Based on a study of East Greenland fiords surface sediments, on the 

other hand, Ribeiro et al. (2017) proposed that HBI III maxima correlate with the July MIZ 
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situation. Based on biomarker investigations of surface sediments across Baffin Bay and the 

correlation with modern satellite observations, Kolling (2017) suggested that the sea ice indices 

PDIP25 and PBIP25 may record the late spring and/or autumn conditions, whereas PIIIIP25 index 

may reflect more the late winter/early spring (ice-edge) conditions in the Baffin Bay. 

Furthermore, Belt et al. (2019) recently suggested that the proportions of tri-unsaturated HBIs; Z 

and E-isomer (TR25), may indicate spring phytoplankton blooms, at least for the Barents Sea 

region. This approach, however, needs to be further evaluated by using additional data from 

surface sediments and sediment cores from other Arctic regions. 

4.2 Environmental setting 

Melville Bugt is part of the broad shelf area in NE-Baffin Bay (Fig. 4.1A) covering ca. 120,000 

km
2
 in the 200 km wide continental shelf offshore NW-Greenland. Baffin Bay acts as a pathway 

for sea ice and fresh-water exchange between the Arctic and North Atlantic Oceans. The 

oceanographic circulation in Baffin Bay (Fig. 4.1A) is characterized by the WGC (~150-1330 m 

water depth), flowing northwards along the west coast of Greenland and the cold BC (~100-300 

m water depth) flowing southward and originating from the Arctic Ocean (Tang et al., 2004). 

The WGC is formed by a combination of :(1) Atlantic sourced, relatively warm and saline water 

from the Irminger Current (IC), (2) polar sourced cold, low salinity water from the East 

Greenland Current (EGC) and (3) local melt-water discharge along the SW-Greenland coast 

(Fig. 4.1A) (Tang et al., 2004). The WGC near Melville Bugt is believed to split into two 

branches, one turning west that joins the BC near Smith Sound and the other branch circulating 

towards Nares Strait (Caron et al., 2018; Sadler, 1976).  

This area displays high seasonal sea ice variability, especially the Melville Bugt area off West 

Greenland (Fig. 4.1B). In winter, this area is almost completely ice-covered as the sea ice 

margin, the so-called ‘Westice’, expands further southwards (Tang et al., 2004; Stern and Heide-

Jorgensen, 2003). In summer, however, the area becomes almost ice-free. The ecological setting 

of Melville Bugt is highly affected by outlet glaciers of the GIS and receives about ~27% of GIS 

drainage (Rignot and Kanagaratnam, 2006). Wind stresses here are highly seasonal with stronger 

wind stress in winter compared to summer (Tang et al., 2004). 

During the Last Glacial Maximum (LGM), the extended Greenland, Laurentide, and Innuitian 

ice sheets (GIS, LIS and IIS, respectively) stretched across Baffin Bay coast to the shelf edge as 



 

51 

 

demonstrated by the presence of cross-shelf troughs (Funder et al., 2011; Newton et al., 2017; 

Slabon et al., 2016). Although no geochronological records are currently available for the onset 

of deglaciation in Melville Bugt, numerical modelling data suggest the onset of deglaciation 

occurred as early as at ~16.0 ka BP (Lecavalier et al., 2014). However, the general-present day 

like water mass circulations were probably established in the central-eastern Baffin Bay ~14 ka 

BP and by ~10.4-9 ka BP in northern Baffin Bay (Levac et al., 2001; Sheldon et al., 2016). The 

opening of Nares Strait ~9 ka BP allowed the connection between Baffin Bay and the Arctic 

Ocean, which led to the establishment of the modern ocean circulations in the Baffin Bay 

(Jennings et al., 2011b, 2019; Georgiadis et al., 2018). The sediments deposited at the seafloor of 

Baffin Bay are predominantly derived from glacial erosion of the surrounding land masses, and 

high sedimentation rates of 40-140 cm/ka make this area an ideal site for paleoenvironmental 

studies (St-Onge and St-Onge, 2014). 

4.3 Material and methods 

4.3.1 Field methods 

The current study is based on the analysis of the 1147 cm long gravity core GeoB19927-3 (Fig. 

4.1A; black circle) (Lat: 73°35.26' N; Lon: 58°05.66' W; Water depth: 932 m), recovered from 

southern Melville Bugt during the RV Maria S. Merian cruise MSM44 (BAFFEAST) in 

June/July 2015 (Dorschel et al., 2015). The working half of the core was sampled and divided 

into four sets of samples. One set was freeze-dried for biomarker analysis (5 to 10 cm resolution 

in this study) and the second set was used for dating (foraminifera and 
210

Pb). The other two sets 

were stored at +4°C for other multi-proxy analyses (i.e., dinoflagellates, foraminifera, and 

provenance studies). 

4.3.2 Chronology/age model 

Age control is provided through a combination of radiocarbon and 
210

Pb-dating, followed by 

Bayesian age modelling. Accelerator Mass Spectrometry (AMS) 
14

C- dating was performed on 

12 samples, partially on mollusc shell fragments, partially on mixed benthic foraminifera (in one 

case mixed with specimens of the planktic foraminifera Neogloboquadrina pachyderma sin.) 

(see Table 4.1 for details). Mollusc fragments were measured at the Poznan Radiocarbon 

Laboratory, Poland, whereas the foraminifera were dated at the MICADAS-facility at the Alfred-

Wegener-Institute in Bremerhaven, Germany. The larger mollusc fragments were measured as 
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graphite, whereas a novel technology for very small sample sizes was used for the foraminifera 

picked from the >100 µm fraction. Here, the CO2 released from the foraminiferal carbonate upon 

acid treatment is directly analysed with a compact AMS facility equipped with a hybrid ion 

source (for a detailed explanation, see Wacker et al., 2013). Radionuclide analyses (
210

Pb, 
40

K, 

137
Cs) were performed at the Bremen State Radioactivity Measurements Laboratory on a total of 

seven one-cm-slices of sediment. 

Table 4.1: Results of the radiocarbon dating on core GeoB19927-3. Minimum and maximum ages denote 

the 95% (2σ) uncertainty of the BACON age model. 

 

      The final age model was constructed using the software package BACON (Blaauw and 

Andres Christen, 2011), written as open-source code for the statistical computation program ’R’. 

BACON uses a Bayesian approach to determine the most likely age-depth relation, resulting in 

greater flexibility regarding, e.g., the accumulation rates between two dating points. Prior to the 

actual age modelling, all radiocarbon dates were converted to calendar ages using the Marine13-

calibration curve as proposed by Reimer et al. (2013) with the built-in calibration function of the 

program.  

      Using historical, pre-bomb samples, Lloyd et al. (2011) estimated a local reservoir correction 

of 140±35 years for the Disko Bay area. This value has been discussed in more detail in Jackson 

et al. (2017) and widely accepted in previous studies (Jennings et al., 2014; Lloyd et al., 2011; 

Ouellet-Bernier et al., 2014; Perner et al., 2012) and was, therefore, applied here in the same 

manner during the calibration. 
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Figure 4.2: Age model for gravity core GeoB19927-3, with rectangles denoting the results of the 

radiocarbon dating and calibration for one and two σ-ranges (blue and unfilled boxes, respectively), the 

red line marking the most likely age and the grey shading indicating the extend of the 95% confidence 

interval as determined by BACON (Blaauw and Andres Christen, 2011). Stippled lines indicate the solely 

extrapolated age model at the core base. The Inset shows the results of the radionuclide analysis. The 

sedimentation rate (SR) and accumulation rate (AR) of core GeoB19927-3 are shown versus the age in 

kilo years before present [ka BP]. 

 

4.3.3 Bulk parameters (TOC and sand content) 

Freeze-dried and homogenized sediments were taken (5 cm intervals) for Total Organic Carbon 

(TOC) measurement using a Carbon-Sulfur ELTRA Analyser (CS-800, ELTRA) after removal 

of carbonates by adding hydrochloric acid (37%, 500 µl). The machine was calibrated with a 
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standard before measurements, and the accuracy of these measurements was controlled by 

additional standard measurements after every 10 samples, the error of our TOC measurements is 

at ±0.02%. 

Sand content (grain size) measurements were performed at 10 to 30 cm resolution at the Particle-

Size Laboratory at MARUM, University of Bremen with a Beckman Coulter Laser Diffraction 

Particle Size Analyzer LS 13320. The obtained results provide the particle-size distribution of a 

sample from 0.04 to 2000 µm, and the sand content class used was between 63-2000 µm. The 

average standard deviation integrated over all size classes (63-2000 µm) is better than ±4 vol%. 

(cf., Bartels et al. (2017) for a detailed explanation). 

4.3.4 Sea ice biomarkers (IP25, HBI III and sterols) 

For biomarker analysis ~4 g of freeze-dried and homogenized sediment (10 cm intervals) was 

extracted using dichloromethane:methanol (2:1 v/v) as solvent for ultrasonication (3x15min). 

Beforehand, 9-octylheptadec-8-ene (9-OHD; 0.1 µg/sample), 7-hexylnonadecane (7-HND; 0.076 

µg/sample), 5α-Androstan-3β-ol (Androstanol; 10.7 µg/sample) and 2,6,10,15,19,23-

Hexamethyltetracosane (Squalane; 3.2 µg/sample) were added for biomarker quantification. 

Sterols and hydrocarbons were separated by open silica (SiO2) column chromatography with n-

hexane (5 ml) and ethyl-acetate: n-hexane (9 ml, 2:8 v/v) as eluent. The latter fraction was 

silylated with 200 µl BSTFA (bis-trimethylsilyl-trifluoroacet-amide) (60 ˚C, 2 h). 

The identification of the compounds was carried out with a gas chromatograph (Agilent 

Technologies GC6850, 30 m DB-1MS column, 0.25 mm id, 0.25 µm film) coupled to an Agilent 

Technologies 5977 C VL MSD mass selective detector (triple-axis Detector, 70eV constant 

ionization potential, Scan 50-550 m/z, 1 scan/s, ion source temperature 230°C) for HBI and 

sterol. GC measurements were carried out with the following temperature program for the 

hydrocarbons: 60 ˚C (3 min), 150 ˚C (15 ˚C/min), 320 ˚C (10 ˚C/min), 320 ˚C (15 min 

isothermal) for the hydrocarbons and 60 ˚C (2 min), 150 ˚C (15 ˚C/min), 320 ˚C (3 ˚C/min), 320 

˚C (20 min isothermal) for the sterols. Helium served as carrier gas (1 ml/min constant flow). 

Specific compound identification was based on the comparison of gas chromatography retention 

times with those of reference compounds and published mass spectra (Belt et al., 2007; Boon et 

al., 1979; Brown and Belt, 2016; Volkman, 1986). For the quantification of IP25 and HBI III and 

IV their molecular ion (m/z 350 for IP25 and m/z 346 for HBIs III and IV in relation to the 
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abundant fragment ion m/z 266 of internal standard (7-HND) was used (in selected ion 

monitoring mode, SIM). The different responses of these ions were balanced by an external 

calibration curve (Fahl and Stein, 2012). For the quantification of the sterols (quantified as 

trimethylsilyl ethers), the molecular ions m/z 470 for brassicasterol (as 24-methylcholesta-5,22E-

dien-3β-ol) and m/z 500 for dinosterol (4α,23,24R-trimethyl-5α-cholest-22E-en-3β-ol) were used 

in relation to the molecular ion m/z 348 for the internal standard Androstanol. All biomarker 

concentrations were either normalized to the organic carbon (TOC) content or converted to 

respective accumulation rates (or flux rates) (See data sets available at 

https://doi.pangaea.de/10.1594/PANGAEA.911365).  

The PIP25 indices were calculated by combining IP25 with different phytoplankton markers for 

semi-quantitative sea ice reconstruction, according to Müller et al., 2011:  

PpIP25=IP25/ (IP25 + (p*c)),  

where p is the phytoplankton marker concentration (p = B(brassicasterol) or D(dinosterol) or 

III(HBI III), and c is a balance factor to compensate for a significant concentration difference 

between IP25 and phytoplankton marker concentration (c = mean IP25 concentration/mean p 

concentration). When using HBI III as phytoplankton biomarker and IP25 and HBI III 

concentrations are similar in magnitude, a balance factor is not needed (i.e., c = 1). The tri-

unsaturated HBI ratio “TR25” was calculated according to Belt et al., 2019:  

[TR25=Z/(Z+E)]. 

4.4 Results 

4.4.1 Core chronology and sedimentation rates 

The resulting depth-age model ranges between about 10 ka BP and the present (Fig. 4.2). The 

sedimentation rates vary between 32 and 172 cm/ka. However, mostly high sedimentation rates 

of 100 - 150 cm/ka occur throughout the majority of the recovered intervals. A step-wise 

decrease in sedimentation rates to about ~80 cm/ka (Fig. 4.2) is observed at about 8 to 6 ka BP 

and to about ~30 cm/ka at about 3 to 1 ka BP, respectively. Excess lead is present down to 4.5 

cm core depth, indicating that the core top is of recent age and only experienced minor 

disturbance during coring (see inset in Fig. 4.2). Cesium (
137

Cs) was discovered in the topmost 

https://doi.pangaea.de/10.1594/PANGAEA.911365
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sample at 0-1 cm core depth. Accordingly, we assume that the core top is of near-recent age and 

used an additional tie point of -50 years (i.e., 0 a BP) for the core top. The basal age of the core 

was determined by extrapolation of the age model beyond the lowermost radiocarbon dating to 

the core base within BACON. Consequently, the age model for the lowermost section (1000 – 

1147cm / > 9.4 ka) should be regarded with caution, and thus accumulation rates were not 

calculated. Further details of the age modelling are given in Table 4.1 and Fig. 4.2. Mass 

accumulation rates (g cm
-2

ka
-1

) were calculated based on sedimentation rates and dry bulk 

density data and were finally used to convert biomarker concentrations into flux rates. 

4.4.2 Bulk parameters (sand content and TOC) 

The sand content (63-2000 µm) displays high-amplitude changes between 0.5 and 63% (vol) in 

the lowermost part of the core (early Holocene), followed by low and stable values of <2% in the 

upper part of the core (7.8 ka to present) (Fig. 4.3a). The TOC contents range from 0 to 1.5% 

(Fig. 4.3b) with minimum but increasing values in the early Holocene (10.4 to 7.8 ka BP), high 

values of >1% in the mid to late Holocene (7.8 ka to present). 

The accumulation rates (or fluxes) of TOC range from 0 to 1.3 g cm
-2 

ka
-1

 and show distinctly 

variable but higher values in the early Holocene (9.3 to 7.8 ka BP), followed by slightly 

enhanced values of 0.4 to 1.3 g cm
-2

 ka
-1

 in the mid Holocene (7.8 to 3.0 ka BP) with a distinct 

maximum (~1.3 g cm
-2

 ka
-1

) at ~6 ka BP (Fig. 4.4b). Between 3.0 and 0 ka BP, the TOC flux 

decreases, reaching a minimum value of 0.16 g cm
-2

 ka
-1 

at the top of the core. 
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Figure 4.3: Combined record of bulk parameters and biomarkers of core GeoB19927-3 (a) Sand content 

[vol %], (b) Total organic carbon (TOC) content (Levy et al.), (c) HBI III [µg/g TOC], (d) dinosterol 

[µg/g TOC], (e) brassicasterol [µg/g TOC] and (f) IP25 [µg/g TOC]. Gray box marks the lower-most 

section of core, where the age model is extrapolated, and data have to be interpreted with caution. All 

plots are shown versus age in years before present [a BP]. Black solid triangles mark the AMS 
14

C-

datings. 

 

4.4.3 IP25 and other biomarkers 

IP25 concentrations vary between about 0.5 and 1.5 μg/gTOC in the early Holocene (10.4-7.8 ka 

BP) with a single distinct maximum of ~3.3 μg/gTOC at 7.9 ka BP, followed by a gradual 

decrease in the mid Holocene (Fig. 4.3f). Relatively constant and minimum concentrations of 

IP25 (~0.34 μg/gTOC) are observed in the late Holocene period (3.0-0 ka BP). The phytoplankton 

biomarkers brassicasterol and dinosterol show a very similar trend in their concentration record 
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with (sub-) millennial-scale fluctuations ranging from 0 to 30 μg/gTOC and 0 to 37 μg/gTOC, 

respectively (Fig. 4.3e, d). Intervals of enhanced brassicasterol and dinosterol concentrations are 

observed from about 9.4 to 8.5 ka BP of ~30 and 37 μg/gTOC and from about 7.4 to 6.3 ka BP of 

~19 and 27 μg/gTOC, respectively. In the late Holocene (3.0 to 0 ka BP), the sterols 

concentrations are still variable but remain generally low. HBI III concentrations are almost zero 

before 7.4 ka BP (Fig. 4.3c), and remain generally low throughout the mid-Holocene (mean ~0.4 

μg/gTOC), except for a prominent peak of 3.6 μg/gTOC at about 7-6.3 ka BP. In the late-

Holocene, however, HBI III concentrations increase to ca. 0.8 μg/gTOC, except for two 

prominent peaks of 2.7 and 2.0 μg/gTOC at about 2.1 and 1.3 ka BP, respectively. 

IP25 fluxes range from 0 to 1.65 μg cm
-2 

ka
-1

 and are - except for the lowermost part - relatively 

high in the early Holocene, reaching maximum values at 8.6-8.4 ka BP. In the mid Holocene, the 

IP25 fluxes decrease until 3 ka BP, with some peaks of 1.0, 0.8, 0.9, and 0.4  μg cm
-2 

ka
-1 

at about 

7, 6.1, 5.4, and 4.5 ka BP, respectively (Fig. 4.4f). Minimum IP25 flux rates of about 0.14 μg cm
-2 

ka
-1

 are observed in the late Holocene. Flux rates of brassicasterol (Fig. 4.4e) vary between 0 and 

23 μg cm
-2 

ka
-1 

with the absolute maximum at ~9.3 to 8.6 ka. While flux rates of dinosterol vary 

between 0 and 19 μg cm
-2 

ka
−1 

and attain a maximum of about 19 μg cm
-2 

ka
-1 

at ~ 6.1 ka BP 

(Fig. 4.4d). During the mid Holocene, brassicasterol and dinosterol fluxes show a cyclic 

variability with a decrease in maximum values towards the top.  

During the last 3 ka BP, minimum fluxes of brassicasterol and dinosterol between 1.1 and 6.8 

and 1.9 and 4.9 μg cm
-2 

ka
−1

, respectively,
 
are typical. In general, the HBI III fluxes display a 

similar pattern to its concentration record throughout the core (Fig. 4.4c). Low HBI III fluxes of 

<0.1 and between 0.1 and 0.4 µg cm
-2 

ka
-1

occur in the oldest part > 7.5 and between 6.4 and 2.4 

ka BP, respectively. Prominent maxima of 1.96, 1.54 and 1.21 µg cm
-2 

ka
-1 

are recorded at 7.0-

6.3, ~2.0, and 1.4 ka BP, respectively. Both PBIP25 and PDIP25 indices are intermediate to high, 

varying in the range between 0.3 and 1, whereas PIIIIP25 index remained high (~0.9) in the early 

Holocene (Fig. 4.5a). In the mid to late Holocene PBIP25, PDIP25 and PIIIIP25 indices display 

cyclic variability with minima at 7.0-6.3, 5.8-5.5, 4.5-4.2, 3.7-3.2 and 2.1-1.3 ka BP (Fig. 5.5a; 

green dots). HBI TR25 ratio (Fig. 4.5b) is highly variable and ranges from ~0.5 to 0.8. The ratio 

is generally low (~0.6) in the early Holocene, except for peaks of about 0.7 at ~9.1 and ~8.7 ka  
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Figure 4.4: (a) Bulk accumulation rate and accumulation (flux) rates of (b) total organic carbon (TOC) [g 

cm-2 ka-1], (c) HBI III [µg cm-2 ka-1], (d) dinosterol [µg cm-2 ka-1], (e) brassicasterol [µg cm-2 ka-1], 

(f) sea ice proxy IP25 [µg cm-2 ka-1], (g) δ18O record of the NGRIP ice core from Greenland (Vinther et 

al., 2006), (h) Summer insolation at 70˚N (Laskar et al., 2004). All plots are shown versus age in years 

before present [a BP]. WIE1 and WIE2 shown as orange bars, are interpreted as (late) winter-ice-edge 

(WIE) situations. (cf., Belt et al. (2015) and discussion for further explanation). Simultaneous peaks in 

IP25 and phytoplankton; brassicasterol and dinosterol, shown as black downward arrows, are interpreted 

as (polynya-type) reoccurring ice-edge (IE) situations. Gray box marks the core base where the age model 

is extrapolated and interpreted with caution. Thus, accumulation rates were not calculated. Black solid 

triangles mark the AMS 
14

C-datings. 
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Figure 4.5: (a) PIP25 indices using brassicasterol (PBIP25), dinosterol (PDIP25), and HBI III (PIIIIP25). 

PIIIIP25 cyclicity with minimum values marked as orange bars, probably represents different marginal ice 

zone (MIZ) situations. Classification of different sea ice scenarios based on Müller et al. (2011). (b) HBI 

TR25 as a potential proxy for (early) spring productivity and/or phytoplankton bloom (cf., Belt et al., 

2019). The dotted line ~0.62 distinguishing between bloom/no bloom is based on the binary threshold 

model proposed by Belt et al., 2019. Gray box marks the core base where the age model is extrapolated, 

and data have to be interpreted with caution. Black solid triangles mark the AMS 
14

C-datings. 

 

BP. In the mid to late Holocene, it displays cyclic variability and maxima (>0.7) at 7.1-6.6, 5.9-

5.4, 4.6-4.2, 3.8-3.2, and 2.2-1.3 ka BP, coinciding with minima in PIIIIP25 index (Fig 4.5b; 

orange bars). In the last 2.3 ka BP, however, TR25 displays the highest concentrations with 

values of ~0.8. 

4.5 Discussion 

The biomarker approach presented here allows a comprehensive investigation of 

paleoceanographic changes in NE Baffin Bay, including variations in sea ice cover, primary 

production and in combination with other proxies- the variability in strengths of oceanic currents 

(i.e., WGC, BC, etc.) with a ca 100 years time resolution during the Holocene. The Holocene is 
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characterized by significant changes in oceanic forcing as well as Northern Hemisphere solar 

insolation (Laskar et al., 2004) and, as a result, affecting the advance and retreat of sea ice cover 

and ice sheets in the region. Furthermore, the combined use of the different PIP25 approaches 

allowed to distinguish between different seasonal ice-edge situations (cf., Müller et al., 2011; 

Belt et al., 2015; see chapter 4.3). Notably, the phytoplankton biomarkers brassicasterol and 

dinosterol from our records show a high correlation (R
2
=0.8) suggesting co-production of these 

sterols in a similar open marine environment. This is also reflected in similar trends in their 

PBIP25 and PDIP25 indices (Fig. 4.5a). Our combined proxy record based on sea ice (IP25), 

phytoplankton biomarkers (brassicasterol, dinosterol, and HBI III) and bulk parameters indicate 

a consistent presence of seasonal sea ice (Fig. 4.3 and 4.6) during the Holocene, although the 

extent and duration of ice cover situation have changed throughout the Holocene. 

 

Figure 4.6: (a) X-Y plot of IP25 vs. brassicasterol, indicating variable seasonal to ice-edge conditions, 

according to Müller et al. (2011). Time intervals and different symbols are explained in the legend. (b) X-

Y plot of IP25 vs. HBI III. There is no clear correlation of IP25 to HBI III, however, unusually elevated 

values of HBI III compared to (low) IP25 and vice versa are shown in colored ellipses marked as WIE1 & 

WIE2, interpreted as (late) winter-ice-edge (WIE) situations and longer (spring) sea ice seasons, 

respectively (cf., Belt et al. 2015 and discussion for further explanation). 
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4.5.1 Sea ice variations in the NE Baffin Bay during the Holocene 

4.5.1.1 Early Holocene 

From final deglacial cold phase to early Holocene warming between ~10.4 (?) to ~8.5 ka BP 

In the lower-most period (1147 – 1070cm / > 9.4 ka; see Supplementary Fig. S4.1), minimum 

values to absence of ice algae biomarkers, phytoplankton biomarkers, TOC and TR25 but high 

PIIIIP25 (~0.9) index (Fig. 4.3 and 4.5) indicate colder conditions with extensive sea ice cover 

during most part of the year except very short seasonal break up periods during late spring and/or 

autumn (PBIP25~0.6), coinciding with high ice-rafted debris (IRD) values (indicated by high sand 

content; Fig. 4.3a). The high amount of terrigenous material (indicated by high IRD) entrapped 

during sea ice formation in winter and released nutrients in late spring may have facilitated some 

primary production (Fig. 4.3d, e) (Sakshaug, 2004). The colder conditions in Baffin Bay could 

also be due to the presence of active ice-streams (Aksu and Piper, 1979; Dyke, 2008) and 

strongly stratified conditions, possibly related to glacial outwash events and melt-water influx 

from the retreating ice, and a limited strength of the WGC (Jennings et al., 2019; Ledu et al., 

2010; Ren et al., 2009).  

Following this initial period, the interval ~9.4-8.5 ka BP (1070-890cm) is marked by pronounced 

peaks in the fluxes of IP25, phytoplankton biomarkers brassicasterol and dinosterol and TOC as 

well as TR25 (Fig. 4.4 and 4.5), pointing all towards rapid changes in the area characterized by 

variable/less sea ice to ice-edge (MIZ) conditions and high in-situ productivity (Fig. 4.5a). This 

reduction in sea ice and increased marine productivity might point towards warmer surface 

conditions in the early Holocene, marked by strong atmospheric forcing (Fig. 4.7i). Low values 

of PBIP25 and PDIP25 indices, coinciding with low IRD (Fig. 4.3a and 4.5a), may reflect a retreat 

in sea ice cover (and glaciers) and indicate a phase of more open water conditions in late spring 

and/or autumn. Based on the PIIIIP25 values, high sea ice cover might have persisted until early-

springs seasons (Fig. 4.5a). These numbers, however, have to be interpreted very cautiously due 

to the extremely low HBI III values. 

We think this is linked to the northward penetration of the WGC, transporting warm Atlantic 

Water along the West Greenland coast since at least ~10.4-9 ka BP (Hansen et al., 2020; 
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Jennings et al., 2019) and, thus, causing higher sea surface temperatures in northern Baffin Bay. 

Knudsen et al. (2008) reported an increase in calcareous benthic foraminiferal flux and heavier  

 

Figure 4.7: Comparison of different environmental proxy records around and from Greenland. (a) PBIP25 

record from the Melville Bugt (Core GeoB19927-3, this study), (b) PBIP25 record from East Greenland 

Shelf (Core PS2641; Kolling et al., 2017), (c) Fram Strait (Core MSM5/5-712-2; Müller and Stein, 2014), 

(d) dinocyst based sea ice cover reconstruction (months of sea ice/year) from Disko Bay (Core 

MSM343300; Ouellet-Bernier et al., 2014), (e) dinocyst based sea ice cover reconstruction (months of sea 

ice/year) from Upernavik (Core AMD14-204C; Caron et al., 2019), (f) diatom based SST reconstruction 

from West Greenland (Core MSM343300; Krawczyk et al., 2017), (g) the Agassiz Melt Layer Record 

(Fisher and Koerner, 2003), (h) the δ18O record of the NGRIP ice core from Greenland (Vinther et al., 

2006) and (i) the summer insolation at 70˚N (Laskar et al., 2004). Black solid triangles mark the AMS 
14

C-datings. 
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δ
18

Obenthic values through this interval supporting the influence of WGC up to the northern Baffin 

Bay and subsequently more open surface waters and reduced sea ice coverage. Based on 

bowhead bone remains (Dyke et al. (1996)), IP25 record from the Canadian Arctic Archipelago 

(Vare et al. (2009)), and ice-edge indicator foraminifera species (S. feylingi) from Upernavik area 

(Hansen et al. (2020)), the authors reported reduced to ice-edge sea ice cover, similar to our 

findings in this study. Based on foraminifera, Ostermann and Nelson (1989) reported a similar 

influx of relatively warm, high saline water into the north of Baffin Bay between ~9.8 and 8.5 ka 

BP. Furthermore, Levac et al. (2001) reported an increase in dinoflagellate abundances from a 

sediment core in the northern Baffin Bay, suggesting similar warming of surface waters. 

The interpretation of continued strong melting with warmer summer waters in Baffin Bay 

corresponds to the significant climate warming in the early Holocene, widely recognized in the 

Northern Hemisphere (Kaufman et al., 2004; Vinther et al., 2009). These warm conditions might 

have led to high sedimentation rates as a result of increased marine productivity, ice melting, and 

glacially-derived material from adjacent ice-sheets in NE Baffin Bay (Caron et al., 2018; Hansen 

et al., 2020). This is in agreement with high accumulation rates and relatively high terrigenous 

detritus (Fig. 4.2 and 4.3a) recorded in the sediments in this interval, which may indicate a strong 

melt-water input associated with melting of sea ice, GIS and nearby glaciers such as Ussing 

Braeer and Cornell glacier located near Melville Bugt (Joughin et al., 2010; Kaufmann et al., 

2004). Notably, the period with maximum dinosterol flux (Fig. 4.4d) and spring ice melting in 

Baffin Bay coincides with maximum Agassiz Ice Cap melt percent (~9.4-8.5 ka BP) (Fisher and 

Koerner, 2003) and maximum summer insolation at 70˚N or higher latitudes (Laskar et al., 2004) 

(Fig. 4.7g, i), which suggests significant warm conditions and increased marine productivity in 

the area. Ice retreat velocity data (~4.8 km/a) from Jakobshavns Isbrae also indicate similar rapid 

deglacial melting following increased atmospheric temperatures at about 9.4 to 8.5 ka BP (Long 

and Roberts, 2003; Vinther et al., 2006). Additionally, the increase in the amount of pollen grains 

from Ellesmere Island could also indicate the maximum summer melting between ~9.8 and 8.5 

ka BP (Bourgeois et al., 2000; Kutzbach et al., 1993). This characteristic warming, reduction of 

spring/summer sea ice and deglacial melting of the GIS has been widely reported in the areas 
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such as Fram Strait and Disko Bay based on PIP25 (Fig. 4.7c) and SST record (Fig. 4.7e) (Müller 

and Stein, 2014; Krawczyk et al., 2017; Weidick and Bennike, 2007). 

Extended sea ice cover and opening of connection to the Arctic between ~8.5 and ~7.8 ka BP 

Despite the high solar insolation and deglacial melting having culminated, environmental 

conditions in northern Baffin Bay remained cold and unstable between ~8.5 to ~7.8 ka BP 

(England et al., 2006) likely due to counter-effect of the Laurentide, Greenland and Innuitian ice 

sheets and a connection to the Arctic Ocean (Knudsen et al., 2008). A distinct decrease in ice 

algae and phytoplankton productivity (Fig. 4.4d, e, and f), coinciding with peaks in IRD (Fig. 

4.3a) during this interval, indicate a period of major environmental change in the area. Cold 

surface water conditions and increased, partly almost closed sea ice cover in this period are 

indicated by the PBIP25, PDIP25, and PIIIIP25 indices, increasing to a maximum of 0.8 to 0.9 (Fig. 

4.5a). Our biomarker records point to an interval of extended sea ice and major changes in Baffin 

Bay that might be related to the opening towards the Arctic Ocean via Nares Strait as proposed 

in several studies: based on sedimentological and geological data, Jennings et al. (2011b, 2019) 

and Georgiadis et al. (2018) suggested that Nares Strait opened at ~9-8.3 ka BP. Although, given 

the uncertainties in ΔR values, the timing of the exact opening of the strait is still subject to 

debate (Jennings et al., 2019).  

In the period between 8.5 and 7.8 ka BP, our interpretation of extended ice cover throughout the 

year, except during a short summer season and colder conditions and declined marine 

productivity, is in accordance to previously reported increase in assemblages of cold water 

foraminifera and diatoms in Baffin Bay (Jennings et al., 2014; Moros et al., 2016; Lochte et al., 

2019). Similarly, Knudsen et al. (2008) and Ouellet-Bernier et al. (2014) reported an increase in 

the abundance of large-sized diatoms after ~8.2 ka BP, related to Polar Water influx from the 

Arctic Ocean, and the opening of Nares Strait (Jennings, 1993). Furthermore, based on higher 

abundances of the Arctic water foraminifera (I. norcrossi) (Moros et al. (2016); Hansen et al. 

(2020)) and a distinct maximum of dinocyst assemblages (Fig. 4.7d, e) at ~8.3 ka BP (Ouellet-

Bernier et al., 2014; Caron et al., 2019), the authors describe an interval of dense sea ice cover 

(>9 months/yr) and cold sub-surface water inflow (core MSM343300, AMD14-204C; Fig 4.1A, 

B) in Baffin Bay, whereas GIS was probably retreating. The cold event coincided with the final 

phase of deglaciation of the IISs and LISs (Dyke et al., 2002; Jennings et al., 2015) and might 
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also be concurrent to the widely reported ~8.2 ka cold event in the Northern Hemisphere (Alley 

and Agustsdottir, 2005; Jennings et al., 2011a; Matero et al., 2017; Nesje and Dahl, 2001). A 

decrease in the number of melt-layers from the Agassiz Ice Cap shows a temperature decrease 

between 8.5 and 7.8 ka BP and thus colder conditions (Vinther et al., 2006; Fig. 4.7g). Similarly, 

Jennings et al. (2011a) also observed episodic cooling of the Irminger Current (that feeds the 

WGC) resulting from the last phases of the waning LIS. Either or a combination of these 

scenarios could be responsible for cold fresh-water input into Baffin Bay, resulting in increased 

sea ice cover and colder conditions in the area. 

4.5.1.2 Mid-Holocene 

A cyclic change of minima and maxima in sea ice cover is evident after 7.8 ka BP, as shown by 

PIP25 index cyclicity (Fig. 4.5a). Furthermore, contemporaneous peaks in accumulation rates of 

IP25 and the phytoplankton biomarkers brassicasterol and dinosterol (Fig. 4.4d, e, f) display 

reoccurring spring ice-edge conditions. This may be related to oscillations in the strengths of the 

WGC and the melting of sea ice (Caron et al., 2019; Ouellet-Bernier et al., 2014; Knudsen et al., 

2008). Interestingly, the HBI III record shows a pronounced maximum between 6.3 to 7.0 ka BP, 

followed by three smaller peaks of elevated HBI III values at 5.7-5.2, 4.5-4.3, and 3.6-3.3 ka BP 

(Fig. 4.4c). According to Belt et al. (2015), such HBI III maxima may indicate increased 

phytoplankton productivity and winter ice-edge limit (Fig. 4.6b). Baffin Bay is strongly 

influenced by seasonal melt-water inflow from the GIS, wind favored deep upwelling and light 

availability, which may, in turn, also influence the production of HBI III (Humlum, 1985; Belt et 

al., 2017). The strong seasonality in this area may explain such an elevated occurrence of HBI III 

in ice-edge scenarios. Peaks in HBI III, associated with enhanced growth of phytoplanktons near 

MIZ may also indicate an up-welling situation (i.e., sites near polynya settings; NWP) caused by 

wind favored mixing in the late-winter months, when northwesterly wind stress is stronger 

(Cormier et al., 2016; Knudsen et al., 2008; Levac et al., 2001; Melling et al., 2001; Mudie et al., 

2004; Tang et al., 2004). The PIIIIP25 indices display minima at 7.0-6.3, 5.8-5.5, 4.5-4.2, and 3.7-

3.2 ka BP, coinciding with maxima in the TR25 record, may be interpreted as ice-edge (polynya-

type) situation with reduced sea ice cover and elevated primary production during late 

winter/early spring (Fig. 4.5b). The intervals in between are characterized by more extended late-

winter/early-spring sea ice conditions. 
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A number of paleoclimatic records from the Canadian Arctic islands, the Baffin Bay, and 

offshore Greenland, supports the reconstruction of sea-surface conditions presented herein. The 

northward retreat of ice sheets, further from the coastline, may have led to reduced melt-water 

supply (Caron et al., 2019; Hansen et al., 2020) and further establishment of rather stable 

oceanographic conditions. Widespread presence of mollusks and Atlantic water indicator 

species, i.e., P. bipolaris, as well as increased organic carbon accumulation beginning at ~7.9-7.5 

ka BP offshore NW Greenland, supports the dominant influence of the WGC in the region 

(Hansen et al., 2020; Ren et al., 2009; Seidenkrantz, 2013). Several records from circum-

Greenland, the Canadian Arctic Archipelago, the Barents Sea, Iceland, and Svalbard shelves 

reported the similar strengthening of WGC and Irminger Current since ~7.8 ka BP (Anderson 

and Leng, 2004; Dyke, 1996; Jennings et al., 2011a, 2014; Justwan et al., 2008; Lloyd et al., 

2005; Ouellet-Bernier et al., 2014). Furthermore, between ~7.3 and ~6.2 ka BP, a reduced sea ice 

cover and relatively warm WGC were recorded at several sites, including northern Baffin Bay 

and the eastern Labrador Sea (de Vernal et al., 2013b; Perner et al., 2012). Thomas et al. (2016) 

have shown a major increase in winter snowfall during mid Holocene caused by reduced sea ice 

and open surface water conditions in Baffin Bay and the Labrador Sea, consistent with the 

occurrence of polynya-type (winter) ice-edge variability. Slightly less pronounced, but warming 

trend is also observed from the Disko Bay area, based on diatoms based SST data (Fig. 4.7f) 

(Krawczyk et al., 2017). Many marine and terrestrial records have also reported the GIS retreat 

from Disko Bay during this time interval (Lloyd et al., 2005; Long and Roberts, 2002; St-Onge 

and St-Onge, 2014), in agreement with our reconstructions in NE Baffin Bay. 

4.5.1.3 Late Holocene 

During the last 3 ka BP, the concentrations and accumulation rates of IP25, marine sterols (Fig. 

4.3, 4.4;d, e and f), and related PIP25 index values remain relatively low and do not reflect the 

Late Holocene ‘Neoglacial’ cooling trend that follows the decreasing insolation pattern (Laskar 

et al., 2004) (Fig. 4.7a and i), widely observed in Northern Hemisphere, such as in eastern Baffin 

Bay, the Fram Strait and the Canadian Arctic Archipelago area (Fig. 4.7d and f) (Hansen et al., 

2020; Krawczyk et al., 2017; Ouellet-Bernier et al., 2014; Müller et al., 2011; Wanner et al., 

2011). This difference might be due to the dominance of the WGC along the West Greenland 

coast and sea ice interactions with the adjacent fjord, which may further mitigate sea ice growth. 

Furthermore, our PIP25 indices show relatively moderate values (0.2-0.6), suggesting a reduced 
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sea ice cover, especially between about 2.4 and 1.0 ka BP (Fig. 4.5a). Sea ice might have only 

occurred during the late winter/early spring of this time span, as shown by minimum PIIIIP25 

values and the HBI III maxima (Fig. 4.4c and 4.5a). Notably, the pronounced peaks in HBI III 

flux and TR25 (Fig. 4.5b) at about 2.1 and 1.3 ka BP that might coincide with the Roman Warm 

Period (RWP) and Medieval Climate Anomaly (MCA), respectively, can be associated with 

stronger WGC pulses. As our core site is not too distant from NWP, a polynya-type, marginal ice 

zone situation, driven by northerly winds and occasional upwelling during the warm periods is 

another option to explain increased productivity and related elevated HBI III values. Similarly, 

Knudsen et al. (2008) reported an increase in large diatoms between 2-0.6 ka BP, interpreted as 

warmer conditions and high productivity in Disko Bay. Based on foraminiferal and 

sedimentological proxies from West Greenland, Lloyd et al. (2007) and Norgaard-Pedersen and 

Mikkelsen (2009) also observed relatively warm oceanic conditions at ~2-1.4 ka BP. 

Furthermore, based on benthic foraminifera analysis, Perner et al. (2012) described a period of 

warming from ~1.4 to 0.9 ka BP and a relatively warm phase at ~1.8 ka BP and suggested an 

increased IC contribution to the WGC during the RWP and MCA. Perner et al. (2012), Kolling et 

al. (2017) and Allan et al. (2018) suggested an enhanced Atlantic Water inflow to the WGC and 

reduced (winter-only) sea ice between ~1.4-0.9 ka BP and ~1.8 ka BP, with beneficial conditions 

for phytoplankton blooms, in agreement with our findings. 

Several studies have recognized a complex feedback system between Arctic sea ice and the 

North Atlantic Oscillation (NAO) and reported an anti-phase correlation to the NAO mode 

associated with the RWP and MCA (Krawczyk et al., 2013; Lasher and Axford, 2019; Porter and 

Mosley-Thompson, 2011; Siedenkrantz et al., 2008). However, our records point towards an in-

phase response of sea ice cover with changes in NAO modes (i.e., warming during the positive 

NAO mode associated with the RWP and MCA (Ljungqvist, 2010; Trouet et al., 2009). 

However, it should be noted that NAO reconstructions are still subject to debate and far from 

being fully understood (cf., Kolling et al. (2018) and Seidenkrantz et al. (2008) for a detailed 

discussion).   

Based on an IP25 record from the East Greenland shelf (Fig. 4.7b), Kolling et al. (2017) reported 

that the PIP25 index therein also does not reflect the ‘Neoglacial’ cooling trend, similar to the 

records of our study. Based on diatom and foraminifera assemblages, Moros et al. (2016) and 
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Caron et al. (2019) (Fig. 4.7e) suggested warm, stratified and highly productive waters in Baffin 

Bay area (Matthiessen et al., 2005; Rochon et al., 1999), in agreement with the our interpretation. 

Glaciers, land-fast ice, and local fjords may also have a more direct and unfavourable influence 

on the growth of sea ice cover (Ribeiro et al., 2017). 

4.6 Summary and conclusions 

Holocene sea ice conditions and marine phytoplankton productivity were reconstructed to gain 

direct insights into the sea ice variability and its driving mechanisms using a multi-proxy 

biomarker approach. Organic geochemical and biomarker analyses of a well 
14

C-AMS and 
210

Pb 

dated sediment core from NE Baffin Bay show that major environmental and paleoceanographic 

changes occurred in this area.  

In the lower-most part, a cold interval characterized by extensive sea ice cover and very low 

local productivity is succeeded by an interval (~9.4-8.5 ka BP) of persistent, albeit strongly 

variable (reduced) sea ice cover, enhanced GIS spring melting, and strong influence of the WGC 

in the earliest part of the record. A short-term cooling event is recorded by the ice algae and 

phytoplankton biomarkers between 8.5 and 7.8 ka BP, pointing towards an increased seasonal 

sea ice cover as a result of the opening of Nares Strait which led to an increased influx of Polar 

Water into the Baffin Bay, albeit insolation remained generally high.  

The interval between 7.8 and 3.0 ka BP is characterized by reduced sea ice with millennial-scale 

variability of (late winter) ice-edge limit and WGC strength, and increased open-water (polynya-

type) conditions correspond to ‘warmer’ conditions. 

Our IP25 based sea ice reconstructions and related PIP25 index do not reflect the late Holocene 

Neoglacial cooling trend during the last 3 ka BP, probably due to the strong influence of the 

WGC and interactions with the adjacent fjords. Peaks in HBI III at about 2.1 and 1.3 ka BP 

might coincide with the RWP and MCA, respectively, and are associated with an enhanced 

WGC and in phase correlation with NAO mode.  

The result of this multi-proxy approach presented here seems to display the rapid transitions 

between different climate events and indicate a close connection of sea ice variations in the 

Northern Hemisphere driven by the interplay between melt-water discharge and solar and 

oceanic forcings (i.e., WGC, BC). These findings may help to understand the recent reduction in 
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sea ice cover and further improve our climate models and climate predictions. More high-

resolution studies are needed to understand the complex interaction of sea ice, its driving 

mechanisms, and fjord interactions in Baffin Bay. 
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Abstract 

Reconstructions of sea-surface conditions during the Holocene were achieved using three 

sediment cores from northeastern Baffin Bay (GeoB19948-3 and GeoB19927-3) and the 

Labrador Sea (GeoB19905-1) along a north-south transect based on sea ice IP25 and open-water 

phytoplankton biomarkers (brassicasterol, dinosterol and HBI III). In Baffin Bay, sea-surface 

conditions in the early Holocene were characterized by extended (early) spring sea ice cover 

(SIC) and low primary productivity conditions prior to 9.4 ka BP, followed by a variable to 

marginal SIC and increased primary productivity during ~9.4-8.8 ka BP possibly associated with 

increasing but limited presence of Atlantic Water as West Greenland Current (WGC) as well as 

high summer insolation. Thereafter, a short period of increased SIC and reduced productivity 

was recorded between ~8.8-7.6 ka BP, probably related to the opening of the Nares Strait and 

subsequently increased Arctic Water influx and decreased WGC strengths. The conditions in the 

NE Labrador Sea, however, remained predominantly ice-free in spring/autumn due to the 

enhanced influx of Atlantic Water (WGC) from 11.5 until ~9.1 ka BP, succeeded by a period of 

high biological production and continued (spring-autumn) ice-free conditions between 9.1 and 

7.6 ka BP corresponding to the onset of Holocene Thermal Maximum (HTM)-like conditions. A 

transition towards reoccurring ice-edge and significantly reduced SIC and primary productivity 

conditions in Baffin Bay is evident in the mid Holocene (~7.6-3 ka BP) probably caused by the 

variations in the WGC influence associated with the ice melting, probably representing HTM-

like conditions. These HTM-like conditions are predominantly recorded in the NE Labrador Sea 

area shown by (spring-autumn) ice-free conditions and increased primary production from 5.9-3 



 

72 

 

ka BP. In the late Holocene (last ~3 ka), our combined proxy records from eastern Baffin Bay do 

not correlate with the Neoglacial cooling trend and surface conditions can be characterized by a 

decrease in SIC and primary productivity. The conditions in the NE Labrador Sea during the last 

3 ka, however, continued to remain (spring-autumn) ice-free with decreased biological carbonate 

production probably linked to decreased WGC strength and/or increased Arctic Water influx, 

coinciding with the Neoglacial cooling. The results from this transect study provide further 

insight into the understanding of the influence of melt water discharges and oceanic current 

variability on sea ice and marine productivity conditions in this highly sensitive area. 

5.1 Introduction 

Sea ice with its strong seasonal and inter-annual variability plays a fundamental role in the 

earth’s climate system as it influences the heat, moisture, albedo and gas exchange between the 

ocean and the atmosphere as well as deep-water formation (Dieckmann and Hellmer, 2003; 

McPhee et al., 2009; Morison et al., 2012; Thomas and Dieckmann, 2010). Over the last few 

decades, the Arctic sea ice has undergone a considerable reduction in its extent and thickness due 

to modern climate warming (Kinnard et al., 2011; NSIDC, 2020; Serreze and Stroeve, 2015) and 

indeed this has raised considerable concerns (Bhatt et al., 2014). It is expected that this ongoing 

reduction of Arctic sea ice will continue and amplify, further decreasing the Arctic Ocean albedo 

thus increasing sea-surface temperatures (SST) (Manabe et al., 1992; Screen and Simmonds, 

2010). To understand these rapid changes in sea ice cover in a long-term perspective, there is a 

need for better understanding of the sea ice variability as well as its dynamics and interaction 

with climate throughout the geological past (Jakobsson et al., 2010).  

Various proxies preserved in marine sediments may indicate indirect changes in sea ice 

occurrence and variability, as inferred from micropaleontology (e.g. dinoflagellate cysts, 

diatoms, and foraminifera assemblages) (de Vernal et al., 2013a; de Vernal et al., 2013c; 

Gersonde et al., 2005; Jennings et al., 2002), geochemistry (Hillaire-Marcel and de Vernal, 2008) 

and sedimentology (e.g. ice-rafted debris) (Polyak et al., 2010). The biomarker proxy “IP25” 

exclusively synthesized by sea ice algae and well preserved in the sediments, however, seems to 

be a direct indicator for the presence of Arctic sea ice as shown in the pioneer study by Belt et al. 

(2007) (see (Belt, 2018) for a recent review). Even more detailed and semi-quantitative 

reconstructions of sea ice cover can be obtained when combining IP25 with open-water 
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phytoplankton biomarkers such as brassicasterol, dinosterol and/or a highly branched unsaturated 

triene (HBI III) (“PIP25 index” Belt et al., 2015, 2019; Müller et al., 2011; Smik et al., 2016) .  

Arctic outflow through Baffin Bay, via the Labrador Sea, acts as a substantial contributor of 

fresh water to the North Atlantic, as suggested by modelling and observational studies (Aksenov 

et al., 2010; Bunker, 1976; Serreze et al., 2006; Tang et al., 2004). Baffin Bay is characterized by 

a sea ice cover during most time of the year, however further to the south, the eastern Labrador 

Sea is predominantly ice-free (Tang et al., 2004). Thus the Baffin Bay-Labrador Sea region is a 

key location to study the interactions of sea ice, ice margin, and changes in sea-surface 

conditions (Fig. 5.1). Furthermore, it is of particular interest to investigate how climatic and 

oceanographic changes have affected sea ice and primary productivity conditions along this 

north-south transect along the eastern Baffin Bay and Labrador Sea margin, from where long-

term Holocene records are sparse (Briner et al., 2013; Caron et al., 2019; Gibb et al., 2015; 

Hansen et al., 2020; Saini et al., 2020). 

In this study, we aim for a continuous Holocene climate record along a north-south transect 

through the eastern Baffin Bay-Labrador Sea from three sediment cores recovered from northern 

Baffin Bay (GeoB19948-3), NE Baffin Bay (GeoB19927-3; see also Saini et al. (2020)) and the 

NE Labrador Sea (GeoB19905-1) (Fig. 5.1), approximately representing the last 11.5 ka. Special 

attention is given to high-resolution reconstructions of sea ice conditions and primary 

productivity documented by the abundance and accumulation rates of IP25 and open-water 

phytoplankton biomarkers (brassicasterol, dinosterol and HBI III). 

5.2 Environmental setting 

The surface and subsurface waters in Baffin Bay and the Labrador Sea form a counter-clockwise 

gyre due to interaction of northward-flowing warm high salinity water transported by the West 

Greenland Current (WGC) with southward flowing cold polar sourced Arctic Water transported 

via the Baffin Current (BC) (Fig. 5.1A) (Ribergaard et al., 2008; Tang et al., 2004). The WGC 

carries water from the warmer more saline western branch of the Irminger Current (IC), modified 

by the less saline Arctic Water from the East Greenland Current (EGC) and local melt water 

discharge along the SW Greenland coast. The WGC flows northwards along the west Greenland  
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Figure 5.1: A. Map of Baffin Bay and Labrador Sea areas with general surface circulation (warm surface 

current in red and cold polar sourced currents in blue) and locations of three sediment cores studied 

(GeoB19948-3, GeoB19927-3 and GeoB19905-1) herein, shown as red dots. B. The average maximum 

extent of the sea ice edge for each month of the year (as per data from NSIDC, 2012), adapted from 

Seidenkrantz (2013a). 
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coast and turns west in the Melville Bugt before merging with the BC in northeastern Baffin 

Bay. The BC flows south along Baffin Island through Davis Strait before joining into the 

Labrador Current (LC). In the western Labrador Sea, the LC overlies the WGC that partly turns 

west and south again near Davis Strait. 

Sea ice cover in Baffin Bay is variable and may range from 0 to ~10 months/year, with much of 

Baffin Bay covered by near-continuous sea ice during winter (Fig. 5.1B) (Tang et al., 2004). Ice 

growth first starts in northwestern Baffin Bay at the end of September and expands 

southwestwards, with a maximum extent in March, sometimes even reaching the NW Labrador 

Sea. After melting during the summer months it attains a minimal extent in September (Tang et 

al., 2004; Wang et al., 1994). The warm WGC negatively affects sea ice formation and prevents 

its further growth along eastern Baffin Bay. The large inter-annual variability in sea ice has a 

major impact not only on ice extent but on phytoplankton blooms and therefore marine 

productivity as well, which is coupled with the strong seasonality in surface air temperatures and 

wind patterns (Sakshaug, 2004; Tang et al., 2004). 

5.3 Material and methods 

The three cores used in this study were collected during R/V Maria S. Merian cruise MSM44 

(Dorschel et al., 2015). Site information, core lengths, and sampling intervals are described in 

Table 5.1. Cores GeoB19948-3 and GeoB19927-3 were taken from northeastern Baffin Bay, 

whereas core GeoB19905-1 was taken from the northeastern Labrador Sea (Fig. 5.1; Table 5.1). 

 

Table 5.1: Coordinates of the three cores used in this study. 
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Based on visual description and color measurements of core GeoB19948-3 the upper 280 cm are 

mainly composed of olive-grey to silty clay homogeneous sediments (Dorschel et al., 2015). In 

core GeoB19927-3 the lowermost part is characterized by non-homogenous silt and fine sand 

sediments embedded with dropstones and sharp color boundaries. The upper part of this core can 

be mainly represented as homogenous olive-grey silty-clay sediments (Dorschel et al., 2015). In 

core GeoB19905-1, sediments are mainly composed of olive-grey muds with some sandy layers 

at the lower part of the core and sharp color transitions displayed by distinct lithological units 

(LU), for a more detailed description, however, see Dorschel et al. (2015). 

5.3.1 Chronostratigraphy 

Core GeoB19948-3 

The chronostratigraphic framework of the upper 280 cm of core GeoB19948-3 (Fig. 5.2) is based 

on four AMS 
14

C-dates measured on 0.57-1.12 mg of foraminifera from the >100µm fraction 

(table 2), performed directly on the CO2 gas with the MICADAS (Mini Carbon Dating System) 

at the Alfred Wegener Institute in Bremerhaven, Germany (for methodological details see 

(Wacker et al., 2013)). Radionuclide analyses (
210

Pb, 
40

K, 
137

Cs) were performed on core top 

sediments (depths; 2, 6 and 10 cm) at the Bremen State Radioactivity Measurements Laboratory. 

Subsequently, the AMS dates were calibrated to calendar years using PaleoDataView (Langner 

and Mulitza, 2019), which uses modelled reservoir ages (Butzin et al., 2017, see Table 5.1) to 

calibrate radiocarbon ages against IntCal13 (Reimer et al., 2013). The appropriate reservoir ages 

are chosen automatically based on the sample’s radiocarbon age and location of the core. The 

calibrated ages were subsequently used to construct the final age model by linear interpolation 

between the calibrated ages and linear extrapolation between the topmost age and the core top. 

Table 5.2: Results of the AMS-dating and subsequent calibration from core GeoB19948-3. Reservoir ages 

are in respect to IntCal13, min. and max. ages correspond to the 5% & 95% confidence interval defined 

by PDV. The last column denotes the final ages used for the stratigraphic framework. 
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Figure 5.2: Age models of GeoB19948-3 (orange), GeoB19927-3 (green) and GeoB19905-1 (red). For 

GeoB19927-3 and GeoB19905-1 the bold lines show weighted mean age after modelling in BACON, 

while the lighter shades indicate 95% confidence intervals (CIs). For GeoB19948-3 the age-depth relation 

is given by linear interpolation between the AMS dates, shown as bold line. Stippled lines (GeoB19905-

1) indicate areas of less robust age control. Rectangles denote 95% CIs of the AMS-dates after calibration 

with PDV. In the centre and bottom panels the derived sedimentation and accumulation rates are shown, 

including 5-point running averages where applicable. 
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Core GeoB19927-3 

The chronostratigraphy of core GeoB19927-3, previously published by Saini et al. (2020) 

(Supplementary Fig. S5.1) is based on 12 AMS 14C-dates and radionuclide analyses (210Pb, 

40K, 137Cs) and was developed using “BACON” software (Blaauw and Christen, 2011) 

assuming a constant reservoir age of 140±35yrs. However, to ensure consistency between the 

age models, we recalibrated the AMS dates (Fig. 5.2) using PaleoDataView (Butzin et al., 2017) 

that uses modelled reservoir ages to calibrate radiocarbon ages against IntCal13 (Reimer et al., 

2013) (see, Supplementary Fig. S5.1 for comparison). According to the new age model, core 

GeoB19927-3 covers a time interval from ca. 0 to 10.1 ka BP, which is almost similar, i.e., only 

about 0.2 ka younger than the original age model (Supplementary Fig. S5.1). 

Core GeoB19905-1 

The chronostratigraphy of core GeoB19905-1 (Fig. 5.2) is based on 12 Accelerator Mass 

Spectrometry (AMS) 
14

C-dates, previously published by Weiser at al. (2021) (See data sets 

available at https://doi.org/10.1016/j.quascirev.2021.106833). The age model was constructed 

using a combination of the PaleoDataView-program (Langner and Mulitza, 2019) and the open 

source software package BACON (Blaauw and Christen, 2011)  . For details on the 

methodological approach, the reader is referred to the original publication. 

5.3.2 Bulk parameters (TOC and CaCO3) 

For organic-geochemical analyses, freeze-dried and homogenized subsamples were taken (n=60, 

at 4 cm intervals for core GeoB19948-3 and n=207, at 5 cm intervals for core GeoB19905-1) and 

stored in glass vials at -20 ˚C. TOC contents were measured using a Carbon-Sulfur Eltra 

Analyser (CS-800, ELTRA) after carbonate removal with hydrochloric acid (37%, 500 µl). The 

error of our TOC measurements is at ±0.02%. The amount of total carbon (TC) was measured on 

untreated samples using a Carbon-Nitrogen-Sulfur Analyser (Elementar-III, Vario). Assuming 

the predominant carbonate phase is calcite, carbonate contents were calculated as CaCO3 = (TC-

TOC)*8.333, where 8.333 is the stoichiometric calculation factor. 

5.3.3 Sea ice biomarkers (IP25, HBI III and sterols) 

For biomarker analyses, we extracted ~4 g of freeze-dried and homogenized sediment using 

dichloromethane: methanol (2:1 v/v) as a solvent for ultrasonication (3x15min). Prior to 
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extraction, 9-octylheptadec-8-ene (9-OHD; 0.1 µg/sample), 7-hexylnonadecane (7-HND; 0.076 

µg/sample), 5α-Androstan-3β-ol (Androstanol; 10.7 µg/sample) and 2,6,10,15,19,23-

Hexamethyltetracosane (Squalane; 3.2 µg/sample) were added for quantification of biomarkers. 

The extracts were separated by open silica (SiO2) column chromatography with n-hexane (5 ml) 

and ethyl-acetate: n-hexane (9 ml, 2:8 v/v) as eluent into hydrocarbon and sterol fraction, 

respectively. The sterol fraction was silylated using 200 µl BSTFA (bis-trimethylsilyl-

trifluoroacet-amide) (60˚C, 2 h). 

Two different gas chromatography-mass spectrometers (GC-MS) with similar basic 

configuration were used to qualify and quantify the hydrocarbon and sterol fractions. The 

quantification of HBI fraction was carried out with a gas chromatograph (Agilent Technologies 

GC6850, 30 m DB-1MS column, 0.25 mm id, 0.25 µm film) coupled to an Agilent Technologies 

5977C VL MSD mass selective detector (Triple-Axis Detector, 70eV constant ionization 

potential, Scan 50-550 m/z, 1 scan/s, ion source temperature 230°C). The quantification of the 

sterols (quantified as trimethylsilyl ethers) was carried out with a GC Agilent 6850 (30 m DB-

1MS column, 0.25 mm id, 0.25 µm film) coupled to an Agilent 5975C VL MSD mass selective 

detector. GC measurements were carried out with the following temperature program: 60 ˚C (3 

min), 150 ˚C (15 ˚C/min), 320 ˚C (10 ˚C/min), 320 ˚C (15 min isothermal) for the hydrocarbons 

and 60 ˚C (2 min), 150 ˚C (15 ˚C/min), 320 ˚C (3 ˚C/min), 320 ˚C (20 min isothermal) for the 

sterols. Helium served as carrier gas (1 ml/min constant flow). Specific compound identification 

was based on the comparison of gas chromatography retention times with those of reference 

compounds and published mass spectra (Belt et al., 2007; Boon et al., 1979; Brown and Belt, 

2016; Volkman, 1986). For the quantification of IP25 and HBI III (Z-isomer, generally referred to 

as “HBI III”) their molecular ion ratio (m/z 350 for IP25 and m/z 346 for HBI III in relation to the 

abundant fragment ion m/z 266 of internal standard (7-HND) was used (in selected ion 

monitoring mode, SIM). The different responses of these ions and a detailed quantification 

method is given by Fahl and Stein (2012). For the quantification of the sterols, the molecular 

ions m/z 470 for brassicasterol (as 24-methylcholesta-5,22E-dien-3β-o-Si(CH3)3) and m/z 500 

for dinosterol (4α,23,24R-trimethyl-5α-cholest-22E-en-3β-o-Si(CH3)3) were used in relation to 

the molecular ion m/z 348 for the internal standard Androstanol.  
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The PIP25 indices were calculated by combining IP25 with different phytoplankton markers for 

semi-quantitative sea ice reconstruction according to Müller et al., 2011:  

      
      

             
             with                            

and p is the phytoplankton biomarker concentration (p = B (brassicasterol) or D (dinosterol) or 

III (HBI III)). Recently, based on surface sediments from Baffin Bay, Kolling et al. (2020) 

suggested that sea ice indices PDIP25 and PBIP25 may indicate late spring and/or autumn 

conditions, while PIIIIP25 may record more the early spring and/or late winter (ice-edge) 

conditions. However, low concentrations approaching absence of HBI III in Baffin Bay 

sediments may result in an overestimation of the sea ice cover by the PIIIIP25 index and therefore 

should be interpreted with caution (Kolling et al., 2020). 

5.3.4 Calculation of accumulation rates 

Biomarker contents were converted into accumulation rates by using the following equations 

(e.g., Stein & Macdonald, 2004a) 

                                   

                                                        

                                                              

                                  M 

LSR = sedimentation rate (cm ka
-1

); DBD = dry bulk density (g cm
-3

); TOC = total organic 

carbon content (%); CaCO3 = carbonate content (%); BM = biomarker content (µg g
-1

); Bulk 

accumulation rate = total sediments accumulation rate (g cm
-2

 ka
-1

); TOC accumulation rate = 

total organic carbon accumulation rate (g cm
-2

 ka
-1

); CaCO3 accumulation rate = carbonate 

accumulation rate (g cm
-2

 ka
-1

); BM accumulation rate = biomarker accumulation rate (µg cm
-2

 

ka
-1

). 
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5.4 Results 

5.4.1 Core chronology and sedimentation rates 

Core GeoB19948-3 

Given the scarcity of calcareous material in the sediment resulting in only 3 AMS 
14

C-dates for 

core GeoB19948-3, a preliminary chronological framework could be constructed. Still, this 

framework suggests continuous sedimentation since ~8 ka BP (Fig. 5.2), with sedimentation 

rates in the order of 40–50 cm ka
-1

. No excess 
210

Pb and/or 
137

Cs were found in the top sediments 

and thus the age of the topmost date (1.6 ka BP, 14cm core depth) suggests that the core top is 

not of recent age, but instead ~1.2 ka old. 

Core GeoB19927-3 

The updated age model of core GeoB19927-3 suggests continuous sedimentation since ~ 10.1 ka 

BP (Fig. 5.2). Sedimentation rates vary between 40 and 200 cm ka
−1

, although high 

sedimentation rates of about 100—200 cm ka
−1

 prevail in the majority of the record, except a 

prominent decrease at 2.6 ka BP leading to low values of <50 cm ka
−1 

after 0.7 ka to present. 

Core GeoB19905-1 

The age model of core GeoB19905-1 (Weiser et al., 2021) suggests a continuous sedimentation 

from 11.5 ka BP to 7.6 ka BP and since 5.9 ka BP (Fig. 5.2). A hiatus spanning about 1.7 ka in 

between these intervals was identified at 640 cm core depth. Sedimentation rates range from 71 

to 250 cm ka
-1

 with high values of ~100 cm ka
-1

 between 11.5-8.2 ka BP and decreasing to about 

80 cm ka
-1 

from 8.2-7.6 and 5.9-2.4 ka BP. A strong increase in sedimentation rates to 80—100 

cm ka
-1

 is recorded after 2.4 ka BP, that rises even further up to 150 cm ka
-1

,
 
200 cm ka

-1 
and 250 

cm ka
-1

 after 1.4 ka BP, 0.7 ka BP and 0.3 ka BP, respectively. 

5.4.2 Organic geochemical bulk parameters and biomarkers 

The organic-geochemical and biomarker records of core GeoB19927-3, excluding CaCO3, have 

already been described and published by Saini et al. (2020). Thus, here only the new data of 

cores GeoB19948-3 and GeoB19905-1 are presented. In the discussion, however, data from all 

three cores are included. The results of all biomarkers contents are plotted in µg/gTOC and as 

accumulation rates in µg cm
-2

 ka
-1

 (Fig. 5.3-5.6). They are also presented in µg/g sediment in the 
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supplementary material (see, Supplementary Fig. S5.2-5.4). The distribution of contents and 

accumulation rates of biomarkers and bulk parameters reveals significant down-core variations. 

Core GeoB19948-3 

The GeoB19948-3 record presented here extends to ~8 ka BP. The CaCO3 contents vary between 

3.6 to 1% over the last ~8 ka (Fig. 5.3a). Higher values of about 2.4% (mean) occur from ca. 8 to 

5.3 ka BP (278-154cm) followed by lower contents of 1.9% (mean) towards the top of the core. 

TOC contents vary between about 0.8 to 0.4% over the last ~8 ka (Fig. 5.3b), and display higher 

values of about 0.7% (mean) from ca. 8 to 5.3 ka BP (278-154cm), followed by lower contents 

of 0.6% (mean) towards the top of the core. HBI III contents were typically near zero over the 

last ~8 ka, except for two prominent peaks of 0.6 and 0.4 µg/gTOC at about 6.5 ka BP (210cm) 

and 1.6 ka BP (14cm), respectively (Fig. 5.3c). The phytoplankton sterols dinosterol and 

brassicasterol display higher contents from 8 to 5.3 ka BP (278-154cm), followed by a gradual 

decrease towards the top of the core (Fig. 5.3d, e). The IP25 contents vary between 0.2 to 2.0 

µg/gTOC and display higher values from 8 to 5.3 ka BP (278-154cm), followed by lower values 

towards the core top (Fig. 5.3f). 

The accumulation rates of TOC range from 0.10 to 0.26 g cm
-2

 ka
-1

 and are marked by a gradual 

decrease from ca. 8 to 1.2 ka BP (Fig. 5.5b). The CaCO3 accumulation rates show a similar 

generally decreasing trend from 8 to 1.2 ka BP and vary between about 0.2 to 1 g cm
-2

 ka
-1

 (Fig. 

5.5c). HBI III accumulation rates are typically low (near zero) throughout the mid-to-late 

Holocene (mean ~0.02 µg cm
-2

 ka
-1

) (Fig. 5.5d), except for a prominent peak around 6.7-6.3 ka 

BP. The accumulation rates of phytoplankton biomarkers dinosterol and brassicasterol vary 

between 0.7 to 5.7 µg cm
-2

 ka
-1

 and show a gradual decrease from ca. 8-1.2 ka BP (Fig. 5.5e, f). 

IP25 accumulations rates range between 0.03 and 0.5µg cm
-2

 ka
-1

 and are relatively high in the 

early part of mid Holocene between 8-5.3 ka BP, followed by constantly low values between ca. 

5.3-1.2 ka BP (Fig. 5.5g). The PDIP25 index varies in the range from 0.3 to 0.6; whereas the 

PIIIIP25 index varies between 0.1 and 0.8 and they display variable but higher values at the onset 

of the mid Holocene from ca. 8 to 4 ka BP, followed by generally decreasing PIIIIP25 values in 

the late Holocene (Fig. 5.7f). Although, PDIP25 index show reduced values from ca. 4-1.2 ka BP 

but they exhibit a slight increase towards the end of this period. Moreover, PIIIIP25 attains two 
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minimum values of ~0.29 and ~0.15 at about 6.7-6.3 (mid Holocene) and ~1.8-1.3 ka BP (late 

Holocene), respectively.  

 

 

Figure 5.3: Combined record of core GeoB19948-3 including bulk parameters and biomarkers; (a) CaCO3 

content, (b) total organic carbon (TOC), (c) HBI III [µg/g TOC], (d) dinosterol [µg/g TOC], (e) 

brassicasterol [µg/g TOC] and (f) IP25 [µg/g TOC]. Black solid triangles mark the AMS 
14

C datings. All 

plots are shown versus depth in [cm]. 
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Figure 5.4: Combined record of core GeoB19905-1 including bulk parameters and biomarkers; (a) CaCO3 

content, (b) total organic carbon (TOC), (c) dinosterol [µg/g TOC], (d) brassicasterol [µg/g TOC] and (e) 

IP25 [µg/g TOC]. Black solid triangles mark the AMS 
14

C datings (Weiser et al., 2021). All plots are 

shown versus depth in [cm]. 
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Figure 5.5: Downcore variations of core GeoB19948-3 showing (a) bulk accumulation rate, and 

accumulation rates of (b) total organic carbon, (c) CaCO3, (d) HBI III, (e) dinosterol, (f) brassicasterol, 

and (g) sea ice proxy. The orange bar might indicate an ice-edge (IE) situation. Arrows indicate 

decreasing/increasing trend in proxy records. All plots are shown versus age in 1000 years before present 

(ka BP). 

 

Core GeoB19905-1 

The CaCO3 contents range from 0.7 to 21.8% throughout the record and display continuously 

low values of about 3.3% (mean) between ~11.5 to 8.6 ka BP (1036-737cm) (Fig. 5.4a). It 

increases to maximum values of 21%, attaining the maximum at about 4.4 ka BP (523cm) and 

drops to generally lower values (mean 3.3) between 2.1 to 0.4 ka BP (329-83cm), followed by a 

minor rise to about 5% (mean) in the upper part of the core in the last ca.0.4 ka BP (83-0cm). 

TOC contents vary between 0.2 and 2.4%, show the lowest values between ~11.5 to 8.2 ka BP 

(1036-680cm) followed by a sharp rise afterwards, and acquire highest (mean 1.8%) values 
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during the last ca. 5 ka (600-0cm) (Fig. 5.4b). The phytoplankton biomarkers dinosterol and 

brassicasterol co-vary between 3 and 43 µg/gTOC throughout the Holocene (Fig. 5.4c, d). Phases 

with variable but high values (mean 11.4 µg/gTOC) of dinosterol were observed between ~11.5 

to 8.6 ka BP (1036-737cm), however, they show no increase in µg/g sediment in this period 

(Supplementary Fig. S5.4). A slight decrease in dinosterol contents (mean 10.4 µg/gTOC) occurs 

between 8.6-7.6 and 5.9-2.1 ka BP. Afterwards, a strong increase in dinosterol content is 

recorded from 2.1-0.4 ka BP (329-83cm) followed by an even stronger rise even to about 40 

µg/gTOC during the last ca. 0.4 ka BP (83-0cm). IP25 and HBI III are absent throughout the 

record of the last 11.5 ka BP (Fig. 5.4e). 

 

Figure 5.6: Downcore variations of core GeoB19905-1 showing (a) bulk accumulation rate, and 

accumulation rates of (b) total organic carbon, (c) CaCO3, (d) dinosterol, (e) brassicasterol, and (f) sea ice 

proxy IP25. A green bar indicates the maximum occurrence of foraminifera in this core (Weiser et al., 

unpublished data). Thick red arrow at the top may indicate enhanced primary production/preservation but 

the possibility of diagenetic alteration in the upper ~100cm cannot be excluded (cf. discussion for further 

explanation). Arrows indicate decreasing/increasing trend in proxy records. All plots are shown versus 

age in 1000 years before present (ka BP). 
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Figure 5.7: Comparison of different sea ice records based on PDIP25, PIIIIP25 indices, foraminifera and 

dinocysts records along the eastern Baffin Bay-Labrador Sea (N-S) transect (a) Core GeoB19905-1 (this 

study), (b) Core SA13-ST3 (Allan et al., 2021), (c) Core MSM343300 (Ouellet-Bernier et al., 2014), (d) 

Core MSM343300 (Kolling et al., 2018), (e) Core AMD14-204C (Hansen et al., 2020), (f) Core 

GeoB19927-3 (Saini et al., 2020), (g) GeoB19948-3 (this study), (h) Core AMD14-Kane2B (Georgiadis 

et al., 2020). Orange shading in PIP25 records might be interpreted as ice-edge (IE?) situations. (cf. Saini 

et al. (2020)). Arrows indicate decreasing/increasing trend in proxy records. The positions of these cores 

are indicated in Fig. 1. Calibrated AMS 
14

C ages of cores with varying age-resolution are shown as solid 

triangles for correct correlation of data. 
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Figure 5.8: Comparison of selected proxies for primary productivity along the eastern Baffin Bay-

Labrador Sea (N-S) transect (a) Core GeoB19905-1 (this study), (b) Core SA13-ST3 (Allan et al., 2021), 

(c) Core MSM343300 (Ouellet-Bernier et al., 2014), (d) Core MSM343300 (Kolling et al., 2018), (e) 

Core GeoB19927-3 (Saini et al., 2020), (f) Core GeoB19948-3 (this study), (g) Core AMD14-Kane2B 

(Georgiadis et al., 2020). Note different scales of dinocysts based accumulation rates and a strong 

increase in primary productivity from north to south of transect, in agreement with the general decrease in 

sea ice cover from high to lower latitudes. Arrows indicate decreasing/increasing trend in proxy records. 

The positions of these cores are indicated in Fig. 1. Calibrated AMS 
14

C ages of cores with varying age-

resolution are shown as solid triangles for correct correlation of data. 

 

The accumulation rates of TOC, CaCO3 and phytoplankton biomarkers dinosterol and 

brassicasterol vary between about 0.2-3 g cm
-2

 ka
-1

, 1-14 g cm
-2

 ka
-1

, 1-116 µg cm
-2

 ka
-1

, and 2-

74 µg cm
-2

 ka
-1

, respectively (Fig. 6b, c, d, e). IP25 accumulation rates are zero (as IP25=0) 
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throughout the record (Fig. 6f). Overall, the accumulation rates of TOC and phytoplankton 

biomarkers dinosterol and brassicasterol remain relatively low and constant until about 7.6 ka BP 

and show slightly increased values from 5.9 to about 2 ka BP. A period of a strong increase in 

the accumulation rates of dinosterol and brassicasterol followed during the last ~2 ka BP. 

However, TOC accumulation rates remain relatively low until about 1.5 ka BP and show a strong 

increase during the last 1.5 ka BP. During the last ca. 0.4 ka BP, the highest accumulation rates 

of TOC, dinosterol and brassicasterol were recorded. CaCO3 accumulation rates are low until 9.1 

ka BP, followed by increased and maximum values from 9.1-7.6 ka BP and 5.9-3.0 ka BP and 

thereafter decrease during the last 3 ka, except for a minor rise during the last 0.4 ka BP. 

 

Figure 5.9: Correlation of IP25 vs. phytoplankton brassicasterol based on GeoB19948-3, GeoB19927-3 

and GeoB19905-1, indicating variable seasonal to marginal ice-edge to ice-free conditions along the 

eastern Baffin Bay-Labrador Sea (north-south) transect. See Müller et al. (2011) for the classification of 

different sea ice scenarios. (cf. discussion for further explanation). 

 

5.5 Discussion 

In order to investigate the paleoceanographic changes along a N-S transect through eastern 

Baffin Bay to the Labrador Sea margin on the West Greenland Shelf, we have used a 

combination of sea ice, open-water phytoplankton productivity biomarkers and organic 
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geochemical bulk parameters that are discussed together with relevant literature data. The 

records from this study show variability in sea ice formation and primary productivity along this 

north-south transect (Fig. 5.7, 5.8, 5.9) throughout the Holocene. 

 

Figure 5.10: Comparison of selected proxies for sea ice and productivity from Baffin Bay with proxies for 

the inflow of warm Atlantic Water (AtlW.), WGC strengths and/or melt water from circum Baffin Bay 

areas (a) summer insolation at 70˚N (Laskar et al., 2004), (b) Camp Century δ
18

O record (Vinther et al., 

2009), (c) Agassiz melt layer record (Fisher, 2003), (d) sea ice and (e) productivity (dinosterol 

accumulation rate) data from cores GeoB19927-3 (Saini et al., 2020) and GeoB19948-3 (this study) in 

Baffin Bay, (f) Core MSM343300 (Perner et al., 2012), (g) Core AMD14-204C (Hansen et al., 2020), and 

(h) qualitative reconstruction of AtlW. inflow into northeastern Baffin Bay. I to IV represent different 

environmental periods shown in the maps of Fig. 5.13, based on our proxy records. Arrows indicate 

decreasing/increasing trend in proxy records. 

 

5.5.1 Deglacial to early Holocene (11.5-7.6 ka BP) 

Minimum occurrence or even absence of ice algae and phytoplankton biomarkers (cf. Saini et al., 

2020) and related variably high PDIP25 and PIIIIP25 indices (Fig. 5.7) at core GeoB19927-3 in 

Baffin Bay suggests conditions with extensive (spring) SIC with very low primary productivity 
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prior to ~9.4 ka BP. Previous studies based on marine sediment cores from Baffin Bay have 

suggested that this region was controlled by cold deglacial conditions prior to ca. 7.6 ka BP, 

especially during the initial part of the early Holocene (Caron et al., 2019; Georgiadis et al., 

2020; Hansen et al., 2020). These generally harsh conditions were further supported by high IRD 

counts and extensive SIC (>10 months/year) reconstructions from eastern Baffin Bay (core 

CC70) for the period of ca. 11.5-9.4 ka BP (Gibb et al., 2015; Jennings et al., 2014). Afterwards, 

a short warm interval marked by a reduction in marginal SIC between ca. 9.4-8.8 ka BP 

followed, based on biomarkers (core GeoB19927-3) and foraminifera data (core 008P) (Knudsen 

et al., 2008; Saini et al., 2020). Based on dinocysts assemblages (core LS009), Ledu et al. (2008) 

also reported the breakup of semi-perennial ice to more seasonal-type SIC at ~9.4 ka BP. This 

might imply a weaker surface to sub-surface WGC influence, albeit higher WGC inflow from ca. 

9.4-8.8 ka BP along the SW Greenland margin (cf. Weiser et al., 2021), linked to the high melt 

water influx from the adjacent ice sheets over-capping the Atlantic Water (WGC) (Fig. 5.10c, 

5.11) (Harff et al., 2016; Jennings et al., 2019; Ledu et al., 2010a). A strong decrease in summer 

SIC is also reported in the north Iceland shelf and the Fram Strait area (Fig. 5.12c, d) in this 

period which might be related to intensified inflow of warm Atlantic Water (Justwan and Koc, 

2008; Müller and Stein, 2014; Syring et al., 2020). Thereafter, surface ocean conditions marked 

by increased SIC and decreased marine productivity between ~8.8-7.6 ka BP in Baffin Bay (core 

GeoB19927-3) followed, probably caused by the opening of Nares Strait and the inflow of cold 

Polar Water into Baffin Bay (Fig. 5.13b) (Georgiadis et al., 2018; Jennings, 1993; Jennings et al., 

2019; Saini et al., 2020). 

However, prior to ~9.1 ka BP, the surface and subsurface conditions in the NE Labrador Sea 

(core GeoB19905-1) are characterized by the absence of ice algae biomarkers (Fig. 5.6f) as well 

as by extremely low accumulation rates of CaCO3 and phytoplankton biomarkers (Fig. 5.11f, g). 

Note, however, some peaks in dinosterol values in µg/gTOC (Fig. 5.11e) are primarily due to the 

extremely low TOC content and may not represent the absolute content in the sediments (see, 

Supplementary Fig. S5.4c), therefore, we interpreted their accumulation rates (Fig. 5.11f) for 

absolute productivity. These (spring, summer and autumn) ice-free, albeit low primary 

productivity conditions might be related to the limited presence of warm Atlantic Water in the 

surface waters together with relatively high deglacial melt water discharge (Fig. 5.11c, h; Weiser 

et al., 2021) from the adjacent ice sheets (Fig. 5.13a). Such conditions might be attributed to the 
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rapid deglaciation of the Greenland ice sheet (GIS) (Andrews et al., 1999; Briner et al., 2016). 

Based on dinocysts reconstructions in the vicinity (core SA13-ST3), Allan et al. (2021) have 

reported generally low sea ice cover (<6 months/year) (Fig. 5.7b), mainly in winter months only. 

The occurrence of dinocyst P. dalei. at core CC70 off Disko Bugt, generally associated with 

large seasonal gradients from cold winters to mild summers and related to salinity fluctuations 

induced by melt water discharge from the retreating ice sheets (GIS), also indicates colder 

conditions and a weaker influence of the Atlantic Water (WGC) in central Baffin Bay region 

(Gibb et al., 2015), in agreement with our reconstructions in the Labrador Seas (Fig. 5.11i, 5.13a, 

14b). 

In the interval after ~9.1 ka BP, the NE Labrador Sea (core GeoB19905-1) is marked by an 

increase in the accumulation rates of CaCO3 and phytoplankton biomarker dinosterol as well as 

the absence of ice algae biomarkers, all pointing towards increased marine productivity and ice-

free conditions, which might correlate with the onset of the Holocene Thermal Maximum (HTM) 

conditions (Kaufman et al., 2004) (Fig. 5.6, 5.11). Maximum occurrence of foraminifera from 

the same core (GoeB19905-1; Fig. 5.6) in this interval also points towards the increased surface 

to subsurface productivity. This might be also related to the disappearance of winter sea ice, 

which may have released an additional input of sympagic carbon to the water column further 

driving high marine productivity (Yunda-Guarin et al., 2020). This increased productivity 

conditions were most likely associated with a strong inflow of Atlantic Water and a decreased 

melt water input (Fig. 5.11c, h; Weiser et al., 2021) and therefore, strengthened WGC influence 

from ~9.1 ka BP onwards (Fig. 5.13b) penetrating up to northern Baffin Bay (Lloyd et al., 2005; 

Saini et al., 2020). Based on an increase in salinity and reduction in SIC from the outer shelf of 

Disko Bugt (core CC70), Jennings et al. (2014) and Gibb et al. (2015) suggested diminution of 

GIS melt water input into the West Greenland areas. This rapid retreat of the GIS ice margin, 

thinning of ice sheets and spring-autumn ice-free conditions related to the strong oceanic forcing 

and high summer insolation in the early Holocene correspond well to the significant climate 

warming (Lloyd et al., 2005; Renssen et al., 2012; Vinther et al., 2009), widely recognized in the 

North Atlantic and western Arctic (Kaufman et al., 2004). Syring et al. (2020) and Müller and 

Stein (2014) also implied reduced SIC and increased productivity conditions (Fig. 5.12), as a 

result of strong inflow of warmer Atlantic Water in the Fram Strait area (Werner et al., 2016), in 

agreement with our reconstructions from the eastern margin of the Labrador Sea and Baffin Bay. 
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Figure 5.11: Comparison of selected proxies for sea ice, productivity and current strengths from the NE 

Labrador Sea with proxies for the inflow of warm Atlantic Water (AtlW.), WGC strengths and/or cold 

melt water (a) summer insolation at 70˚N (Laskar et al., 2004), (b) Camp Century δ
18

O record (Vinther et 

al., 2009), (c) Core GeoB19905-1 fine grain size mode AR (EM1) accumulation rate (Weiser et al., 2021), 

(d) Core GeoB19905-1 sea ice (PIP25=0), (e) Core GeoB19905-1 dinosterol [µg/g TOC], (f, g) Core 

GeoB19905 productivity (dinosterol and CaCO3; accumulation rates), (h) Core GeoB19905-1,       (mean 

sortable silt) (Weiser et al., 2021), and (i) qualitative assessment of the AtlW. inflow into the NE 

Labrador Sea. A green bar indicates the maximum occurrence of foraminifera in core GeoB19905-1 

(Weiser et al., unpublished data) that might correlate with the HTM-like conditions in the mid Holocene 

(cf. discussion for more explanation). I to IV represent different environmental periods shown in the maps 

of Fig. 5.13, based on our proxy records. Arrows indicate decreasing/increasing trend in proxy records. 
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Figure 5.12: Comparison and downcore variations of sea ice conditions in Baffin Bay and Fram Strait 

area (a) Agassiz melt layer record (Fisher, 2003), (b) Core GeoB19927-3 (Saini et al., 2020), (c) Core 

MSM5/5-712 (Müller et al., 2012), (d) PS93/025 (Syring et al., 2020) and (e) summer insolation at 70˚N 

(Laskar et al., 2004). 
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Figure 5.13: Schematic oceanographic conditions in Baffin Bay and the Labrador Sea for four time 

intervals (a-d) during Holocene from 11.5 ka to present based on this and previous studies from the area: 

core MSM343300 (Moros et al., 2016; Perner et al., 2012), core 012P (Knudsen et al., 2008; Levac et al., 

2001), core AMD14-204C, AMD14-210 and GeoB19927-3 from Melville Bugt (Caron et al., 2019; 

Hansen et al., 2020; Saini et al., 2020), core AMD14-Kane2B (Georgiadis et al., 2020), core DA41P, 

SA13-ST3 and 248260-2 from NE Labrador Sea (Seidenkrantz et al., 2013a, b; Allan et al., 2021), core 

CC04 and CC70 (Gibb et al., 2015), and core MSM45-19-2 (Lochte et al., 2019). Red and blue arrows 

indicate warmer and colder ocean currents whereas solid (or thick) and dashed (or thin) arrows indicate 

stronger or weaker current strengths. The magenta arrows indicate melt water inflow to the core-site. 
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Figure 5.14: Generalized sketch of the large scale hydrographic variations in Baffin Bay area, reflected by 

changes in the Atlantic Water inflow, sea ice cover, insolation and melt water discharge. Note the relative 

changes in Atlantic Water (AW) influence as a result of changing melt water layer thickness during (a) 

mid-to-late Holocene and (b) early Holocene. A thick melt water layer causes decreased influence of 

warm Atlantic Water (AW) to the surface, thereby increased sea ice and decreased primary productivity 

in the early Holocene, even though WGC strengths are stronger, and vice versa. (cf. Weiser et al. (2021) 

for detailed explanation). 
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5.5.2 Mid Holocene- transition to full interglacial conditions (7.6-3.0 ka BP) 

During the mid Holocene near 7.6 ka, SIC and primary productivity started to decrease in Baffin 

Bay (cores GeoB19927-3 and GeoB19948-3) (Fig. 5.10). This reduction in SIC was likely 

accompanied by strongly reduced melt water input, causing increased salinity (Fig. 5.12), despite 

a decrease in Atlantic Water inflow (Fig. 5.11h; Weiser et al. 2021). In sum, this can be 

explained, when assuming an increased influence of Atlantic Water (Fig. 5.14a) on the surface 

waters. Short-term (cyclic) changes of minima and maxima in SIC are evident after ~7.6 ka BP 

in Baffin Bay, displayed by PIP25 indices (Fig. 5.7f, g) at core GeoB19927-3. These reoccurring 

spring ice-edge conditions based on simultaneous peaks in accumulation rates of IP25 and the 

phytoplankton biomarkers brassicasterol and dinosterol (see, Supplementary Fig. S5.2) are 

possibly related to oscillations in the ice melt influx and the influence of the WGC in the surface 

waters (Caron et al., 2019; Hansen et al., 2020). Additionally, the PDIP25 and PIIIIP25 indices 

along this north-south transect in eastern Baffin Bay (core GeoB19927-3, GeoB19948-3, 

AMD14-Kane2B) (Fig. 5.7) indicate a sharp decline in SIC starting from ~7.6-6.3 ka BP. Based 

on dinoflagellate cyst data at core CC70, Gibb et al. (2015) reported an increased winter SST at 

~7.6 ka BP associated with the strengthening of the warmer Atlantic Water influence that might 

support our reconstruction. Interestingly, dinocysts based sea ice reconstructions from Disko 

Bugt (core MSM343310) in eastern Baffin Bay exhibit a similar reduction in SIC from 7.5-7.1 

ka BP (cores GeoB19927-3, GeoB19948-3, AMD14-Kane2B). However, different reservoir ages 

(few hundreds to sometimes thousand years) may limit the exact age correlation (Fig. 5.7) 

(Caron et al., 2019; Georgiadis et al., 2020; Hansen et al., 2020; Saini et al., 2020). On the other 

hand, the reduced SIC may have occurred earlier in the southern areas of Baffin Bay transect 

(7.5-7.1 ka BP) before penetrating northwards up to the Kane Basin. The decreased SIC after 

~7.6 ka BP (Fig. 5.7) together with high Atlantic Water influence, associated with a decreased 

inflow of melt water (Fig. 5.10c, 5.13b, 5.14a) might suggest significant warming of the 

subsurface conditions corresponding to the HTM-like conditions observed in NE Baffin Bay 

throughout the mid Holocene (Fig. 5.10b) (Gibb et al., 2015; Lloyd et al., 2005). Several records 

from circum Greenland, the Canadian Arctic Archipelago, and Svalbard areas also suggested a 

similar increased influence of Atlantic Water (WGC, IC) in the mid Holocene since ~7.6 ka BP 

(Dyke et al., 1996b; Jennings et al., 2011a; Justwan et al., 2008; Ouellet-Bernier et al., 2014). 

Note, in contrast to sea ice records from the Fram Strait area (cores MSM5/5-712 and PS93/025) 
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which seem to follow predominantly the summer insolation trend (Müller et al., 2012; Syring et 

al., 2020), our records from eastern Baffin Bay indicate a dominant influence of melt water 

influx on sea ice formation throughout the Holocene (Fig. 5.12). 

Furthermore, a general northwards increase in SIC is shown by the IP25 vs. biomarker 

brassicasterol plot as well as PIP25 indices (Fig. 5.7, 5.9). A contemporaneous decrease in 

primary productivity is indicated by the biomarker dinosterol accumulation rates as well as 

dinocyst based reconstructions along the studied N-S transect (Fig. 5.8 and references therein). 

These trends in SIC and primary productivity situations might be linked to the fading Atlantic 

Water inflow (WGC) northwards and/or due to interaction with southwards flowing polar 

currents (BC) along the Canadian Arctic. These trends may also be related to the seasonal 

differences in light and sea ice conditions as a function of latitude as the timing and extent of the 

ice and phytoplankton productivity vary from April to late summers from the south towards 

higher latitudes (cf. Wassmann et al., 2020 for a detailed explanation). 

For the mid Holocene between 5.9-3.0 ka BP i.e., after the hiatus, our records from core 

GeoB19905-1 off NE Labrador Sea show ice-free conditions in spring-autumn as displayed by 

the continued absence of ice algae biomarkers (IP25=0) (Fig. 5.6f). Dinosterol accumulation rates 

show a slight increase in this interval, however, CaCO3 accumulation rates remained rather high 

until about 4 ka BP (Fig. 5.11f, g), suggesting subsurface conditions characterized by high 

biological (carbonate) productivity. This interpretation is supported by the continuously 

maximum occurrence of foraminifera in the same core GeoB19905 (Fig. 5.11; Weiser et al., 

unpublished data). Based on dinocyst data in the vicinity core SA13-ST3 (Fig. 5.7b, 5.8b), Allan 

et al. (2021) have reported subsurface conditions characterized by a slight decrease in (winter) 

SIC (<4 months/year) and a variably high summer primary productivity. Overall, this may 

indicate persistent warm subsurface conditions in this area corresponding to the final stage of the 

HTM. Moros et al. (2016) (core MSM343300) and Seidenkrantz et al. (2013b) (core 248260-2) 

also suggested warm surface water conditions, in combination with low melt water influx from 

the GIS in eastern Baffin Bay area. Based on terrestrial evidences from SW Greenland and NE 

Canada, a rather late HTM lasting until about 4.0 ka BP has been suggested (Fredskild, 1985 a, 

b; Kaplan et al., 2002; Moros et al., 2006; Willemse and Tornqvist, 1999). Based on the 

foraminifera records from offshore East Greenland, Jennings et al. (2002) described a strong 
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influence of Atlantic Intermediate Water during the mid Holocene lasting until about ~4 ka BP. 

In the Ameralik Fjord (cores DA41P, 248260-2), close to our core site (GeoB19905-1), relatively 

warm subsurface conditions linked to strong WGC influence have also been reported, in 

agreement with our study (Moller et al., 2006; Seidenkrantz et al., 2007). Additionally, based on 

mean sortable silt (grain-size) data on the same core (GeoB19905-1; Fig. 5.11h), Weiser et al. 

(2021b) showed a slight decrease in the WGC strength during the mid-Holocene. However, a 

distinct decrease in the melt water discharge along the SW Greenland margin in this interval 

(Gibb et al., 2015; Holland et al., 2008; Ren et al., 2009) may have substantially increased 

subsurface salinity (Allan et al., 2021), thus maintaining a strong influence of warm Atlantic 

Water (WGC) to the ocean surface. Furthermore, biomarker proxies, including sediment 

composition (grain-size) data, have been also previously successfully applied for subsurface and 

bottom water conditions in the northern High latitude areas, i.e. Denmark Strait (Andrews et al., 

2020). 

Towards the final stage of the mid Holocene (~4-3 ka BP) at core GeoB19905-1 off the Labrador 

Sea, the accumulation rates of CaCO3 display a sharp decrease whereas dinosterol accumulation 

rates remain unchanged (Fig. 5.11f, g). This suggests changes in subsurface conditions 

characterized by a decrease in biological (carbonate) productivity possibly linked to a decline in 

the WGC strengths (Fig. 5.11h; core GeoB19905-1). This change may coincide with the onset of 

Neoglacial cooling, widely reported around Greenland areas (Briner et al., 2010; Krawczyk et 

al., 2017; Levac et al., 2001; Long and Roberts, 2003; Müller et al., 2012; Perner et al., 2012; 

Schweinsberg et al., 2017). Dinocyst based reconstructions in the vicinity core SA13-ST3 also 

indicate a decrease in summer primary productivity in this interval (Allan et al., 2021) (Fig. 

5.8b), in agreement with the results of our study. Moros et al. (2004) also argued for a period (4-

3 ka BP) of climate instability and significant fluctuation in EGC and IC strengths in the east 

Greenland margin leading to cooling. Several lake sediment records in the vicinity of southwest 

Greenland also showed renewed ice growth and enhanced glacier activity starting ca. 4 ka BP 

(Larsen et al., 2017), supporting the onset of Neoglacial cooling in this time interval. 

5.5.3 Late Holocene changes in sea-surface conditions (3-0 ka BP) 

Surface water cooling along the West Greenland coast during the late Holocene Neoglacial 

period is attributed to the variability in the strength of the Atlantic (IC) versus Arctic (EGC, BC) 
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currents (Andresen et al., 2011; Moros et al., 2006; Ouellet-Bernier et al., 2014; Seidenkrantz et 

al., 2007). Interestingly, our sea ice (IP25) and phytoplankton biomarkers (dinosterol, HBI III), 

and related PDIP25 and PIIIIP25 indices from Baffin Bay show a decreased SIC (Fig. 5.7, 

Supplementary Fig. S5.2) and apparently do not show a clear Neoglacial cooling trend as 

observed in other records. Low accumulation rates of all biomarkers during the late Holocene 

recorded at cores GeoB19948-3 and GeoB19927-3 (Fig. 5.5, Supplementary Fig. S5.2) from 

eastern Baffin Bay sites may be caused by stratified conditions associated with an enhanced 

input of fresh water (Fig. 5.13c, d) hampering productivity. Based on the increased abundance of 

agglutinated foraminifera species at core AMD14-204C and MSM343300, Hansen et al. (2020) 

and Perner et al. (2012) suggested enhanced Arctic Water influx into Baffin Bay and strongly 

stratified conditions during the late Holocene. The reduction in SIC might be also attributed to 

strong sea ice interactions with the local fjords which can also hamper ice growth (Ribeiro et al., 

2017). Additionally, moderate PIP25 values (0.2-0.6) between 1.8 and 1.2 ka BP at cores 

GeoB19927-3 and GeoB19948-3 (Fig. 5.7) indicate a reduced sea ice cover, which might be also 

associated with a positive NAO mode and related warmer subsurface conditions in eastern Baffin 

Bay area (Andresen et al., 2011; Gibb et al., 2015; Moros et al., 2006; Trouet et al., 2009). 

Increased SSTs were also suggested near the east Greenland shelves at ca. 1.8-1.2 ka BP 

(Knudsen et al., 2004; Roncaglia and Kuijpers, 2004). The short-term warming in the North 

Atlantic and the in-phase relationship between sea ice and NAO mode has been previously 

reported (Ljungqvist, 2010; Saini et al., 2020; Trouet et al., 2009). However, after ~1.4 ka BP a 

slight increase in SIC (PIP25) and a decline in productivity (dinosterol) (Fig. 5.10d, e) may 

indicate Neoglacial cooling observed elsewhere (Fig. 5.13d and references therein). Based on the 

increase in Arctic Water indicator dinocysts (I. minitum) (core AMD14-204C) during the last 

~1.4 ka, Caron et al. (2019) have described an increase in SIC and colder conditions in eastern 

Baffin Bay related to Neoglacial cooling. This is further supported by enhanced driftwood 

findings in the Canadian Arctic Archipelago, possibly carried along by the strengthened Polar 

Water (i.e. BC) masses (Dyke et al., 1997). This increase in SIC during the Neoglacial period is 

in agreement with the reconstructions from the northern Baffin Bay (Levac et al., 2001) and the 

eastern Fram Strait area (Fig. 5.12) (Müller and Stein, 2014; Syring et al., 2020). 

However, in the NE Labrador Sea, after 3 ka BP, HTM-like conditions were followed by surface 

and subsurface conditions characterized by the absence of ice algae biomarkers and significantly 
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decreased CaCO3 accumulation rates, albeit very high accumulation of phytoplankton biomarker 

dinosterol (Fig. 5.6, 5.11) (core GeoB19905-1). Based on the end-member grain-size analysis at 

the same core (GeoB19905-1), Weiser et al. (2021) documented a strong increase in the 

accumulation of poorly-sorted fine-grained sediments (Fig. 5.11c) presumably originating from 

the Neoglacial ice margin advances. In such finer-grained sediments organic matter may become 

enriched (cf., Knies and Stein, 1998; Fahl and Stein, 2007; Iversen and Robert, 2015) as 

documented in elevated TOC values (Fig. 5.4) and high accumulation rates of organic carbon 

(Fig. 5.6b). This may have resulted in more labile organic matter preservation in the sediments. 

Another explanation for the increased accumulation rates of the phytoplankton biomarker (Fig. 

5.11f) in the late Holocene might be the increased nutrient supply (e.g. Fe, silica) associated with 

the enhanced local melt water discharge (Arrigo et al., 2017; Bhatia et al., 2013; Cape et al., 

2019; Hawkings et al., 2015). Based on exploration studies from nearby Sinarsuk deposit, 

Grammatikopoulos et al. (2002) and Secher (1980) found a significant amount of magnetite in 

the host rock which might be a potential source of high Fe contents recorded in the late Holocene 

section of the core GeoB19905-1 (Weiser et al., 2021).  

The last 0.4 ka (upper ~100cm, core GeoB19905-1, Fig. 5.6) are characterized by very high 

phytoplankton biomarker accumulation rates that might be explained on one hand by increased 

phytoplankton productivity/ increased preservation. On the other hand, the topmost maximum 

value and its downcore decrease may represent diagenetic alterations in the uppermost 

centimetres (cf. Fahl and Stein, 2012; Belt & Müller, 2013).  The drop in productivity 

biomarkers (Fig. 5.6d, e) evident at about 0.3 ka BP (ca. 1700 AD) may be correlated with the 

Little Ice Age (LIA), widely reported in the Western Europe and North Atlantic regions (Jones 

and Mann, 2004; Ljungqvist, 2010; Spielhagen et al., 2011). However, more high-resolution 

reconstructions are needed to resolve the decadal to centennial-scale climate events. 

5.6 Conclusions 

Organic geochemical and biomarker investigation of 
14

C-AMS-dated sediment cores 

(GeoB19948-3, GeoB19927-3, GeoB19905-1) from a N-S transect of the eastern Baffin Bay-

Labrador Sea margin was used for environmental and paleoceanographic reconstruction covering 

the Holocene period (last ~11.5 ka). Our data based on cores GeoB19948-3 and GeoB19927-3 

suggest that Baffin Bay was seasonally covered by sea ice during the last ~10.1 ka (Fig. 5.7). In 
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contrast, predominantly ice-free (spring and/or autumn) conditions were observed during the last 

11.5 ka in the NE Labrador Sea (core GeoB19905-1). We note a general increase in primary 

productivity from north to south in the studied transect, which could be linked to the general 

decrease in sea ice cover observed along the N-S transect throughout the Holocene (Fig. 5.7, 

5.8). 

Extended SIC and very low primary productivity conditions prior to ~9.4 ka BP in the early 

Holocene were succeeded by a short interval of persistent and variable to marginal sea ice 

condition and associated increased primary productivity between 9.4 to 8.8 ka BP in eastern 

Baffin Bay, possibly linked to the limited subsurface presence of Atlantic Water as WGC. 

Thereafter, a short period of enhanced SIC and decreased primary productivity was recorded 

between 8.8 and 7.6 ka BP, which might be related to the opening of the Nares Strait and 

subsequently increased influence of Arctic Water masses and decreased WGC strengths. 

However, in the NE Labrador Sea, conditions remained mostly ice-free in spring-autumn, albeit 

with low primary productivity in the early Holocene due to the increasing but limited influence 

of Atlantic Water (WGC), in combination with the high deglacial melt influx.  

A transition towards decreased SIC and reduced productivity, as well as reoccurring ice-edge 

conditions, is evident in the mid Holocene (~7.6-3 ka BP), possibly caused by the short-term 

(cyclic) changes in the WGC influence associated with ice melting, probably representing HTM-

like conditions. This decrease in SIC is synchronous to the decrease in the melt water inflow 

leading to the salinisation of surface waters in Baffin Bay area. The HTM-like conditions in the 

mid Holocene accompanied by the final retreat of the GIS, are also recorded in the NE Labrador 

Sea, displayed by spring-autumn ice-free (PIP25=0) conditions together with an increased 

accumulation of open-water phytoplankton biomarker proxies. 

Our combined sea ice records from Baffin Bay do not exactly correlate with the Neoglacial 

cooling trend observed elsewhere during the late Holocene. Instead, the surface conditions can 

be characterized by a decrease in SIC and primary productivity, linked to stratification caused by 

an enhanced influx of Polar Water masses. However, in the NE Labrador Sea, surface conditions 

were characterized by (spring-autumn) ice-free conditions with a strong decrease in carbonate 

productivity during the last ca. 4 ka, in line with decreased WGC strengths and/or enhanced 
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advection of cold Arctic Water masses and increased melt water inflow linked to the Neoglacial 

cooling. 
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Abstract 

A better understanding of the past variability in terrigenous organic carbon input and climate 

change was achieved by investigating organic bulk parameters (TOC, TOC/N and δ
13

Corg), 

specific biomarkers (ß-sitosterol and campesterol), and their accumulation rates using three 

sediment cores (GeoB19948-3, GeoB19927-3, GeoB19905-1) from the eastern Baffin Bay-

Labrador Sea margin. The biomarker data in all these cores shows a high amount of terrigenous 

organic carbon deposition during the early Holocene period between 11.5-8 ka BP. In the mid 

Holocene period between 8-3 ka BP, our combined data show decreasing accumulation rates of 

terrigenous organic carbon in Baffin Bay-Labrador Sea, a part of warm Holocene Thermal 

Maximum (HTM)-like conditions characterized by a decrease in ice cover, melt water discharge 

and reduction in sediment supply due to decreased strength of the WGC. During the last ca. 3 ka, 

reduced accumulation rates of terrigenous (and marine) biomarkers in Baffin Bay are related to 

the Neoglacial cooling. However, the NE Labrador Sea (core GeoB19905-1) is characterized by 

increased preservation/accumulation of terrigenous organic matter during the last 3 ka and 

related to high fine-grained siliciclastic material deposition caused by decreased current 

strengths, however, increased terrigenous organic carbon related to regrowth of Glaciers linked 

to Neoglacial cooling cannot be ruled out. 
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6.1 Introduction 

Arctic regions have shown dramatic changes over the recent decades, including increased annual 

river discharge, open-water areas over the Arctic shelves and a decrease in summer and winter 

sea ice cover (SIC) (Fichot et al., 2013; Peterson et al., 2002; Serreze et al., 2007a; Stroeve et al., 

2012). These changes will probably lead to significant changes in the sedimentary environment 

and processes controlling terrigenous matter cycling (Wegner et al., 2015). The increased export 

of terrigenous sediments may also alter the delivery of nutrients and promote marine primary 

productivity (Retamal et al., 2008). Since the Last Glacial Maxima (LGM), the increased 

inundation of the Arctic shelves following low sea-level stand, climatically driven changes in 

fresh water delivery by major rivers, ice sheets and variable SIC led to significant changes in 

terrigenous sediment supply (Wegner et al., 2015).  

The variability in terrigenous organic carbon input into the Arctic Ocean has been the subject of 

debate for a long time (Schubert and Stein, 1996; Stein and MacDonald, 2004a). The large 

seasonal input of terrigenous organic carbon (~12x10
6
 t/a POC) driven by ice, riverine, coastal 

erosion, aeolian transport is mostly deposited in the near continental shelves and less in the deep 

seas (Stein, 2008; Stein and MacDonald, 2004a). Sea ice and oceanic currents are assumed to 

play a dominant role in sediment transport over large distances (Darby et al., 2009; Polyak et al., 

2010). The variability in terrigenous organic carbon input allows for simultaneous 

reconstructions of marine and terrestrial climate conditions, including the possible transport 

pathways and the fate of organic matter. Thus, understanding the variability in past terrigenous 

organic matter input is important for assessing modern and future changes, as it can serve as 

boundary conditions in models for the changing Arctic. 

Specific sterols such as ß-sitosterol (24-ethylcholest-5-en-3ß-ol) and campesterol (24-

methylcholest-5-en-3ß-ol) are predominantly produced by land vascular plants (Stein and 

Macdonald, 2004) and often and successfully applied as a proxy for land-derived terrigenous 

input (Fahl and Stein, 1997; Horner et al., 2016; Kolling et al., 2017; Syring et al., 2020). Long 

chain n-alkanes, long chain fatty acids and alcohols have been also previously successfully 

applied to estimate terrigenous organic carbon input in the lake and marine sediments, including 

Arctic Ocean sediments (Eglinton and Hamilton, 1963; Eglinton and Eglinton, 2008; Fahl and 

Stein, 1999; Meyers, 1997; Yunker et al., 1995). Furthermore, specific lignin and recently 
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developed “Branched and Isoprenoid Tetraether (BIT)” index may be used as an additional 

proxy for terrigenous organic carbon input; however, their application might be limited to certain 

areas only (Hopmans et al., 2004; Stein, 2008). In addition, bulk geochemical proxies such as 

organic C/N ratio and δ
13

Corg may also provide useful information to distinguish between 

terrigenous (higher plant) and marine (algal) organic matter in marine sediments (Hedges et al., 

1986; Meyers, 1994; Stein and Macdonald, 2004). A predominant terrigenous source of organic 

carbon may be inferred in sediments with organic C/N ratio of value higher than 10 and light 

δ
13

Corg values of about -23‰ to -27‰ (Fahl et al., 2003; Krishnamurthy et al., 2001; Stein and 

Macdonald, 2004). 

 

Figure 6.1: Map of Baffin Bay and the Labrador Sea areas with general surface circulation (warm surface 

current in red and cold polar sourced currents in blue) and locations of sediment cores studied herein, 

shown as yellow dots, adapted after Simon et al., 2016. 
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This study concentrates on marine sediment cores collected from a north-south transect of the 

eastern Baffin Bay and Labrador Sea margin to reconstruct the paleoenvironmental evolution 

during the Holocene using organic geochemical and biomarker data. Measurements of specific 

biomarkers (campesterol, ß-sitosterol) and organic geochemical bulk parameters (TOC, TOC/N) 

and stable carbon isotopes (δ
13

Corg) were carried out on three cores; GeoB19948-3, GeoB19927-

3 and GeoB19905-1 (Fig. 6.1) along the western Greenland continental margin and compared 

with other regional data from around the Labrador Sea and Baffin Bay. Special attention is paid 

to the high-resolution reconstruction of terrigenous organic matter, mainly documented from the 

accumulation rates of terrigenous-sourced biomarker sterols. 

6.2 Modern environmental setting 

The study area lies on the eastern margin of Baffin Bay and the Labrador Sea under the West 

Greenland Current (WGC) (Fig. 6.1), which flows northwards along the western continental 

margin of Greenland. The WGC is characterized by advection of both warm, Atlantic-sourced 

Water (Irminger Current) and cold, polar-sourced water from the Arctic Ocean (EGC) as well as 

freshwater and icebergs from the Greenland Ice Sheet (GIS). A part of the WGC is deflected 

westwards towards the Canadian margin just before entering the Davis Strait while the remaining 

water continues northwards, reaching the northernmost regions of Baffin Bay (Tang et al., 2004). 

Arctic-sourced cold water along Baffin Island (BC) flows southwards and mixes with Arctic 

water exiting Hudson Strait forming the Labrador Currents (LC) and finally mixing with the 

northern branch of the WGC and Irminger Current (IC) (Drinkwater, 1996). Sea ice cover in 

Baffin Bay and the northwestern Labrador Sea is at its maximum in March and minimum in 

September, however, the northeastern Labrador Sea remains generally ice-free year-round due to 

the strong influence of the WGC (NSIDC, 2020; Tang et al., 2004). 

6.3 Material and methods 

The three cores used in this study were recovered during the Maria S. Merian MSM44 cruise. 

The cores GeoB19948-3 (75°46.10' N, 64°08.57' W) and GeoB19927-3 (73°35.26' N, 58°05.66' 

W) were retrieved from northeast Baffin Bay, whereas core GeoB19905-1 (64°21.68' N, 

52°57.70' W) from the northeastern Labrador Sea (Fig. 6.1). The lithological visual description 

and color measurements of core GeoB19948-3 indicates that the upper 280cm mainly consists of 

olive-grey silty clay homogeneous sediments (Dorschel et al., 2015). Whereas in core 
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GeoB19927-3, the lowermost part can be described as non-homogenous silt and fine sand 

sediments embedded with few dropstones. The upper part of core GeoB19927-3, however, can 

be characterized by homogenous olive-grey silty-clay sediments (Dorschel et al., 2015). In core 

GeoB19905-1, sediments are mainly composed of olive-grey muds with some sandy layers at the 

lower part of the core and sharp color transitions displayed by distinct lithological units (LU), for 

a more detailed description, however, see chapter 2.1.  

 

Figure 6.2: Age-depth plot of the studied cores; GeoB19948-3, GeoB19927-3 and GeoB19905-1 together 

with sedimentation rates (cf. Saini et al., submitted; Weiser et al., 2021 for a detailed description). 

 

The chronostratigraphic framework of cores GeoB19948-3, GeoB19927-3 and GeoB19905-1 is 

based on 
14

C-radiocarbon dating and has already been described by Saini et al. (2020) and 

Weiser et al., (2021) (Fig. 6.2). 
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6.3.1 Organic geochemical bulk parameters (TOC, TOC/N and TOC/Ncorr) 

For organic-geochemical analyses, freeze-dried and homogenized subsamples were taken and 

stored in glass vials at -20 ˚C. Total organic carbon (TOC) and total nitrogen (TN) were analysed 

by means of Carbon-Sulfur Analyser CS-800, ELTRA for TOC and Carbon-Nitrogen-Sulfur 

Analyzer Elementar-III, Vario for TN measurements after carbonate removal by hydrochloric 

acid (37%, 500 µl). The analytical error of our TOC measurements was within 0.02%.  

 

Figure 6.3: Estimation of inorganic nitrogen content by correlating Total organic carbon (TOC) with 

Total nitrogen (TN). The positive intercept at TOC = 0% (Schubert and Calvert, 2001) provides the 

inorganic nitrogen fraction (Ninorg). 

 

The TOC/N ratio may be used to distinguish between marine (algae) and terrigenous (vascular 

land plants); marine algae typically range between 4 and 10 while land vascular plants show 

values above 20 (Meyers, 1994; Stein and Macdonald, 2004). However, values in a range of 10-

20 reflect a mixed signal of terrigenous and marine organic matter sources. Still, the TOC/N ratio 

should be considered with caution as it may be altered through selective degradation during early 

diagenesis (Meyers, 1994) and thus should be used in combination with the other environmental 

proxies such as the stable carbon isotope ratio δ
13

Corg. With low TOC concentration, inorganic 

nitrogen fraction becomes more significant, and it becomes imperative to determine the 

inorganic nitrogen (Ninorg). Ninorg can be roughly estimated by correlating TOC vs. TN and 

calculating the positive TN intercept at TOC = 0% (Schubert and Calvert, 2001). Ninorg were 

subtracted from the TN in order to calculate the organic nitrogen fraction (Ncorr) which was then 

used for TOC/Ncorr ratios (for cores GeoB19948-3 and GeoB19927-3) (cf. Schubert and Calvert 
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2001) (Fig. 6.3A, B). For core GeoB19948-3, only the upper 280cm (n=60) were considered for 

calculating inorganic nitrogen (Ninorg=0.045%; Fig. 6.3A, ‘black line’). However, for core 

GeoB19905-1, the TOC/N ratio (without correction) is used due to negligible inorganic nitrogen 

(see, Fig. 6.3C). 

6.3.2 Stable isotopes (δ
13

Corg) 

Organic carbon isotope (δ
13

Corg) analysis of cores GeoB19948-3 and GeoB19927-3 were 

performed at GEOTOP, University of Quebec at Montreal, Canada using homogenized and 

weighed samples into (8x5 mm) silver capsules and left for carbonate removal by conc. 

Hydrochloric acid for 24 hrs. Thereafter, the acidified samples were weighed into a tin foil and 

wrapped tightly. The determination of δ
13

Corg was then performed by means of a continuous flow 

isotope ratio mass spectrometer (Isoprime-100 MS) using the Urea/Air Isotopic laboratory 

method. Isotope ratios were expressed in delta notation (δ), in per mil (‰), relative to an 

international reference material (VPDB for δ
13

C) calculated according to Brand et al. (2014) and 

Coplen (2011). The error of our δ
13

C measurements was at ±0.1‰. 

6.3.3 Biomarker sterols (ß-sitosterol and campesterol) 

Biomarker analyses were achieved by extracting ~4 g of freeze-dried and homogenized sediment 

using dichloromethane: methanol (2:1 v/v) as a solvent for ultrasonication (3x15min). Prior to 

extraction, 9-octylheptadec-8-ene (9-OHD; 0.1 µg/sample), 7-hexylnonadecane (7-HND; 0.076 

µg/sample), 5α-Androstan-3β-ol (Androstanol; 10.7 µg/sample) and 2,6,10,15,19,23-

Hexamethyltetracosane (Squalane; 3.2 µg/sample) were added for the quantification of 

biomarkers. The extracts were separated by open silica (SiO2) column chromatography with n-

hexane (5 ml) and ethyl-acetate: n-hexane (9 ml, 2:8 v/v) as eluent into hydrocarbon and sterol 

fraction, respectively. The sterol fraction was silylated using 200 µl BSTFA (bis-trimethylsilyl-

trifluoroacet-amide) (60˚C, 2 h). 

Gas chromatography-mass spectrometer (GC-MS) was used to qualify and quantify the sterol 

fractions. The quantification of the sterols (quantified as trimethylsilyl ethers) was carried out 

with a GC Agilent 6850 (30 m DB-1MS column, 0.25 mm id, 0.25 µm film) coupled to an 

Agilent 5975C VL MSD mass selective detector. GC measurements were carried out with the 

following temperature program: 60 ˚C (2 min), 150 ˚C (15 ˚C/min), 320 ˚C (3 ˚C/min), 320 ˚C 

(20 min isothermal). Helium served as carrier gas (1 ml/min constant flow). Specific compound 
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identification was based on the comparison of gas chromatography retention times with those of 

reference compounds and published mass spectra (Belt et al., 2007; Boon et al., 1979; Brown 

and Belt, 2016; Volkman, 1986). The different responses of these ions and a detailed 

quantification method are given by Fahl and Stein (2012). For the quantification of the sterols, 

the molecular ions m/z 472 for campesterol (as 24-methylcholesta-5-en-3β-ol) and m/z 486 for 

ß-sitosterol (as 24-ethylcholest-5-en-3β-ol) were used in relation to the molecular ion m/z 348 

for the internal standard Androstanol. The precision and stability of the instrument were 

controlled by reruns of external standards several times during one analytical sequence and by 

replicate analysis of random samples.  

All biomarker concentrations were normalized to the TOC in order to compensate for dilution 

effects caused by variations in sedimentation rates. Additionally, non-biogenic and non-organic 

terrigenous accumulation rates (referred to as ‘Terrigenous accumulation rate’) were calculated 

by subtracting organic and biogenic (TOC + CaCO3) accumulation rates from the bulk 

accumulation rate (see, section 6.3.4). All biomarker concentrations were converted into their 

accumulation rates to provide information about absolute changes in sediment fluxes/input by 

using the following five equations (e.g., Stein & Macdonald, 2004). 

(1) Bulk accumulation rate = LSR*DBD, (2) TOC accumulation rate = Bulk accumulation 

rate*TOC/100, (3) CaCO3 accumulation rate = Bulk accumulation rate*CaCO3/100, (4) 

Terrigenous accumulation rate = Bulk accumulation rate – TOC accumulation rate – CaCO3 

accumulation rate, and (5) BM accumulation rate = Bulk accumulation rate*BM 

Where, LSR = sedimentation rate (cm ka
-1

); DBD = dry bulk density (g cm
-3

); TOC = total 

organic carbon (%); BM = biomarker concentration (µg g
-1

); Bulk accumulation rate = total 

sediments accumulation rate (g cm
-2

 ka
-1

); TOC accumulation rate = total organic carbon 

accumulation rate (g cm
-2

 ka
-1

); CaCO3 accumulation rate = carbonate accumulation rate (g cm
-2

 

ka
-1

); Terrigenous accumulation rate  = Terrigenous accumulation rate (non-biogenic and non-

organic); BM accumulation rate = biomarker accumulation rate (µg cm
-2

 ka
-1

). 

6.4 Results 

All biomarkers concentrations are mainly described as µg/gTOC and as accumulation rates in µg 

cm
-2

 ka
-1 

(Fig. 6.4-6.9). The distribution of biomarkers, bulk geochemical parameters and stable 
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carbon isotope (δ
13

Corg) showed significant downcore variations that correlate partly with 

lithological units (LU). 

Core GeoB19948-3 

 

Figure 6.4: Combined record of core GeoB19948-3 (a) lithology (Dorschel et al., 2015) and bulk 

parameters and biomarkers (b) total organic carbon (TOC), (c) ß-sitosterol+campesterol (µg/g Sed), (d) ß-

sitosterol+campesterol [µg/g TOC], (e) TOC/N ratio, (f) TOC/Ncorr and (g) δ
13

Corg [‰]. Black solid 

triangles mark the AMS 
14

C datings. All plots are shown versus depth in [cm]. 

 

TOC concentrations of core GeoB19948-3 show generally higher values of about 0.7% (mean) 

from 278-150cm (ca. 8 to 5 ka BP), followed by decreasing values of 0.6% (mean) towards the 

top of the core (Fig. 6.4b). The concentrations of terrigenous biomarkers (ß-

sitosterol+campesterol) range from 15 to 53 µg/gTOC throughout the record (Fig. 6.4c) and 



 

113 

 

show a trend of continuously decreasing values towards the core top (over the last about 8 ka). 

TOC/Ncorr ratio varies between about 6 to 15 (Fig. 6.4f), and display high variability throughout 

the core from 278-0cm (ca. 8 to 1.2 ka BP). δ
13

Corg values range from -23.4 ‰ to -22.2 ‰ and 

show a general trend of increasingly heavier values towards the top of the core (Fig. 6.4g). 

The bulk accumulation rates were dominated by terrigenous accumulation rates and vary 

between 19 to 35 g cm
-2

 ka
-1

, and displays generally decreasing values from the mid-to-late 

Holocene (~8-1.2 ka BP) (Fig. 6.7b, c). TOC accumulation rate range from 0.10 to 0.26 g cm
-2

 

ka
-1

 and is marked by a gradual decrease from the mid-to-late Holocene (Fig. 6.7d). The 

accumulation rates of terrigenous biomarkers (ß-sitosterol+campesterol) vary in the range from 2 

to 13 µg cm
-2

 ka
-1

 and display a trend of decreasing values from ca. 8 to 1.2 ka BP (Fig. 6.7e). 

Core GeoB19927-3 

TOC concentrations, described previously by Saini et al. (2020) vary between 0.1 and 1.5% and 

show extremely low values in the early Holocene from 1147-1059cm (ca. 10.1 to 9.5 ka BP), 

followed by slightly increasing values from 1059-815cm (~9.5 to 7.6 ka BP), and acquire highest 

(mean 1.1%) values from 815-0cm (7.6 ka to present) (Fig. 6.5b). The terrigenous biomarkers (ß-

sitosterol+campesterol) concentrations range from 0 to 114 µg/gTOC (Fig. 6.5d). They are the 

lowest at the bottom of the core at ~10 ka BP and show variable but generally high values (mean 

74 µg/gTOC) from 1059-557cm (9.5-6.1 ka BP), except a slight decrease at 760cm (~7.6 ka BP), 

followed by decreasing values (mean 34 µg/gTOC) towards the core top (557-20cm). 

Additionally, they show a slight increase in the uppermost centimetres over the upper 40cm (last 

ca. 0.4 ka BP). TOC/Ncorr ratio range from 4 to 26 (Fig. 6.5f), and exhibits low values (<10) 

throughout the core, except a distinct maximum of ~26 at 1120cm (ca. 10 ka BP). The δ
13

Corg 

values vary between -24.8 to -21.8 ‰ and are generally lighter (<-23‰) at the core bottom 

between 1147-815cm (10-8 ka BP), followed by increasingly heavier values towards the core top 

(last 8 ka) (Fig. 6.5g). 
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Figure 6.5: Combined record of core GeoB19927-3 (a) lithology (Dorschel et al., 2015) and bulk 

parameters and biomarkers (b) total organic carbon (TOC), (c) ß-sitosterol+campesterol (µg/g Sed), (d) ß-

sitosterol+campesterol [µg/g TOC], (e) TOC/N ratio, (f) TOC/Ncorr and (g) δ
13

Corg [‰]. Black solid 

triangles mark the AMS 
14

C datings. All plots are shown versus depth in [cm]. 

 

The bulk accumulation rates were dominated by terrigenous accumulation rates and range from 

15 to 187 g cm
-2

 ka
-1

, and displays generally higher values in the early Holocene prior to 8 ka 

BP, followed by decreasing values in the mid-to-late Holocene (Fig. 6.8b, c). TOC accumulation 

rates exhibit strong fluctuations ranging from 0.1 to 1.2 g cm
-2

 ka
-1 

and display generally 

decreasing values towards the core top during the Holocene. The accumulation rates of 

terrigenous biomarkers (ß-sitosterol+campesterol) (Fig. 6.8e) range from 0 to 88 µg cm
-2

 ka
-1

 and 
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exhibit generally high values in the early Holocene, followed by decreasing values in the mid-to-

late Holocene. 

 

Figure 6.6: Combined record of core GeoB19905-1 (a) lithology (Dorschel et al., 2015) and bulk 

parameters and biomarkers (b) total organic carbon (TOC), (c) ß-sitosterol+campesterol (µg/g Sed), (d) ß-

sitosterol+campesterol [µg/g TOC] and (e) TOC/ N ratio. Black solid triangles mark the AMS 
14

C 

datings. All plots are shown versus depth in [cm]. 
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Figure 6.7: Downcore profile of core GeoB19948-3 showing (a) lithological column (units), (b) bulk 

accumulation rate, (c) terrigenous accumulation rate, (d) TOC accumulation rate, (e) accumulation rate of 

terrigenous biomarkers; ß-sitosterol+campesterol, (f) TOC/Ncorr and (g) δ
13

Corg. All plots are shown 

versus age in thousand years before present [ka BP]. Black solid triangles mark the AMS 
14

C datings. 

Arrows indicate decreasing/increasing trend in proxy records. 

 

Core GeoB19905-1 

TOC concentrations of core GeoB19905-1 display extremely low values of about 0.3% (mean) 

from 1036-737cm (ca. 11.5 to 8.6 ka BP), followed by an increase from 737-329cm and attaining 

the maximum values (mean 1.8%) in the upper part of the core between 329-0cm (last ca. 2 ka 

BP) (Fig. 6.6b). The terrigenous biomarkers (ß-sitosterol+campesterol) concentrations vary 

between 3 and 92 µg/gTOC throughout the core (Fig. 6.6d) and display the highest values (mean 

32 µg/gTOC) in the lowest unit LU1 (1036-737cm) (~11.5 to 8.6 ka BP). Note, however, they 

show no significant increase in µg/g sediment record in this period (Fig. 6.6c). Afterwards, they 
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(Fig. 6.6d) show reduced values from 737-83cm (ca. 8.6 to 0.4 ka BP), succeeded by a strong 

increase in the uppermost 83cm (last 0.4 ka BP). TOC/N ratio varies between 4 and 34 (Fig. 

6.6e), and display the highest values (>10) in the early Holocene from 1036-737cm (~11.5 to 9 

ka BP), followed by generally reduced values (<10) in between 800-0cm (last 9 ka BP). 

 

Figure 6.8: Downcore profile of core GeoB19927-3 showing (a) lithological column (units), (b) bulk 

accumulation rate, (c) terrigenous accumulation rate, (d) TOC accumulation rate, (e) accumulation rate of 

terrigenous biomarkers; ß-sitosterol+campesterol and (f) δ
13

Corg. The increasing/decreasing trends in 

proxy records are depicted as arrows. All plots are shown versus age in thousand years before present [ka 

BP]. The Gray box shows the core base where the age model is extrapolated, and thus the accumulation 

rates were not calculated for this time interval. Black solid triangles mark the AMS 
14

C datings. 

 

The bulk accumulation rates in this core as well is dominated by terrigenous accumulation rates 

and range from 44 to 177 g cm
-2

 ka
-1

, and show generally higher values in the early Holocene 

(11.5-8.1 ka BP) and late Holocene (1.4 ka to present), in between (8.1-1.4 ka BP) they exhibit 
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reduced values (Fig. 6.9b, c). The TOC accumulation rates, however, display increasing values 

towards the top of the core and range from 0.2 to 3 g cm
-2

 ka
-1 

(Fig. 6.9d). The accumulation 

rates of terrigenous biomarkers (ß-sitosterol+campesterol) (Fig. 6.9e) range from 2 to 199 µg cm
-

2
 ka

-1
 and exhibit generally high values in the early Holocene during 11.5 to about 8 ka BP. They 

show decreased values in the mid Holocene, succeeded by a strong increase in the late Holocene, 

especially in the uppermost centimetres of the last 0.4 ka. 

 

Figure 6.9: Downcore profile of core GeoB19905-1 showing (a) lithological column (units), (b) bulk 

accumulation rate, (c) terrigenous accumulation rate, (d) TOC accumulation rate, (e) accumulation rate of 

terrigenous biomarkers; ß-sitosterol+campesterol and (f) TOC/N ratio. All plots are shown versus age in 

thousand years before present [a BP]. Black solid triangles mark the AMS 
14

C datings. Arrows indicate 

decreasing/increasing trend in proxy records. 
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6.5 Discussion 

6.5.1 Deglacial to early Holocene transition (11.5-8 ka BP) 

In the lower-most period between about 10.1-9.4 ka BP at core GeoB19927-3 from NE Baffin 

Bay, minimum to near-zero values of TOC as well as terrigenous biomarkers (ß-sitosterol and 

campesterol) (Fig. 6.4d, 6.7e), and lighter δ
13

Corg values (<-23‰), indicate deglacial conditions 

and organic matter of predominantly terrigenous origin. 

The TOC/Ncorr ratio, however, varies between 8 and 26 showing mixed to a predominantly 

terrigenous source of organic matter. Based on very high sand content values at GeoB19927-3, 

Saini et al. (2020) argued for high IRD in this interval. This suggests the possibility of an ice-

proximal environment and cold deglacial conditions in the Baffin Bay area (Fig. 6.11a). Briner et 

al. (2013) argued for the existence of a marine-based ice sheet along most of NE Baffin Bay, 

especially during the earliest part of the Holocene. Several studies from the eastern Baffin Bay 

area also suggested cold deglacial conditions in this area prior to 9.4 ka BP (Caron et al., 2019; 

Georgiadis et al., 2020; Hansen et al., 2020; Jennings et al., 2014). These conditions could have 

been also felicitated by the presence of active ice-streams and high melt water discharge in the 

area and possibly strongly stratified conditions (Aksu and Piper, 1979; Dyke, 2008). Extended 

sea ice cover, as well as the limited presence of WGC influence in the Baffin Bay area, may have 

also contributed to colder conditions resulting in extremely low terrestrial organic matter 

production in this time interval (Jennings et al., 2019; Ledu et al., 2010a; Saini et al., 2020). 

In the following time interval between 9.4 and 8 ka BP (1059-815cm; GeoB19927-3) the 

conditions in NE Baffin Bay can be characterized by very high accumulation rates of terrigenous 

sediments (>100 g cm
-2 

ka
-1

) (Fig. 6.8c), with a distinct maximum of ~160 g cm
-2 

ka
-1 

at around  

8.7 ka BP. These are accompanied by maximum accumulation rates of terrigenous biomarkers 

(ß-sitosterol and campesterol) (~80 µg cm
-2 

ka
-1

) (Fig. 6.10f). The lighter δ
13

Corg values (<-23‰) 

but low (<10) TOC/Ncorr ratio shows a more mixed source of organic matter in this interval. 

Note, however, δ
13

Corg signature in the Arctic regions may be altered by the mixing of 

isotopically enriched phytoplankton (-20‰) and ice algae (-15 to -8‰), thus should be regarded 

with caution (Kremer, 2018a). In this interval at core GeoB19927-3, Saini et al. (2020) reported 
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Figure 6.10: Comparison of selected proxies for terrigenous input along the eastern Baffin Bay-Labrador 

Sea (N-S) transect (a) accumulation rates of terrigenous biomarkers; ß-sitosterol+campesterol 

(GeoB19905-1) (b) fine sediments (EM1) accumulation rate (GeoB19905-1) (Weiser at al. 2021), (c) 

XRF intensity of titanium (Ti) (in counts per second ‘cps’) (SA13-ST3) (Allan et al., 2021), (d) Fe-

Dolomite (JR175-VC20) (Jennings et al., 2014), (e) Al/Ti ratio, based on geochemical (XRF) data 

(AMD14-204C) (Caron et al., 2020), (f) terrigenous biomarkers; ß-sitosterol+campesterol accumulation 

rates (GeoB19927-3), (g) terrigenous biomarkers; ß-sitosterol+campesterol accumulation rates 

(GeoB19948-3) and (h) West Greenland Mineral Cluster#3+4 (eroded sediments from NW Greenland 

sources) (AMD14-Kane2B) (cf. Caron et al., 2020) with (i) Agassiz melt layer record (Fisher, 2003), (j) 

Camp Century δ
18

O record (Vinther et al., 2009) and (k) summer insolation at 70˚N (Laskar et al., 2004). 

Arrows indicate decreasing/increasing trend in proxy records. The positions of these cores are indicated in 

Fig. 1. 
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Figure 6.11: Sketch of the large scale hydrographic variations, reflected by changes in the Atlantic Water 

(WGC) inflow and ice conditions during the (a) early Holocene, (b) mid Holocene and (c) late Holocene. 

A thick ice-sheet and related high melt water and erosional input may have led to high terrigenous input 

in the early Holocene, which is decreasing from the mid-to-late Holocene (cf., discussion). 
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synchronous peaks in accumulation rates of sea ice proxy IP25 and phytoplankton biomarkers 

brassicasterol and dinosterol, interpreted as marginal ice-edge conditions. Moderate summer 

conditions with strong winter storms may have contributed to enhanced sea ice cover near the 

coastlines, increasing further the eroded material picked up sea ice freezing processes 

(COHMAP, 1988). High deposition of terrigenous and marine organic matter is typical of ice-

edge situation. Rapid retreat/thinning of adjacent ice-sheets due to high summer melting during 

the early Holocene may have increased supply of terrigenous material to the core site (Fig. 6.10i, 

k). This is in accordance with the interpretation that most GIS land-based deglaciation occurred 

after the Younger Dryas (YD) and peaked in the early Holocene between about 10 and 8 ka BP 

in West Greenland (Lecavalier et al., 2017; Sinclair et al., 2016). This relatively rapid ice retreat 

combined with sea-level transgression and glacio-isostatic rebound could have triggered 

enhanced sediment input through glacial erosion (Fleming and Lambeck, 2004; Long et al., 

2011). Based on the high component of Charnockite mineral assemblage (WGMC#3+4), high 

Al/Ti ratio and high Fe-dolomite supply (Fig. 6.10d, h) at cores AMD14-Kane2B and JR175-

VC20, Caron et al. (2020) and Jennings et al. (2014) also suggested high detrital (IRD) supply 

from northern Baffin Bay and the NW Greenland areas into eastern Baffin Bay. Additionally, 

terrigenous material entrapped during new sea ice formation in other Arctic regions can also be 

transported via the ocean currents and released at the marginal ice zones, i.e. in Baffin Bay due 

to ablative processes (Reimnitz et al., 1994; Stein et al., 1994). Increased strength of the WGC 

was also reported in this interval (Giraudeau et al., 2020, Weiser et al., 2021). Overall, this may 

also suggest relatively dense vegetation cover and fluvial sediment supply from Baffin Island 

and/or Greenland caused by warmer climate in the early Holocene and plants and animal 

migration northwards (Axford et al., 2021; Kaufman et al., 2004; Weiser et al., 2021). Other 

studies also support high terrigenous matter supply linked to high melt water discharge from the 

disintegrating GIS, in combination with high surface melting (Fig. 6.10i) until about 8 ka BP 

(Giraudeau et al., 2020, Weiser et al., 2021). 

Further south, the conditions in the NE Labrador Sea between 11.5 to 8 ka BP are characterized 

by the maximum accumulation rates of terrigenous material (Fig. 6.9c), accompanied with 

generally high accumulation rates of terrigenous biomarkers (ß-sitosterol and campesterol) (Fig. 

6.10a). High TOC/N ratios (10-40) in this interval (Fig. 6.9f), especially during 11.5-9.1 suggest 

a predominantly terrigenous origin of organic matter and is supported by the extremely low value 
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of TOC accumulation rates (Fig. 6.9d). This might be related to the final stage of deglaciation 

and related erosive dynamics and linked to the huge amounts of terrigenous material supply from 

the retreating GIS. An increased shelf erosion due to increased sea level could have intensified 

the detrital (IRD) material supply up to the southwestern Greenland areas, as shown by the Fe-

dolomite peak in central Baffin Bay (core JR175-VC20) (Jennings et al., 2014; Keigwin et al., 

1992). An enhanced oceanic circulation off SE Greenland and the Labrador Sea area ca. 9 ka BP 

(Weiser et al., 2021; McCave and Andrews, 2019) may have also promoted long-distance 

transport of terrigenous matter supply into the region. Based on the absence of sea ice biomarker 

IP25 (GeoB19905-1), Saini et al. (submitted) have suggested no presence of (spring-autumn) sea 

ice cover, thus indicating no significant sea ice related transport. Based on paleolimnological 

records and high magnetic susceptibility values from the Canadian Arctic, Finkelstein and 

Gaiewski (2007) suggested high energy glacial outwash during the early Holocene. Based on the 

geochemical data and high values of iron (Fe), potassium (K) and titanium (Ti) at cores DA41P, 

248260-2 and SA13-ST3 (Fig. 6.10c) in the vicinity (Allan et al., 2021; Ren et al., 2009; 

Seidenkrantz et al., 2013b), the authors also reported high terrestrial influx, linked to rapid 

sediment accumulation in an ice-proximal environment. This is in accordance with the final stage 

of deglaciation of Laurentide, Innutian and Greenland ice sheets during the early Holocene in the 

Canadian Arctic and West Greenland areas (England et al., 2006; Sinclair et al., 2016; Vinther et 

al., 2009; Zreda et al., 1999), in agreement with our records from the NE Labrador Sea.  

6.5.2 Mid Holocene conditions (8-3 ka BP) 

In the mid Holocene, a major change in sediment delivery took place after about 8 ka BP, as 

shown by a significant decrease in the mean accumulation rates of terrigenous (and bulk) 

sediments, from around 100 g cm
-2 

ka
-1

to less than 40 g cm
-2 

ka
-1

 as shown by cores GeoB19927-

3 (Fig. 6.8) and GeoB19948-3 (Fig. 6.7) from eastern Baffin Bay. This synchronous decrease in 

the accumulation rates of terrigenous biomarkers (ß-sitosterol and campesterol) in this period is 

part of the so-called Holocene Thermal Maximum (HTM) in Greenland (8-3 ka BP) when 

surface temperatures showed consistently higher values than today and oceanographic conditions 

were favorable for marine productivity (Caron et al., 2019; Dahl-Jensen et al., 1998; Jennings et 

al., 2011a; Ledu et al., 2010b). Increasingly heavier δ
13

Corg values (>-23‰) and low (<10) 

TOC/Ncorr ratio at Baffin Bay cores support the increased marine origin of organic matter, 

however, overall the accumulation rates of terrigenous sediments remain dominant. These 
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records demonstrate the decreased (increased) terrigenous (marine) influence in Baffin Bay. Less 

terrigenous material reached the core sites, possibly due to the increasing distance between the 

core site and sediment sources (Caron et al., 2019; Hansen et al., 2020; Saini et al., 2020). This 

decrease in terrigenous sediment supply may reflect the landward shift of the main depocenter, 

as reported in the nearby core AMD14-204C at Upernavik Trough (Giraudeau et al., 2020). 

Significantly decreased sand input at the core site GeoB19927-3, also support the idea of a 

significant ice retreat towards the land and thus reduced IRD input in this area (Giraudeau et al., 

2020; Saini et al., 2020) (Fig. 6.11b).  

Other studies in the vicinity of NE Baffin Bay have shown that the retreat in GIS was related to 

major changes in climate and oceanic conditions. Based on decreased Charnockite mineral 

assemblage (WGMC#3+4) and Al/Ti ratio (Fig. 6.10) at core AMD14-204C from eastern Baffin 

Bay, Caron et al. (2020) point towards decreased terrigenous/detrital supply in this interval. 

Jennings et al. (2014) also support the idea of decreased detrital (IRD) supply from northern 

Baffin Bay based on decreased Fe-dolomite peaks (Fig. 6.10d) at core JR175-VC20 from central 

Baffin Bay. Furthermore, based on sedimentological and micropaleontological proxies from 

Disko Bugt, Perner et al. (2013) and Jennings et al. (2014) have described increased influence 

and warming of the WGC, as a result of decreased melt water discharge together with decreased 

sea ice cover in the area (Fisher, 2003; Moros et al., 2016; Saini et al., 2020). Based on 

sedimentological data and low counts of zircon (Zr) in the Disko Bugt area, Giraudeau et al. 

(2020) argued for decreasing terrestrial influence in the area, in agreement with our 

reconstructions.  

In the interval between 8-7.6 ka BP and after hiatus between 5.9-3 ka BP, the accumulation of 

bulk terrigenous sediments at core GeoB19905-1 from NE Labrador Sea exhibit a sharp decrease 

at about 8 ka BP, and remain low throughout the mid Holocene. The accumulation rates of 

terrigenous biomarkers (ß-sitosterol and campesterol) show reduced values in this period (Fig. 

6.9e) and coincide with the increased accumulation rates of open-water phytoplankton 

biomarkers derived from the same sediment core (GeoB19905-1) (Saini et al., submitted, see 

chapter 5). This period is marked by low TOC/N (<10) ratios and an increase in TOC 

accumulation rates indicating a dominant marine source of organic matter deposition which 

coincides well with the decrease in terrigenous sediments supply (Fig. 6.9). Based on dinocysts, 
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δ
13

Corg and geochemical data (Ti) data (Fig. 6.10c) near the NE Labrador Sea (core SA13-ST13), 

Allan et al. (2021) reported an increase in marine productivity and a significant decrease in 

terrigenous organic matter supply. Furthermore, based on the absence of sea ice proxy IP25, Saini 

et al. (submitted) also suggested no (spring-autumn) sea ice occurrence in this time interval. This 

agrees well with the idea of a less dominant sediment transport via ice stream/glacial erosion and 

increased influence of the WGC as well as decreased melt water influence in eastern Baffin Bay 

area (Lloyd et al., 2005; Moros et al., 2016; Perner et al., 2012). Based on grain-size analyses 

and reduction in fine-grained sediments, Weiser et al. (2021b) noted a reduction in melt water 

input and linked it to the shrinking extent of the northwestern GIS in the period (Young and 

Briner, 2015), which further decreased terrigenous sediments supply in this interval. Overall, 

these results indicate a decreased input of terrigenous organic matter due to reduced detrital 

supply and/or increased marine productivity caused primary by reduction in melt water (IRD) 

discharge and a decreased WGC strength in the NE Labrador Sea area. 

6.5.3 Late Holocene (3 ka to present) 

The late Holocene is characterized by an even further decrease in terrigenous sediment supply, as 

reflected by the continued decrease in terrigenous sediments accumulation rates (Fig. 6.7, 6.8) as 

well as reduced accumulation of terrigenous biomarkers (ß-sitosterol and campesterol) at cores 

GeoB19927-3 and GeoB19948-3 in the Baffin Bay area (Fig. 6.10). Heavier δ
13

Corg values (>-

23‰) and low (<10) TOC/Ncorr ratio at these cores in Baffin Bay further support an increased 

proportion of marine organic matter in relation to terrigenous sources. Additionally, reduced 

accumulation rates of sea ice (IP25) and phytoplankton biomarkers dinosterol and brassicasterol 

at cores GeoB19927-3 and GeoB19948-3 were also described and report a general decrease of 

sea ice cover (Saini et al., submitted). In sum, this overall decrease in accumulation rates of bulk, 

terrigenous and marine organic matter (Fig. 6.11c) might indicate reduced vegetation cover in 

the Baffin Island-Greenland areas and point towards colder conditions. This is in accordance 

with the Neoglacial cooling widely reported in Baffin Bay and circum Greenland areas. 

Accompanying proxy records from eastern Baffin Bay suggested glacier advances in this time 

interval linked to colder oceanic and atmospheric conditions (Gajewski, 2015; Ouellet-Bernier et 

al., 2014). Based on the continued decrease in Charnockite mineral assemblage (WGMC#3+4) 

and decrease in Al/Ti ratio in this interval (Fig. 6.10) at core AMD14-204C from eastern Baffin 

Bay, Caron et al. (2020) also suggested decreased terrigenous/detrital supply during the late 
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Holocene. Alternatively, the reduction in terrigenous sediment delivery could be related to the 

late Holocene decrease in WGC strengths and possibly enhanced Polar Water currents (EGC, 

BC) in the West Greenland areas (Hansen et al., 2020; Moros et al., 2016; Perner et al., 2012).  

However, core GeoB19905-1 from the NE Labrador Sea display increased accumulation of 

terrigenous biomarkers (ß-sitosterol and campesterol) during the late Holocene (last ca. 3 ka) 

(Fig. 6.10a). This is accompanied by a strong increase in the accumulation rates of TOC and 

terrigenous material supply, especially during the last 1.5 ka (Fig. 6.9). Weiser et al. (2021b) 

reported reduced WGC strengths and increased accumulation of poorly sorted fine sediments 

during the last 3 ka on the same sediment core: GeoB19905-1 (Fig. 6.10b). In such finer-grained 

sediments, the organic matter may become more efficient and labile and thus become enriched in 

the sediments (cf., Kneis and Stein, 1998; Fahl and Stein, 2007; Iversen and Roberts, 2015) as 

showed by elevated values of TOC (6.6d) and further supported by high accumulation rates of 

organic carbon (Fig. 6.9d). Alternatively, this increase in terrigenous organic matter may be also 

related to the increased sediment delivery from Neoglacial GIS advances (Fig. 6.10c) (Weiser et 

al., 2021; Seidenkrantz et al., 2007; Allan et al., 2021). Based on maximum peaks in TOC/Cinorg 

ratio in the vicinity core (SA13-ST3), Allan et al. (2021) suggested major changes in the nature 

of biogenic fluxes and/or preservation of organic matter in this time interval, in agreement with 

our interpretation. Furthermore, the upper ~100cm of the last 0.4 ka are characterized by very 

high terrigenous biomarkers that may be caused by increased preservation, however, the topmost 

maximum and its downcore decrease may also relate to diagenetic alterations and thus should be 

interpreted with caution (cf. Fahl and Stein, 2012; Belt & Müller, 2013). 

6.6 Conclusion 

(1) The study of accumulation rates of biomarkers and bulk geochemical parameters carried out 

on three AMS 
14

C-radiocarbon dated sediment cores from the north-south transect of eastern 

Baffin Bay-Labrador Sea margin gives important information on terrigenous carbon input and 

paleoclimatic changes through Holocene times 

(2) Although, terrigenous sediment fluxes are predominant throughout the Holocene, however, 

during the early Holocene, terrigenous carbon input remained relatively very high, possibly 

related to the large-scale melt water discharge, high ice rafting (IRD) and enhanced sediment 

transport by the strengthened WGC prior to 8 ka BP. 



 

127 

 

(3) The mid Holocene is characterized by reduced input of terrigenous organic matter and 

increased marine organic matter, part of warm HTM-like conditions and related to decreased 

melt water discharge, ice cover as well as reduced sediment supply by decreased strength of the 

WGC. 

(4) During the last 3 ka, Baffin Bay is characterized by a reduced accumulation of all 

biomarkers, including terrigenous organic carbon, and might be related to Neoglacial cooling. 

However, the Labrador Sea core displayed increased efficiency of the coagulation process of 

fine-grain siliciclastic material resulted in enhanced accumulation/preservation of terrigenous 

organic matter, albeit, increased terrigenous organic carbon input linked to Neoglacial regrowth 

of Glaciers cannot be ruled out. 
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7 Conclusion and Outlook 

7.1 Conclusion 

In this thesis, one major objective was to improve the understanding of sea ice, primary 

productivity and terrigenous input variability during Holocene times in a climatically challenging 

environment. In this regard, three sedimentary cores (GeoB19948-3, GeoB19927-2 and 

GeoB19905-1) were retrieved on a north-south transect from eastern Baffin Bay to the Labrador 

Sea margin. The data presented here encompasses important relationships between sea ice and 

ice-ocean-atmosphere interaction, as well as variability in primary productivity and terrigenous 

matter supply to the seafloor. To achieve that, organic geochemical bulk parameters (TOC, 

CaCO3, TOC/N ratio, δ
13

Corg) and specific biomarker proxies such as specific sterols 

(brassicasterol, dinosterol, campesterol and ß-sitosterol) were used to comprehend the variability 

in primary productivity, terrigenous input and/or organic matter sources. A source-specific sea 

ice proxy IP25 was applied for sea ice algae productivity, which in combination with 

phytoplankton biomarkers may indicate sea ice conditions (see, 1.6.2 for a detailed introduction). 

First of all, it could be shown that the northern sector of the studied transect i.e. Baffin Bay is 

characterized by persistent seasonal to ice-edge conditions throughout the Holocene period with 

some significant variability (Fig. 7.1). However, in the south i.e. in the NE Labrador Sea, the 

conditions remained predominantly ice-free (in spring/autumn) possibly due to continuous and 

enhanced influx of Atlantic Water (WGC) throughout the Holocene, in comparison to Baffin 

Bay. 

Chapters 4 describe the past climate and sea ice evolution on northeastern Baffin Bay. Baffin 

Bay was covered by marginal/seasonal SIC throughout the Holocene and that the GIS melting 

and the variability in the oceanic current (WGC, BC) strengths had an extensive impact on sea 

ice formation and were linked to variable changes in primary productivity. After the high 

marginal/seasonal SIC during the early Holocene, the mid Holocene was characterized by 

reduced sea ice with millennial-scale variability of (late winter) ice-edge limit linked to the 

stronger WGC influence and increased open-water (polynya-type) conditions corresponding to 

‘warmer’ conditions. Our IP25 based sea ice reconstructions and related PIP25 index do not reflect 

the late Holocene (the last 3 ka BP) Neoglacial cooling trend probably due to a strong sea ice 



 

129 

 

 

 

Figure 7.1: Comparison of different PIP indices (and sea ice conditions) using brassicasterol (PBIP25), 

dinosterol (PDIP25) and HBI III (PIIIIP25) as phytoplankton biomarker from the cores (a) GeoB19905-1, (b) 

GeoB19927-3 (Saini et al., 2020), and (c) GeoB19948-3 along the eastern Baffin Bay-Labrador Sea 

(north-south) transect. Classification of different sea ice scenarios is based on Müller et al. (2011) and 

Smik et al. (2016). 

interaction with the adjacent fjords. However, peaks in HBI III at about 2.1 and 1.3 ka BP might 

correlate with the RWP and MCA, respectively, and may be linked to the positive NAO mode 

and possibly enhanced WGC influence in the Baffin Bay area. 
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In Chapter 5, Holocene evolution of paleoenvironmental, including sea ice and primary 

productivity conditions, was achieved by investigating three sediment cores along a north-south 

transect along the eastern Baffin Bay-Labrador Sea margin. Our IP25 and related PIP25 records 

based on combined cores GeoB19948-3 and GeoB19948-3 from Baffin Bay indicate variability 

in sea ice conditions; from extended to marginal to seasonal SIC during the last 10.1 ka BP (Fig. 

7.1). However, in the NE Labrador Sea, the conditions remain mostly ice-free in spring-autumn 

throughout the Holocene (last 11.5 ka BP). We noticed a general increase in primary productivity 

from north to south in the studied transect, which could be linked to the general decrease in SIC 

observed along the N-S transect throughout the Holocene (Fig. 7.1). We described these changes 

in four distinct periods characterized mainly by the accumulation rates of sea ice; IP25 and 

phytoplankton biomarker; dinosterol. 

 

Figure 7.2: Generalized large-scale hydrographic variation, reflected by changes in sea ice and Atlantic 

Water (WGC) strengths during the (a) early Holocene, (b) mid Holocene, and (c) late Holocene. A 

proximity to thick ice-sheet and related high melt water and erosional input may contributed to high 

terrigenous organic carbon accumulation during the early Holocene, followed by a decrease in the mid-to-

late Holocene (cf., see 6.5 for a detailed discussion) 

Chapter 6 displays the variability in terrigenous organic carbon input along the eastern Baffin 

Bay-Labrador Sea margin throughout the Holocene. Although terrigenous sediment supply is 

predominant throughout the Holocene in this N-S transect, the relative accumulation of 

terrigenous organic carbon is very high during the early Holocene (prior to ~8 ka BP). The 

terrigenous organic carbon supply reduced significantly in the mid-to-late Holocene which seems 

to be linked with the decreased input of melt water discharge and reduced WGC strength in this 

interval (Fig. 7.2). Despite the cores from the Baffin Bay area displaying reduced input of 

terrigenous organic matter during the late Holocene, the NE Labrador Sea core recorded 

increased accumulation of terrigenous biomarkers. We interpreted this to be caused by the 
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increased preservation of organic matter associated with the high deposition of fine-grained 

poorly-sorted sediments linked to reduced WGC strengths, however, the idea of increased 

terrigenous organic matter associated with Neoglacial regrowth of Glaciers cannot be ruled out.  

7.2 Outlook 

These paleoceanographic reconstructions on the eastern side of Baffin Bay-Labrador Sea transect 

improved our understanding of the past ecological response of climate change that is quite useful 

for forecast models. However, in order to get an overall impression about the climate response, 

similar high-resolution investigations of sea ice cover, primary productivity and terrigenous 

sediment supply to the other (western) side of Baffin Bay and the Labrador Sea, i.e. the eastern 

Canadian Arctic are also essential. These parameters might have also shown significant 

variability with the varying influence of the WGC and the BC on the Canadian Arctic. 

Comparing and merging these results would be of significant importance since both would 

provide a much better picture of the ice-ocean-atmosphere interaction. Also, despite the 

contributions of this study to research in Baffin Bay and the Labrador Sea, it remains a 

challenging work to the construction of reliable age models. A large source of uncertainty might 

come from local marine reservoir correction, especially in deep time records. Furthermore, the 

comparison of different proxies i.e. biomarker (IP25, HBI III, sterols), micropaleontological 

(dinocysts, foraminifera, diatoms) and sedimentological (IRD) in modern and paleorecords 

remains still a challenging area of research. Therefore, it seems worthwhile to increase and 

compare the knowledge of different signals provided by different proxies. Furthermore, 

seasonality in the production of different biomarkers such as dinosterol and HBIs also 

complicate the reliability of sea ice reconstructions and further research of this kind would help 

overcome these challenges. 
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9  Supplementary Figures 

 

 

Figure S4.1: Combined record of bulk parameters and biomarkers of Core GeoB19927-3 (a) Sand content 

[vol %], (b) Total organic carbon (TOC) content [%], (c) HBI III [µg/g TOC], (d) dinosterol [µg/g TOC], 

(e) brassicasterol [µg/g TOC] and (f) IP25 [µg/g TOC]. Gray box marks the lower-most section of core, 

where the age model is extrapolated, and data have to be interpreted with caution. All plots are shown 

versus depth [cm]. Black solid triangles mark the AMS 
14

C-datings [in ka].  
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Figure S5.1: Comparison of GeoB19927-3 age-model determined by BACON (Saini et al., 2020) with 

that of updated PDV (Langner and Mulitza, 2019), which uses modelled reservoir ages (Butzin et al., 

2017). Note, the updated age-model (shown in brown) used in this study is about 0.2 ka younger than 

previously shown by Saini et al. (2020). 
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Figure S5.2: Downcore variations of core GeoB19927-3 based on Saini et al. (2020) (a) bulk 

accumulation rate, and accumulation rates of (b) total organic carbon, (c) CaCO3 (this study), (d) Z-HBI 

III, (e) dinosterol, (f) brassicasterol, and (g) sea ice proxy IP25. The orange box marks an ice-edge (IE) 

situations. All plots are shown versus age in 1000 years before present [ka BP]. 



 

159 

 

 

Figure S5.3: Combined record of core GeoB19948-3 (a) CaCO3 content, (b) total organic carbon (TOC), 

(c) HBI III [µg/g], (d) dinosterol [µg/g], (e) brassicasterol [µg/g], and (f) sea ice proxy IP25. 
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Figure S5.4: Combined record of core GeoB19905-1 (a) CaCO3 content, (b) Total organic carbon (TOC), 

(c) dinosterol [µg/g], (d) brassicasterol [µg/g], and (e) sea ice proxy IP25. 

 

 


