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Abstract 

 

A high-resolution sedimentary record from ODP Leg 151 Hole 907A has been investigated with 

sedimentological and geochemical methods to study the paleoenvironmental evolution of the 

Iceland Sea over a 1-Myr time interval in the Late Miocene. Climate deterioration characterizes 

the Neogene period, culminating in a transition to bipolar glaciations in the Late Pliocene (Thiede 

and Myhre, 1996). Ice rafting has been reported in the Iceland Sea back to ~8 Ma (Fronval and 

Jansen, 1996). Despite evidence of older IRD pulses from several other high northern latitude sites 

(e.g. Helland and Holmes, 1997, Winkler et al., 2002), IRD analyses has not been carried out 

further back in time. 

This thesis extends the IRD record beyond 8 Ma and reveals continuous ice rafting in the Iceland 

Sea between 11 to 9.98 Ma as suggested by the common occurrence of coarse-fraction terrigenous 

sediment (>125 µm) throughout the studied interval in ODP Hole 907A. Surface texture analysis 

of sand-sized quartz grains (250–1000 µm) indicates iceberg transport of IRD to the Iceland Sea 

during the early Late Miocene. The IRD observed in this study has been related to small-scale 

glaciers on Greenland large enough to reach sea level in the Late Miocene. This is supported by a 

similar source proposed for IRD at Irminger Basin ODP Site 918 at the same time (Helland and 

Holmes, 1997). A southwards flowing East Greenland Current-precursor was presumably 

established (Wei, 1998) and may have transported icebergs to the study site.  

In addition, coarse fraction analysis reveals a biological turnover at 10.4 Ma, which coincides with 

changes observed in diatom and dinoflagellate cyst assemblages at ODP Site 907 (Stabell and Koç, 

1996; Schreck et al., 2013). The biological turnover corresponds to maxima in quartz grain 

abundance and a significant coarsening of the bulk sediment grain-size, which may reflect 

intensified ice rafting at around 10.4 Ma. The timing of the changes observed in ODP Hole 907A 

correspond favourably to a short-term global Miocene cooling event (Mi-6 event, 10.7–10.4 Ma, 

Westerhold et al., 2005), thus, this thesis provides the first direct indications for the Mi-6 event in 

the high northern latitudes.  
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1 Introduction 

The modern global climate is characterized by a steep latitudinal temperature gradient, with a 

warm equator and freezing poles. Ice sheets on the Antarctic continent and on Greenland 

accentuates the extremes of present day climate. The polar regions have been glaciated several 

times through the Cenozoic (66–0 Ma), while the transition from “Greenhouse” to “Icehouse” 

global climate conditions in the Early Oligocene (33.9–28.1 Ma) ultimately initiated a stepwise 

long-term cooling and descent into a bipolar glaciated world in the Late Pliocene (Katz et al., 

2008). The cause of this unique global climate transition remains uncertain, however several 

mechanisms such as topographic uplift and drawdown of atmospheric CO2 (Raymo, 1994), 

variations in the Earths orbital parameters (e.g. Lourens and Hilgen, 1997), and opening and 

closing of oceanic gateways (Wright and Miller, 1996) have been suggested. 

 The Arctic cryosphere is very sensitive to climatic change, as indicated by high-frequency ice 

volume fluctuations through the Quaternary (Berggren, 1972). Also today, the average 

temperature increase in the Arctic region is twice as fast as the global average (Cohen et al., 2014). 

The Arctic is thus an important contributor to climate forcing mechanisms, in particular due to 

albedo effects caused by snow and ice cover, and greenhouse gas storage in permafrost grounds 

(Schuur et al., 2008). Furthermore, deep water generated in the high northern latitudes is a 

significant driver of thermohaline circulation, which distributes heat and moisture around the 

globe (Broecker, 1991). Through the past decades, the future of the polar ice sheets and global 

climate has been a topic of intense debate, as observations of melting ice sheets on Antarctica and 

Greenland, along with diminishing sea ice cover in the Arctic, has raised worries with regards to 

rising sea level and global warming (e.g. Huybrechts et al., 2004, Zachos et al., 2008).  Only through 

the understanding of the ocean-atmosphere-cryosphere interactions found in the geologic record, 

can predictions be made with regards to climate evolution of the future.  

The timing of the onset and the subsequent evolution of glaciation in the Northern Hemisphere is 

still an open question (Thiede et al., 2011). Since most terrestrial evidence for pre-Quaternary 

paleoclimates have been erased during the last glacial cycle, we have to utilize marine sediment 

records for indicators of past climate. The International Ocean Discovery Program (IODP) and its 

precursor, the Ocean Drilling Program (ODP), is an international scientific drilling program set 

out to study the Earth’s long-term history from sediments found the world’s deep ocean basins. 

Through the IODP and ODP expeditions, traces of pre-Quaternary glaciations has been uncovered, 

amongst them evidence suggesting glaciers existed in the Northern Hemisphere already long 

before the global climate transition into the “Icehouse” world (e.g. Eldrett et al., 2007).  
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The Miocene Epoch (23.03–5.33 Ma) is a time of significant changes when the global climate 

transitioned from relatively warm and humid conditions with low seasonality, into the bipolar 

glaciated world with pronounced seasonality found today (Flower and Kennett, 1994, Bruch et al., 

2006). In the Norwegian-Greenland Sea, the onset modern circulation and deep water formation 

is indicated in the early Late Miocene (Henrich et al., 1989), and several reports of ice rafted debris 

(IRD) suggest the presence Northern Hemisphere continental based glaciers and sea ice (Fronval 

and Jansen, 1996, Helland and Holmes, 1997, Winkler et al., 2002, St John, 2008). Sedimentological 

and geochemical methods were used to study a high-resolution sedimentary record from ODP Site 

907. This thesis will focus on the paleoenvironmental evolution in the Iceland Sea over a 1 million-

year time span in the in the Late Miocene.  

1.1 Objectives 

The overall objectives of this thesis focus on paleoclimate reconstruction in the Iceland Sea during 

the Late Miocene. The high-resolution sedimentological study carried out in the framework of this 

thesis may provide valuable insights into the paleoenvironmental variability in the Iceland Sea 

during the Late Miocene and may improve knowledge of the on Northern Hemisphere climate 

evolution during this time (e.g. Thiede and Myhre, 1996, Thiede et al., 1998). Global paleoclimate 

reconstruction indicate cooling events in the Miocene, known as Miocene events commonly 

related to ice volume growth on Antarctica and bottom water cooling (Miller et al., 1991). 

Miocene-event 6 (Mi-6, 10.7–10.4 Ma) has been described from Southern Hemisphere records 

(e.g. Wright and Miller, 1988, Miller et al., 1991, Westerhold et al., 2005) and thought to reflect 

increase in global ice volume (Turco et al., 2001). Few records from the Northern Hemisphere 

have been able to relate their findings to the Mi-6 event, hence the Mi-6 ice volume increase is 

primarily attributed to growth of the Antarctic ice sheet (Miller et al., 1991). Miocene IRD is 

reported from a few sites at high northern latitude prior to the Mi-6 event (e.g. ODP Site 642, 

Fronval and Jansen, 1996; ODP Site 909, Winkler et al., 2002; ODP Site 918, Helland and Holmes, 

1997; IODP Site 302, St.John et al., 2008). However IRD from the Iceland Sea ODP Site 907 has only 

been investigated back to 8 Ma (Fronval and Jansen, 1996), while no sedimentological evidence 

for ice rafting is available to date. 

Q: Is there evidence for older IRD, in particular, from the Mi-6 event, in sediments from the Iceland 

Plateau? 

Terrigenous grains larger than > 125 µm deposited in hemipelagic setting are transported by 

icebergs or sea ice (e.g. Jansen and Sjøholm, 1991, Fronval and Jansen, 1996). The possible 
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presence of IRD contemporaneous with the Mi-6 event may reflect the existence of small-scale 

glaciers on continents surrounding the Norwegian-Greenland Sea, or possibly sea ice transported 

from the Arctic Ocean. Distinguishing between iceberg and sea ice rafted debris is important as 

both affect climate differently. Sea ice affects the ocean-atmosphere interaction (DeConto et al., 

2007), while ice based on the continents influences sea level and consequently ocean acidity 

(Merico et al., 2008). Several IRD studies have analysed the surface textures of sand-sized quartz 

grains using Scanning Electron Microscope (SEM), in order to distinguish between iceberg and sea 

ice rafter debris (e.g. St John, 2008, Stickley et al., 2009).  

Q: Can SEM analysis of quartz grain shape and texture help differentiate the transport mode for IRD 

at the study site?  

Sedimentological evidence for the presence and variability of ice rafting in the Late Miocene 

Iceland Sea will extend the IRD record from Site 907 beyond 8 Ma. If iceberg transport is indicated, 

this will provide further insights into the long-term development of glaciations in the circum-

Arctic regions and may help to understand the response of the high northern latitude to the global 

Miocene climate cooling trend. Understanding the boundary conditions for Northern Hemisphere 

glaciations is an important issue not only for scientific reasons, but is also of significant value for 

society— as the future of the Northern Hemisphere cryosphere may have great regional and 

global political and socio-economic consequences. 

1.2 Background 

1.2.1 Study Area 

ODP Site 907 is located on the Icelandic Plateau, an area defined by the 1800-m contour, which is 

geographically situated between Iceland and Jan Mayen (Fig.1).  The following sections will 

describe the study area in regards to present day ocean circulation, general physiography, tectonic 

development, as well as, the Miocene paleoenvironmental evolution.  

1.2.2 Present-day Ocean Circulation in the Norwegian-Greenland Sea 

The Norwegian-Greenland Sea (NGS), also known as the Nordic Seas, is in the northernmost part 

of the Atlantic Ocean. In the literature it usually refers to the combination of the Norwegian, 

Greenland and Iceland Sea (Blindheim and Østerhus, 2005). The ocean circulation in the NGS 

(Fig.1) is greatly controlled by its sea-floor bathymetry (Figure 3). The main bathymetrical 

features of the Norwegian Sea are the Norwegian Basin, Lofoten Basin and Vøring Plateau, while 



4 

 

the Greenland Sea comprises the Greenland and Boreas Basin. The Iceland Plateau is located 

between Iceland and Jan Mayen (Hansen and Østerhus, 2000). The NGS is separated from the rest 

of the Atlantic Ocean by the Greenland-Scotland Ridge (GSR), and from the Arctic Ocean by the 

Fram Strait. The GSR forms the southern gateway for water exchange — where warm and saline 

water from the Atlantic is channeled into the NGS, and dense bottom water exists into the Atlantic 

Ocean. The Fram Strait forms the northern gateway, where cold and fresh water from the Arctic 

Ocean enters the NGS. These two ocean gateways have strong control on the circulation in and out 

of the NGS, as they affect the rate of water exchange with the world’s ocean basins, thus the NGS 

is an important contributor to the global ocean circulation (Blindheim and Østerhus, 2005).  

 

Figure 1: Map of the Norwegian-Greenland Sea and surrounding landmasses. ODP Site 907 is located on the 
Iceland Plateau between Iceland and Jan Mayen. Also shown are the present day surface currents in the 
Norwegian-Greenland Sea. Red arrows indicate warm surface waters originating from the Atlantic Ocean: IC= 
Irminger Current, NIIC: North Icelandic Irminger Current, NC= Norwegian Current, NCC=North Cape Current, 
WSC= West Spitsbergen Current. Blue arrows refer to cold surface water originating from the Arctic Ocean: EGC= 
East Greenland Current, EIC= East Icelandic Current (Redrawn from Hansen and Østerhus, 2000, Blindheim and 

Østerhus, 2005).  

The North Atlantic Current enters the NGS in three branches across the GSR. The western most 

branch is the Irminger current, flowing around the west coast of Iceland towards the Denmark 

Strait. Warm water of the Irminger current bifurcates west of Iceland and a portion carries on 

along the north coast of Iceland as the North Icelandic Irminger Current (NIIC). As NIIC flows 
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north, it mixes with the cold and fresh water Arctic waters of the southwards flowing East 

Greenland Current. The mixing of Arctic and Atlantic water in the Icelandic Sea forms Modified 

East Icelandic Water, which has a winter temperature of 2 to 3°C, and salinities ranging from 34.85 

to 34.90 psu (Hansen and Østerhus, 2000).  

The Faroe current is the second branch of the North Atlantic Current entering the NGS across the 

GSR. The current transports Modified North Atlantic Water (mean annual temp. range 7–8.5 °C, 

salinity 35.10 to 35.30 psu, Hansen and Østerhus, 2000) through the Iceland-Faroe Channel. Some 

of the water mixes with water in the Faroe-Shetland Channel,  while most of the water continues 

into the Norwegian Basin (Hansen and Østerhus, 2000). At Jan Mayen, some of the Faroe Current 

water enters the Iceland Sea, but most continues north of Jan Mayen where it meets water from 

the East Greenland Current (EGC). 

The third branch of the Atlantic water inflow crosses the Faroe-Shetland Channel and becomes 

the Norwegian Current (NC). This is the warmest ( mean annual temp. 9–10.5°C ) and most saline 

(35.3–35.45 psu) of the three Atlantic branches (Hansen and Østerhus, 2000). The NC continues 

as a slope current along the Norwegian continental shelf break. At the Bear Island Through, the 

current divides and a substantial part enters the Barents Sea as the North Cape Current (NCC). 

The rest continues as the West Spitsbergen Current (WSC) towards the Fram Strait. At the Fram 

Strait some of the water enters the Arctic Ocean, but most of it is deflected south and is 

recirculated with the south flowing EGC (Rudels et al., 2002).  

As mentioned previously, cold and Arctic Ocean waters enters the NGS through the Fram Strait as 

the EGC. The EGC continues south along the eastern margin of Greenland and transports Polar 

surface water— including sea ice, as well as Arctic Ocean intermediate- and deep waters (Hansen 

and Østerhus, 2000). The Greenland Fracture zone acts as a topographic barrier, redirecting some 

of the EGC waters into the Boreas Basin. Continuing south, some of the EGC waters are deflected 

at the Jan Mayen Fracture zone, subsequently forming the southern limb of the counter clockwise 

Greenland Basin cyclonic gyre (Hansen and Østerhus, 2000). The remaining waters of the EGC 

continues south, where a part of the current branches off to the east as the East Icelandic Current, 

forming the southern limb of the Iceland Sea gyre (Blindheim and Østerhus, 2005). The remaining 

water of the EGC exist the NGS through the Denmark Strait. 

The main configuration of surface circulation with warm surface water flowing north and cold 

surface water flowing south leads to the establishment of a strong temperature salinity gradient 
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across the NGS, subdividing the area into a temperate Atlantic domain off Norway and a cold Arctic 

domain off Greenland (Hansen and Østerhus, 2000).  

 

Figure 2: The thermohaline circulation in the Norwegian-Greenland Sea (modified from Hansen et al., 2008).  

 

On its way through in the NGS, Atlantic water loses heat and becomes progressively denser 

(Figure 2). Subsequent convection and sinking of denser Atlantic surface water, and thus 

formation of deep water, occurs mainly in the gyres of the Greenland and Iceland Seas (Rudels et 

al., 2005). The newly formed deep water mixes with Arctic water carried by the EGC, and is finally 

exported out of the NGS as dense overflow water through the deeper sills of the GSR (Hansen and 

Østerhus, 2000). The dense overflow waters sink after crossing the GSR, and joins Labrador Sea 

deep water to form North Atlantic Deep Water (NADW), replenishing the deep waters in the North 

Atlantic. As water exits the NGS, a lateral pressure gradient from the Atlantic and Arctic Ocean 

draws more water into the NGS. This convective circulation of surface waters in to the NGS and 

export of deep water to the North Atlantic Ocean is known as Atlantic Meridional Overturning 

(AMOC)(Bradley, 1999). The water mass exchange through the Fram Strait and across the GSR 

controlling the circulation system in the NGS, thus affecting AMOC and the supply of NADW to the 

world’s deep ocean basins. The NGS circulation is therefore an important contributor to global 

thermohaline circulation, which in turn affects global climate by moving water masses, 

distributing heat and moisture to the atmosphere and surrounding continents (Rahmstorf, 2002). 

Through geologic time, the circulation in the NGS and variations of AMOC have ultimately affected 

Earth’s climate history (e.g. Broecker, 1991, Flower and Kennett, 1994, Wright and Miller, 1996).  

1.2.3 Plate Tectonic Evolution of the Norwegian-Greenland Sea 

Present day ocean circulation in the Nordic Seas is strongly controlled by its bathymetry, which 

in turn reflects the plate tectonic history of the area (Perry, 1986). Today the bathymetry of the 
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Norwegian-Greenland Sea is divided into sections between the Greenland-Scotland Ridge, and the 

Jan Mayen, Greenland-Senja and Spitsbergen fracture zones (Fig.3) (Thiede et al., 1998).  

The Greenland-Scotland Ridge forms the southern bathymetric boundary of the Norwegian-

Greenland Sea. The Kolbeinsey Ridge stretches from the Greenland-Scotland Ridge north towards 

the Jan Mayen Fracture Zone. The Iceland Plateau is located east of the Kolbeinsey ridge, and is a 

thicker part of the oceanic crust likely due to the underlying Icelandic plume (Kodaira et al., 1998). 

The Jan Mayen Fracture Zone forms the northern border of the Iceland Plateau, where the mid 

ocean ridge shifts westwards, and subsequently continues north as the Mohns Ridge. The Mohns 

Ridge separates the Lofoten and Greenland basins, and terminates to the north where it meets the 

Greenland-Senja Fracture Zone. The Greenland Senja Fracture Zone separates the Greenland and 

Boreas Basins. The Knipovich Ridge forms the Eastern boundary of the Boreas Basin, and 

stretches up to the Svalbard fracture zone and the Fram Strait. The Kolbeinsey, Mohns, and 

Knipovich ridges are active spreading ridges, with a present day spreading rate around 20 mm/yr 

or less, thus they are regarded as slow-spreading ridges (Kodaira et al., 1998). 

 

Figure 3: Map illustrating the fundamental bathymetrical features of the Norwegian-Greenland Sea and its main 
tectonic elements (redrawn from Thiede and Myhre, 1996). 
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 A prolonged history of alternating extension and basin formation since the post-Caledonian 

orogenic collapse in the Devonian led to beginning of passive margin development in the Early 

Eocene, and resulted in the widening and deepening of the North Atlantic (Faleide et al., 2008). 

The tectonic evolution of the Norwegian-Greenland Sea can be separated into pre-break up basin 

formation, initial spreading at the Mesozoic-Cenozoic transition, and an Early Oligocene shift in 

rifting direction leading to the development of a deep water passageway to the Arctic Ocean.  

At the Late Jurassic-Early Cretaceous boundary, various rift episodes resulted in the development 

of the Møre and Vøring basins. Basin formation also occurred off East Greenland and in the SW 

Barents Sea at the time. An epicontinental sea with thinned crust existed between Greenland and 

NW Europe prior to opening and margin formation. Rifting and seafloor spreading initially 

occurred along the regional De Geer Zone megashear system in the Late Cretaceaous-Paleocene, 

linking the Nordic Seas spreading to the Arctic basin and the Vøring, Møre and Greenland margins 

developed during this time (Faleide et al., 2008). Subsequently, active spreading occurred in the 

Labrador Sea and Greenland drifted in a NW direction with respect to the Eurasian continent until 

the end of the Eocene. By that time, the Norway and Lofoten basins, and the southern part of the 

Greenland basin were established and a narrow oceanic basin existed along the southern margin 

of Svalbard. When seafloor spreading in the Labrador Sea ceased in the earliest Oligocene, the 

relative motion of the Eurasia and Greenland plates shifted from transform to divergent (Engen 

et al., 2008). The new direction of motion led to rifting along the northern Hornsund fault zone 

and opening of the Fram Strait (Fig.4). The Fram Strait constitutes the only deep water connection 

between the Arctic Ocean and the North Atlantic and thus exerts major influence on ocean 

circulation (for details see Chapter 1.2.2). Despite its importance, the exact timing of its opening 

is still under debate, but the gateway had probably reached sufficient depth for deep water 

exchange by the early Middle Miocene (Jakobsson et al., 2007). 

 The Greenland-Scotland Ridge forms the southern gateway for water mass exchange passage 

between the Norwegian-Greenland Sea and the Atlantic Ocean,  and has developed as a trail of the 

south-westward migrating Icelandic plume (Hanan and Schilling, 1997). Variations in mantle 

plume activity throughout the Neogene have controlled the sill-depth of the Greenland-Scotland 

Ridge, thus modulated water mass exchange across the ridge and therefore influenced ocean 

circulation in both, the Norwegian-Greenland Sea and the North Atlantic (Wright and Miller, 

1996). Water is channelled across three main conduits of the GSR, namely the Denmark Strait 

(~620 m), Faroe-Iceland Channel (~500 m), and Faroe-Shetland Channel (~800–900 m)(Wright 

and Miller, 1996). Oceanic crust in the Denmark Strait is dated to 55 Ma, but it did not act as a 
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barrier for deep water connection found between Greenland and Iceland before around 18-14 Ma 

(Kodaira et al., 1998), while, a deep water passageway probably already existed in the Faroe-

Shetland Channel east of the Faroe Island (Thiede et al., 1998).  

 

Figure 4: The plate tectonic evolution of the Fram Strait (from Engen et al., 2008). Magnetic anomalies are lines 
and oceanic crust is shaded. A.  Present day Fram Strait B. The first well developed magnetic anomalies in the 
Fram Strait, ~10 Ma. C. Initial formation of a narrow oceanic corridor, ~20–15 Ma. D. Closure between NE 
Greenland and Svalbard, ~20 Ma.   

1.2.4 Miocene Paleoenvironmental Evolution  

1.2.4.1 Global Miocene paleoenvironmental evolution - a short review 

The earliest Cenozoic glaciers probably developed on East Antarctica in the Late Eocene (~45 Ma), 

and likely persisted for most of the Oligocene until 26–27 Ma. After which, a general warming 

trend, interrupted by only temporary cooling events, controlled repeated build-up and melting of 

ice on the Antarctic continent (Zachos et al., 2001). Cenozoic climate variations are commonly 

reconstructed from deep-sea oxygen (ẟ18O) and carbon isotopes (ẟ13C) measured on calcite shells 

of marine organisms (e.g. foraminifera). Where heavier ẟ18O are interpreted to represent bottom 

water cooling and/or continental ice volume increase, and ẟ13C is used to reconstruct global 

carbon cycle changes and to trace deep water sources (Miller et al., 1991, Wright et al., 1992).    

Developments in constructing astronomically-tuned chronologies for deep-sea sedimentary 

records has enabled precise dating of climatic events, and helped to decipher the causal 
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relationships between causes and consequences of global climate change (Zachos et al., 2001, 

Westerhold et al., 2005). Global ẟ18O-records exhibits a gradual trend towards heavier values 

throughout the Cenozoic, thus reflecting the global cooling trend. After the Oligocene-Miocene 

transition and a subsequent initial Miocene cooling, a brief warm period, known as the Miocene 

Climate Optimum (MCO, 17–14.5 Ma) commenced. This interval regarded as the globally warmest 

since the Middle Eocene (Zachos et al., 2008).  

Global climate started to deteriorate towards the end of the MCO, leading into the Middle Miocene 

Climate Transition (MMTC, 14.2 –13.7 Ma, Fig.5) (Flower and Kennett, 1994, Shevenell et al., 

2004). Several ẟ18O-increases are observed in the global stacked oxygen isotope record of the 

Miocene. These short-term cooling events are referred to as Miocene isotope events (Mi-events 

sensu Miller et al., 1991) and have been related to low amplitude variations in the 1.2 Myr 

obliquity cycle (Lourens and Hilgen, 1997). A two-step cooling (at 14.2  and 13.8 Ma) characterizes 

the MMCT, and since then, global δ18O-values have never returned to pre-event values (Zachos et 

al., 2001). Stepwise expansion of local ice caps in the Middle Miocene led to glaciation of the entire 

Antarctic continent (Anderson, 1999), while IRD records from the MMCT reflect extensive growth 

of the East Antarctic Ice Sheet (Flower and Kennett, 1994). In addition, cooling is inferred from 

turnovers in terrestrial and marine biota, and evidenced by aridification at mid-latitudes and in 

the Northern Hemisphere (Flower and Kennett, 1994). The mechanisms behind the MMCT may 

include uplift of continents and related CO2 drawdown (Raymo, 1994), as well as opening and 

closing of oceanic gateways, e.g. closing of the Eastern Tethys passageway to the Mediterranean 

(Shevenell et al., 2004). Which according to a modelling study by Butzin et al. (2011) ultimately 

altered the global ocean circulation.  

Subsequent to the MMCT, global climate is characterized by a general long-term cooling trend 

punctuated by two increases in the ẟ18O- record,  the Mi-5 (11.8–11.4 Ma) and Mi-6 (10.7–10.4 

Ma) events (e.g. Turco et al., 2001, Abels et al., 2005, Westerhold et al., 2005). Both events are 

associated with extensive growth of the East Antarctic Ice Sheet and sea level drop. The Mi-6 

event, for example, is suggested to equal a ~50 m global sea level drop attributed to ice volume 

increase (John et al., 2004, Westerhold et al., 2005). Throughout the Late Miocene, mean global 

ẟ18O continues to shift towards heavier values, indicating further cooling and ice growth on East 

Antarctica but also on West Antarctica and potentially the Arctic (Zachos et al., 2001).  

 The Pliocene Epoch (5.33–2.58 Ma) is characterized by warmer-than-present day average global 

temperatures (up to ~3°C, Seki et al., 2010) with similar to present day atmospheric CO2 

concentrations (~330–400 ppm, Seki et al., 2010).  At around 3.3 Ma global ocean circulation 
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changes, along with declining atmospheric CO2 concentrations, led to significant cooling which 

gradually intensified glaciations in the circum-Arctic regions, in the Northern Hemisphere as well 

as on the Antarctic continent (De Schepper et al., 2014). While the general Cenozoic history of 

Antarctic glaciations are comparatively well understood (e.g. Zachos et al., 2001), the timing of 

the onset of Neogene glaciation in the Northern Hemisphere is  rather poorly constrained (e.g. 

Thiede et al., 2011).  

 

Figure 5: Global oxygen isotope record of Zachos et al. (2001) illustrating climate evolution in parts of the Miocene 
and Pliocene. Red shaded area highlights the Middle Miocene Climate Transition (MMCT, Flower and Kennett, 
1994). The blue arrow indicates the general long-term cooling trend after the MMCT towards the Pliocene. Also 
indicated is the occurrence of IRD at ODP Site 909 in the Fram Strait (Winkler et al., 2002), ODP Site 642 on the 
Vøring Plateau (Fronval and Jansen, 1996), ODP Site 918 in the Irminger Basin (Helland and Holmes, 1997), and 
ODP Site 907 in the Iceland Sea (Fronval and Jansen, 1996). The first dropstone at Site 907 is observed at ~10.4 
Ma (Shipboard Scientific Party, 1995). Smaller insert illustrates the ẟ18O record from ODP Site 1085 and the timing 
of the Mi-events, as proposed by Westerhold et al. (2005).(Figure is courtesy of M. Schreck, modified for this thesis).  

1.2.4.2 Norwegian-Greenland Sea Miocene Paleoenvironmental Evolution 

Discoveries of IRD in sediments of up to Middle Eocene age suggests that Arctic ice has formed 

several times during the Cenozoic (e.g. Eldrett et al., 2007, St John, 2008). Sea ice  probably formed 

seasonally in the central Arctic Ocean around ~47 Ma (Stickley et al., 2009), supporting a Middle 
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Eocene cooling phase (Zachos et al., 2001). Also,  Eocene continental ice on Greenland is suggested 

by glacially abraded dropstones at ODP Site 913 in the Greenland Sea ~38 Ma (Eldrett et al., 2007).  

The oldest (potential) Miocene IRD is reported from the Fram Strait at around 17 Ma (Thiede et 

al., 1998), although ice rafting in the Norwegian-Greenland Sea may have not intensified until after 

the MMCT (Fig.5) (Thiede et al., 1998). Prior to the MMCT, a zonal circulation pattern with poorly 

ventilated and stratified water masses  likely characterized the Norwegian-Greenland Sea 

(Henrich et al., 1989, Thiede and Myhre, 1996), and warm and nutrient-rich water persisted as 

indicated by predominantly siliceous microfossil assemblages (e.g radiolaria, diatoms, and sponge 

spicules) and agglutinated foraminifera (Henrich et al., 1989). 

A generally weaker circulation is indicated in the sedimentary record by well laminated  

sediments (Henrich et al., 1989). The modern-type circulation, characterized by an cold East 

Greenland Current influencing the western margin of NGS, and relatively warm Atlantic water 

along the eastern margin was not established, and thus, NADW formation and deep water 

overflow across the GSR was likely not significant (Bohrmann et al., 1990, Poore et al., 2006).  

Sedimentary records from the Norwegian-Greenland Sea reveal intensified IRD input after the 

MMCT (e.g. Wolf-Welling et al., 1996, Fronval and Jansen, 1996). IRD pulses are observed in the 

Fram Strait at 14 Ma (Wolf-Welling et al., 1996), and at the Vøring Plateau starting from 12.6 Ma 

(Fronval and Jansen, 1996). An early Barents Sea Ice Sheet has been suggested as a source for 

Middle Miocene IRD in the Fram Strait (Knies and Gaina, 2008). A  heavy mineral clay provenance 

study suggests perennial ice cover existed in the Arctic Ocean since about 13 Ma (Krylov et al., 

2008).  The reported IRD pulses occur contemporaneous to major shifts in NGS circulation 

(Thiede and Myhre, 1996). The Fram Strait had significantly deepened since the initial opening 

~17 Ma, reaching modern day water depths (>2000 m) by the end of the MMCT (Jakobsson et al., 

2007). Shoaling of the Central American Seaway led to strengthening of the North Atlantic Drift 

and, subsequently, a stronger east-west temperature salinity gradient was established within the 

NGS (Nisancioglu et al., 2003). Furthermore, convection and deep water formation increased and 

proto-NADW initially formed around 13.6 Ma (Henrich et al., 1989). Benthic foraminiferal δ18O-

values from the Vøring Plateau Site 642  further suggests bottom water cooling and increased 

ventilation around this time (Fronval and Jansen, 1996). Uplift and subsidence of the Greenland-

Scotland Ridge has controlled the exchange of both surface and deep waters, as revealed by the 

inverse relationship between increased amounts of proto-NADW in deep ocean basins and 

periods of deepening of the GSR (Wright and Miller, 1996, Poore et al., 2006). Large quantities of 

deep water overflow across the Greenland-Scotland ridge occurred episodically at least since ~12 
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Ma (Poore et al., 2006), while calcareous nannofossil assemblages at ODP Site 918 suggests 

initiation of a proto-East Greenland Current at about 12 Ma (Wei, 1998). Intensified circulation 

after the MMCT is also indicated by widespread erosion and hiatuses observed in the Middle 

Miocene sedimentary records (Henrich et al., 1989). Altered circulation pattern is also reflected 

in periodic changes from predominantly biogenic siliceous sediments to biogenic carbonate 

deposition in the Middle Miocene (Bohrmann et al., 1990). Increased carbonate 

deposition/preservation in the NGS has been interpreted as increased influence of Atlantic water, 

and thus enhanced overturning (Bohrmann et al., 1990, Fronval and Jansen, 1996).  

Further intensification of ocean circulation is indicated by a noticeable shift of sediment source 

region and increased bulk accumulation rates in the Fram Strait ODP Site 909 at ~11 Ma (Winkler 

et al., 2002). In addition, IRD records from ODP Site 918 in the Irminger Basin suggests iceberg 

rafting from southeast Greenland at the same time (~11 Ma, Helland and Holmes, 1997). The IRD 

is interpreted to reflect small-scale glaciation on Greenland, somewhat contemporaneous with  

suggested Middle Miocene onset of a cold proto EGC (Wei, 1998).   

In the Late Miocene, clay mineral assemblages in the Fram Strait indicate gradual cooling 

culminating in increased IRD input at ~9 Ma (Winkler et al., 2002), which coincides with the Late 

Miocene cooling between 10.8 to 8.6 Ma as already suggested by Wolf-Welling et al. (1996). At the 

Vøring Plateau, IRD is observed from ~12.6 Ma to ~9.5 Ma; however, two intervals from ~9.5–9 

Ma and 8–7 Ma are barren of IRD (Fronval and Jansen, 1996). Strong ice rafting signals are 

observed across the entire Norwegian-Greenland Sea roughly around 7 Ma (Wolf-Welling et al., 

1996, Fronval and Jansen, 1996, Thiede et al., 2011), and also further south at ODP Site 918 in the 

Irminger Basin (St.John and Krissek, 2002). In addition, benthic foraminiferal ẟ18O-values on the 

Vøring Plateau increase significantly around 7 Ma, supporting enhanced glaciation in the Northern 

Hemisphere at that time (Fronval and Jansen, 1996). Towards the end of the Late Miocene, further 

cooling is indicated from increased ice rafting between 6.3–5.5 Ma at Site 909 (Wolf-Welling et al., 

1996). Cooling in the latest Miocene has also been suggested by an alkenone sea surface 

temperature record (Herbert et al., 2016) and dinoflagellate cyst assemblages (Schreck et al., 

2013) from ODP Site 907 in the Iceland Sea. While ice rafting is reported from ODP Site 907 in the 

Iceland Sea until 8 Ma (Fronval and Jansen, 1996), no sedimentological studies have described the 

sediments from this site further back than ~8 Ma.  

 Ice rafting ultimately intensified in the Pliocene. Continuous ice rafting is reported in the 

Norwegian Sea starting at 6 Ma (Jansen and Sjøholm, 1991). Continuous IRD is also reported as 

from the Iceland Sea starting at  ~3.6 Ma, with a major peak at 3.3 Ma (Jansen et al., 2000, Kleiven 
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et al., 2002). In contrast, the first North Atlantic IRD pulse is observed around 3.3 Ma (Kleiven et 

al., 2002). The timing and distribution of IRD observed in Pliocene record from the North Atlantic 

and the Norwegian-Greenland Sea is interpreted to indicate an earlier response of the Greenland 

ice sheet to regional cooling compared to the Scandinavian ice sheet (Kleiven et al., 2002).   

Despite evidence for episodic glaciations on continents surrounding the Norwegian-Greenland 

Sea following the MMCT (e.g. Thiede et al., 2011), unequivocal correlation to the globally observed 

Miocene cooling events is still missing. Changing clay mineral assemblages at Fram Strait ODP Site 

909 indicate cooling which may have occurred contemporaneous with the Mi-6 and Mi-7 events 

(Winkler et al., 2002).  Schreck et al. (2013) observed changes in marine palynomorph assemblage 

composition in the Iceland Sea, which may correspond to the Mi-3 to Mi-7 events. Interestingly, a 

dinoflagellate cyst disappearance event at ODP Site 907 correlates well with the proposed timing 

of the Mi-6 event (Schreck et al., 2013). At Site 907, however, IRD has not been analyzed beyond 

~8 Ma (Fig.5) (Fronval and Jansen, 1996). This results in a gap in understanding of the 

development of Miocene glaciations in the Norwegian-Greenland Sea and their possible 

relationship to the Mi events. This highlights the importance of the main objective of this thesis.  
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2 Material and Methods 

This paleoclimate study is based on investigation of sediments collected in 1993 aboard research 

vessel JOIDES Resolution, during the Ocean Drilling Program (ODP) Leg 151 at Site 907, Hole 907A.  

2.1 Data collected by the Shipboard Scientific Party 

2.1.1 Coring 

The drilling at Site 907 took place from the 5th of august to the 8th of august, 1993. Hole 907A was 

drilled using an advanced hydraulic piston corer (APC). A relatively shallow and flat area was 

selected as coring site, providing access to an undisturbed sequence of hemipelagic sediments. 

Water depth to the seafloor at the chosen location was 2035.5 meters. The hole was drilled 216.3 

meters below seafloor (mbsf), where it hit the basement consisting of basalt. Twenty-six cores 

were recovered at Hole 907A; total length of cored section was 224.1 meters. The two cores 

analysed within this thesis (13H and 14H) represent depths between 111.8–130.8 mbsf.  

2.1.2 Lithology 

Core descriptions were published in the Initial Cruise Report (Myhre et al., 1995), encompassing 

sedimentary logs and core pictures taken aboard the ship. The Shipboard Scientific Party (1995) 

described the lithology with regards to colour variations, dominant grain sizes, tephra layers, 

biogenic components, degree of bioturbation, and existing dropstones, and a total of five 

lithological units were distinguished. Cores 13H and 14H studied in this thesis are a part of 

lithological Unit III (from the lower part of subunit IIIB) but also include the upper ~10 meters of 

Unit IV (Fig.6). 

Unit I accounts for the uppermost 17 meters of the hole and is of Quaternary age. Lithology 

consists of clayey silt, silty clay, including biogenic calcareous material, mostly foraminifera. There 

is little volcanic glass and few dropstones. 

 Unit II (~17-56 mbsf) consists of Pleistocene to Pliocene clayey silts and silty clays.  The sediment 

bears abundant silt- and sand-sized siliciclastic grains. It lacks biogenic carbonate while volcanic 

glass is rare.  

Unit III (~56-118 mbsf), Pliocene to Late Miocene in age, is described as clayey silts and silty clays, 

containing biogenic silica, increasing amounts of volcanic glass, but a decrease in quartz and 

feldspar. All layers (except ash layers) are gradational in contact, likely due to pervasive 

bioturbation. This unit is divided into two subunits, separated by the presence of nannofossil ooze 
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and nannofossil silty clay in subunit IIIA. The lowermost 7 meters of subunit IIIB are a part of core 

13H, down to section 13-H6, 30cm. This interval is characterized by higher content of biosilica 

and an apparent lack of biogenic carbonates.  Three dropstones are present in section 13H-4. A 

layer of ash- and biosilica-bearing clay is described from section 13H-5, 50cm through section 

13H-6, 30cm. Moderate bioturbation occurs throughout core 13H.  

Unit IV (~118-197 mbsf) is described as silty clays and clayey silt, biosilica-bearing with graded 

ash layers common in the upper part of the unit. The unit is of Middle to Late Miocene age and 

contains only little quartz and no dropstones. The speckled appearance of the sediment is a result 

of extensive bioturbation. The upper 13 meters of this unit are included in this study. They are 

characterized as biosilica-bearing silty clays, slightly bioturbated and containing ash layers.  

Unit V (~197-216 mbsf) has a higher quartz and clay content, and a lower biogenic silica content 

compared to Unit IV. The major lithologies of Unit V are clayey mud and silty clay. There are no 

discrete ash layers but volcanic glass is common.  
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Figure 6: Lithological logs for cores 13H (A) and 14H (B) of ODP Hole 907A. Also shown is the position of samples 
used within this study. Lithological log modified from Shipboard Scientific Party (1995). 
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2.1.3 Age control 

The age model for Site 907 is primarily based on magnetostratigraphic interpretation supported 

by biostratigraphic datums. Measurements of magnetic polarity was done onboard using a 

cryogenic pass-through magnetometer, while due to the lack of calcareous microfossils the 

biostratigraphic pin points are mainly based on diatoms and silicoflagellates supplemented by 

dinoflagellate cysts (Myhre et al., 1995). The initial shipboard age model has later been revised by 

Channell et al. (1999), based on the composite record of holes 907A, B, and C. Therefore, it 

represents the best age model for the Miocene to Pliocene interval in the entire Norwegian-

Greenland Sea. For this thesis the ages of tie points have been updated to the latest geologic time 

scale (Gradstein et al., 2012, Hilgen et al., 2012).  

 

Figure 7: Age/depth plot for ODP Hole 907A using the age model of Channel et al. (1999). Highlighted in grey is 
the interval studied in this thesis, which is well-constrained by magnetostratigraphy.1. Epochs and subepochs of 
the Neogene (Miocene, Pliocene) and Quaternary (Pleistocene). 2. Lithological uits (Shipboard Scientific Party, 
1995). The insert table shows the polarity chrohn boundaries and the smaller box the corresponding sedimentation 
rates (modified from Channell et al., 1999 and Schreck et al., 2012).  
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The study interval (cores 13H and 14H) has a particularly well constrained age control with age 

markers positioned at the top of core 13H and at the bottom of core 14H. Tie points at depths of 

111.80 and 129.70 mbsf assigns the top of core 13H a minimum age of 9.984 Ma, and the bottom 

of core 14H a maximum age of 11.056 Ma, respectively. This results in a linear sedimentation rate 

of ~1.67 cm/kyr across the studied interval. Absolute ages can therefore be assigned to individual 

samples (Figs. 6 and 7).   

2.1.4 Sediment sampling 

The cores are stored in the International Ocean Discovery Program (IODP) core repository at 

Marum in Bremen, Germany. Based on the age model of Channell et al. (1999), a total of 54 

sediment samples were collected from Hole 907A-13H and 14H in the interval between 10-11 Ma. 

Sample spacing had to be adjusted according to sediment preservation but translates into 

temporal resolution of ~20 kyr. Samples (~20–30 grams each) were freeze dried and weighed, 

and subsequently split for analysis of marine palynomorphs (dinoflagellate cysts and acritarchs) 

and for the analytical procedures conducted within this study (see below), which ensures 

comparability of the different proxies used.  

  



20 

 

2.2 Laboratory work 

All laboratory work described below was performed in the laboratory of the Department of 

Geosciences, The Arctic University of Norway in Tromsø, from August 2017 to February 2018. The 

steps included in the laboratory work are illustrated in Figure 8. 

 

Figure 8: Flow chart illustrating the order of procedures during analysis of sediments from ODP Hole 907A.    

2.2.1 Geochemical bulk parameters 

Determination of bulk organic geochemistry allows a first characterization of the sedimentary 

environment. Fluctuation of organic carbon in marine sediments may indicate variation in marine 

paleo-productivity and/or influence from terrestrial organic matter. Therefore its concentration 

in the sediment may be used as a proxy for the controlling factors of productivity and terrestrial 

input to the ocean, such as nutrient availability and vertical mixing of water masses, or fresh water 

runoff from land (Meyers, 1997). The carbonate content in hemipelagic sediments may be an 

indicator for the provenance of sediments. However, with increasing distance from land and 

increasing water depth it is more likely an indicator for the content of calcareous microfossils 

(Milliman, 1993). Preservation of carbonate (CaCO3) in the geologic record depends on the 

chemistry and temperature of the sea water, hence fluctuations of CaCO3 may be used as a proxy 
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for pale-oceanographic conditions (Huber et al., 2000). Variations in the amount of carbon 

(inorganic and organic) is also a factor of the sedimentation rate (Meyers, 1997).  

Determination of sedimentary total carbon (TC) and total organic carbon (TOC) was done by 

means of combustion analyses using LECO CS744. Which uses infrared absorption measures the 

amount of CO2 and SO2 during combustion in a sterile oxygenated environment. Approximately, 1 

gram per sample was crushed in a grinder prior to further treatment and analyses. In order to 

compare the amount of TC to TOC the powdered samples were divided in two parts, around ~0.2 

grams for TC and ~0.5 grams for TOC measurements respectively. Prior to measuring TC contents, 

the samples were put into non-porous crucibles. Each crucible was placed on a scale connected to 

the LECO CS744 and tared. Subsequently, the sediment was added and sample mass was 

automatically transferred into the data spreadsheet. One scoop of both Lecocel II and iron chip 

accelerator was added before transferring the crucible to the apparatus for analysis.  

For the TOC analysis, sediment was put in a porous crucible and weighed prior to treatment with 

HCl in order to remove inorganic carbon. In order to prevent sample loss due to excessive fizzing, 

drops of 10% solution HCl were carefully added. The acid was left to drain through the sample, 

repeating the process three times or until samples stopped fizzing. After acid treatment the 

sediments were rinsed with distilled water 8 to 10 times. Samples were then dried in a drying 

cabinet set to 105°C for at least 12 hours, before the temperature was reduced to 40°C and 

samples were let to cool off. Dry samples were put into non-porous crucibles for combustion 

analysis in the same way as for TC analysis. The TOC content was calculated from sample mass 

recorded prior to inorganic carbon removal. CaCO3 was determined from TC and TOC contents 

using the equation (Knies et al., 2003):  

CaCO3= (TC-TOC)*8.33 

Values of TC, TOC and CaCO3 are reported as weight percentage (wt. %) and data are plotted in 

Grapher.  

2.2.2 Particle size analysis using coulter counter 

Particle size analyses was performed to study the grain size distribution throughout the cores. 

Characterizing the grain size distribution may yield valuable information on depositional 

processes and environments, possibly indicating events of increased sand input related to ice 

rafting (e.g. Wolf-Welling et al., 1996).   
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Particle size analyses was conducted using a Beckman Coulter LS 13320. Prior to analysis the 

carbonate and organic material was removed by adding HCl and H2O2. This was done to ensure 

measuring only the minerogenic portion of sediments, however, this treatment does not remove 

biogenic silica. A 20 % solution of HCl was added to each sample and left to work for 24 hours. 

After the acid treatment, sediments were rinsed with distilled water two times. Excess acid and 

water was decanted after centrifuging for 4 minutes at 4000 rpm between each rinsing cycle. A 

20 % solution of H2O2 was added to each sample and left in an 80°C water bath for two hours. 

Following the same washing procedure as after the HCl-treatment, the samples were left to dry 

inside a fume hood. Approximately ~0.2 g was extracted from each sample, and 20 cl distilled 

water applied before they were shaken for 24 hours. To disintegrate aggregates, two drops of 

Calgon were added just before a 5-minute ultrasound bath, followed by analysis.  

By using a light source and registering the scatter of light when hitting particles, the Beckman 

Coulter LS 13320 measures the size of each individual grain and gives its abundance value in 

weight %.  Each sample was measured three times and the mean grain size values were calculated. 

The Wentworth size classification was used for sorting sediments (Table 1).  

Table 1: Grain size classification used to describe grain sizes. After Wentworth (1922).  

Size (µm) Name 

>2000 Granule 

2000–1000 Very Coarse Sand 

1000-500 Coarse Sand 

500–250 Medium Sand 

250-125 Fine Sand 

125–63 Very Fine Sand 

63–3.9 Silt 

< 3.9 Clay 
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2.2.3 Wet sieving 

Each sample was weighed before sieving. Sample weight ranged from ~7–21 g (average ~12 g). 

Mesh sizes used were 2 mm, 1 mm, 500 µm, 250 µm, 125 µm, and 63µm. Individual size fractions 

larger than 63 µm were collected in separate glass bowls. All sediment smaller than 63 µm were 

collected for possible future analysis of the fine fraction.  

Twenty-one samples were sieved before discovering that a substantial amount of finer sediment 

was clumped in aggregates within the coarser fractions. In order to evaluate their nature, 

individual aggregates were picked and treated with hydrogen peroxide (H2O2) and hydrochloric 

acid (HCl), where H2O2 had the most prominent reaction and thus, could aid disintegration. The 

sediment was put in 100ml of water along with a 10ml of 20% solution H2O2. The mixture was 

shaken for 2–3 hours, followed by a 15 second ultrasonic treatment immediately before sieving 

began. The initial 21 samples were re-mixed and sieved a second time applying the new procedure 

(see appendix B for which samples were sieved twice). The additional fine fraction originating in 

disintegration of aggregates was collected in the same beakers as used for the first round of 

sieving.  

Sieving was performed using the least amount of water possible to increase the preservation of 

the <63 µm fraction for future analysis. Each sieved fraction, including the beakers holding the 

<63 µm fraction, was then left to desiccate in a drying cabinet set to 40°C. Sieved fractions were 

weighed after drying for further investigation of composition.  

2.2.4 Coarse fraction analysis  

A quantitative investigation of sediment composition was performed using a Leica MZ 125 

binocular. All grain size fractions larger than 125 µm were described visually and different grain 

types were counted. Categories describing the sediment are summarized in  

Table 2.  

Table 2: Categories used to describe the coarse fraction composition in ODP Hole 907A. 

Volcanoclastic Terrigenous Biogenic Authigenic/Unidentified 

Ash (incl. glass shards, 
altered basalt fragments 

and obsidian) 

Pumice 

 

Quartz 

Feldspar 

Biotite 

Rock fragments 

Agglutinated foraminifera 

Calcareous foraminifera 

Radiolarians 

Sponge spicules 

Aggregates 

Oxidized aggregates 

Gypsum 

Unidentified 
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There is a high relative proportion of ash throughout the core and all the samples, consequently 

fluctuations of ash input will likely affect the abundance of other sediment components. To 

estimate the relative proportion of each constituent, the sediment was placed on a gridded tray as 

typically used for counting foraminifera. Wherever possible, at least 400 grains were counted for 

every sample from each grain size fraction. As the last square on the tray was always counted as 

a whole, the number of grains counted was always 400 or more, except in samples comprised of 

less than 400 grains. Relative abundance of individual components was calculated using the 

formula: 

%X = number of X/total number counted grains*100 

(Where X is the grain type) 

 

2.2.5 Surface Textural Analysis of Quartz  

Surface texture of quartz grains can reflect the sedimentary environment and transport prior to 

deposition (Helland and Holmes, 1997, Stickley et al., 2009, Vos et al., 2014). The presence of 

quartz grains larger than 125 µm in deep marine sediments is usually interpreted as transported 

by sediment gravity flows, such as turbidity currents or slumps, or as IRD transported by sea ice 

and/or icebergs (Fronval and Jansen, 1996). As the sediment analysed are likely not influenced 

by gravity flows (Myhre et al., 1995), the surface texture of quartz grains was examined to 

distinguish between sea ice and iceberg transport (Helland and Holmes, 1997, St John, 2008, 

Stickley et al., 2009), using a HITACHI TM3030 Tabletop Scanning Electron Microscope (SEM). 

Photo micrographs of some reference grains from the 250–500 µm and 500 µm to1 mm fractions 

have been taken and elemental analysis by Energy Dispersive X-Ray Spectroscopy (EDS) was used 

to confirm the grains were made of quartz.  

Samples composed of over 20% or less than 5% quartz were chosen for analysis; these criteria 

were set due to time constrains and to enable comparison of surface texture on grains from 

intervals of higher and lower abundance of quartz grains. The quartz was identified using the 

same binocular as used for coarse fraction counting. A minimum of 6 quartz grains were 

handpicked from each chosen sample. All quartz grains were picked if there were less than 6 in 

total. To remove clay and other contaminants the grains were cleaned using distilled water and a 

10-second ultrasonic treatment, minimizing potential formation of new surface textures (Porter, 
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1962). The grains were left to dry overnight in a drying cabinet set to 50°C, after which they were 

mounted on aluminium specimen stubs covered with carbon tape for SEM analyses. Up to two 

photomicrographs of each grain were obtained. Elemental (EDS) analysis was used to verify the 

grains as quartz in the 500 µm to 1mm fraction. Unfortunately, the EDS system stopped for 

unknown technical reasons while studying grains in the 250-500 µm fraction and we had to 

continue without EDS analysis.   

Each grain was evaluated for the surface textures listed in Table 3. These textures were chosen as 

they have previously been described as characteristic of either glacially abraded or sea ice rafted 

quartz (St John et al., 2015, Woronko, 2016). To unravel the sedimentary history, the grain 

morphology and surface textures were compared to those reported from previous studies 

(Helland and Holmes, 1997, Eldrett et al., 2007, St John, 2008, Stickley et al., 2009, Vos et al., 2014, 

St John et al., 2015, Woronko, 2016).  

 

Table 3: Surface textures used to describe individual quartz grains in ODP Hole 907A.  

Morphological Mechanical Chemical 

Angular Outline Conchoidal Fractures Silica Precipitation 

Rounded Outline Breakage Blocks Dissolution 

Low Relief Subparallel Lineations  

Medium Relief Arcuate Steps  

High Relief Straight Steps  

 
Chattermarks  

 

 

  



26 

 

  



27 

 

3 Results 

3.1 Geochemical bulk parameters 

The total carbon content in the analyzed samples ranges from 0.14 to 0.66 wt. %, with an average 

of 0.41 wt. % (Fig. 9, Table 4). It exhibits continuously higher values (around 0.6 w.t. %) in the 

lowermost part of the analyzed interval between 11 to 10.8 Ma, after which it constantly decreases 

to values around 0.2 wt. % at 10.57 Ma. Subsequently, the TC content increases gradually until 

10.45 Ma followed by a significant drop to minimum values (0.14 wt %) at 10.4 Ma. In the upper 

part of the analyzed section, from 10.3 to 10 Ma, the total carbon content is characterized by 

fluctuations around 0.3 wt. %. The total organic carbon content displays essentially the same 

trend as the TC record, but with overall slightly lower values (Fig.9, Table 4).  

Table 4: Minimum, maximum and average wt.% of TC, TOC and CaCO3 in cores 13H and 14H, ODP Hole 907A.  

 
TC (wt. %) TOC (wt. %) CaCO3 (wt. %) 

Min 0.14 0.13 0.06 

Max 0.67 0.63 0.53 

Mean 0.41 0.38 0.26 

 

The amount of CaCO3 is lower than TOC, ranging from 0.06 to 0.53 wt.% with an average of 0.26 

wt.% (Fig.9, Table 4). From 11 to 10.55 Ma, the CaCO3 displays smaller fluctuations superimposed 

on a constant trend around 0.3 wt.%, before it increases significantly to over 0.4 w.t.% at 10.55 

Ma. A decrease similar to that observed in the TC and TOC records is observed at 10.45 Ma. From 

10.37 to 10.0 Ma, the CaCO3 content again displays smaller fluctuations superimposed on a 

constant trend around 0.3 wt.%.  

3.2 Grain size Distribution 

Sediment size distribution data was obtained from both coulter counter analysis and wet sieving. 

Both datasets are presented together in Table 5 to allow for a direct comparison of results. 

Temporal variation of grain size is shown in (Figs. 10 and 11). Although the sieved sediment 

contains calcareous material as opposed to the sediment analyzed with coulter counter (see 

Material and Methods Chapter), the two results are overall comparable as most of the sediment is 

composed of non-calcareous material such as ash, biogenic-silica and minerogenic components 
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(Fig.16). Due to the high abundance of ash in the sediment (up to 80 %, Figs.13 and 14) sortable 

silt analysis was not applied to the coulter counter data. Ash was likely transported to the site by 

wind, and not by bottom currents. Furthermore, ash has different physical properties than 

terrigenous silt, and will behave differently with respect to settling velocity of grains sizes 

(McCave et al., 2006).  

 

Figure 9: TC, TOC, and CaCO3 content (wt.%) in ODP Hole 907A. Also shown is grain size distribution in Hole 
907A obtained from coulter counter analysis. 

Coulter counter analysis (CCA) indicate silt (3.9-63 µm) as the most common grain size, ranging 

from 30 wt. % to 73 wt. %, with an average around 60 wt. % of the sediment composition (Table 

5). The second largest contribution comes from clay (< 3.9 µm), ranging from a minimum of 13 

wt.% to a maximum of 29 wt. %, with an average of around 20 wt. %. The sand size sediment (63 

µm to 2 mm) is most abundant in the 63−125 µm sub-fraction (average 12 wt. %), and becomes 

gradually less abundant in the larger sub-fractions (Table 5).   
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Table 5: Comparison of minimum, maximum and mean values (in wt. %) of grain size distribution results obtained 
from coulter counter analysis and wet sieving in ODP Hole 907A.  

Grain Size (µm) Coulter Counter (wt.%) Sieving (wt.%) 

 

>3.9 

Min 13.30 Min: 63.92 

 Max 29.31 

Mean 19.07 Max: 89.84 

  

3.9–63 

Min 29.89 

Max 72.57 Mean: 83.08 

Mean 59.20 

 

63–125 

Min 4.29 2.43 

Max 21.88 19.27 

Mean 12.23 7.21 

 

125–250 

Min 2.14 0.26 

Max 12.66 3.14 

Mean 6.32 0.38 

 

250–500 

Min 0.00 0.02 

Max 7.35 3.14 

Mean 1.99 0.38 

 

500–1000 

Min 0.00 0.00 

Max 12.99 0.33 

Mean 0.65 0.02 

 

1000–2000 

Min 0.00 0.00 

Max 27.88 0.44 

Mean 0.53 0.02 

 

>2000 

Min  0.00 

Max 9.04 

Mean 0.17 
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Results from wet sieving generally show comparable trends as those obtained from CCA, although 

the < 63 µm fractions (clay and silt) are combined (Table 5). This fraction makes up 83 wt. % of 

the sediment on average, compared to the average of around 78 wt.% in CCA. The proportion of 

the sand fraction, however, is consistently lower than that obtained from CCA. Wet sieving also 

includes the fraction >2 mm, which is composed of granule size pumice in two samples at 116.9 

mbsf, and pumice up to 1 cm in diameter at 118 mbsf (~10.35 Ma, Sample 907A-13H5 50-52). 

Thin volcanic glass shards were also present in this grain size fraction in two samples, at 125.7 

and 127.4 mbsf, respectively.   

3.2.1 Temporal variation of grain size distribution 

Coulter counter analysis shows that the clay fraction (< 3.9 µm) fluctuates from 15 –25 wt. %, with 

a prominent peak greater than 25 wt. % centered around 10.75 Ma (Fig.10). Between 10.65 and 

10 Ma, clay shows an increasing trend with smaller superimposed variability. The silt fraction 

(3.9−63 µm) shows little variation and constantly remains around 60 wt.% throughout the 

analyzed interval, with one exception around 10.4 Ma, where it decreases below 40 wt. %. Sieving 

analysis (Fig.11) combines the clay and silt fractions, which generally contributes 85 wt.%  or 

more to the sediment composition, with three distinct minima at 10.9, 10.73 and 10.35 Ma.  

CCA shows that sand in the 63–125 µm and 125-250 µm fractions behaves comparable to each 

other, with prominent decreases around 10.73, 10.40 and 10.10 Ma. However, peak values in the 

two fractions are different, with maximum values at 10.90 Ma in the 63−125 µm fraction, and at 

10.50 Ma in the 125−250 µm fraction. Sieving analysis confirms the decreases at 10.73, 10.40 and 

10.10 Ma in the 125–250- and 250–500 µm fractions. Sand fractions larger than 250 µm are sparse 

in CCA, generally not exceeding 2 wt.%, except for a few intervals with abrupt, short-term 

increases in wt. %. CCA display high−frequency variability of sand content in the 250−500 µm 

fraction. 

Sand fractions of the sieving analysis display an overall smaller wt.% compared to CCA, and also 

shows a lower frequency of variation. The 250−500 µm fraction from sieving analysis display a 

general trend of increased w.t.% towards 10 Ma, with superimposed fluctuations.  

In the fractions larger than 250 µm, the most prominent increases in CCA occur at 10.39 Ma, where 

sediments in the 500 µm–1 mm and 1–2 mm fractions constitute 15 wt. % and 28 wt.%, 

respectively. Sieving analysis reflect a similar grain size distribution pattern as the CCA for grain 

sizes larger than 250 µm, although the prominent increases have a slightly different timing— 
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occurring at 10.35 Ma in the 250–500 µm and 500 µm-1 mm fraction, and at 10.37 Ma in the 1–2 

mm and >2 mm fractions.  

An overrepresentation of the coarse fraction is observed in the CCA results, likely due to the 

presence of aggregates in the sediment. Disintegration of aggregates during sieving causes the 

difference in wt.% observed between the two methods. Figure 9 shows the highest coarse fraction 

wt. % at 10.39 Ma, where sediments in the >63 µm size fraction comprise over 50 wt.% of the 

sediment, while highest coarse fraction wt.% obtained from sieving is 27 wt.% at 10.37 Ma 

(Fig.11).  

 

Figure 10: Results from coulter counter grain size analysis showing the relative abundance (in wt. %) of sediments 
in the different grain size classes in ODP Hole 907A.  



32 

 

 

Figure 11: Results from sieving grain size analysis showing the relative abundance (in wt. %) of sediments in the 
different grain size classes in ODP Hole 907A. Note that in contrast to the coulter counter analysis, the < 63 µm 
fraction is not subdivided, and grain sizes larger than 2000 µm are included.  

3.3 Coarse Fraction Description 

3.3.1 Sediment Composition 

For the description of the coarse fraction composition, the individual sediment components have 

been subdivided into volcanoclastic, terrigenous, biogenic, authigenic, and unidentified particles 

(Fig.12).  

The volcanoclastic material is composed of granule sized pumice and ash. The latter consists of 

both felsic and mafic glass shards, obsidian and sometimes pumice. Volcanoclastic material larger 

than 2 mm is classified as lapilli according to Fisher (1961). The pumice lapilli are well persevered 

and do not show any signs of mechanical breakage or chemical weathering. They have a porous 

appearance when studied under the microscope, while the pores are not visible to the naked eye. 

Some of the pumice contain phenocrysts of clear, black, or green minerals (Fig.12)  
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Terrigenous component present are quartz, biotite, feldspar, and rock fragments. Biogenic 

material is composed of agglutinated and calcareous foraminifera, radiolarians, and sponge 

spicules. Some of the agglutinated foraminifera observed were over 1 mm in length but only one 

species could be identified (Martinotinella communis), which was also recognized by the 

Shipboard Scientific Party . Calcareous foraminifera are usually well preserved, although mineral 

alteration/precipitation seem to have affected some of the specimen observed. The most common 

calcareous foraminifera are miliolid foraminifera of the genus Quinqueloculina.  

The authigenic sediment components identified are gypsum crystals and aggregates. The latter 

are composed of everything the sediment is composed of, such as radiolarians and ash, 

consolidated by fine particles. The attempt to dissolve the aggregates with H2O2 (see Methods 

chapter) suggests that organic material is involved in their formation. While probably composed 

of the same material, some aggregates are characterized by a rusty color suggesting oxidation.  

Unidentified components are possibly authigenic minerals or altered volcanic fragments.  

 

Figure 12: Examples of coarse fraction sediment components observed in the sediment of sections 13H and 14H 
in Hole 907A. A) Sediment example including various ash grains (1), aggregates (2), radiolarians (3), and a sponge 
spicule (4). B) Rounded pumice containing white and black colored phenocrysts. C) Calcareous foraminifera, 
Quinqueloculina spp. D) Agglutinated foraminifera, Martinotinella communis. E) Felsic ash glass shard. F) Angular 
quartz grain. G) Individual phenocrysts of clear and black minerals, counts included in the ash category.     
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3.3.2 Relative Abundance of Sediment Components 

Sediment components were counted in the 125−250 µm, 250−500 µm, 500−1000 µm, 1000−2000 

µm, and >2000 µm fractions. The relative abundance (in %) of the different sediment components 

has been calculated in order to identify possible changes in depositional patterns and conditions. 

Figure 13 illustrates the relative abundance of the different components in the 125−250 µm, 

250−500 µm, 500−1000 µm fractions.  

 

Figure 13: Abundance of various sediment components in the 125−250 µm, 250−500 µm and 500 µm−1 mm 
fractions in ODP Hole 907A. Particles larger than 1mm (not included in this figure) are rare and consists mainly of 
aggregates, ash, and pumice (Fig.12).  
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Ash is the major constituent of the 125−250 µm and 250−500 µm fractions (Fig.13). Other 

significant components in the 125-250 µm fraction are terrigenous quartz grains, radiolarians, 

sponge spicules, and aggregates. Significant components in the 250-500 µm fraction are quartz, 

agglutinated and calcareous foraminifera, sponge spicules, and aggregates, which exhibit higher 

relative abundances when compared to the 125−250 µm fraction. The most abundant components 

in the 500−1000 µm fraction are quartz, ash and aggregates. The relative abundance of ash is 

lower in the 500−1000 fraction compared to the 125−250 µm and 250−500 µm. 

3.3.3 Temporal Variation of Sediment Components 

3.3.3.1 Volcaniclastic and terrigenous components 

Ash is most abundant in the 125−250 µm fraction, with continuously high values fluctuating 

around 80 wt. % (Fig.14). Prominent declines, however, have been observed at 10.95, 10.75, 10.4 

and 10.2 Ma. The abundance of ash in the 250−500 µm and 500 µm to 1 mm fractions show a 

higher variability than in the 125−250 µm fraction, ranging from ~80 wt% to 0 wt.%. In the 

250−500 µm fraction the highest abundance of ash is observed around 10.9 Ma, 10.7, 10.5 and 

10.1 Ma. A similar trend is present in the 500 µm to 1 mm fraction. Ash is present in the 1−2 mm 

fraction as scattered occurrences from 11 to 10.8 Ma, followed by a barren interval from 10.76 to 

10.55 Ma, before continuing as scattered occurrences again up to 10 Ma. In this grain size fraction, 

rounded pumice grains are present in two samples at 10.37 Ma and 10.29 Ma (Fig.14). Two 

isolated occurrences of bubble-wall shaped glass tephra (similar to picture E in Figure 12), as well 

as three occurrences of pumice, are observed in the in the > 2mm fraction. The bubble-wall shaped 

glass occurs between 11 and 10.8 Ma, while the rounded pumice is present at 10.37 and 10.29 Ma.  

Quartz is continuously present in sediments < 1mm (Fig.14). It has higher abundance in the 

250−500 µm and 500 µm – 1 mm fractions than in the 125−250 µm fraction. In the 125–250 µm 

fraction, quartz constitutes only up to ~4% of the sediment, in contrast to almost 50 % at 11 Ma 

in the 250−500 µm fraction. In the three grain-size fractions, quartz is very abundant from 11 to 

10.8 Ma. In the 125–250 µm fraction, this interval of high abundance continues until 10.7 Ma, 

followed by an interval of lower abundance lasting until 10.4 Ma. At 10.39 Ma, quartz increases to 

5% in this fraction. Subsequently, a pattern of stepwise decrease characterizes quartz abundance 

until 10.3 Ma, after which an increase in abundance is observed two times, at 10.25 and 10.15 Ma. 

The latter showing the maximum values of this fraction. Thereafter, quartz is less abundant and 

even absent at 10.12, 10.10, and 9.98 Ma. The 250–500 µm fraction displays a gradual decrease 

following 10.8 Ma, when the abundance decreases to 1.7 % at 10.67 Ma— a significant drop 

compared to the 46 % observed at 10.98 Ma. From 10.59 to 10.55 Ma, the abundance fluctuates 
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around 15 %, followed by an interval of lower abundance until 10.42 Ma. The abundance increases 

to over 40 % at 10.37 Ma, after which it remains below 20 % until 10.02 Ma, where the last peak 

with over 40 % quartz is observed. The 500 µm–1 mm fraction displays a higher frequency of 

abundance-variation than the other two fractions. After 10.8 Ma, there is an interval of low 

abundance until 10.59 Ma, interrupted by an isolated increase at 10.75 Ma. An interval of high-

frequency variability is prominent from 10.63–10.48 Ma. Between 10.46 to 10.37 Ma, there is little 

and even no quartz observed, however, the abundance increases to 11 % at 10.37 Ma and is 

continuously observed thereafter until 10.14 Ma. It reaches over 33 % at 10.08 Ma, before 

gradually decreasing towards the top of the studied interval.   

Feldspar is only sporadically present in the 125–250- and 250–500 µm fractions, and constitute 

between 0.2–0.8 % of the total sediment where it occurs (Fig.14). It is more frequently observed 

between 11 and 10.6 Ma in the 125–250 µm fraction, but only occurs prior to 10.5 Ma in the 250–

500 µm fraction.  

Biotite is present in grain size fractions up to 1 mm (Fig.14). Occurrences of this mineral are 

mostly isolated. The only continuous occurrence is between 11.0 to 10.9 Ma in the 250–500 µm 

fraction.  

Rock fragments are present in all fraction up to 2 mm in size (Fig.14). Rock fragment abundance 

is up to 4 % in the 125-250 µm fraction, and up to 3 % in the 250-500 µm fraction. Rock fragments 

occur continuously in the 250-500 µm fraction but are most abundant between 11 and 10.8 Ma. 

They have discontinuous occurrences in the 500 µm – 1mm fraction until 10.5 Ma. At which point 

they constitute up to 20 % of the sediment, after which only isolated occurrences have been 

observed at 10.40 and 10.25 Ma. A rock fragment larger than 1 mm is observed at 10.29 Ma.   

3.3.3.2 Biogenic components 

Biogenic components occur in all grain size fractions except > 2 mm (Fig.15). Foraminifera are 

most abundant in the lower part of the record between 11 to 10.4 Ma in all counted grain size 

fractions, but only rarely occur thereafter. Agglutinated and calcareous foraminifera are rare (less 

than 1 %) in the 125–250 µm fraction, while calcareous foraminifera do not occur after 10.3 Ma 

in this size fraction. Both agglutinated and calcareous foraminifera are more abundant in the 250–

500 µm fraction; both comprising up to 16 % of the sediment in certain intervals. However, the 

abundance of both clearly declines after 10.4 Ma. A slight increase is observed in the upper part 

of the analyzed interval between 10.1 to 10.0 Ma. In contrast to calcareous foraminifera, 

agglutinated foraminifera also occur in the 500 µm –1 mm fraction, being most abundant around 



37 

 

10.6 Ma (~80 %). Two specimens of agglutinated foraminifera have been observed in the 1–2 mm 

fraction.  

Radiolaria and sponge spicules show a more continuous occurrence in the 125–250 µm fraction 

than foraminifera, but are similar to foraminifera also most abundant in the lower part of the 

analyzed interval between 11 to 10.4 Ma ( 

Figure 15). Radiolaria comprise up to 30 % in this fraction, while sponge spicules comprise up to 

16 % of the sediment. A reversed abundance pattern, with sponge spicules being more abundant 

than radiolarians, is observed in the 250–500 µm fraction. Both sponge spicules (20 %) and 

radiolaria (8 %) exhibit a distinct maximum around 10.55 Ma. Similar to agglutinated and 

calcareous foraminifera, they only occur sporadically after 10.4 Ma in this size fraction. Sponge 

spicules occur in the 500 µm – 1 mm only in one sample at 10. 55 Ma (16 %) and one specimen 

has been observed at 10.11 Ma in the 1–2 mm fraction.    

In summary, all biogenic components are common constituents of the sediment (125–500 µm 

fractions). They show varying abundance in the lower part of the studied section (11 to 10.4 Ma), 

after which they only occur sporadically. This indicates decisive changes occurring around this 

time.   

3.3.3.3 Authigenic and unidentified components 

Authigenic and unidentified components occur in all fractions except the > 2mm fraction (Fig.16). 

Gypsum crystals are rare but occur in the 125–250 µm (10.9 and 10.3 Ma) and 500 µm–1mm 

fractions (at 10.68 and 10.12 Ma).  

Aggregates occur in all size fractions up to 1 mm and their abundance varies significantly 

throughout the analyzed section (Fig.16). In the 125–250 µm fraction aggregates typically 

constitutes 5 to 15 % of the sediment, but increase up to 45% at 10.18 Ma, and 69% at 10.39 Ma. 

Aggregate abundance shows high-frequency variability throughout the analyzed interval within 

the 250–500 µm and 500 µm – 1mm fractions. Three peaks with abundances above 35 % occur 

between 11 and 10.7 Ma in the 250–500 µm fraction, followed by an interval of lower abundances 

between 10.7 and 10.5 Ma. The upper part of the studied interval (above 10.5 Ma) shows a higher 

frequency of fluctuations in this fraction and overall higher abundance of aggregates than in the 

lower part. The 500 µm– 1mm fraction display a lower abundance with an increasing trend from 

11 to 10.8 Ma, and high frequency variability from 10.8 to 10 Ma.  
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Oxidized aggregates occur in the same fraction as the other aggregates except in the >1 mm 

fraction (Fig.16). They are present between 11 to 10.5 Ma, and around 10.28 Ma in the respective 

fractions. In the 125–250 µm fraction, oxidized aggregates commonly constitute less than 1 %, 

with a peak value of 7.8 % at 10.73 Ma. In the 250–500 µm fraction the amplitude of abundance-

variation is greater than in the former fraction, varying from a minimum of 0% to a maximum of 

44 % between 11 and 10.5 Ma. After 10.5 Ma, oxidized aggregates only occur sporadically in this 

fraction and abundances never reach above 5 %. In the 500 µm – 1 mm fraction oxidized 

aggregates commonly constitute less than 20% between 11 and 10.5 Ma, interrupted by 

superimposed peaks, the largest (72%) at 10.73 Ma. A nearly barren interval continues to 10.28 

Ma, after which a peak (68%) is observed at 10.2 Ma.   

Unidentified grains occur in all fractions up to 2 mm. In the 125–250 µm fraction, they are rare 

and occur only sporadically, but comprise over 8% of sediments at 10.4 Ma. They occur more 

frequently in the 250-500 fraction but always constitute less than 1 % of the sediments. In the 500 

µm – 1mm fractions, unidentified grains occur in two samples at 10.37 and 10.6 Ma, reaching 

abundances of 6 % and 16 %, respectively.  
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Figure 14: Temporal variation of volcanoclastic and terrigenous components (given in %) in ODP Hole 907A. 
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Figure 15: Temporal variation of biogenic components in the 125–250 µm, 250–500 µm, 500 µm – 1 mm, and 1–2 
mm fractions in ODP Hole 907A. The abundance is given in percentage relative to the total sediment composition 
for fraction 125 µm to 1mm, while it is given as number of grains for the 1–2 mm fraction.  

 

Figure 16: Temporal variation of authigenic and unidentified components in the 125-250 (A), 250-500 (B), 500-1000 
(C), and 1000-2000 (D) fractions ODP Hole 907A. The abundance is given in percentage relative to the coarse 
sediment composition for the 125 µm to 1 mm fraction, while it is given in number of grains for the 1–2 mm fraction.  
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3.4 Surface Texture Analysis of Quartz 

Quartz from 33 samples in the 250−500 µm and 500–1 mm fractions were studied using SEM 

(Fig.17), for grain shape (angular, subangular, subrounded or rounded), surface relief (high, 

medium, or low) and surface textures. The surface textures were differentiated into mechanical 

surface textures, which include conchoidal fractures, breakage blocks, straight and arcuate steps, 

subparallel lineations, and chattermarks, and chemically induced surface textures, which include 

silica precipitation and dissolution. In all the examined quartz grains, the most common textures 

observed are conchoidal fractures (79%), silica precipitation (74%) and dissolution (64%). The 

majority of analyzed grains have medium relief (52%) and a subangular shape (43%) (Table 6).  

Table 6: The abundance (%) of microfeatures in quartz grains in ODP Hole 907A.  

Grain Microfeature Category Microfeature Grains Showing Feature(%) 

Grain Shape Angluar  13.64 

 Subangular 43.39 

 Subrounded 29.75 

 Rounded  13.22 

Grain Relief Low relief 19.84 

 Medium relief 52.48 

 High relief 28.10 

Grain Surface Textures Chattermarks 8.26 

 Straight steps 41.32 

 Arcuate steps 35.54 

 Subparallell striations 4.13 

 Breakage blocks 52.10 

 Conchoidal fractures 78.51 

 Dissolution 64.05 

 Silica precipitation 73.97 
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Figure 17: Samples used in quartz surface texture analysis in ODP Hole 907A. Filled dots are samples where six 
or more quartz grains are studied; blank dots are samples where less than six quartz grains are studied. Samples 
numbers placed in boxes are samples that contain over 20 % quartz. A.Samples 5, 20, and 27 are the three samples 
(consisting of more than 6 grains) with the highest abundance of typical glacial surface textures. B. Samples 7, 25, 
and 26 are the three samples (consisting of more than 6 grains) with the lowest abundance of typical glacial surface 
textures.  
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Figure 18: See figure on previous page. SEM micrographs of representative quartz grain surface textures in ODP 
Hole 907A. A. Subangular, low relief quartz grain with fresh looking surface and mechanical surface textures, 
breakage block(4), subparallel lineations(5), and arcuate steps (6). B. Angular-, high relief grain with fresh looking 
surface and mechanical surface textures, breakage block (4) and straight steps (7). C. Subrounded-, low relief 
grain, with one fresh looking surface displaying mechanical surface textures; conchoidal fracture (3), straight steps 
(7), rest of the grain looks abraded and displays silica precipitation (1). D. Subangular-, medium relief grain with 
fresh looking surface displaying breakage blocks (4), straight (7) and arcuate (6) steps. E. Subrounded-, medium 
relief grain displaying chattermarks (8). F. Subrounded-, low relief grain showing subparallel lineations (5). G. 
Subangular-, high relief grain with fresh looking surface displaying mechanical surface textures, breakage block (4) 
and one side chemically altered by euhedral silica overgrowths (1) and dissolution (2). H. Subrounded-, medium 
relief grain displaying surface characterized by silica precipitation (1), possible subparallel lineations (5), and 
breakage block (4).  
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4 Discussion 

ODP Site 907 is presently located under the influence of both southward flowing fresh and cold 

East Greenland Current and the northward flowing warm and saline Atlantic water (see Chapter 

1.2.2), hence, the site is ideally suited to study how circulation and paleoenvironmental conditions 

in the Norwegian-Greenland Sea may have evolved. In the following chapter, the results of this 

thesis will be discussed and subsequently compared to other paleoclimate proxy records from the 

Norwegian-Greenland Sea in order to depict paleoenvironmental changes in the Iceland Sea, and 

its implications for paleoclimate across a 1-million year interval during the early Late Miocene 

(11.0 Ma to 9.98 Ma).  

4.1 A 1-Myr record of ice rafting in the Iceland Sea 

At present day, ODP Site 907 is located in an open-ocean environment on the Iceland Plateau 

(Thiede and Myhre, 1996). Plate tectonic reconstructions of the Norwegian-Greenland Sea 

indicate that open-ocean conditions have persisted on the Iceland Plateau at least since the Middle 

Miocene (Thiede et al., 1998). Away from the continental slope or bathymetrical highs, where 

turbidity currents or other slope processes may transport coarse-grained terrigenous material, 

the occurrence of material such as quartz or rock fragments larger than 125 µm indicates 

transport through ice rafting from surrounding continents (e.g. Gilbert, 1990, Bond et al., 1992, 

Nürnberg et al., 1994, Fronval and Jansen, 1996).  

Visual inspection of the coarse fraction is important in order to verify its nature as ice rafted 

debris. As it may also be composed of predominant biogenic and/or volcanic material. Sieving of 

the sediments revealed very abundant aggregates and ash, making it evident that the coarse 

fraction is overrepresented in coulter counter results (Figs.11 and 12). In addition, abundant ash 

and aggregates complicate the interpretation of the coarse-grained terrigenous input as a proxy 

for ice rafting, since apparent variations in quartz abundance may be the result of variations in 

ash input, as Stabell and Koç (1996) point out in a diatom study from the same site. However, if 

ash transport and deposition at the study site are relatively constant and without larger variations 

throughout the studied interval, then increased abundance of quartz may still record events of 

increased ice rafting. Late Miocene ash layers at ODP Site 907 apparently show affinity to 

explosive eruptions on Iceland, and were most likely airborne before deposition (Werner et al., 

1993). Nevertheless, the study presented here reveals a continuous presence of non-volcanic, 

terrigenous material larger than 125 µm at ODP Site 907, which regardless of ash input, indicates 

ice rafting in the Iceland Sea during the early Late Miocene (Fig.19)(e.g. Fronval and Jansen, 1996).  
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Figure 19: Comparison of abundance (%) of quartz and biogenic components (combined 125 µm to 1 mm fractions). 
TOC (wt.%) and CaCO3 (wt.%) in ODP Hole 907A to quartz abundance in ODP Site 909 (Winkler et al., 2002) and 
SST reconstruction from Site 907 (Herbert et al., 2016). The highlighted interval is the timing for Mi-6 proposed by 
Westerhold et al. (2005).  

4.1.1 Iceberg or Sea Ice Rafted Debris  

In studies of IRD from subpolar regions, coarse-grained sediments in hemipelagic sediments are 

usually considered iceberg rafted (e.g. Bond et al., 1992). It is a common consensus to assume that 

sea ice rafted debris usually encompass an assemblage of finer sediment (< 250 µm) compared to 

iceberg rafted debris (Nürnberg et al., 1994, Darby, 2008). The most common sediment 

entrainment process of sea ice is thought to be suspension freezing, where open-water convection 

at shallow depths (<30 m) causes super-cooled bottom water to form crystals near the seafloor 

(Reimnitz et al., 1993). As sea ice crystals form, they incorporate material suspended by turbulent 

mixing, which then floats to the surface with the sea ice. This material is usually finer than >250 

µm, however under certain circumstances sea ice may entrain up to cobble size material (Reimnitz 
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et al., 1987). In the Arctic Ocean, coarser sea ice sediments (>250 µm) are common due to the vast 

extension of the continental shelf, where sea ice typically entrain sediment by freezing to the 

bottom in shallow marine environments (Reimnitz et al., 1987, St John, 2008). In contrast, 

sediments picked up by glaciers can be any grain size and consist of everything in the vicinity of a 

glacier (Gilbert, 1990). This implies that iceberg rafted debris may show any shape, form, and 

texture. However, typical features used to distinguish iceberg transported material are produced 

by mechanical breakage (e.g. Vos et al., 2014, St John et al., 2015). Sediments transported by sea 

ice, or exposed to periglacial environment, are prone to chemical weathering, which may erase 

pre-existing glacial signatures (Woronko, 2016). However, when glaciers calve into the ocean, 

glacial signatures on the grains are better preserved, which makes it possible to distinguish 

sediment as transported by icebergs (St John et al., 2015).  

 

 Figure 20: Quartz micro-textures typical for glacial environment, periglacial environment and sea ice transport (St 
John et al., 2015, Woronko, 2016).  

SEM analysis of quartz grains from the >250 µm grain size fractions reveal surface textures 

indicative of both iceberg and sea ice transport. Typical grain surface textures of glacially abraded 

quartz are angular to subangular outlines, high relief, and mechanical breakage textures such as 

subparallel lineations, chattermarks, conchoidal fractures, straight and arcuate steps  (e.g. St John 

et al. 2015, Woronko, 2016), (Fig.20). Grains bearing these glacial micro-textures appear 

throughout the analyzed section (Fig.17), confirming that ice rafting with icebergs has occurred 

several times during this ~1 Myr time interval. However, most grains analyzed also display 

textures indicative of sea ice transport (Figs.17 and 20), these being predominantly rounded 

grains with signs of silica precipitation and dissolution features (St John et al., 2015). Given the 

abundance of silica precipitation observed, it is also possible that the sediment has been 

transported to the study site by sea ice. If a glacial entrainment of grains prior to sea ice transport 

have occurred, then the glacial signatures were not completely erased by chemical weathering 

during sea ice transport. However, sea ice transport of analyzed sediments seems less likely 

considering the distance from the study site to the Arctic Ocean and recently published SST 
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reconstructions from ODP Site 907 (Herbert et al., 2016, see also discussion below). In addition, 

careful SEM examination of grains bearing features of both iceberg and sea ice transport suggests 

that the glacial micro-textures are the youngest surface features overprinting older textures 

(Fig.18). The grains are therefore interpreted to be transported as iceberg rafted debris.  

If IRD was indeed transported by sea ice to the study site, its formation during this time interval 

must be discussed. A recent IP25 –sea ice biomarker study suggests that a seasonal sea ice cover 

existed in the central Arctic Ocean during the late Middle to early Late Miocene (Stein et al., 2016), 

presenting a possible source of sea ice. As Fram Strait is open for water mass exchange since at 

least the Middle Miocene (Jakobsson et al., 2007), sea ice may have been transported from the 

Arctic Ocean to the Norwegian-Greenland Sea via the Transpolar Drift and the EGC. However, the 

reconstruction of paleo-bathymetry of the Barents sea and provenance study at Site 909 suggests 

that IRD at ~14 Ma was transported by icebergs calving from an early Barents Sea Ice Sheet (Knies 

and Gaina, 2008). In addition, for potential Arctic Ocean sea ice or icebergs to reach the Iceland 

Sea rather cold surface waters are required. Early Late Miocene sea surface temperature 

reconstructions in the Iceland Sea indicate warm surface waters around 16–17 °C (Fig.19, Herbert 

et. al., 2016), which seems unlikely for sea ice to survive transport from the Arctic Ocean as far 

south as the Iceland Sea.  In comparison, seasonal sea ice cover has been indicated to exist in the 

Iceland Sea in the Late Pliocene (3.5 –3.0 Ma), during a time when sea surface temperatures were 

only 2 to 3 °C higher than the present-day (Herbert et al., 2016, Clotten et al., 2018).     

Given the prevalence of relatively warm surface waters in the Iceland Sea, a more likely source of 

the IRD recorded between 11–10 Ma at ODP Site 907 are icebergs coming from sources closer to 

the study site. Evidence for the occurrence of IRD at ~11 Ma has been reported from Site 918 in 

the Irminger Basin off the southeastern coast of Greenland and IRD originating from Greenland 

has been described from that site since at least ~9.5 Ma (Helland and Holmes, 1997). This suggests 

Greenland as the most likely source of IRD in the Iceland Sea, similar to the suggested source of 

younger IRD at Site 907 (Fronval and Jansen, 1996). A gneissic dropstone observed by the 

Shipboard Scientific Party (1995) at depth equal to 10.2 Ma during drilling of Hole 907A further 

supports the possibility of ice rafting with Greenland as the most likely source, as large parts of 

East Greenland is composed of Caledonian metamorphic rocks and Precambrian basement 

(Thrane, 2002). However, no such dropstone was discovered in this study and the lithology of 

rock fragments observed in the coarse fraction have not been described due to time constrains, 

thus it remains unclear from where they originate.  
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4.1.2 Late Miocene IRD in the Norwegian-Greenland Sea 

Atlantic inflow across the Greenland Scotland Ridge and increased production of North Atlantic 

deep water is thought to have occurred already from 12.5 Ma as indicated by a change from 

siliceous to biogenic carbonate deposition (Wright et al., 1992, Fronval and Jansen, 1996). This 

initial change in circulation towards more modern-like thermohaline circulation coincides with 

pulses of IRD reported from the Vøring Plateau. This indicates cooling in the Northern 

Hemisphere and consequential buildup of small-scale glaciers on the continents surrounding the 

Norwegian-Greenland Sea (Fronval and Jansen, 1996, Thiede et al., 2011). Prior to this study, 

however, the IRD record from Iceland Sea ODP Site 907 only extended back to ~8 Ma (Fig.21) 

(Fronval and Jansen, 1996). The high resolution record presented in this thesis confirms the 

occurrence of IRD back to 11 Ma and indicates continuous ice rafting in the Iceland Sea in the early 

Late Miocene (11 to 9.98 Ma). The presence of IRD in the Iceland Sea coincides with IRD recorded 

in the Fram Strait (Winkler et al., 2002), on the Vøring Plateau (Fronval and Jansen, 1996), and in 

the Irminger Basin (Helland and Holmes, 1997), where the earliest IRD pulse is dated to ~11 Ma 

(Helland and Holmes, 1997) .  

Ice rafting in the Irminger Basin and in the Iceland Sea suggests the build-up of small-scale 

glaciations on Greenland, probably related to strengthening of the East Greenland Current 

precursor, and development of a stronger east-west temperature gradient within the Norwegian-

Greenland Sea. Global 13C-records indicate significant increase of proto-NADW after 12 Ma, likely 

related to both shoaling in the Central American Seaway and depth variations of the Greenland-

Scotland Ridge (Wright and Miller, 1996, Droxler et al., 1998, Poore et al., 2006). In particular, 

uplift of the Icelandic Plume underlying the Denmark Strait affects the signal of proto-NADW and 

indicates the Denmark Strait as the main area of deep water overflow from the Norwegian-

Greenland Sea into the North Atlantic during the Late Miocene (Poore et al., 2006). According to 

Wei (1998), both deep waters and cold surface waters were exported through the Denmark Strait 

with the proto-EGC, therefore supporting the inferred cooling and occurrence of IRD along the 

East Greenland margin. In addition, uplift of Greenland initiated around 11 to 10 Ma (Japsen et al., 

2006), may have promoted the formation of glaciers in mountain areas and subsequent growth 

large enough to reach sea level.  
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4.2 Rare Pumice Occurrence— possible indications of surface 
currents? 

A flat rock covered in pyrite crystals has been described during shipboard analysis as a dropstone 

occurring around 10.28 Ma but it was noted as a possible contaminant (Shipboard Scientific Party, 

1995). Interestingly, the timing of its occurrence coincides with the rounded and sometimes flat 

pumice observed in the > 1 mm coarse fraction during this study (Fig.14). Pumice is a volcanic 

rock typically produced by plinian eruptions (Sparks et al., 1977). Its most likely source is Iceland 

similar to that of the ashes in this interval of Hole 907A (Sparks et al., 1977, Werner et al., 1993). 

Oceanic transport of rounded pumice by currents has been reported off Reykjanes around 1200 

AD, and pumice has been observed rafting around the northern and western coast of Iceland for 

several months with the Irminger current (Larsen et al., 2014). Although speculative, this may 

indicate that Miocene surface currents north of Iceland were somewhat similar to the modern-

day surface currents in the area. The contemporaneous occurrence of the described dropstones 

with the pumice observed during this study may suggest that this is not a dropstone, but a 

misidentified volcanic rock with phenocrysts similar to some of the pumice clasts identified here 

(see microscope pictures in Fig.12). 

4.3 Biological Turnover 

The most prominent feature of the Hole 907A record studied in this thesis is a significant drop in 

biogenic components at ~10.4 Ma (Figs.15 and 19). The decrease is evident in both agglutinated 

and calcareous foraminifera, as well as in radiolaria and sponge spicules, which all are commonly 

present before 10.4 Ma but are very rare thereafter— indicating incisive environmental changes 

occurring in the Iceland Sea around this time. At the same time, a  dinoflagellate cyst 

disappearance event (Schreck et al., 2013) and a decrease in diatom abundance (Stabell and Koç, 

1996) have been reported from  ODP Site 907, both interpreted as a biologic response to cooling 

surface waters and possible ice rafting in the Iceland Sea. In agreement with their interpretation, 

the Hole 907A record shows an increase of coarse fraction wt.% (>63 µm, Figure 11) at 10.37 Ma, 

which coincides with maxima in quartz abundance (Figure 19). This may indicate increased ice 

rafting, however, mass accumulation rates of IRD should be calculated to further strengthen this 

interpretation. A drop in TOC occurs contemporaneously with the increase in coarse fraction 

wt.%, and as the C/N ratio < 10 (Schreck et al., 2013) indicates a marine source of the organic 

matter at Site 907 (Stein, 1990), this may reflect a decrease in marine productivity at ~10.4 Ma. A 

general cooling in the Northern Hemisphere after ~10.5 Ma is also indicated by bottom water 

cooling at North Atlantic ODP Site 982 (Andersson and Jansen, 2003), supporting the changes 

observed in the Iceland Sea.  



 

51  

From 11 to 10.6 Ma, just prior to the biological turnover, the TOC values show a gradual decrease 

which is consistent with an overall decreasing SST trend at the study site observed by Herbert et 

al. (2016) (Fig.19). Therefore, the decreasing TOC trend may reflect reduced marine productivity 

during this time as a response to declining SSTs. However, this interpretation remains tentative, 

as there are also other ways to interpret the decreasing TOC values. Firstly, the overall low TOC 

values (0.13–0.63 wt.%) need to be treated with care, as the TOC record from ODP Site 907 Hole 

C yields values of a similarly low range (0.11–0.84 wt.%), which may have resulted from 

diagenetic affects (Hyun and Kim, 1999). Secondly, changes in sedimentation rates  may also 

influence the preservation of TOC (Meyers, 1997), however, the age model, based on linear 

interpolation (see Material and Methods chapter), does not allow the resolution of this in more 

detail. Finally, decreasing TOC values may also reflect increased oxidation of organic carbon 

associated with enhanced ventilation of bottom waters (Meyers, 1997). Notwithstanding, if the 

TOC decrease between ~11 to 10.6 Ma indeed reflects changes in productivity related to the 

decreasing surface temperatures (Herbert et al., 2016), it may suggest the increased influence of 

an East Greenland Current precursor, transporting cold and fresh waters from the Arctic Ocean 

into the Iceland Sea. This is supported by a calcareous nannofossil record from ODP Site 918 

indicating the initial flow of the East Greenland Current through the Denmark Strait at around 12 

Ma (Wei, 1998). It is also supported by indications of improved water mass exchange in the Fram 

Strait around 11 Ma, and cooling after 10.5 Ma, as inferred from increased bulk accumulation rates 

and clay mineral assemblages at ODP Site 909 (Wolf-Welling et al., 1996, Winkler et al., 2002).  

An increase in CaCO3 has been observed after 10.6 Ma in the Hole 907A record (Fig.19). Increasing 

CaCO3 contents in Norwegian-Greenland Sea sediments have been interpreted as an enhanced 

influence of Atlantic waters (Bohrmann et al., 1990). However, carbonate values are generally low 

(0.06–0.53 wt.%) at ODP Site 907, and do not show any clear trends throughout the studied 

interval, except for the significant increase at ~10.6 Ma. This increase coincides with a temporary 

(~150 kyr) increase in TOC and SSTs (Fig.19, Herbert et al., 2016)  just prior to the biological 

turnover event at ~10.4 Ma, which may suggest influence of warmer Atlantic waters. The 

preservation of carbonate depends on water depth and ocean chemistry (Bohrmann et al., 1990), 

thus during times of increased overturning, lowering of the lysocline could explain increased 

carbonate preservation, which might indicate enhanced ventilation of bottom waters after 10.6 

Ma. However, the prominent increase in CaCO3 occurs right at the transition between core 14H 

and 13H, thus drilling disturbance at this level may be partly responsible for the sudden increase 

observed. However, interpretation of the Hole 907A CaCO3 record remain speculative and needs 

further support from other proxy records.  
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4.4 Iceland Sea cooling and ice rafting in response to the Mi-6 
event 

The Miocene events, as described in the introduction, are well-defined cooling events indicated in 

deep-sea δ18O-records (Miller et al., 1991, Turco et al., 2001, Westerhold et al., 2005), and have 

mostly been related to ice volume increase on the Antarctic continent (Miller et al., 1991, and 

references therein). The Mi-6 event is a well-defined cooling event lasting from 10.7 to 10.4 Ma 

(Turco et al., 2001, Westerhold et al., 2005). The event is interpreted to reflect mostly increased 

continental ice volume on Antarctica, and subsequent glacioeustatic sea level fall of around ~50 

meters (John et al., 2004, Westerhold et al., 2005), related to low-amplitude variations in the 1.2 

Ma obliquity cycle of the Earth (Turco et al., 2001).  

 

Figure 21: Modified version of Fig.5 (for details see Chapter 1.2.4), highlighting (red circle) the extension of the IRD 
record at ODP Hole 907A from 8 Ma (Fronval and Jansen, 1996). back the interval between 11 to 9.98 Ma (this 
study).The extended IRD record coincides with the suggested timing of the Mi-6 event (grey shaded area, 
Westerhold et al., 2005). Question marks illustrate the interval at Hole 907A where no information on IRD exists yet 
(9.98–8 Ma) (Figure courtesy of M. Schreck, modified for this thesis).  
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North Atlantic Ocean Site 982 reveals heavier δ18O-values around 10.55 and 10.4 Ma (Andersson 

and Jansen, 2003), likely corresponding to the Mi-6 event. The Mi-6 event occurs around the time 

when a proto-EGC strengthening is suggested by Wei (1998), and increased coarse fraction is 

observed at ODP Site 909 (~10.5 Ma, Wolf-Welling et al., 1996). Cooling in the Fram Strait is also 

indicated by changes in the clay mineral assemblage, which have been relate to the Mi-6 event 

(Winkler et al., 2002). Nonetheless, discrepancies and uncertainties in age models and due to low-

resolution proxy records complicates identification of short-term climatic events across different 

records. The analyzed interval from ODP Hole 907A, however, has a well-constrained age model 

(Fig. 7, Channell et al., 1999, Schreck et al., 2012) and high-resolution sampling interval (~20 kyr, 

see Material and Methods Chapter), which allows unambiguous identification of potentially 

intensified ice rafting related to the global Mi-6 cooling event. A coarsening of the bulk grain-size 

assemblage and a maxima in quartz abundance occurring contemporaneously with the biological 

turnover at ODP Site 907, possibly indicate cooling and intensified ice rafting at ~10.4 Ma (Figs. 9 

and 19, for details see Chapter 4.3). The timing of these significant changes correspond favorably 

to the timing for the Mi-6 event (10.7–10.4 Ma, Westerhold et al., 2005), and suggests a response 

of the high northern latitudes to this globally recognized cooling event.  
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5 Conclusions 

The main objectives of this thesis were to find evidence of ice rafting in the Iceland Sea potentially 

associated with the global Mi-6 cooling event, and to possibly differentiate the mode for IRD 

transport as iceberg or sea ice rafted. To address these research objectives, sediments with 

excellent age-control from ODP Hole 907A have been studied in the time interval from 11–9.98 

Ma at ~ 20-kyr resolution using sedimentological and geochemical analysis. The results of this 

analysis have been discussed within the regional and global perspective of Late Miocene 

paleoenvironmental evolution.  

The common occurrence of terrigenous material in the >125 µm sediment fraction from ODP Site 

907 is interpreted as IRD, and suggests continuous ice rafting in the Iceland Sea from 11 Ma to 

9.98 Ma. Thus, this thesis extends the Late Miocene IRD-record of Fronval and Jansen (1996) from 

ODP Site 907 from ~8 Ma to 11 Ma (Fig.21).  

Quartz grain surface textures, analyzed with scanning electron microscopy, suggests glacial 

entrainment prior to deposition, therefore indicating iceberg transport of terrigenous sediment 

to the Iceland Sea. Transport by icebergs rather than sea ice is favored by warmer sea surface 

temperatures indicated in the Iceland Sea, and supported by a contemporaneous sea surface 

temperature decline (Herbert et al., 2016). In turn, the occurrence of iceberg-transported material 

between 11–10 Ma at the study site suggests small-scale glaciers large enough to reach sea level 

since at least the early Late Miocene. Late Miocene cooling and possible glaciers forming on 

Greenland is supported by the occurrences of IRD at 11 Ma off  southeast Greenland (Helland and 

Holmes, 1997). As well as, indications for intensified water exchange at the Fram Strait (Winkler 

et al., 2002) and onset of the proto-East Greenland Current exporting cooler surface waters to the 

south (Wei, 1998).  

Significant changes are observed in the coarse fraction record of ODP Site 907 at ~10.4 Ma, 

interpreted as a cooling response in the Iceland Sea to the globally recognized Mi-6 event. An 

increase in coarse fraction wt.% (> 63 µm) and concomitant maxima in quartz grain abundance 

suggests intensified ice rafting at that time. This corresponds to an apparent biological turnover 

event characterized by a significant decrease in the biogenic components of the coarse fraction 

observed in this study, and also to similar events observed in other micropaleontological studies 

from ODP Site 907 (Stabell and Koç, 1996, Schreck et al., 2013). The evidence obtained during this 

thesis from ODP Site 907 in the Iceland Sea suggests a direct response of the high northern 

latitudes to the global Mi-6. However, additional data from other records in the Norwegian-

Greenland Sea are necessary to further confirm the findings of this thesis and to better understand 

the implications of the Mi-6 events, and potentially other Mi-events in high northern latitudes.   
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6 Future Work 
Although this study has provided further evidence of Late Miocene cooling and extended the IRD 

record in the Iceland Sea beyond 8 Ma, there is certainly potential for expanded studies of Late 

Miocene climate at high northern latitudes. Paleoclimate reconstructions could be improved both 

in regards to methods used in this study and also by analysis of sediments beyond the study 

interval of this thesis.  

Visual inspection of the sediment during this study revealed abundance of ash, siliceous biogenic 

components and aggregates. In terms of the bulk grain size analysis using coulter counter, this 

yielded an overrepresentation of the coarse fraction. Removal of ash and biogenic components 

prior to grain size distribution analysis would improve its accuracy. The following methods as 

suggested by Krissek (1999) are proposed: 1. Dissolution of biogenic opal to minimise the bias of 

biosiliceous components. 2. Density separation using heavy liquids, e.g. sodium polytungstate, to 

separate the very abundant ash from terrigenous material. Since there are both abundant biogenic 

components and ash, a combination of these two methods should be preferred.  

Extraction of IRD using heavy liquid separation, would allow calculation of mass accumulation 

rates (MAR) in order to determine the depositional rate of IRD independent of ash influence.  Since 

the input of individual components may change over time, the variable input of a major sediment 

component might mask the fluctuations in accumulation rate of a minor component. By 

determining variations in the accumulation rate of IRD components over time, periods of 

increased ice rafting could be verified, and as discussed in this thesis, related to the Mi-6 event. 

Methodology for calculating the MAR of individual sediment components is described by Krissek 

(1999).  

Furthermore, calculating the MAR of ash may provide information about the frequency of volcanic 

eruptions during the Late Miocene. Which has been done previously to compare relationships 

between volcanic eruptions and ice rafting events (e.g. Prueher and Rea, 2001). Characterization 

of the temporal variation of volcanic activity would complement the existing study of volcanic 

ashes at ODP Site 907 by (Werner et al., 1993).  

The fine fraction (<63 µm) of the sediment was preserved during sieving for potential clay 

mineralogy and provenance study. Clay mineral assemblages can be used to  assess provenance 

of fine fraction sediments and thus potential transport pathways (e.g. ocean currents, iceberg and 

sea ice drift trajectories), as well as weathering conditions on the circum-Arctic continents (e.g. 

Winkler et al., 2002). At ODP Site 907 clay mineral analysis may be used to further characterize 

intensified ice rafting associated with the Mi-6 event, as increased proportions of illite and chlorite 
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clay minerals are usually interpreted as enhanced physical weathering on continents, associated 

with cold and dry conditions (Ehrmann et al., 1992).  

The IRD observed at ODP Site 907 during this study has been related to small-scale glaciation on 

Greenland. A method to provide more detailed information on the provenance of IRD is Fe-oxide 

analysis (e.g. Darby, 2014). If Fe-oxide minerals are present in the coarse fraction, these can be 

analysed for trace minerals and subsequently matched to potential source areas. This has been 

proven successful in distinguishing provenance of Miocene IRD in the Arctic Ocean (Darby, 2014), 

and Eocene to Oligocene IRD at ODP Site 913 in the Greenland Sea (Tripati and Darby, 2018).  

As the sediments from ODP Site 907 analysed during this study contain benthic calcareous 

foraminifera, δ18O -analysis may be conducted to further support evidence for the Mi-6 event in 

the Iceland Sea. Bottom water cooling is observed in relation to the Mi-6 in the North Atlantic 

(Andersson and Jansen, 2003). Thus bottom water-cooling may also be expected in the Iceland 

Sea. 

Although this study extended the IRD record at Site 907 from 8 Ma back to the interval between 

11–10 Ma, it still leaves a 2 million-years gap for the interval between 8 and 10 Ma (Fig.21). 

Increased ice rafting is observed around 9 Ma at several sites in the Norwegian-Greenland Sea 

(e.g. Winkler et al., 2002, Fronval and Jansen, 1996), which may be related to the Mi-7 event (9.45 

Ma, Miller et al., 1991). Ultimately, the initiation of ice rafting in the Iceland Sea is still uncertain 

since the IRD record is continuous only from 11 to 9.98 Ma, which suggests onset of ice rafting 

prior to 11 Ma. Indeed, IRD is observed back to 12.6 Ma at the Vøring Plateau ODP Site 642 

(Fronval and Jansen, 1996) and in the Fram Strait ODP Site 909 at least since 14 Ma (Wolf-Welling 

et al., 1996). Hence, ice rafting may also have commenced earlier than presently known at ODP 

Site 907 (Fig.21).  
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