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1. Introduction 

In most environments, sediment transport is controlled by the density and velocity of the 
transporting medium, and the grain-size of the sediment.  Thus in a very simplistic sense, 
transport by wind and/or water results in a settling of grains and invariably sediments 
become more fine-grained along the transport path. Major exceptions to this rule are those 
areas where sediment is entrained and transported by sea ice or icebergs. In these polar and 
sub-polar areas the normal rules of sediment transport do not apply. Hence, coarse-grained 
sediments can be, and have been, transported 100’s to 1000’s of kilometers beyond their 
point of entrainment in sea ice or a glacier/ice stream. However, a critical but frequently 
overlooked aspect of sediment transport is that of provenance. On-land, the sources of 
sediment delivered to a stream channel are essentially known as they are delimited and 
restricted mineralogically to the bedrock that outcrops within the drainage basin (Eberl, 
2004). The marine environment, and especially the glacial marine environment, is much 
more open, so that abrupt changes in sediment transport from different bedrock outcrops 
are not uncommon. An obvious example is that of the major changes in sediment 
provenance associated with the North Atlantic Heinrich (H-) events of the last glacial cycle, 
which involved massive discharges of melt-water and icebergs transported from the 
Hudson Strait ice stream of the Laurentide Ice Sheet (Heinrich, 1988; Andrews and Tedesco, 
1992; Bond et al., 1992; MacAyeal, 1993; Dowdeswell et al., 1995; Hesse, 1995; Andrews, 
1998; Hemming, 2004).  These large-scale glaciological events resulted in the transport of 
massive amounts of glacially derived detrital carbonate into the North Atlantic, which were 
then transported as far east as the margins of Portugal and the British Isles (Lebreiro et al., 
1996; Peck et al., 2007).  
A variety of methods have been used to distinguish changes in the transport and 
provenance of glacial marine sediments. These have included studies of the mineralogy and 
characteristics of the sand-size fraction (Bond et al., 1997), radiogenic isotopic signatures that 
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allow identification of the probable bedrock outcrops (Grousset et al., 1993, 2001; Farmer et 
al., 2003; Verplanck et al., 2009), argon ages which allow a source identification (Hemming 
et al., 2002a; 2002b), magnetic properties (Pirrung et al., 2002; Andrews and Hardardottir, 
2009), sediment reflectance (Ortiz, 2009), and quantitative X-ray diffraction (qXRD) of the 
bulk sediment ( Moros et al., 2004; Andrews and Eberl, 2007). It is the purpose of this paper 
to show how qXRD is a relatively cheap, simple, but powerful approach to determine 
changes in sediment provenance, hence sediment transport, along the glaciated margin of 
E/NE Greenland and across the Denmark Strait to Iceland. 

2. Background 

The area of Denmark Strait is a contact zone between southward flowing Polar/Arctic water 
masses sourced from the Arctic Ocean (East Greenland Current and East Iceland Current) 
and warmer, more saline northward flowing Atlantic Water (Irminger and North Iceland 
Irminger Current) (Stefansson, 1962; Malmberg, 1985; Hopkins, 1991) (Fig. 1). Sea ice is 
pervasive on the East Greenland shelf and in many years also extends onto the NW and N 
Iceland shelf (Fig. 1), but only during extreme years does the ice wrap around Iceland and 
impact the E/SW coasts (Gray, 1881a; Ogilvie, 1996). This SW-NE pattern of sea ice extent in 
the Nordic Seas (Fig. 1) also appears as a feature of the LGM (Li et al., 2010). Ocean fronts 
form at the contact between the Polar and Atlantic water masses and define the North 
Iceland Front and the Polar Front (Fig. 2). These fronts are often areas of high marine 
productivity (Jennings et al., 2011) and they also mark boundaries between low to higher 
rates of drift ice melt, hence sites of enhanced sediment deposition.  
 

 
Fig. 1. Location of research area showing the major surface currents---TransPolar Drift, East 
Greenlany. 

Icebergs calved from tidewater margins of E/NE Greenland ice streams (Fig. 3) are 
frequently retained within the fjords for months to years because of the presence of 
sikkussuaq and land-fast sea ice (Dwyer, 1995; Syvitski et al., 1996; Reeh et al., 2001). Thus 
during summers, when there is little or no removal of the land-fast sea ice, iceberg sediment 
transport is severely curtailed and the bulk of the deposition will take place within the fjord 
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(Reeh et al., 1999; Mugford and Dowdeswell, 2010). Conversely, during warmer periods 
when the barriers to transport are removed, icebergs can exit the fjords onto the shelf and 
still retain a sediment load.  
Mafic-rich Tertiary and Quaternary flood basalts crop-out on either side of Denmark Strait 
(Larsen, 1983). On the Greenland side the outcrop extends from the south shore of Scoresby 
Sund southward to Kangerlussuaq Fjord; it also extends offshore (Larsen, 1983; Brooks, 
1990). To the north of Scoresby Sund, the geology is complex (Henriksen, 2008) but the 
bedrock is dominated by igneous and metamorphic rocks, with some Paleozoic sandstones 
(red beds) (Pirrung et al., 2002) and carbonates. Offshore sediments are rich in quartz and k-
feldspars, thus they present a clear mineralogical contrast with similar processes affecting 
the basalts of East Greenland and Iceland (Andrews et al., 2010).     

3. Sediment loads and transport 

A key question, and one that is difficult to answer in absolute terms, is the magnitude of 
the sediment load that is transported in the icebergs and sea ice, and which is thus 
available to melt-out and be deposited on the seafloor (Hebbein, 2000; Dethleff, 2005; 
Dethleff and Kuhlmann, 2009, 2010). In glacial marine environments there is another 
reworking and transport mechanism, which is the impact of large icebergs on the seafloor, 
and which causes sediment reworking and resuspension (Dowdeswell et al., 1994, 2010; 
Syvitski et al., 2001). The flux of water in the East Greenland Current through Fram Strait 
(EGC) is of the order of 3000-5000 km3/yr (Foldvik et al., 1988), compared with an annual 
iceberg flux north of Kangerlussuaq Trough of ~100 km3 (Bigg, 1999) and a sea ice flux in 
the range of ~700 km3/yr (Kwok, 2009). The magnitude of the iceberg sediment load 
along the East Greenland margin is essentially unknown, however, there are some critical 
observations that need to be considered. In fast-flowing tidewater ice streams the 
sediment is usually held within the lowermost 1-10 m (Dowdeswell, 1986), although, if 
there is a pronounced sill, considerable thickness of sediment can be added through the 
freezing on of super-cooled basal melt-water (Alley et al., 1997, 1998; Lawson et al., 1998). 
A key consideration is that along the E/NE Greenland margin, icebergs are restricted in 
moving out of the fjords and onto the shelf by the presence of land-fast sea ice and/or the 
sikkussuaq (a mélange of sea ice, bergy bits, and icebergs) (Syvitski et al., 1996; Reeh et al., 
1999, 2001). Thus the icebergs suffer significant mass loss during their “enforced captivity, 
” hence most probably lose a considerable fraction of their sediment. An order of 
magnitude estimate of the sediment load in icebergs (100 km3 of ice calved (Bigg, 1999), 
average iceberg thickness of 200 m (Dowdeswell et al., 1992), hence 500 km2 area 
coverage, a 2 m sediment thickness) is 2600 x 10 9 kg, or a mass accumulation rate (MAR) 
~0.5mg/cm2/yr if distributed evenly over the 500,000 km2 shelf of NE Greenland, north of 
68°N. Melting of the margin of the Greenland Ice Sheet below the Equilibrium Line 
produces ca 273 Gt (km3) of melt-water per year (van den Broeke et al., 2009), probably < 
¼ of this from NE Greenland. However, from a sediment transport viewpoint, the flux of 
sediment entrained in the melt-water plumes decreases exponentially away from the ice 
front (Andrews and Syvistki, 1994; Syvitski et al., 1996; Mugford and Dowdeswell, in 
press) with a half-distance transport length of 10’s of km, thus resulting in massive 
deposition within the fjords (Smith and Andrews, 2000) but with relatively little impact 
on the mid- and outer shelf.     
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