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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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Fig. 2. Temperatures at 50 m water depth across the North Iceland Front (Belkin et al., 2009) 
(www.hafro.is) 

The sediment load in sea ice exiting through Fram Strait (Fig. 1) has been estimated at ca 158 
x 109 kg (Dethleff and Kuhlmann, 2010), thus a potentially smaller MAR (~0.03 mg/ cm2/yr) 
than the crude estimate (above) for the iceberg sediment load. These estimates will vary 
spatially and temporally, thus a sediment trap in Fram Strait recorded a MAR of 0.29 
mg/cm2/yr from the melting of sea ice (Hebbein, 2000).  
Sea ice, sediment, and driftwood are exported from the Arctic Ocean via the TransPolar 
Drift (Fig. 1) (Eggertsson, 1993; Dyke et al., 1997; Tremblay et al., 1997). Sediments in the sea 
ice “…contain on average more than 94% silt and clay”  (Dethleff and Kuhlmann, 2010), and 
the process of sediment entrainment in sea ice (Reimnitz et al., 1987; Darby, 2003; Darby et 
al., 2009; Dethleff and Kuhlmann, 2009) results in an enhancement of the fine-fractions 
relative to sediments on the sea floor. Dethleff and Kuhlmann (2010) were able to 
distinguish between eastern (Kara Sea) and  and western (Laptev Sea) sources based on clay 
mineralogy. Similarily, Darby and Bischoff (1996) were able to distinguish sources based on 
the Fe-oxide compositon of grains in the 250-40 µm fraction; Darby also identified grains 
from the Laptev and Kara seas in cores off N Iceland (Andrews et al., 2009b).  
 

 
Fig. 3. Distribution of icebergs off NW and N Iceland in August 2004 (www.harfo.is) 

Sediment transport via sea ice will of course end at the limit of sea ice. This is a spatially and 
temporally variable limit (Parkinson, 2000; Parkinson et al., 2001) with significantly 
expanded aerial extent during the Little Ice Age (Gray, 1881b; Koch, 1945; Wallevik and 
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Sigurjonsson, 1998; Ogilvie and Jonsdottir, 2000; Divine and Dick, 2006) (Fig. 1).  SW Iceland 
is predicted to be essentially “ice free” whereas NW/N Iceland have intermittent sea ice and 
icebergs (Figs. 1 and 3). However, there is, unfortunately, no record of iceberg numbers 
along the East Greenland margin, such as there is for the eastern Canadian margin off 
Newfoundland (Miller and Hotzel, 1984; Marko et al., 1994; Bigg, 1999). Icebergs are noted 
in recent observations on the Iceland shelf  (Sigurdsson, 1969) (Fig. 3). The driftwood on 
Iceland beaches (Eggertsson, 1993) is brought on and in sea ice, and originates from the 
Russian mainland west of the Ural Mountains, thus firmly indicating long distant transport.  

4. Methods  

This chapter is based on published core data from areas of the Kara Sea (Stein et al., 2004) 
southward to 65°N off East Greenland (Fig. 1) (Andrews et al., 2010), and sites around 
Iceland (Andrews et al., 2009b) (Table 1). Estimates of the sediment accumulation rates 
(SAR) and mass accumulation rates (MAR) are based on published data and on the 
sediment properties of the two shelf areas (Andrews et al., 2002).   
There are a variety of different approaches to obtaining qXRD weight % estimates (wt%) of 
non-clay and clay minerals (Kolla et al., 1979; Ward et al., 1999; Eberl, 2003; Moros et al., 
2004). The method used in this chapter is described by Eberl (2003); it has been very 
successful (2nd and 3rd place) in the International Reynolds Cup, in which “unknown” 
mixtures of minerals are sent to laboratories around the world for identification (McCarty, 
2002). Briefly, 1 g of dry bulk sediment in the < 2 mm size range (i.e. sand, silt, and clay) is 
mixed with 0.111 g of ZnO and ground for 5 minutes in a McCrone mill. The samples are 
then dried, side packed in aluminum holders and loaded into a 40-sample carousel on a 
D5000 Siemens X-ray diffraction instrument. The samples are run between 5° and 65° 2-theta 
with a scan of 2 sec every 0.02° two-theta (100 minutes per sample). This results in 3000 
counts per sample. The digital output is loaded into a 50 MB Excel macro program called 
RockJock v6 (Eberl, 2003), which has 125 mineral standards. The XRD sample pattern is 
matched to an estimated XRD pattern based on the selection of minerals that experience 
indicates may be present. A graph is generated that shows major residual XRD peaks so that 
the mineral selection can be altered. In practice, for the down core analyses, a single 
selection is made of around 23 non-clay and 10 clay mineral species (Andrews and Eberl, 
2007). A degree-of-fit (DOF) is iteratively calculated between the observed and expected 
patterns and a selection is finally arrived at after 5 iterations with no change in the 4th 
decimal place. This usually takes 20-30 minutes on a regular PC. In glacial marine 
environments the focus has been on the non-clay mineralogy as this usually includes 
anywhere from 70-90 wt% of the bulk sediment (Andrews and Eberl, 2007; Andrews et al., 
2010). 
An additional research step is undertaken using an unmixing algorithm “MinUnMix” 
(Eberl, 2004; Andrews et al., 2010) and the latest version, which is termed “SedUnMix” 
(Andrews and Eberl, subm.). This program uses linear algebra programming (using the 
“Solver” in Excel). The steps are illustrated in Table 2 with an abbreviated list of minerals (8) 
that are summed to 100%. The objective is to consider how well the mineral composition 
from NW Iceland (Fig. 4) can be explained by contributions from 4 sources (Table 2A), 
Iceland, Kara Sea, Scoresby Sund, and Nansen Fjord (Geikie Plateau) (Figs. 1, 4, 5 and 6). 
Core JR51GC35 (Bendle and Rosell-Mele, 2007) (Fig. 5) is used. The program iteratively 
seeks to minimize the absolute differences between the target compositions (samples from. 
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Core Id Long Lat #1 #2 #3 #4 #5 #6 

MD99-2258 -24.44 63.96 0.16 0.075 68 16.40  0.30 

HU93030-003I -24.23 64.30 0.22 0.100 140  NA 

MD99-2256 -24.21 64.32 0.030 24 7.90  0.10 

B997-343 -24.49 64.78 0.030 237 NA  NA 

B997-330 -21.08 65.87 0.060 47 1.40  0.50 

JM96-1216 -30.63 65.96 0.026 21 5.50 4.00 9.40 

BS1191--K18B -30.63 65.96 0.006 5 9.90 9.80 5.60 

MD99-2266 -23.27 66.23 0.135 106 17.70  0.00 

MD99-2269 -20.86 66.64 0.250 197 9.20  3.60 

MD99-2263 -24.20 66.68 0.08 0.040 28 28.60  1.20 

MD99-2264 -24.20 66.68 0.021 16 28.60  0.90 

B997-315 -24.33 66.74 0.008 26.90  1.00 

JR51GC-35 -17.96 67.00 0.040 32 3.00  1.90 

MD99-2322 -30.83 67.14 0.117 95 3.20  9.20 

HU93030-019B -30.82 67.15 0.20 90 6.10 0.80 6.60 

JM96-1207 -29.35 68.10 0.015 12 0.80  7.70 

MD99-2317 -27.86 68.10 0.054 44 0.00  3.70 

HU93030-023 -31.88 68.14 0.42 430 NA  NA 

JM96-1212 -31.36 68.16 0.31 250 NA  NA 

JM96-1210 -29.60 68.18 0.22 0.125 170 0.00  6.00 

 BS1191-K8 -30.09 68.26 0.372 305 0.30 NA 10.50 

JM96-1209 -29.80 68.30 1.36 1010 NA  NA 

         

1 = SAR cm/yr 210PB        

2=SAR cm/yr 14C         

3=mg/cm2/yr         

4=wt% calcite         

5=wt% bio silica         

6=wt% qrtz         

Table 1. Core data and locations (Fig. 5). Not all core identifications are shown. 

JR51GC35) and calculated compositions (Table 2B) based on fractions of contributions from 
the four sources (Table 2C). Errors on source contributions (± one standard deviation) are 
computed from randonly generated iterations (Table 2A)---in this example I show the 
results for 2 samples dated ~620 andf 1550 yr BP based on 10 iterations (Table 2C). The data 
are not constrained to sum to 100% but usually range within ± 20% of that total. The results 
(Table 2C) indicate a dominance of local Icelandic-sourced sediments but with contributions 
from East Greenland 
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 Sources   
 1 = Iceland   
 2 = Kara Sea   
 3 = Scoresby Sund   
 4 = Nansen Fjord   
    

A Random sample 1 to 5 1.3 2.1 3.4 4.1 
    
 Quartz 0.0 28.8 10.6 8.6 
 intermediate Microcline feldspar 0.0 9.0 3.2 7.4 
 Anorthoclase feldspar 37.4 6.1 28.4 14.1 
 Bytownite feldspar 10.0 0.3 6.6 13.8 
 Pyroxene  12.2 1.9 15.3 19.8 
 Saponite 28.5 18.8 19.5 20.6 
 Ferruginous smectite 0.0 13.8 9.8 6.6 
 Fe-Chlorite 11.8 21.1 6.7 9.1 
    
 Random sample 1 to 5 1.2 2.5 3.4 4.5 
    
 Quartz 1.1 34.1 10.0 11.6 
 intermediate Microcline feldspar 0.2 7.4 7.0 3.0 
 Anorthoclase feldspar 36.7 14.4 29.0 17.6 
 Bytownite feldspar 8.1 8.7 6.4 10.5 
 Pyroxene  13.9 7.9 12.9 16.6 
 Saponite 27.5 8.4 15.2 24.4 
 Ferruginous smectite 0.0 9.1 9.9 5.7 
 Fe-Chlorite 12.6 10.0 9.7 10.5 
    
 k iterations 1 to 200   
     

B Minerals present Target 620 yr Calculated Difference  
 Quartz 1.9 2.1 -0.2  
 intermediate Microcline feldspar 1.5 0.9 0.5  
 Anorthoclase feldspar 37.1 34.5 2.6  
 Bytownite feldspar 10.3 10.2 0.0  
 Pyroxene (diopside) 14.7 13.7 1.0  
 Saponite 19.1 25.9 -6.8  
 Ferruginous smectite 0.7 1.5 -0.8  
 Fe-Chlorite (Tusc) 14.7 11.8 2.9  
 Mean absolute difference 1.8  
    
 Minerals present Target 1550 yr Calculated Meas-Calc  
 Quartz 2.3 2.0 0.3  
 intermediate Microcline feldspar 0.3 0.7 -0.4  
 Anorthoclase feldspar 37.9 35.0 2.8  

 Bytownite feldspar 10.6 10.6 0.0  

 Pyroxene (diopside) 17.5 14.4 3.2  
 Saponite 18.1 26.4 -8.3  
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 Ferruginous smectite 0.8 1.1 -0.2  
 Fe-Chlorite (Tusc) 12.5 12.4 0.1  
 Mean absolute difference 1.9  
    

C    
 Mixed sample JR51GC35 1 ± 2 ± 
 620 0.98 0.03 0.00 0.00 
 1550 1.00 0.01 0.00 0.01 
    
 Mixed sample JR51GC35 3 ± 4 ± 
 620 0.07 0.09 0.08 0.09 
 1550 0.05 0.08 0.13 0.08 

All ages in this chapter are calibrated yr BP (Stuiver et al., 1998) but are simply noted as yr BP. 

Table 2. Explanation of the steps in the mineral unmixing program SedUnMix 

5. Research design 

A glaciated margin, such as E/NE Greenland (Fig. 1) consists of a series of point sources (ice 
streams and tidewater glaciers), which contribute sediment along fjords and into the main 
north-south flow of the East Greenland Current (Fig. 4). Another potential sediment 
source to the E Greenland and Iceland margins are sediments entrained in sea ice and 
exported through Fram Strait (Figs. 1 and 4). The water, sea ice, and iceberg transport along 
the NE/E Greenland shelf are variable, with the former two being primarily forced by 
changes in sea-level pressure associated with the Arctic Oscillation (Thompson and Wallace, 
1998; Schmith and Hanssen, 2003; Rogers et al., 2005).  
Based on our Experimental design (Fig. 4) the chapter will examine the following 
hypotheses:  
Hypothesis 1: The sediments deposited on the NW Iceland shelf and central East Greenland 
shelf are largely derived from sea ice entrained sediments originating on the shallow shelves 
of the Arctic Ocean. 
 

 
Fig. 4. Research desing in terms of sediment transport from the Artic Ocean (sea ice) and 
East Greenland (icebergs) to depositional stes off East Greenland and N Iceland 
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Alternate Hypothesis: The sediments deposited on the NW Iceland shelf and central East 
Greenland shelf are largely derived from NE/E Greenland icebergs and melt-water.  
In order to investigate these hypotheses there is a need to determine: 1) the mass 
accumulation rates in the areas of interest—the deposition areas, 2) the mineralogy of the 
bulk sediment in both the source areas and the areas of deposition (sinks), and 3) estimate 
the relative sediment source contributions in the areas of deposition. In order to undertake 
the project I will use results from seafloor surface sediments from the Kara Sea, NE/E 
Greenland, and Iceland, and down-core data from cores MD99-2269, MD99-2317, and 
JR51GC35 (Fig. 5) (Andrews et al., 2009b, 2010). I used the qXRD method (Eberl, 2003) to 
identify 22 non-clay and 9 clay minerals. However, several species occurred infrequently or 
with low (<1%) wt% and the number of minerals was reduced to 20 for analysis with 
“SedUnMix”.  

6. Mass accumulation rates 

Sediment accumulation rates (SAR) and mass accumulation rates (MAR) provide initial 
guidelines on sediment transport. Mass accumulation rates (mg/cm2/yr) have been 
estimated from a combination of sources, including 210Pb measurements, and radiocarbon 
dated SAR (Smith et al., 2002; Andrews et al., 2009a; Axford et al., in press). In the latter case 
the measurements have been converted to mass accumulation rates using average dry 
densities (Andrews et al., 2002). The values for MAR range from 1000 to 5 mg/cm2/yr 
(Table 1). The estimates across Denmark Strait (Fig. 5) show the expected pattern of high 
inshore values and decreasing toward the shelf break. An exception is the high MAR (~200) 
from MD99-2269 off N Iceland (Stoner et al., 2007). MAR decreases non-linearly  from the 
East Greenland coast to the shelf break, such that the MAR has decreased from 1000 to ~100 
mg/cm2/yr in 150 km (Andrews et al., 1997; Smith et al., 2002). At the moment there are no 
reliable MARs for sites in and north of Scoresby Sund.  
 

 

Fig. 5. Late Holocene mass accumulation rates across Denmark Strait (mg/cm2/yr) based on 
210Pb and 14C estimates. Core locations are shown for sites (Table 1)illustrated further in 
Figures 8 and 10. 

The MAR estimates for Iceland are biased toward larger values because of the export by 
wind and water of volcanic glass; roughly ½ of the sediment is estimated to be derived from 
Holocene volcanic activity (Andrews, 2007). In marine situations, MARs consist of a 
transported mineral component and an in situ biological component formed by the 
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production of biogenic calcite (foraminifera and coccoliths), aragonite, and silica (diatoms). 
As part of the qXRD analyses all three of these components are determined (Table 1). Apart 
from sites off NW Iceland, which are enriched in calcite due to reworking of shelf sediments, 
the biogenic wt% estimates usually total < 6-wt%. The impact of the intermediate Irminger 
Current waters in the Kangerlussuaq Trough (Jennings et al., 2011) are readily apparent 
from the values of calcite wt% versus very low values at sites to the north (Table 1).  

7. Mineralogy of sources and sinks 

Figure 6 illustrates the mineral compositions of source areas (Fig. 4), which provide 
sediments for transport to distal sites either in sea ice or icebergs. The 11 of the 20 minerals 
used are summed to 100% for the pie diagrams. 
Kara Sea to N Iceland: A potential source for sea ice sediments and driftwood off Iceland is 
the area west of the Ural Mountains and especially the shallow (< 50 m wd) shelf of the Kara 
Sea (Eggertsson, 1993). Sand, silt, and clay separates were obtained from surface samples 
from ther Kara Sea (Stein et al., 2004) and were processed for qXRD. I focus on the combined 
silt and clay mineralogy as these fractions are enhanced in sea ice sediments due to the 
entrainment process (Dethleff, 2005). The silt fraction has high values in quartz, various 
feldspars and about 15-wt% of smectites. Pyroxene is present but with a low wt%. However, 
the clay fraction consists of about 10% quartz and nearly 70-wt% are smectites (saponite and 
ferruginous smectite) due to weathering of the 2 x 10km2 outcrop of the 250 Ma old Siberian 
Traps. Kaolinite (not included) was ≤ 5-wt% in the clay fraction.  
Given the sea ice limits around Iceland, the trajectory of the TransPolar Drift and East 
Iceland Current (Figs. 1 & 2), and the location of the marine North Iceland Front (Fig. 5), 
then a sea ice sediment transport from the Kara Sea, and deposition to the N Iceland margin 
is probable (Moros et al., 2006).   In terms of mineral tracers for a Kara Sea sediment source 
(Fig. 6), it has higher wt% of quartz, saponite, ferruginous smectite, and Fe-chlorite than 
samples from East Greenland or Iceland. Quartz and k-feldspars do not occur in any 
significant amounts within the bedrock of Iceland (Eiriksson et al., 2000) and they have, 
therefore, been used as an index of ice-rafting debris (IRD) (Eiriksson et al., 2000; Moros et 
al., 2006; Andrews, 2009; Andrews et al., 2009b) (e.g. Fig. 6, and Table 2A Iceland samples).  
Core MD99-2269 is a well-dated 25-m long core off N Iceland (Stoner et al., 2007) (Fig. 7A), 
and which has been studied with a large number of proxies (Andrews et al., 2003; 
Giraudeau et al., 2004; Moros et al., 2006; Kristjansdottir et al., 2007). Figure 7A shows a plot 
of the quartz wt%  (Moros et al., 2006) versus the silt and clay fractions in this core---notice 
silt plus clay total between 86 and 98%, with a persistent increase in this fraction over the 
last 8000 yr BP. Over the last 4000 yr BP the < 63 µm fraction and quartz wt% track each 
other, but there are significant discrepancies in the association between 7000 and 12,000 yr 
BP. 
Because the last 4000-6000 yr BP has seen the regrowth of glaciers and re-expansion of the 
Greenland Ice Sheet and Iceland glaciers (Geirsdottir et al., 2009; Kelly and Lowell, 2009) it is 
surprising that N Iceland and E Greenland sediment (Andrews et al., 2010) show a 
pervasive fining-upward signal. Given the grain-size selectivity of sea ice sediment 
entrainment (Dethleff and Kuhlmann, 2009, 2010) the fining-upward sediments may reflect 
an increase in sediment transport from the Arctic Ocean. 
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Fig. 6. Potential transport diagram for sediments at core site JR51GC35 (Fig. 5), N Iceland. 
For clarity only the most plentiful species out of 20 total are shown in the pie diagrams. 
Figures refer to the average contributoin from the sources to JR51GC35, those in brackets 
relate to the two end member solution. 

To test the hypothesis that Iceland offshore sediments retain an imprint of sediment 
transport from the Arctic Ocdean via sea ice, I examine the mixing of sediments on the N 
Iceland outer shelf on core JR51- GC35 (Bendle and Rosell-Mele, 2007)  (Tables 1 and 2, Fig. 
5) between two sources; the first being local inner shelf Iceland sediments (represented by 
MD99-2258, (Axford et al., in press), Table 1) and the other being Kara Sea surface sediments 
(Fig. 6).  The average sampling interval for the qXRD data is 85 yr. I use data from JR51-
GC35 because the qXRD results on MD99-2269 only reported quartz, plagioclase, and calcite 
wt%s (Moros et al., 2006). However, the quartz wt% data from JR51-GC35 closely parallels 
the MD99-2269 data (Andrews, 2009) (Fig. 7B). Twenty non-clay and clay mineral species 
were identified by qXRD and were processed using the linear progamming software in the 
Excel “Solver,” and using the program SedUnMix (Table 2) (Eberl, 2004; Andrews and Eberl, 
subm.). The two sources were each represented by 5 samples. The average absolute 
difference in mineralogy was 3.1 wt% on 20 species (e.g. Table 2B). The estimated 
contribution from the Kara Sea only averaged 2% (Fig. 6) but shows a systematic increase 
over the last 6000 yr BP (Fig. 7B), which roughly parallels the change in quartz wt% (note 
that quartz is only 1/20 of the  minerals in the SedUnMix calculation). However, it is known 
that icebergs drift into NW/N Iceland waters (Fig. 3) thus E/N Greenland could also be a 
source of the felsic minerals in JR51GC35 (see below).  
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Fig. 7. A) Quartz wt% and the fraction of sediment <63m (slit and clay) in MD99-2269 off N 
Iceland. B) Quarz wt% (blue) at JR51-GC35 and the estimated fraction of sediment 
contributed from the Kara Sea (red) comparated with a local N Iceland composition (see Fig. 
6.)with  standard error of the estimate.  

NE to E Greenland:  The TransPolar Drift exports sea ice sediments from the Arctic Ocean 
along the NW/E Greenland margin, with sediment also being contributed from local 
glaciers and ice streams (Fig. 4) (Evans et al., 2002). If sea ice were the pervasive sediment 
transport medium then the influence of the local glacier sources should be small. In 
particular, as sea ice traverses along the Tertiary basalt outcrop from the south shore of 
Scoresby Sund to Kangerlussuaq Fjord (Fig. 1) we would expect only small changes in 
sediment composition. However, Andrews et al. (2010) showed a major shift in mineral 
composition across this northern boundary. Earlier, Pirrung et al. (2002) showed a boundary 
in mass magnetic susceptibility extending seaward from Scoresby Sund with high values 
along the Tertiary basalt coastline. U-channel rock magnetic measurements on cores south of 
Scoresby Sund showed a gradual southward decrease in values, which was associated with 
a decrease in maghemite and in increase in felsic minerals (Andrews and Hardardottir, 
2009). A similar abrupt break is present in the qXRD data (Fig. 8A & B), where an abrupt 
change in mineralogy occurs north and south of Scoresby Sund from felsic-rich to mafic-rich 
sediments. These results strongly suggest that the seaward transport of glacially derived, 
mafic-rich sediments from the early Tertiary volcanic outcrop overwhelms the southward 
transport of felsic minerals from NE Greenland and the Arctic Ocean. However, single 
grains in the 250-40 µm range can still be used for identification (Fe-oxide composition) of 
source areas around the margin of the Arctic Ocean (Darby, 2003; Darby and Bischof, 2004; 
Andrews et al., 2009b).     
2.3 Denmark Strait:  Figure 9a & B shows scaled weight% values of quartz and pyroxene for 
surface samples from Scoresby Sund south and across to Iceland. These data extend the 
analysis of surface samples from NE Greenland (Fig. 8) and confirm the sharp boundary in 
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sediment mineralogy associated with the Tertiary outcrop of the Geikie Plateau and the 
younger basalts of Iceland.  Very low quartz weight% values are found in Grivel Basin (GB, 
Fig. 9A) and values ≤ 1% occur off NW and SW Iceland (Axford et al., in press). The quartz 
wt% values suggest two distinct transport paths for quartz (Fig. 9A) with low values 
characterizing the intervening area of the Denmark Strait area. The variations in quartz wt% 
in MD99-2269 and JR51-GC35 (Fig. 7) are associated with the transport of IRD in sea ice 
(possibly some icebergs, Fig. 3) in the East Greenland/East Iceland Current and deposition 
via melting as the polar waters reach the North Iceland Front (Fig. 2). The western quartz 
transport path (Fig. 9A) is directed from Kangerlussuaq Fjord and the large ice stream that 
calves in that fjord (Dwyer, 1993, 1995; Syvitski et al., 1996; Howat et al., 2008; Mugford and 
Dowdeswell, 2010). Use of an earlier version of SedUnMix on MD99-2322 from 
Kangerlussuaq Trough suggested that the contributions of sediment from the fjord (more 
felsic in nature) had steadily increased over the last 5000 cal yr BP (Andrews et al., 2010). 
Direct evidence for west to east transport across Denmark Strait during earlier times is seen 
in the early Tertiary ages of basaltic clasts in sediments off NW Iceland (Principato, 2003).  
 

 
Fig. 8. A) Scaled pie diagrams to the sum of the four non-clay minerals on surface samples 
along the NE/E Greenland margin between 68° and 76°N. JM07-176 at 22.131° W and 
69.859° N, just south of Scoresby Sund marks the break from felsic–rich to mafic–rich 
sediments. B) As for 8A. but showing wt% of kaolinite, saponite and Fe-smectite 
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In another run of SedUnMix on the JR51GC35 data, two additional source areas were added, 
namely Scoresby Sund and inner shelf/fjord sediments off the Geikie Plateau (Figs. 2 and 6). 
The results indicated that the dominant source is still the Iceland mainland (Fig. 5) and 
~88% of the sediment on average is associated with this transport path (Fig. 6). In this 2nd 
run, SedUnMix assigns some 8% of the sediment in JR51GC35 to transport from across 
Denmark Strait and only < 0.5% is associated with the Kara Sea. The Kara Sea contributions 
only commenced during the last 4000 yr BP. Sediments attributed to the two East Greenland 
sources both show a steady increase over the Holocene. The comparison between the 2 or 4 
source areas (Fig. 6) highlights a common problem in attempts to quantify sediment 
transport paths if the tracer(s) are not unique  and have attributes in common (Grousset et 
al., 2000; Farmer et al., 2003).  
 

 
Fig. 9. Bubble plot of the weight% of A) Quartz and B) Pyroxene wt% from sites across 
Denmark Strait. Notice the sharp change in values along the southern edge of Scoresby 
Sund. See text for discussion of the arrows on A. 

SedUnMix was then used to estimate the contribution from various sources to MD99-2317, a 
well-dated core in the Grivel Basin  (GB, Fig. 9) with a sampling interval averaging 90 
yr/sample---the core does not include the last 2000 yr BP or so (Jennings et al., 2002; 
Andrews et al., 2010). Potential sources of sediment include the Kara Sea (and other shallow 
Arctic Ocean shelves (Fig. 6)), Scoresby Sund, and local ice caps and glaciers on the Geikie 
Plateau—the latter is represented by sediments from core JM96-1210 in Nansen Fjord 
(Jennings and Weiner, 1996). The sediments from Nansen Fjord contain small amounts of 
quartz derived from erosion of the underlying Precambrian basement rocks (Brooks, 1990). I 
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thus include as a “pure” basaltic end member sediments from SW Iceland (Axford et al., in 
press). The average absolute difference on target minus the calculated mineral weight %s 
averages 2.1 ± 0.43 wt% (e.g. Table 2B). The down core results (Fig. 10) indicate a dominance 
of transport seaward from the adjacent Geikie Plateau, as represented by the sediments from 
Nansen Fjord (91.9% of the total). The percentage of sediment estimated to have been 
transported from the Kara Sea in sea ice is only 0.27%, and the more felsic-rich contribution 
from Scoresby Sund (Fig. 9A) is 1.3%. A pure basaltic contribution is estimated at 6.5%. The 
contributions from the 4 sources are not randomly distributed during the Holocene (Fig. 10). 
Of particular note are the sharp peaks in sediments attributed to a Kara Sea source (Fig. 
10A). Overall the analysis of the sediment composition indicates a steady increase in 
transport and deposition from the adjacent glaciated plateau whereas the contributions from 
felsic sources in Scoresby Sund have declined to zero by 4000 yr ago (Fig. 10B). The apparent 
periodicity in the sediment input from Nansen Fjord (Fig. 10B) was tested using the multi-
taper method (MTM) (Mann and Lees, 1996; Ghil et al., 2002) on residual detrended (linear) 
data, integrated at 100 yr intervals (Paillard et al., 1996). The results indicated two dominant 
periodicities at 910 (90% CI) and 350 yr (95% CI) (Fig. 10C). The 350 yr periodicity has been 
identified in several paleoclimate records and associated with solar variability (Clemens, 
2005).  
 

 
Fig. 10. Estimates of the sediment composition of MD99-2317 from Grivel Basin (GB, Fig. 9). 
Estimates based on the SedUnMix program (Eberl, 2004: Andrews and Eberl, subm.) and are 
5-piont moving averages. A) Fractions of sediment from Kara Sea (red) or from basalt 
(blue)...error bars are  one standard error. B) Fraction of sediment from Nansen Fjord (red) 
and Scoresby Sund (blue). The error bars of the Nansen Fjord fractions are  one standard 
deviation based on 10 iterations of 4 end members with 5 samples each. C) Residuals from a 
linear trend of the fraction of Nansen Fjord sediments in MD99-2317 (red), versus the 
reconstructed time-series using the 350 and 910 yr periodicities. 
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A similar analysis was performed on the linear detrended residuals from the combined E 
Greenland contributions to JR51GC35. MTM analysis of those data indicated two weak 
periodicities (90% CI) of 445 and 263 yr, the latter often linked to solar variability (Clemens, 
2005). A comparison of the residual East Greenland fractions from JR51GC35 and MD99-
2317 (Fig. 11) suggests several common intervals of enhanced sediment transport with some 
of the largest residuals occurring between 6000 and 7000 yr BP. 
 

 
Fig. 11. Residuals from linear detrended data of the fraction of sediment contributed from 
Nansen Fjord to MD99-2317 (red)  and from East Greenland sources (Fig. 6) to JR51GC35, N 
Iceland (blue). 

8. Conclusions 

Sediment transported by either sea ice or icebergs, i.e. ice-rafted, has the ability to be moved 
considerable distances from source areas. Thus potentially they provide key indicators of 
large-scale changes in either the distribution of sea ice or icebergs. The most dramatic 
examples are the so-called Heinrich events, which are a dramatic feature of the North 
Atlantic marine sediment archives during the last glaciation, and are recognized largely by 
their detrital carbonate content (Heinrich, 1988; Andrews and Tedesco, 1992; Bond et al., 
1992). During the last 12,000 yr BP the changes in sediment transport from the Arctic Ocean 
and NE/E Greenland margin have been subtler, but this chapter demonstrates that 
quantitative X-ray diffraction analysis of marine sediments can be used to untangle changes 
in sediment sources and transport pathways (Figs. 4 to 10). Thus, as noted by Moros et al. 
(2004), quantitative mineral identification is an extremely powerful tool in establishing the 
connections between sediment sourcestransportationdeposition.    
Initially two hypotheses were proposed; the first stressed the importance of the Arctic Ocean 
sea ice as a sediment source, whereas the alternative thesis was that the bulk of the sediment 
was supplied from NE/E Greenland. The latter is more strongly supported by the data. 
Analysis of both the surface sediments (Figs. 8 and 9) and the down-core sediment 
composition (Fig. 10) indicate that the mineralogy immediately south of Scoresby Sund 
shifts abruptly from being felsic- to mafic-rich with < 2% of the sediment being attributed to 
sources from the Kara Sea or Scoresby Sund. These data demonstrate that glacial erosion of 
the basalt is overwhelming any contribution from sediments entrained in the East 
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Greenland Current from sources north of 70°N. On the east side of Denmark Strait, the 
north coast of Iceland (Fig. 5, JR51GC35) may record sediment input from the Kara Sea (Fig. 
7B) while the relationship between the silt % and quartz% over the last few thousand years 
(Fig. 7A) may reflect the export of silt-rich sediments from the shallow Arctic Ocean shelves 
via sea ice. However, further analysis suggested that the major external sediment sources to 
JR51GC35 were more closely affiliated mineralogically to sources across Denmark Strait 
than the Kara Sea.  
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