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2004) of opal and of organic carbon 
were positively correlated with the 
high organic carbon content of 
sediments deposited during warm 
periods (Bølling and Holocene; Fig. 
1). We fi nd elevated 231Pa/230Th and 
10Be/230Th ratios during warm peri-
ods as well (Fig. 1), indicating that 
increased productivity must have 
contributed to the higher preserved 
fl uxes of opal and carbon at those 
times.

Conclusions
While these results do not rule out 
changes in the ventilation of inter-
mediate waters, they do provide 
clear evidence for changes in bio-

logical productivity and the export 
fl ux of biogenic particles. Enhanced 
productivity during warm events re-
fl ects a shoaling of the nutricline, 
an increase in upwelling-favor-
able winds, or some combination 
thereof.

NOTE

Data used in this study will be available in 
the NOAA Paleoclimatology data base at: 
www.ncdc.noaa.gov/paleo/paleo.html
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Is there a pervasive Holocene ice-rafted debris (IRD) signal in the 
northern North Atlantic? The answer appears to be either no, or it 
depends on the proxy!
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Introduction
One of the most cited papers (271 
citations by June 2006) on Holocene 
climate change is the 2001 paper by 
Bond and colleagues (2001), which 
argued for a pervasive ~1500 yr 
signal in the delivery of hematite-
stained quartz (HSQ) sands to sites 
at or beyond the historic limits of 
observed drift ice (Fig. 1) (we use 
the term “drift ice” to denote any 
mixture of glacier icebergs or vari-
ous forms of sea ice). To critically 
examine the hypotheses set forth 
in Bond et al. (2001), we selected 
a series of cores for analysis of 
ice-rafted debris (IRD). These cores 
were collected from sites that are 
much more within the historically 
known limits of drift ice (Fig. 1), 
hence lie to the north of the sites 
examined for HSQ. Two of the cores 
are exceptionally well dated (Moros 
et al., 2006) and the other two have 
suffi cient age control to examine 
the Holocene trends in IRD.

Methods
There is no single working defi ni-
tion of IRD (Andrews, 2000); the 

variations in sediment carried by 
drift ice are often defi ned on the ba-
sis of grain-size or on some aspects 

of provenance (i.e. mineralogy) 
(Ruddiman, 1977; Andrews et al., 
1989; Andrews et al., 1997; Bischof, 
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Figure 1: Location of cores used in this study (red circles) and cores reported by Bond et al. 
(2001). Historic maximum limits of drift ice are shown based on data from the International 
Ice Patrol (www.uscg.mil/LANTAREA/IIP/home.html) and the Norsk Polar Institute (acsys.
npolar.no/ahica/quicklooks/looks.htm). Arrow labels: EGC = East Greenland Current; B/LC = 
Baffi nland and Labrador Current; EIC = East Iceland Current.
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2000). Icebergs and sea ice carry 
sediments that vary in size from 
pebbles to fi ne clay and the largest 
contribution by weight is generally 
in the silt fraction. We use quanti-
tative X-ray diffraction identifi ca-
tion on the <2000 µm size fraction 
(Eberl, 2004; Moros et al., 2006), 
i.e. the sand plus silt plus clay, to 
identify minerals that are exotic to 
particular sites, and which can be 
associated with the transport and 
delivery of sediments in drift ice 
(Moros et al., 2006). Between 1-3 
g of sediment is milled and spiked 
with a known weight of corundum 
or zincite. X-ray scanning is con-
ducted between 5 and 65° two-the-
ta (Eberl, 2004) and the weight% of 
non-clay and clay minerals is car-
ried out automatically on the digital 
output fi les. Results are reported as 
weight% of the non-clay and clay 
minerals. Replication experiments 
indicate that standard errors on the 
major minerals of interest are of the 
order of ± 0.5 weight%. We typically 
identify 15-18 non-clay and 7 clay 
minerals.

The total volume of icebergs 
calved into Baffi n Bay is of the or-
der of 200 km3/yr. Some 40,000 ice-
bergs a year are estimated to calve 
into Baffi n Bay from the large out-
let glaciers of W/NW Greenland and 
the Canadian High Arctic; these ice-
bergs are carried southward in the 
Baffi nland and Labrador currents. 
The primary sediment signature 
for glacial erosion and transport 
in icebergs from NW Greenland 
is dolomite (Marlowe, 1966). We 
hypothesize that the major agent 
of transport in the western North 
Atlantic, including Baffi n Bay and 
the Labrador Sea, is in icebergs, as 
the only major source for sediment 
loading of sea ice is the western 
area of Hudson Bay.

The bedrock geology of Iceland 
and the East Greenland area in the 
vicinity of JM96-1205 is composed 
of Cenozoic fl ood basalts—hence 
there is virtually no normative 
quartz in the bedrock. However, on 
East Greenland, the basalts lie on 
Precambrian granites and gneisses, 
and large outlet glaciers extend sea-
ward along several fjords. Early Ter-
tiary and older sedimentary rocks 

lie to the north of Kangerlussuaq 
Fjord and Scorsby Sund, respec-
tively (Jennings et al., 2002). The 

sediment transport by drift ice in 
the eastern North Atlantic (through 
Fram Strait) is dominated by fi ne-

Figure 2: Data from northern North Atlantic cores (Fig. 1) compared with hematite-stained 
quartz data from V28-14 (Bond et al., 2001). Data in plots A-D are based on weight% of minerals 
in the <2000 µm size fraction. A) MD99-2237—Orphan Knoll; B) JM96-1205—Grivel Basin; B) JM96-1205—Grivel Basin; B C) C) C
MD99-2269 and B997-327—North Iceland; D) MD95-2011—Vorring Plateau; D) MD95-2011—Vorring Plateau; D E) V28-14—South E) V28-14—South E
Denmark Strait.
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grained silt and clay incorporated 
into the sea ice on the extensive 
shelves fronting the Arctic Ocean 
(Hebbeln, 2000).

Results
We discuss the cores along a west 
to east transect (Fig. 1 & 2A-D) and 
compare these results with the 
HSQ data from V28-14 just south 
of the Denmark Strait. (Bond et al., 
2001) (Fig. 2E). MD99-2237 (Fig. 1) 
was sampled at ~100 yr intervals. 
On the East Greenland shelf we 
use the results from JM96-1205, 
which we also sampled at 100 yr/
sample intervals. MD99-2269 from 
the North Iceland shelf is from an 
area where drift ice from the East 
Iceland Current frequently traverses 
the site. The core was sampled at 
~30 yr/sample and covers the last 
12 cal ka BP (Moros et al., 2006). 
The easternmost core is MD95-2011, 
located on the Vorring Plateau, and 
has an average sampling interval of 
20 yrs/sample.

The Orphan Knoll data (Fig. 2A) 
presently covers the last 10 cal ka 
BP. Quartz and dolomite track each 
other over this interval. Both miner-
als show a progressive decrease in 
their weight% toward the present. 
There are no large-scale changes 
in either species and, surprisingly, 
there is no clear indication of an in-
crease in delivery associated with 
the neoglacial readvance of the 
Greenland Ice Sheet.

The quartz weight% data from 
the East Greenland margin, south of 
Scorsby Sund, (Figs. 1 & 2B) shows 
a very slight trend to increase over 
the last 4 cal ka BP but the aver-
age input of quartz has remained 
relatively constant over the last 10 
cal ka BP. The counts of clasts >2 
mm on X-radiographs shows vari-
able IRD inputs between 10 and 8 
cal ka BP followed by a period with 
virtually no IRD and then a marked 
increase in IRD ca. 4 cal ka BP, con-
sistent with previous data from the 
East Greenland shelf (Jennings et 
al., 2002).

Drift ice entrained in the East 
Iceland Current historically im-
pacts the North Iceland shelf where 
MD99-2269 was retrieved (Moros et 
al., 2006). The quartz weight% data 

shows a decrease from high values 
in the early Holocene to the mid Ho-
locene, and then a sharp and pro-
nounced increase in quartz over the 
last 5-6 cal ka BP. Quartz data from 
core B997-327PC, which was taken 
within a few 100 m of MD99-2269, 
are nearly identical.

The most easterly core, MD99-
2011, was taken from the Vorring 
Plateau (Fig. 1). Here, the Quartz/
Plagioclase (Q/P) ratio is used as 
a measure of ice rafting. The long-
term trend in these data (Fig. 2E) 
is for the Q/P ratio to decrease to-
ward the present. Hence, it does not 
show the late Holocene increase in 
IRD proxies that characterize the 
sites on either side of the Denmark 
Strait (Figs. 2B & C).

Discussion and conclusions
Our four records (Fig. 2A-D) bear lit-
tle resemblance to the %HSQ from 
south of Denmark Strait or from 
the other sites (Fig. 1 & Fig. 2E), 
although our data are from sites 
where the deposition of ice-rafted 
sediments should be much more 
obvious because of their more ice-
proximal locations. Our data do not 
posses the amplitude of variation 
noted in the HSQ data (although 
this is partly a function of the plot-
ting scale and whether the data are 
detrended or not) and they do not 
show a clear ~1.5 ka periodicity. In-
deed, the sites differ signifi cantly 
in their long-term trends (compare 
Figs. 2A & 2C). In each area, we 
have results from other cores (e.g. 
Fig. 2C) that we are using to devel-
op robust regional IRD signals. Of 
special interest on the Labrador and 
East Greenland margins is whether 
or not there is a coupling between 
the IRD proxies associated with 
grain-size and mineralogy (e.g. Fig. 
2B). This begs the question as to 
whether we can construct a proxy 
for Holocene IRD that incorporates 
all the necessary elements of both 
grain-size and provenance. Given 
that the bulk of glacial and sea ice 
transported sediments is much fi ner 
than 63 µm, then the XRD method 
offers signifi cant advantages, espe-
cially if we can distinguish mixtures 
of minerals that defi ne source areas 
(Darby, 2003).

Our results should make re-
searchers question the underlying 
forcing behind the HSQ data (Fig. 
2E). The cycles in this and the oth-
er records may be linked to solar 
forcing but the specifi c link to ice 
rafting appears ambiguous. The 
varying trends in our data suggest 
we need to consider the Holocene 
oceanographic/climate evolution of 
each region individually (de Vernal 
and Hillaire-Marcel, in press).
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