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A b s t r a c t  
Over the last decade considerable attention has been 

given to evidence for the iceberg rafting of sediments 
into the North Atlantic, especially during Heinrich (H) 
events (presumed to be associated with short-lived, 
abrupt  intervals of increased iceberg and meltwater 
flux). However,  our knowledge of the present sediment 
distribution within icebergs and the fate of this sedi- 
ment during iceberg drift is rudimentary. Debris is usu- 
ally concentrated in a 1 3 m layer at the base of a glacier 
; if present in calved icebergs, this layer is rapidly melt- 
ed within a few 10s to 100s of km from an ice margin. 
Ice rafted debris (IRD) is frequently characterized by 
the weight percentage or counts of mineral grains 
within certain size fractions (i.e. > 63, > 250 Fun, etc.) 
with an implicit assumption that the selection of the 
size limits does not bias the data nor their interpreta- 
tion. However,  studies of glacial and glacial marine 
sediments indicate there is a poor correlation between 
the weight percentage in different sand-size classes, 
moreover, the bulk of glacially derived sediments are 
typically silts and clays (< 63 Fun). In areas close to the 
probable sources of iceberg discharge during Heinrich 
events, the abrupt  changes are poorly defined by the 
sand-size IRD fraction but  are dramatically highlighted 
by the input of fine-grained (< 63 Fun) detrital carbon- 
ate. During the last glaciation, abrupt changes in IRD 
concentrations (IRD spikes) appear to be an important  
feature of the mid-latitude belt of the North Atlantic, 
whereas at higher latitudes, such as areas of the 
Labrador and Nordic seas, IRD input was more contin- 
uous and individual H-events cannot be identified 
solely by their IRD signal. 

I n t r o d u c t i o n  
Over the past decade considerable interest and 

excitement has been sparked by the identification in 
North Atlantic sediments of discrete core intervals with 
high concentrations of IRD. IRD from open marine sed- 
iment cores is identified in the literature as mineral 
grains > 63 pm (sand-size; although the size definition 

of IRD varies, e.g. Molnia, 1972; Ruddiman, 1977; Bond 
and Lotti, 1995). 

Glacially transported sediments (striated clasts and 
far-travelled erratics) were first described in detail from 
marine sediments in the North Atlantic by Bramlette 
and Bradley (1940). Little came from these investiga- 
tions until the 1970s (cf. Molnia, 1972) when downcore 
changes in IRD were computed as fluxes over intervals 
associated with Marine Isotope Stages 1 to 5 (approxi- 
mately the last 130 ka) (Ruddiman, 1977). Subsequently, 
Heinrich (1988) systematically counted the numbers of 
lithic clasts and foraminifera in a series of cores west of 
Portugal, and showed that the percentages of lithics > 
180 pm in these cores represented a series of IRD events. 
These discrete events were later named "Heinrich" or 
H-events (Broecker et al., 1992) and interpreted as being 
the result of "armadas" of icebergs being suddenly 
released from the Laurentide Ice Sheet (Broecker, 1994; 
Dowdeswell  et al., 1995; MacAyeal, 1993). Since the 
early 1990s numerous  papers have described and inter- 
preted evidence for H-events in the North Atlantic (e.g. 
Hillaire-Marcel et al., 1994; Keigwin and Lehman, 1994; 
Hemming et al., 1998; for review see Andrews, 1998). H- 
events have durations of a few hundred to 1000 years 
and recurrence intervals of approximately 7,000 years 
on average (Bond and Lotti, 1995). 

The purpose of this review paper is to examine what 
we know about the present distribution of icebergs, the 
controls on the distribution of IRD into the oceans, the 
characteristics of sediments released from iceberg melt- 
ing, and some issues that pertain to the interpretation of 
H-events. Warren (1992) noted that the interpretation of 
IRD records can be complex; however, the interest in 
millermial-scale climate change has emphasized the 
climatic interpretations of iceberg rafted sediment the 
expense of understanding the glaciological and sedi- 
mentological complexities (cf. Dowdeswell  et al., 1999; 
Clarke et al., 1999). 

This paper will focus on problems associated with the 
interpretation of changes in IRD concentrations and 
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Figure 1. Upper: Map of the North Atlantic region showing the present 
volume of icebergs calved each year from Greenland (from Reeh, 1985), the 
fluxes along the Labrador~Newfoundland margin, and the maximum 
observed limits of iceberg drift (from International Ice Patrol). The present 
day extent of the Greenland Ice Sheet is shown schematically. 

Lower: Ice sheet extent around the North Atlantic during the last 
glacial maximum, showing the major sources for icebergs, IRD belt, and 
cores with ~nd without coeval Heinrich events (e.g. Dowdeswell et al., 
1999). The extent of the ice sheets is shown schematically. 

their relationship to iceberg discharge. The four major 
issues that need to be addressed are: 1) what is the past 
and present volume of icebergs calved into the North 
Atlantic; 2) what is the probable distribution of 
sediments within these icebergs; 3) what are the con- 
trois on the trajectory and melt histories of icebergs; and 
4) what are the characteristics of iceberg transported 
sediments? The major source of data and ideas for this 
review is the information provided by the International 
Ice Patrol in their web site (www.uscg.mil/lantarea- 
/iip/home.html), a series of reports from the Scott 
Polar Institute, University of Cambridge (e.g. 
Macqueen, 1991), and the numerous core studies 
reported in the literature (Andrews and Matsch, 1983). 

1. M o d e r n  iceberg d i s t r i b u t i o n  
In the northern North Atlantic the major source for 

icebergs is the calving of outlet glaciers from the 
Greenland Ice Sheet. A relatively small additional source 
is the glaciers of the Canadian Arctic Archipelago. Reeh 
(1985) has estimated the flux of icebergs at 310 km3/yr 
from various glaciers and sectors of the Greenland Ice 
Sheet, based upon the ice sheet's mass balance (Figure 
1). Most icebergs are released from outlet glaciers of the 
Greenland Ice Sheet and their rate and direction of drift 
is determined by the surface currents. The main currents 
responsible for bringing icebergs into the mid-latitude 
North Atlantic are the Labrador Current (Greenland and 
Canadian icebergs), and the East Iceland Current (East 
Greenland). The International Ice Patrol has published a 
map showing the historic maximum limits of icebergs in 
the North Atlantic (Figure 1). It would be na'fve to 
associate this limit with the extent of IRD sediment 
unless there is explicit information that all icebergs 
retain measurable sediment concentrations along their 
entire transport route. 

2. S e d i m e n t  d i s t r i b u t i o n  in o u t l e t  g lac iers  
The melting and destruction of icebergs releases 

freshwater to the oceans. However, the quantity and 
pattern of sediment release is controlled by the distri- 
bution of sediment within an iceberg, which in turn 
relates to the patterns of sediments within glaciers and 
ice sheets, and by the disintegration history of each 
iceberg. The main control on sediment distribution 
within glacier ice depends on the basal thermal regime 
of the ice mass (Boulton, 1972; Dreimanis, 1976; Drewry, 
1986; Alley and MacAyeal, 1994). 

There are two primary sources of sediment for 
glaciers and ice sheets; the first is from the subaerial 
weathering of exposed cliffs and nunataks that project 
above glacier surfaces, and the second is from erosion at 
the base of the ice. Material that falls onto the ice sur- 
face, depending upon whether this happens above or 
below the Equilibrium Line Altitude (ELA) of the ice 
sheet, is transported in three distinct positions (Figure 
2). The first is as supraglacial debris, the second is 
englacial, and the third is basal debris. This first source 
of sediment is, however, rather restricted and at the 
continental scale will only make up a small fraction of 
the total sediment load. 

However, for large ice sheets which completely cover 
all outcrops, the major source of sediment is from the 
erosion and transport of bedrock at their base. 
However, this will only produce a debris-charged basal 
unit if the glacier is at the pressure melting point, and 
the thickness of this basal unit is generally limited to 1 
to a few meters (Drewry, 1986). Measurements of sedi- 
ment concentrations in glaciers frequently indicate a 
basal, sediment-rich layer 1-3 m thick with virtually 
debris-clear ice above (e.g. Dowdeswell, 1986). 

In my experience thick sequences of subglacial and 
englacial sediment within a glacier's margins are rare for 
Canadian or Greenland calving fronts. However, thick 
sequences might be produced at the margins of subpolar 
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Figure 2. Schematic distribution of an ice stream moving to 
the open ocean through an area such as Hudson Strait show- 
ing the location of supraglacial, englaciaI, and subglacial 
debris. In fast-flowing outlets most debris is located in the 
lowermost 1-3 m of ice. The Equilibrium Line Altitude (ELA) 
on a glacier divides the acccumulation zone from the lower 
ablation zone. Debris which falls onto the glacier in the abla- 
tion zone remains on the surface. 
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glaciers, possibly due to a change in basal thermal con- 
ditions over time from cold-based to warm-based 
(Boulton, 1972; Drewry, 1986; MacAyeal, 1993) (Figure 
2), or as recently suggested, by the freezing-on of fine- 
grained sediments entrained in supercooled water rising 
toward a glacier margin (Lawson et al., 1998). 

Ice with debris distributed through a substantial ver- 
tical thickness is required to maintain the IRD rain-out 
over the required late glacial drift trajectory of icebergs 
during Heinrich events (Figure 1). Thus we may have a 
"no analog" situation where modern tidewater ice 
fronts do not fully represent paleo-conditions. 

The calving process differs between two end members. 
In the fast-flowing, maritime temperate areas of 
Southwest Alaska, large numbers of relatively small ice- 
bergs are calved from vertical ice cliffs. In contrast, in 
Antarctica the outlets extend seaward as ice shelves and 
calving results in the production of large tabular bergs, 
and the rate of iceberg production (icebergs/yr) is low. In 
Greenland the icebergs are substantially bigger than 
those produced in Alaska but are rarely tabular. In the 
Greenland tidewater environment, ice extends seaward 
as a ramp (an incipient ice shelf) but annual calving 
restricts the seaward extension. Neither Alaskan nor 
Antarctic icebergs carry much sediment (Drewry, 1986) 
and the amount of debris carried in Greenland icebergs 
(or others for that matter) is essentially unknown 
(unsampled), although some estimates have been made 
(Syvitski et al., 1996) based on glaciological observations. 

Thus our knowledge of the present day distribution 
of sediment in glaciers and ice sheets indicates that it 
constitutes an extremely small fraction of the total 
volume of ice that is calved, and it is moreover, concen- 
trated in a thin basal unit. It is worth noting that most 
observations of Greenland and Canadian icebergs by 
the International Iceberg Patrol indicate that they are 
"clean" (person. commun. 1999). 

3. R a t e s  o f  iceberg m e l t i n g  and  iceberg  f l u x e s  
Although the information on the total volume of ice- 

bergs released into the North Atlantic from Greenland 
is important, from a paleoceanographic perspective 

what is more critical is the flux of icebergs at certain 
transects. Because of the intense oil exploration in Baffin 
Bay and the Labrador Sea in the 1970s data were 
collected, albeit for a limited period. In addition, the 
International Ice Patrol provides valuable information 
on the numbers of icebergs off Newfoundland. 
Information on iceberg size has been extracted from 
shipboard measurements and aircraft observations. 

In terms of iceberg transport of both freshwater and 
sediment there are three important considerations; 1) 
how quickly do the icebergs track from the ice margin 
into the fjords and onto the shelf; 2) what is their trans- 
port route once they have reached the "open ocean," 
and; 3) what is the rate of melting and mechanical 
destruction? 

The release of sediment from the base or within an 
iceberg depends on the distribution of sediment within 
an iceberg (see above) and the rate of melting. However, 
the amount of sediment that is available for deposition 
outside a fiord or at the inner shelf depends on the time 
when an iceberg is calved, and the rate at which it can 
leave the marginal zone of the glacier. In the northern 
North Atlantic landfast sea-ice forms an impediment to 
transport of icebergs for approximately 9 moriths of the 
year. Depending on the local oceanography (e.g. 
Syvitski et al., 1996) much of the sediment may be melt- 
ed during such periods. Moreover, many East 
Greenland outlets end in "sikussaks" (Syvitski et al., 
1996) which are a bathymetrically confined complex of 
icebergs, bergy bits, and sea-ice which form a dense 
m61ange and impede the seaward movement of ice- 
bergs. In Kangerlugssuaq Fjord, East Greenland (see 
JM96-1210, Figure 1) 15 km 3 of ice per year is calved. 
The icebergs suffer considerable mass loss, including 
the sediment load, within the sikussak (Syvitski et al., 
1996) because the transport of freshwater seaward is 
balanced by warm (1-2°C) Arctic Intermediate Water 
being brought in below 200 m water depth to the calv- 
ing ice front. Because it is estimated to take 1-3 years to 
traverse the sikussak it is estimated that most glacial 
sediment is deposited near the outlet's terminus 
(Syvitksi et al., 1996). 
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Once icebergs pass the outer coastline, their drift rates 
and directions are largely controlled by the water move- 
ment between the surface and the keel depth. In the 
northern North Atlantic most icebergs from Greenland 
would track into "southern" latitudes via the East 
Greenland Current and the Labrador Current (Figure 1). 
The Coriolis force would deflect the icebergs toward the 
land, rather than directing them past the shelf break 
across the adjacent deep sea basins (Matsumoto, 1996). 
However ,  dur ing  periods of max imum ice sheet 
advance, when ice was grounded at the shelf break, ice- 
bergs would be largely forced to track across the deep- 
sea basins (e.g. Dowdeswell et al., 1995). 

The rate of mass loss of icebergs has been the subject 
of several empirical studies, largely concerned with the 
need to forecast iceberg numbers in shipping lanes and 
their effects on oil exploration platforms (Macqueen, 
1991). Empirical models have been used by researchers 
in an attempt to reconstruct IRD histories for parts of 
the North Atlantic region (Matsumoto, 1996). For exam- 
ple, the estimated rate of melt with a water temperature 
of 0°C varies be tween 0.01 to 0.1 m per  day  
(Dowdeswell and Murray, 1990) thus indicating that a 3 
m thick basal sediment-rich layer would be melted in a 
month to one year. 

The critical factors which lead to the destruction of an 
iceberg are: below the waterline (Figure 3)--the relative 
velocity of the iceberg and the temperature difference 
between the ice and the surrounding seawater; above 
the waterl ine--the rate of melting is controlled by the air 
temperature, the fluxes of sensible and latent heat from 
the atmosphere, and net radiation. At the waterline itself 
the iceberg is eroded by wave action. The combination 
of these processes, acting over days and weeks, results in 
changes in the center of gravity of an iceberg, thus dur- 
ing their drift most icebergs will turn over. This state- 
ment does not apply to large tabular bergs nor to sea ice 
rafts. The effects of these processes (Figure 3) are to 
reduce both the volume and number of icebergs along a 
drift track. The sediment load within icebergs will 
decrease with time, and probably at a faster rate than the 
iceberg volume loss per se because of the restricted dis- 
tribution of sediment within an iceberg (Figure 2). The 
changes in the flux of IRD from a source calving margin 
are poorly known; off East Greenland, for example, 
Andrews et al. (1997) showed that IRD dropped off from 
the ice sheet margin following a power function. Thus 
very little coarse IRD sediment reaches the mid-shelf 
area (approximately 68"N) today. 

The approximate number  of icebergs released into 
the North Atlantic per year can be crudely estimated if 
we make an assumption about  the average draft. 
Assuming that the average draft is 400 m, and given a 
volume of approximately 300 km 3 of ice, then the area 
covered by icebergs would be around 800 km:. If the 
icebergs are cubes 400 x 400 x 400 m then a figure of 
5000 icebergs/yr  is derived. However,  actual estimates 
range from 15,000 to 30,000 because iceberg dimensions 
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Figure 3. Schematic diay;ram of ttie main variabh's involved in simple 
models of iceberg decay (see references therein). 

are on average less than those used above. However,  
there has been no systematic attempt to compute ice- 
berg fluxes (i.e. number  of icebergs/unit  area/ t ime,  or 
number  of icebergs crossing a marked  transect = 
n u m b e r / p e r  unit length/ t ime) except in the area east of 
Newfoundland  at 48 ° N. Estimates have been made for 
particular years stemming from the interest in oil explo- 
ration along the northeastern margin of Canada partic- 
ularly in the 1970's. Much of this information is in the 
gray literature and not readily available. A study of the 
number  of icebergs per 1000 km ~ (1963-1972) in Baffin 
Bay indicates that number  varies from a high of 15-60 
per 1000 km2 in the extreme north of Baffin Bay to 
between 0 and 2 per 1000 km 2 off Hudson  Strait. Thus 
the decrease in numbers along the drift route falls off 
rapidly over a distance of approximately 1500-2000 km. 
Miller and Hotzel (1984) estimated the number  of ice- 
bergs crossing a series of transects on the Labrador 
Shelf, and arrived at yearly estimates of ~6-15 icebergs 
km-1 per year. Iceberg numbers decreased from west to 
east, being in the range of 25-35 over the marginal 
t rough to 5-9 over the slope. The total numbers  of ice- 
bergs crossing these transects varied from 1400 to 3000 
icebergs/year .  Farther south, the International  Ice 
Patrol's count of icebergs crossing 48 ° N exhibits a 
strong quasi-decadal cycle which has been linked to the 
North  Atlantic Oscillation. For example, in 1999 no ice- 
bergs were reported in the waters off Newfoundland in 
June; this can be compared with an average of 480 and 
a maximum of 2200 icebergs in 1984. 

From the sedimentological and paleoceanographic 
viewpoint, the key question is what is the probability of 
an iceberg crossing some small unit of the sea floor, typi- 
cally <100 cm-', and moreover melting some fraction of its 
mass which contains sediment. The above fluxes indicate 
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a strong probability of an iceberg traversing an element 
of the sea floor (6-15 icebergs km"/year)  but the difficult 
question is the probability of sediment deposition. This 
will depend very strongly on the distribution of debris 
within an iceberg, and the rate of iceberg destruction. 
However, there must be a significant random element in 
the release and deposition of glacially derived sediment, 
especially toward the distribution limits of icebergs, such 
that occasionally "spikes" of IRD must be interpreted 
with some caution in terms of paleoglaciology/paleocli- 
matology. However, the widespread occurrence of IRD 
sediments in H-events indicates that at times iceberg raft- 
ing was a spatially pervasive process. 

G r a i n - s i z e  o f  g l a c i a l  s e d i m e n t s  a n d  
a s s o c i a t e d  I R D  p r o b l e m s  

The next question is how we recognize sediment, 
derived from glacial erosion, in marine sediments. The 
presence of sand-size (> 63 ~rt) minerogenic particles in 
Late Cenozoic high latitude marine cores is usually 
attributed to the rafting of glacially derived sediments 
in icebergs. However, sediment could also be transport- 
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figure 4. Distribution of sand-size particles from tills on Baffin Island, NE 
Canada, and from IRD intervals in core HU75-O55 fTom the Labrador Sea. Each 
line represents a different sample from the two environments. Notice that in this 
presentation the sand fraction is computed as summing to 100%. Data based on 
Settling Tube results at 1N phi intervals (Syvitski ed., 1991). 

ed on sea ice; for example, this is probably a major rea- 
son for the widespread distribution of sand-size 
Icelandic volcanic shards across the North Atlantic (cf. 
Bond and Lotti, 1995). They were probably derived 
from the fallout of wind born volcanics onto sea ice 
which was then carried to the Labrador Sea by the pre- 
vailing surface currents (Figure 1). 

A small but important issue is that the measurements 
of particle size involve several different procedures and 
instruments, all with their strengths and weaknesses 
[Syvitski, 1991 #4702]. Thus small differences in results 
may reflect different grain-size measurements, in addi- 
tion, there have been few if any studies looking at the lat- 
eral variabilty of IRD on scales of centimeters and meters. 

Studies of sediments deposited at the base of glaciers 
and ice sheets, so-called basal fills, are characterized by 
a bimodal size (weight percentage) distribution. The 
result of glacial abrasion is the production of large 
quantities of silt and clay-size particles, whereas the 
plucking of bedrock leads to large particles in the cm to 
m ranges (Drewry, 1986). Material in the sand-size, 2000 
to 63 ]n~n, is the least represented size fraction in typical 
glacial sediments (Dreimanis, 1976; Drewry, 1986), but 
the resulting size-spectra depend upon the mineralog)~ 
which Slatt and Eyles (1981) describe as intercrystalline 
and intracrystalline, and relative rock weakness. The 
process of producing sand-size fragments at the base of 
an ice sheet is not well known (see Drewry, 1986, p. 114- 
119) and their is some argument (Slatt and Eyles, 1981) 
as to whether the size is dependent upon crystal config- 
uration or not. Thus, the attention given to the sand- 
fraction in studies of abrupt changes in ice sheet/ocean 
interactions is largely because it represents an opera- 
tionally simple parameter to define and measure, not 
because the processes are well understood! In addition, 
silt and clays can be transported to marine sites by other 
processes, such as wind, meltwater plumes, resuspen- 
sion by bottom currents, or iceberg ploughing. 

An article of faith in IRD studies is that there is a cor- 
relation in the abundance between the different sand- 
size fractions (Ruddiman, 1977); thus it is implicitly 
believed that a downcore plot of, say, the > 500 ~ frac- 
tion would result in the same pattern as a plot of the > 
63 pm fraction (or some other fraction). This implication 
requires that the sand-fraction be distributed in such a 
way that variations in the weight percentage of the dif- 
ferent size fractions are highly correlated. 

This assumption is probably not correct and the prob- 
lems with this hypothesis are illustrated in Figures 4 and 
5. Note that sedimentologist frequently illustrate grain- 
size distributions by either expressing the axis as the 
log10 of the particle diameter, or by using the phi notion 
(qb) where this is qb = -log2mm. Our studies of the vari- 
ous sand-size distributions in Baffin Island tills (Figure 
4; cf. Andrews, 1985) indicates that there is not a smooth 
distribution, rather the distribution of the different sand- 
size fractions is multi-modal; a similar distribution 
occurs in the sand-size IRD fraction from core HU75-055 
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of sediment is in the silt and clay-size frac- 
tions. Thus there is some validity in the 
argument that provenance studies based on 
the < 63 ~ fraction (silt and clay, Figure 6) 
are most representative of sediment source 
(cf. Hemming et al., 1998; Grousset et al., 
1993). The fraction < 0.1 Wn is composed of 
clay-minerals (smectite, kaolinite), and fine- 
ly ground mineral particles (quartz, 

20 feldspars, etc.) that have reached their "ter- 
minal grade" (Drewry, 1986, p. 116-117). 
Figure 6B illustrates the significant clay-size 
fraction of finely comminuted minerals off 
East Greenland. The high levels of clay min- 
erals, mainly smectite are derived from 
weathering of the local Tertiary basalts, 
which overlie Precambrian shield rocks. 

An alternative way of viewing IRD con- 
centrations in marine sediments is to count, 
on X-radiographs, visible particles > 2 m m  
over a specified depth interval (usually 2 

80 
cm) (e.g. Stein et al., 1996). Application of 
this method to cores in the Labrador Sea 
(Figure 1) illustrates problems in the identi- 
fication of Heinrich (H-) events--they do 
not appear as well-defined and isolated IRD 
spikes (Figure 7). Although H- events are 
poorly defined by IRD, H-2 is explicitly 
captured by massive changes in the detrital 
carbonate content (Figure 7). Thus the 
record from HU75-054 indicates varying 

IRD concentrations but no simple pattern of abrupt H- 
events. The lack of parallelism between the counted 
IRD, from X-radiography, and the weight percentage > 2 
m m  indicates the problem of adequately sampling IRD 
by extraction of a small representative "plug" of sedi- 
ment. A message from this analysis is that in the more 
ice-proximal ocean basins, such as the Labrador and 
Nordic seas, the IRD patterns are not in themselves diag- 
nostic of H-events (Dowdeswell et al., 1999), and the 
release of sediment from icebergs was a pervasive 
process at sites near ice sheet margins during periods of 
glaciation. 

At some sites in the North Atlantic an argument can 
be made that during H-events there is relatively little 
change in the IRD (lithic) flux but there is a dramatic 
reduction in foraminifera numbers (= barren zones). 
This could be explained by either a dilution due to a 
rapid pulse of sediment (Thomson et al., 1995) or by a 
real reduction in foraminifera, possibly associated with 
an extensive "fresh" meltwater cap. The meltwater 
might be caused by the melting of a massive discharge 
of icebergs (Broecker, 1994), or it might be caused by an 
outbreak of freshwater, ponded at the base of the 
Laurentide Ice Sheet (Dowdeswell and Siegert, 1999) 
and exiting through Hudson Strait as hypothesized by 
Shoemaker (1992). The character of H-deposits off 
Hudson Strait (Hesse and Khodabakhsh, 1998) are sed- 

Figure 5. Downcore distribution of two sand-size fractions from core JM96-1210 off East 
Greenland (Figure 1 upper), showing some apparent correlation between the peaks of the two 
fractions. Scattergrams and correlation coefficients, r, for the fractions 500-210 ~m versus 
210-88 l~m show correlation but the unexplained variance is still > 50%. The correlation 
between the > 500 ~m fraction versus the > 105 ~m is much higher but the r value is not a 
statistically valid measure of this agreement. 

in the Labrador Sea (Figure 4). This lack of correspon- 
dence between the size-fractions is further illustrated in 
Figure 5, which is from a core off East Greenland within 
10 km of a major calving glacier. The plot of the down- 
core variations in two sand-size fractions (500-210 and 
210-88 ~rn) indicates limited correlation with an unex- 
plained variance of 58%. However, a scatterplot of two 
more restricted fractions (500-595 pm versus 105-125 
~rn) indicates an explained variance of only 10% 
(r=0.32). However, even this is misleading as much of 
this "explanation" is driven by a single extreme point 
(without that one data point the correlation is - 0). If the 
> 210 and > 88 ~rn are plotted (Figure 5), correlations 
would perforce be higher because these are cumulative 
percentages. In this case, however, the normal test of sta- 
tistical significance would not be appropriate as cumu- 
lative data do not meet the test of independence. 

The focus by many deep-sea researchers on the ice- 
rafted sand fraction is understandable as these grains 
are easily recognized. But this should not blind us to the 
fact that the sand fraction is usually a relatively small 
percentage of the total sediment. For example, Figure 6 
illustrates the grain-size spectra of the sediment < 4 m m  
in diameter from JM96-1210 (Figures 1 and 5) off East 
Greenland. The grain-size distributions are multimodal 
with peaks in the very coarse and medium sand, and 
coarse and medium silt, but  clearly the greatest volume 
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Figure 6. Plot of the grain-size spectra between -4 and 11 ~ (4000 - < 0.98 
l~m) for samples from JM96-1210, off Nansen Fjord, East Greenland. Note 
the multi-modal nature of the distributions. 

imentologically much more complex than an IRD rain- 
out of sand-size particles. H-sediments include massive 
deposits of fine grained silts and clays, but  it is not clear 
whether  the principal source of these fine-grained sedi- 
ments are icebergs or suspended sediment plumes. 

C o n c l u s i o n s  
If the present is the key to the past then the s tudy of 

IRD variations in North Atlantic sediments has pro- 
ceeded with little knowledge about the characteristics 
of sediment released along the iceberg transport paths 
followed by modern  icebergs (Figure 1). Although the 
observed maximum limits of icebergs extends well 
south of the iceberg calving areas it cannot be assumed 
that these far travelled icebergs contained sediment, in 
fact it is unlikely that they contained more than a few 
grains per m 3 of ice. Moreover, there is evidence that the 

release of IRD into the Nordic Seas was more chaotic 
(Dowdeswell et al., 1999) than the pattern observed in 
the IRD belt of the North Atlantic (Ruddiman, 1977; 
Bond and Lotti, 1995). To ensure that changes in the IRD 
content of sediments is not the result of random sedi- 
ment  delivery then the fluxes (g/cm2/uni t  time) should 
be calculated (Ruddiman, 1977). However  the critical 
estimate, the rate of sediment accumulation during an 
H-event,  is not known better than a factor of about 5 
(250 versus 1250 years), nor are there many detailed 
analyses of changes in sediment density, hence the flux 
calculation has some problems. But, as an example, 
Keigwin and Lehman (1994) estimated a flux of sand at 
-5  g / cm2/ky  during H-1 at a distal site in the North  
Atlantic. This value can be compared  with late 
Holocene values of between 1 and 5 g / cm2/ky  along 
the inner shelf of East Greenland, seaward of the JM96- 
1210 site (Figure 1; Andrews et al., 1997), and close to 
active calving outlet glaciers. Maximum values within 
the outer fjords in this area reached values of > 1000 
g /cm2/ky  of the sand fraction. 

It is necessary to bear in mind that a change in IRD 
flux could be due to three different scenarios: 1) an 
increase in the iceberg flux with sediment content and 
melt rate held constant; 2) or a change in sediment 
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Figure 7. Comparison of different data from core HU75-054 in northern 
Labrador Sea showing the changes in numbers of grains > 2ram as counted 
every 2 cm from X-radiographs (volume approximately 28 cm 3 , weight of 
material > 2 ram from particle size analyses (sampled from a ring with a vol- 
ume of lO.4 ml), and the weight % of detrital carbonate. Note the difficulty in 
defining H-events when the larger lithics are counted versus the weight per- 
centage approach (middle column). 
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concentration, with the iceberg flux remaining steady 
and the rate of melt not varying, or finally; 3) a change 
in the locus of the main zone of iceberg melting, due to 
changes in surface and subsurface temperature condi- 
tions. It has been argued that the sediment concentra- 
tions of icebergs would change during an H-event 
(Alley and MacAyeal, 1994), and the isolation of a 
specific sediment provenance by isotopic fingerprinting 
(Hemming et al., 1998) is a valuable tool in identifying 
abrupt changes in the sediment record. 

The "pure" climatic interpretation of IRD events is 
not without glaciological alternatives (e.g. Clarke et a]., 
1999) and it is a mistake to consider all IRD records as 
being in the mode of H-events. Data from the Labrador 
Sea (Figure 6), and off East Greenland (Figure 5) 
indicate that in some regions IRD is a pervasive not a 
punctuated signal. It is also obvious (Figure 6, middle 
column) that the bulk of sediment transported away 
from ice sheet margins is primarily in the silt and clay- 
size fractions and that a variety of processes, other than 
IRD, contribute sediments to the ice distal continental 
slopes and deep-sea basins (Hesse and Khodabakhsh, 
1998). 

Thus although abrupt changes in the IRD content of 
marine cores in the North Atlantic have led to consider- 
able excitement in the paleoceanographic and 
glaciological communities, this must be tempered by an 
appreciation of the problems in understanding the 
"true" meaning of an IRD event. At the moment we fail 
the essential geological test of predicting the past from 
an understanding of present day processes. Although 
the connection between H-events, IRD, and massive 
glaciological collapse of the Laurentide (and other?) ice 
sheets is well demonstrated a predictive model of the 
processes involved still needs to be developed, 
although significant process is being made (Clarke et 
al., 1999; Dowdeswell and Siegert, 1999a). 
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