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Pleistocene iceberg production from East Greenland:
Synchronous between source areas, but distinct from
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A 1 m.y. ice-rafted debris record (IRD) was developed for Ocean Drilling Program site 919, located
in the western Irminger Basin. Compositional analyses of the IRD indicate that the major source
regions for IRD found off SE Greenland were the Precambrian igneous and meta-igneous crystalline
basement (predominantly gneiss and granite) of southeast Greenland and the Tertiary flood basalts
located further north along the East Greenland coast. Temporal covariations in the IRD mass accu-
mulation rates (MARs) of provenance-distinctive grain types suggest that these source areas experi-
enced similar iceberg release histories during the Pleistocene. In contrast, no distinct relationship can
be drawn between peaks in the IRD MAR record and oxygen-isotope defined glacial-interglacial
cycles, suggesting that the history of IRD input off SE Greenland since 1 Ma was dominated by local,
rather than global, climatic and distributional controls.

Key words: Ice-rafted debris, Greenland, Pleistocene, Irminger Basin.

L.A. Krissek [krissek@mps.ohio-state.edu], Department of Geological Sciences, Ohio State University, Colombus,
Ohio 43210, USA. K.E.K. St.John [stjohnke@appstate.edu], Department of Geology, Appalachian State
University, Boone, NC 28608, USA. 13 June 2001.

The transport of land-derived sediment by icebergs,
and the release of that material during iceberg melt-
ing, is widely accepted as the primary mechanism for
supplying anomalously large (sand-sized and larger)
land-derived grains to marine settings away from con-
tinental margins in the mid to high latitudes (e.g.
Conolly & Ewing 1970; Ruddiman 1977; Krissek 1989,
Jansen et al. 1990; Bond et al. 1992; Krissek 1995; Jansen
et al. 2000). The temporal distribution of this material
(termed “ice-rafted debris”, or IRD) at a site can be
interpreted as a history of glacial extension to sea level,
whereas the geographic distribution and the compo-
sition of the IRD can be used to identify the glaciated
areas (e.g., Goldschmidt 1995; Linthout et al. 2000).
As a result, the study of IRD in stratigraphically intact
deep marine sedimentary sequences often provides a
more complete record of continental glaciation than
the study of thin, discontinuous stratigraphic records
on the glaciated continent.

The record of IRD supply to a marine site is not
without its own complications, however, because other
environmental and glaciological variables can influ-
ence the rate of iceberg and IRD production and dis-
persal from a glacier that extends to sea level (Andrews

2000). Examples of these variables include: 1) the dis-
tribution and amount of sediment in the glacier ice,
which is dependent on the basal thermal regime of the
ice and the amount of bedrock exposed above the gla-
cier surface; 2) the nature of the ice terminus (fast-calv-
ing vertical ice cliffs vs. an ice shelf or ice ramp domi-
nated by basal melting); 3) the extent of near-shore sea
ice, which restricts iceberg movement to the open ocean
and enhances melting and IRD release near the ice-
berg source; 4) the surface current pattern in the adja-
cent open ocean, which acts to disperse icebergs; 5)
the presence or absence of sea ice over the open ocean,
which can limit iceberg movement over the site of in-
terest; and 6) the accompanying pattern of sea surface
temperatures, which determine the location and rate
of enhanced iceberg melting. Changes in each of these
controls through time may be difficult to distinguish,
but each can affect the IRD record at an offshore ma-
rine site.Despite these complications, offshore IRD
records have the potential to contribute valuable in-
formation about Pleistocene paleoenvironments of SE
Greenland. Terrestrial paleoclimate records in this re-
gion are sparse and are predominantly restricted to
the latest Pleistocene and Holocene (e.g., Lysa &
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Landvik 1994); only two locations of early(?) Pleis-
tocene age sediments are known to exist in East Green-
land (Feyling-Hanssen et al. 1982; Funder et al 1985;
and Bennike & Bøcher 1990). Fjord records provide
detailed proxies (including IRD) of glacial activity in
SE Greenland but are most appropriate for studying
the paleoclimates of the latest Pleistocene and the
Holocene (e.g. Stein et al. 1996; Andrews et al. 1997,
1998). Basal tills and depositional hiatuses in cores
from the SE Greenland continental shelf (Shipboard
Scientific Party 1994a) indicate that shallow water
records in this region are hampered by one of the same
problems found in terrestrial records – erosion by the
Greenland Ice Sheet during times of maximum ice sheet
extent. Hence, it is necessary to move offshore, to deeper
water marine sites, to obtain a more continuous record
of SE Greenland’s glacial history. Ocean Drilling Pro-
gram site 919, located in the western Irminger Basin,
meets this criterion. In addition, 100% core recovery
(Shipboard Scientific Party 1994b), high sedimenta-
tion rates (averaging ~15 cm/ky), and age control based
on oxygen-isotope stratigraphy (calibrated with cal-
careous nannofossil and diatom biozones; see Flower
1998) make this site attractive for high resolution
paleoclimatic study of the local IRD signal from SE
Greenland. In this paper, the IRD record from site 919
is used to examine: 1) the sources of IRD supplied to
site 919 and the glacial histories of those source areas,
and 2) the timing of local ice-rafting within Pleistocene
global glacial-interglacial cycles.

Study Region and Site Description
ODP site 919 is located 185 km from the SE Greenland
margin in 2088 m of water (Fig. 1). It is positioned on
the lower continental rise of the western Irminger Ba-
sin. The Irminger Basin lies south of the Denmark Strait
and is under the influence of the southward-flowing
East Greenland Current. This cold, ice-laden current
is responsible today for transporting many of the ice-
bergs calved along East Greenland southward to-
wards the North Atlantic. Site 919 is presently within
the limit of iceberg discharge from East Greenland
(Reeh 1989). Onshore, SE Greenland is characterized
by numerous glacier-headed fjords that cut into the
rugged alpine topography, which was uplifted dur-
ing the late Oligocene and early Miocene (Larsen 1990;
Christiansen et al. 1992; Shipboard Scientific Party
1994c). The highest mountains in Greenland (Gunn-
bjorn Fjeid, 3700 m) are located in this region, near the
head of Angmagssalik Fjord ~560 km northwest of Site
919 (Funder 1989). At present the largest single outlet
along the eastern margin of the Greenland Ice Sheet is

the Scoresby Sund fjord system, approximately 1000
km northeast of site 919. Funder et al. (1998) summa-
rized modern meteorological and glaciological data
for Greenland, and used data from Reeh (1991) to ex-
amine latitudinal changes in the mass balance distri-
bution of the Greenland Ice Sheet’s eastern margin.
Total ice ablation decreases significantly from south
(~ 6 m/yr at sealevel at ~ 60-68ºN) to north (~ 2 m/yr
at sealevel at 80ºN), a change reflected by modern dif-
ferences in ice-terminus regimes (Reeh et al. 1999).
Glaciers to the south have active ice margins that of-
ten terminate in the open sea, and ablation is domi-
nated by the production of small irregular icebergs that
carry IRD toward the open ocean. Glaciers to the north,
especially those presently north of ~ 78ºN, have less
active margins, often ending with extended floating
tongues that ablate predominantly by basal melting.
These ice tongues can produce large “ice islands”,
whose seaward movement is obstructed by semi-per-
manent fast ice. As a result, sediment load carried by
the northern glaciers presently is released close to
shore, rather than reaching the open ocean.

The bedrock of SE Greenland is dominated by
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Fig. 1. Map showing the location of ODP Sites 914–919 and the
general location of potential IRD source areas in SE Greenland.
Bathymetric contours are in meters below sea level. Map modi-
fied from Clift et al., (1996) and Larsen (1980, 1984).
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Precambrian gneisses and Tertiary volcanics. To a
much lesser degree, Permian and Mesozoic sedimen-
tary deposits are found in on-shore rift grabens and
half-grabens, and include conglomerates, arkoses and
some evaporite deposits (Larsen 1980). Pre-volcanic
Tertiary sedimentary deposits are restricted to scattered
localities protected against erosion by basalts (Larsen
1980). The Lodin Elv Formation, a pro-deltaic sequence
on Jameson Land, north of Scoresby Sund, is the only
upper Pliocene/lower Quaternary sedimentary de-
posit described from southeast-central East Greenland
(Feyling-Hanssen et al. 1982; Funder 1989). Late Pleis-
tocene glacial deposits blanket the landscape, and
have been used by Funder et al. (1998) to investigate
the history, extent, and styles of glaciation since ~ 240
ka along the relatively stable ice margin of East Green-
land. Within this interval, Funder et al. (1998) have
identified glacial episodes when conditions in the
Scoresby Sund region were much like those presently
seen north of ~ 78ºN. As a result, they conclude that
sustained IRD production from the Scoresby Sund re-
gion was most likely during climatic transitions, with
both seasonally open water and advanced ice front
positions. IRD production was reduced, however, ei-
ther when ice fronts were located within the inner fjords
(during warm conditions) or when permanent near-
shore sea ice was present (during cold conditions).
They also suggest that IRD production may have var-
ied considerably within an episode of relatively stable
advanced ice position if the glacier front repeatedly

oscillated across the fjord mouth, which served as a
threshold for iceberg release to the open ocean.

One hundred forty-seven meters of Holocene-Pleis-
tocene marine clays and silts with dropstones were
recovered from site 919. This general lithology includes
a mix of terrigenous, volcanic, and biogenic compo-
nents which accumulated at site 919 from different
sources and by different mechanisms. Fining upward
sequences and sharp basal contacts of some silt and
clay beds indicate deposition by distal tubidity flows
coming off the SE Greenland shelf (Shipboard Scien-
tific Party 1994b). Discrete ash layers were derived from
fallout of explosive Icelandic volcanism (Clift & Fitton
1998; Lacasse et al. 1998). The biogenic components
represent the accumulation of microfauna and flora
from the overlying water column (Shipboard Scien-
tific Party 1994b; Koç & Flower 1998; Spezzaferri 1998;
Wei 1998). Most relevant to this study are the
dropstones and coarse sand-sized terrigenous grains,
which indicate meltout of continental material from
floating ice (Shipboard Scientific Party 1994b).

Methods
The objective of this study was to generate records of
the mass accumulation rate (MAR) and lithologic com-
position of coarse sand-sized IRD deposited at site 919
during the past 960 kyr. Samples 10 to 20 cc in volume
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Table 1. Age Model for Site 919

Reference Type Event Depth Age Calculated LSR
(mbsf) (ka) (cm/kyr)

Top of Core 0.00 10
Flower O-isotope stage boundary 1/2 1.50 12 75.0

O-isotope stage boundary 2/3 2.38 24 7.3
O-isotope stage boundary 3/4 8.00 59 16.1
O-isotope stage boundary 4/5 10.05 71 17.1
O-isotope stage boundary 5/6 18.90 128 15.5
O-isotope stage boundary 6/7 27.50 186 14.8
O-isotope stage boundary 7/8 34.76 245 12.3
O-isotope stage boundary 8/9 41.00 303 10.8
O-isotope stage boundary 9/10 46.00 339 13.9
O-isotope stage boundary 10/11 48.00 362 8.7
O-isotope stage boundary 11/12 55.50 423 12.3
O-isotope stage boundary 12/13 64.50 478 16.4
O-isotope stage boundary 13/14 77.90 524 29.1
O-isotope stage boundary 14/15 85.50 565 18.5
O-isotope stage boundary 15/16 95.60 620 18.4
O-isotope stage boundary 16/17 103.65 670 16.1
O-isotope stage boundary 17/18 109.00 713 12.4
magnetostratigraphy1 Brunhes/Matuyama 120.50 780 17.2
O-isotope stage boundary 24/25 146.00 953 14.7

1Flower (personal communucation) magnetostratigraphic reference: Wei (1998)
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were taken approximately every 50 to 75 cm from the
Pleistocene composite sequences of ODP Holes 919A
and 919B. Variations in sample spacing reflect chang-
es in core recovery and the effort to avoid basal
turbidites and discrete ash layers during sampling. A
total of 285 samples were processed from site 919 cores.
Sample ages were determined by linear interpolation
between oxygen-isotope stage boundaries (Flower
1998), assuming a constant sedimentation rate between
each pair of these dated levels (Table 1). Sedimenta-
tion rates for the last 960 kyr vary, but average ~15
cm/kyr. Sedimentation rates were very high (75 cm/
kyr) during the last deglaciation, between 12 and 10
ka. Given the sample spacing and the linear sedimen-
tation rates, the average temporal resolution for this
study is approximately 3 kyr.

Samples were processed with laboratory methods
similar to those used previously in other IRD studies
(Krissek 1989, 1995; St. John & Krissek 1999). This pro-
cedure involved isolating the coarse sand fraction (250
µm to 2 mm), weighing it, and visually estimating the
relative abundance of the terrigenous (non-volcanic)
material in that coarse-sand fraction. In this study, the
terrigenous coarse sand fraction is used as an indica-
tor of IRD abundance. A detailed description of the
laboratory methods used can be found in Krissek
(1999).

IRD compositions were determined by point count-
ing 100 terrigenous grains per sample. However, if a
sample contained <100 IRD grains then all IRD grains
were counted. Grains were classified as quartz
(monocrystalline and polycrystalline), basalt (black to
dark green, fine-grained igneous grains), granite/
coarse-grained felsic (coarse-grained, quartz-bearing,
polycrystalline igneous and metamorphic grains),
coarse-grained mafic (black to dark green, coarse-
grained igneous and metamorphic grains), sedimen-
tary non-carbonate and sedimentary carbonate.

We used mass accumulation rates (MARs) to quan-
tify the total IRD flux and the fluxes of different IRD
grain types (e.g., basalt grains) to the western Irminger
Basin. The terrigenous coarse-sand (i.e., IRD) MAR is
preferred as a glacial proxy over simple abundances
of coarse sand because the IRD MAR is independent
of the supply rates of other coarse-sand size compo-
nents, such as volcanic ash and biogenic material. For
this reason, it yields a more unequivocal record of IRD
supply than is provided by the abundance of coarse
sand. In addition, since LSR values vary at site 919,
MARs give a clearer indication of IRD variations; for
example, IRD peaks deposited during times of highest
LSR generally indicate much larger debris inputs than
peaks with similar weight percent values deposited
during times of lower LSRs.

The total IRD MAR is calculated by multiplying the
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Fig. 2. Terrigenous coarse sand abundance plotted against
downcore depth (mbsf = meters below sea floor) for Site 919.
Horizontal bars represent the occurrence of dropstones >0.2
cm on the cut surfaces of cores (Shipboard Scientific Party,
1994b).
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bulk MAR (which is the product of the linear sedimen-
tation rate (LSR) and the dry bulk density (DBD) of
that sediment) by the weight percent of the terrigenous
coarse sand fraction such that:

LSR [cm/k.y.]×DBD [g/cm3]×terrigenous coarse sand
wt% [a decimal fraction] = IRD MAR [g/cm2/k.y.]

DBD values were taken from the nearest shipboard
index properties sample listed in Shipboard Scientific
Party (1994b). The MAR of each IRD grain type is cal-
culated by multiplying the total IRD MAR by the abun-
dance of each grain type within the total population
of IRD grains.

Results
IRD MAR values range from 0 to ~2.3 g/cm2/k.y. (0
and ~0.04 wt%; Figs 2–3) at site 919, with the highest

IRD flux occurring at ~11.9 ka (1.44 mbsf) during oxy-
gen-isotope Stage 2. This highest IRD flux results largely
because of the very high sedimentation rate (75 cm/
kyr) between 10 and 12 ka, in combination with an
IRD abundance peak of ~0.04%. With the exception of
this IRD MAR peak, large amplitude fluctuations of
IRD flux primarily are older than ~250 ka (oxygen-
isotope Stage 7). These older IRD MAR peaks have
maximum values between 0.2 and 0.5 g/cm2/k.y. Over-
all there is no clear correlation between the pattern of
IRD flux to site 919 and marine oxygen-isotope stages;
peaks in IRD MARs occur not only during glacial
stages, but also during interglacial stages and at stage
boundaries.

The depths at which IRD maxima occur and the
depths at which larger dropstones (i.e., clasts > 0.2
cm; Fig. 2) were identified on cut surfaces of the cores
show some similarities, but not an exact correlation.
Many episodes of increased IRD input to site 919 (e.g.,
between 75–80 mbsf) are not recorded in the dropstone
record, but are only revealed through more continu-
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Fig. 3. Site 919 a) IRD MAR plot-
ted against calculated age. The
IRD MAR value at 11.92 ka is
2.29 g/cm2/ky. The position of
the polar front according to Koç
and Flower (1998) relative to site
919 is indicated by “east” or
“west” for glacial Stages 2–18.
“East” means the polar front was
east of site 919, “west” means
the polar front was west of site
919. b) Oxygen isotope Stages
from Flower (1998). Stages 1–18
are represented by shaded and
unshaded horizontal bars and are
numbered to the right. Stages 19–
23 are not defined. Stage bound-
ary 24/25 is indicated by a
dashed line. The Brunhes/Ma-
tuyama magnetic boundary is
indicated by the dotted line.
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ous analysis of sand-sized IRD as was done in this
study. X-radiograph analysis of the cores would likely
improve the correlation between the dropstone and
coarse-sand IRD records. In addition, though less com-
mon, are intervals (e.g., 87–88 mbsf) where dropstones
are present without a corresponding sand-size IRD
maximum. This suggests that some ice-rafting events
are not represented in the sand-size IRD record, be-
cause of the temporal resolution introduced by our
sampling interval.

Quartz, basalt, and granitic/coarse-grained felsic
are the three most abundant IRD grain types at site
919 (Fig. 4); MARs of quartz IRD range from 0 to 1.5 g/
cm2/k.y., MARs of basalt range from 0 to 0.16 g/cm2/
k.y., and MARs of granite/coarse grained felsic range
from 0 to 0.11 g/cm2/k.y. Peaks in the total IRD MAR
record primarily are produced by an increase in the
MARs of one or more of these dominant components.
With the exception of a few isolated peaks (e.g., the
sedimentary IRD peak at ~11.9 ka), the MARs of coarse-
grained mafic IRD and sedimentary rock fragments
IRD are low to zero throughout the site 919 record.

Discussion
IRD Provenance and Iceberg Dispersal

The composition of sand-size IRD at site 919 is con-
sistent with the lithologies of larger dropstones re-
corded during shipboard core description (Shipboard
Scientific Party 1994b), with the known onshore geol-
ogy of southeast and central east Greenland (Bridg-
water et al. 1976; Larsen 1980), and with the composi-
tion of modern and Pleistocene IRD from East Green-
land (Molnia 1983; Linthout et al. 2000). The most likely
source area for the granitic/coarse-grained felsic IRD
is the Precambrian igneous and meta-igneous crystal-
line basement (predominantly gneiss and granite) of
southeast Greenland, located immediately southwest,
west, and northwest of site 919. Basaltic IRD was prob-
ably derived from Tertiary flood basalts exposed be-
tween Scoresby Sund and Kap Gustav Holm (Fig. 1;
Deer 1976; Larsen 1980), ~500 km or more north and
northwest of site 919.

The widespread distribution of quartz in the litholo-
gies exposed in East Greenland limits the value of
quartz as a provenance indicator; however, some of
the quartz grains at site 919 are hematite stained, sug-
gesting that quartz IRD was in part derived from red

beds in east Greenland. Sedimentary rock fragments,
however, are poorly represented at site 919, with clas-
tic grains dominating those that are present. Possible
sources of clastic sedimentary IRD along the East
Greenland coast include scattered pre-volcanic depos-
its, such as Tertiary marine to shallow water sedimen-
tary sequences at Kap Gustav Holm, and Cretaceous
to earliest Paleocene marine to shallow marine sedi-
ments in the Kangerdlugssuaq area. These possible
sources are problematic, however, because both gener-
ally are protected from erosion by thick basaltic caps
(Larsen 1980). Another possibility is that sedimentary
rock fragments were transported from fjords cut into
the Paleozoic “Caledonian molasse” (Haller 1971)
exposed in the Caledonian fold belt in northeastern
Greenland (Larsen et al. 1994; Henriksen & Higgins
1976). These exposures, however, extend far enough
north that colder glacial conditions and more exten-
sive shore-fast sea ice may have limited their effective-
ness as IRD sources (Funder et al. 1998). A final pos-
sible source was identified by Linthout et al. (2000),
who reported the presence of a red quartzitic dropstone
in a surface grab from the SE Greenland continental
margin. They tentatively linked this dropstone to
Lower Mesozoic sedimentary rocks in northern
Jameson Land, south of 72ºN. As with the sources of
basaltic IRD grains, these possible sources of sedimen-
tary IRD grains all lie 500 km or more north of site 919.

A comparison of the site 919 IRD data and the IRD
composition and abundance data from more shore-
ward locations (ODP sites 914–918; Fig. 1; Shipboard
Scientific Party 1994a; Kudless-St. John 1999) indicates
that Site 919 had lower total IRD MARs and received
less felsic IRD (quartz and granitic/c.g. felsic rock frag-
ments) than the more landward sites, located ~130 km
to the west. Thus, the IRD composition further offshore
(site 919) was influenced relatively more by distant,
yet directly up-current iceberg calving localities than
by nearby iceberg sources directly to the west. Icebergs
that transported material eastward from the felsic crys-
talline rocks exposed along the SE Greenland coast
experienced greater melting and/or were caught in
the strong, southward-flowing East Greenland Cur-
rent before reaching Site 919, thus reducing both the
total IRD input and the input of felsic IRD to this site.
Icebergs originating from basaltic exposures, however,
entered the EGC farther to the north, and some of these
icebergs were carried offshore by the time they reached
63ºN latitude. This resulted in similar basaltic IRD
MARs at sites 918 and 919, even though the relative
importance of basaltic IRD in the total IRD population
is much greater at Site 919.

Peaks in the total IRD MAR profile of Site 919 gener-
ally result from synchronous increases in both the
quartz and basalt IRD MARs, and secondarily from

Krissek & St. John: Pleistocene iceberg production from East Greenland     ·

Fig. 4. Component IRD flux (IRD MAR) profiles. Replicate to-
tal IRD MAR profiles are included on the left of each row for
comparison.



86

increases in granitic/coarse-grained felsic IRD MARs
(Fig. 4). This covariation in the MARs of different IRD
grain types, derived from different locations along the
SE Greenland coast, suggests that IRD supply from
geographically and geologically distinct source re-
gions varied synchronously during much of Pleis-
tocene. In light of these IRD provenance interpreta-
tions, the covariation in the MARs of different IRD grain
types indicates that the region of Precambrian igne-
ous and meta-igneous crystalline basement in south-
east Greenland, the Tertiary flood basalt region between
Scoresby Sund and Kap Gustav Holm, and perhaps
Jameson Land and the fjords in the southern Caledo-
nides experienced similar iceberg release histories
during the Pleistocene. The work by Funder et al. (1998)
examined the glacial history from Scoresby Sund north
to ~ 75ºN during the past ~ 240 ky, but equivalent data
are not available for the region south of Scoresby Sund.
As a result, independent data are not available to evalu-
ate: 1) Middle to Late Pleistocene glacial conditions
south of Scoresby Sund, where important IRD source
areas to Site 919 are located; or 2) glacial/interglacial
conditions older than 240 ka anywhere along the SE
Greenland coast.

Input of sedimentary rock fragments to site 919 as
IRD was significant only during the last deglaciation
(Fig. 4; Stage 2). Large increases in the fluxes of quartz
grains and sedimentary rock fragments were respon-
sible for the very high total IRD flux at 11.9 ka. An
increase in the sedimentary rock fragment IRD flux is
also seen at site 918 in the late Pleistocene (Kudless-St.
John 1999). This implies a shift in the relative impor-
tance of sedimentary source areas towards the end of
the last glaciation, whereby total IRD supply increased
greatly in response to iceberg-calving almost entirely
from areas where sedimentary bedrock was exposed.
The two nearest areas with outcrops of sedimentary
rocks are the Kangerdlugssuaq/Kap Gustav Holm re-
gion and Jameson Land, just north of Scoresby Sund.
On the continental margin near Kangerdlugssuaq, sedi-
mentation decreased after ~ 15 ka (Andrews et al.
1996), attributed to retreat of the ice from the shelf break
at that time. During that retreat, the calving ice front
may have passed briefly through a position more di-
rectly upcurrent from site 919, thereby increasing the
input of sedimentary rock IRD as recorded at ~ 11.9
ka. Contemporaneous IRD records from the continen-
tal slope off Scoresby Sund show significant, but epi-
sodic, IRD inputs from ~ 29 ka to ~ 12 ka, but the de-
crease at 12 ka is attributed to deglaciation of the outer
fjord basins (Funder et al. 1998). As a result, this more
glacial proximal record suggests that the increase in
sedimentary rock IRD at site 919 at ~ 11.9 ka was not
sourced from the Jameson Land/Scoresby Sund region.

Timing of Ice-Rafting Within Glacial-
Interglacial Cycles

A planktonic foraminifera-based oxygen-isotope
stratigraphy for Site 919 (Flower 1998) provides a well-
constrained time framework for calculating the IRD
MAR record at that site, and also supplies valuable
paleoclimatic data for the Irminger Basin since 960 ka.
The site 919 oxygen isotope and IRD MAR records are
both climatic indicators, but respond to different spa-
tial scales of variation (i.e., global vs. local climate sig-
nals), so a comparison of the two reveals the response
of glacial ice in SE Greenland to global climate forc-
ing. The overall poor correlation between site 919 IRD
MAR peaks and global δ18O stages indicates that local
controls on iceberg production, transport, and melt-
ing had a overriding influence on IRD flux to site 919
during the last 960 kyr (Fig. 3).

The various local controls that influenced the rate
of IRD supply to the Irminger Basin are difficult to
isolate and assess independently. Here we will explic-
itly consider the effects of the paleo-position of the Polar
Front, the boundary between cooler high-latitude sur-
face waters and warmer surface waters derived from
the North Atlantic, while also considering the poten-
tial roles of nearshore and regional sea ice cover. The
position of the Polar Front is important because it de-
termines the position where most icebergs melt (e.g.
Ruddiman 1977). Based on a study of diatom assem-
blages at site 919, Koç & Flower (1998) inferred east-
west shifts of the Polar Front across the western
Irminger Basin during the last 1 My (Fig. 3). They con-
cluded that glacial Stages 2, 6, 10, 12, and 16 were
relatively cold, causing the Polar Front to migrate east
of site 919. Although limited to a shorter record, Funder
et al. (1998) support this interpretation, specifically by
concluding that Stage 6 was the most extensive glacia-
tion seen in the East Greenland terrestrial record dur-
ing the past 240 ky. Conversely, milder climates were
interpreted to have prevailed during glacial Stages 4,
8, 14, 18, so that the Polar Front was located west of
site 919 (Koç & Flower 1998). Funder et al. (1998), how-
ever, interpreted Stage 4 in the Scoresby Sund region
as a long-lasting event, with ice extending onto the
inner continental shelf for more than 50 ky. The inter-
pretation of milder glacials compares favorably with
our IRD flux record, in that IRD MARs at site 919 were
low during Stages 4, 8, 14, and 18. Presumably site
919 was beyond the geographic limit of significant ice-
berg melting (i.e., the Polar Front) at these times. In
addition, if stages 4, 8, 14, and 18 were warmer
glacials, as Koç & Flower (1998) suggested, then gla-
cial ice may have retreated from the coastal regions,
resulting in reduced iceberg production at these times.
Alternatively, as interpreted by Funder et al. (1998) for
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Stage 4 marine sediments near Scoresby Sund, exten-
sive shorefast sea ice cover at the iceberg sources may
have prevented iceberg drift and IRD delivery to the
offshore site 919.

Site 919 was within the normal limit of iceberg raft-
ing during glacial stages 2, 6, 10, 12, and 16, assuming
Koç & Flower (1998) were correct in concluding that
the Polar Front was east of site 919 during these gla-
cial stages. IRD supply to site 919 was variable, how-
ever, during these times; high rates of IRD supply oc-
curred during Stages 2, 12, and 16, but rates were low
during Stages 6 and 10. These differences may be ex-
plained by variations in the distribution of sea ice, both
across site 919 and as shorefast ice near the iceberg
sources. Koç & Flower (1998) suggested that sea ice
extended across the location of site 919 during stages
6 and 10, which would have limited the transport of
debris-laden icebergs to the area. In contrast, we sug-
gest that permanent regional sea ice was less exten-
sive during glacial Stages 2, 12, and 16, thus allowing
the transport of icebergs and IRD to site 919. Alterna-
tively, varying spatial and temporal distributions of
nearshore sea ice at the iceberg sources also may have
affected IRD supply to site 919. For example, IRD con-
tents off Scoresby Sund are lower in Stage 6 sediments
than in Stage 2 deposits, attributed to the effects of
long-lasting shorefast ice during Stage 6 (Funder et al.
1998). The shorefast ice must have been geographi-
cally limited during stage 6, however, because IRD
contents in stage 6 marine sediments north of Scoresby
Sund(Funder et al. 1998) are as high as, or higher than,
the IRD contents in stage 2 sediments in that area.

A final possible regional control on the IRD record
at site 919 is temporal variation in the availability of
easily eroded material within the glaciated source ar-
eas. For example, it is interesting to note that the high-
est IRD MARs within glacial Stages 16, 12, 10, and 8
each occurred at the onset of glaciation, with IRD
MARs decreasing as each glaciation proceeded. This
repeated pattern suggests that easily eroded material,
weathered during the preceding interglacial, was rap-
idly removed by the initial glacial advance. After this
erodible cover was removed, then the debris load
within the glaciers was reduced, even though total ice
volume may have increased. Alternatively, the decrease
in IRD supply through these glacial stages may record
either: 1) a change in the glacial terminus regime as
each glaciation intensified, from conditions initially
like those presently found near Scoresby Sund to con-
ditions equivalent to those presently found north of ~
78ºN (Funder et al. 1998; Reeh et al. 1999); or 2) the
development of more permanent nearshore sea ice at
the iceberg source regions.

This pattern, where IRD abundance decreases
through an older glacial stage, is more evident in the

MAR record for basaltic IRD than in the MAR record
for granitic IRD, suggesting either that: 1) the basaltic
source rocks were more susceptible than the granitic
source rocks to weathering during interglacials; or 2)
glacial terminus regimes and/or nearshore sea ice ex-
tents were more variable in the Kap Gustav Holm/
Scoresby Sund region than further to the south. It is
also interesting to note that the transitions into Stages
16, 12, 10 and 8, which show maximum IRD MARs at
the onset of glaciation, are marked by relatively large
amplitude changes in the benthic oxygen isotope
record (Bradley 1999, Fig. 6.11). The large-amplitude
oxygen isotope shifts suggest intensified climatic
changes, from relatively equable climates suitable for
extensive weathering to relatively intense glaciations.
In contrast, the transition from Stage 15 into Stage 14
is marked by a relatively low amplitude change in the
benthic oxygen isotope record (Bradley 1999; Fig 6.11),
suggesting a less drastic climatic shift, which is con-
sistent with reduced weathering during interglacial
Stage 15 and reduced IRD influx at the start of glacial
Stage 14 (Fig. 3).

The IRD record at a location is affected by both glo-
bal climate and regional controls. Our data from site
919 suggests that iceberg release to the open ocean
from glaciers throughout SE Greenland fluctuated syn-
chronously during the last 1 My, with the resulting
record of IRD input also affected by glacial terminus
regime, ocean circulation, sea surface temperature pat-
terns, sea-ice distribution, and availability of easily
eroded surficial material. Because of these complica-
tions, the IRD record from SE Greenland does not cor-
relate well with the global oxygen isotope record,
which is strongly influenced by Pleistocene variations
in the Laurentide Ice Sheet. Dowdeswell et al. (1999)
concluded that the dynamics of Quaternary ice sheets
surrounding the Nordic Seas were different from the
dynamics of glaciers draining the Laurentide Ice Sheet.
Our data suggest that this observation is also valid for
the ice sheets in SE Greenland.

Conclusions
1) Compositional analyses indicate that the major
source regions for IRD found off SE Greenland were
the Precambrian igneous and meta-igneous crystal-
line basement (predominantly gneiss and granite) of
southeast Greenland and the Tertiary flood basalts
located further north along the East Greenland coast
(but south of Scoresby Sund). Temporal covariations
in the IRD MARs of provenance-distinctive grain types
suggest that these source areas experienced similar
iceberg release histories during the Pleistocene.
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2) The history of IRD input off SE Greenland is domi-
nated by local, rather than global, climatic and distri-
butional controls, as no distinct relationship can be
drawn between the timing of IRD MAR maxima at this
site and oxygen-isotope defined glacial-interglacial
cycles.
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