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[1] Millennial climate oscillations of the glacial interval
are interrupted by extreme events, the so-called Heinrich
events of the North Atlantic. Their near-global footprint is a
testament to coherent interactions among Earth’s
atmosphere, oceans, and cryosphere on millennial
timescales. Heinrich detritus appears to have been derived
from the region around Hudson Strait. It was deposited over
approximately 500 + 250 years. Several mechanisms have
been proposed for the origin of the layers: binge-purge cycle
of the Laurentide ice sheet, jokulhlaup activity from a
Hudson Bay lake, and an ice shelf buildup/collapse fed by
Hudson Strait. To determine the origin of the Heinrich

events, | recommend (1) further studies of the timing and
duration of the events, (2) further sedimentology study near
the Hudson Strait, and (3) greater spatial and temporal
resolution studies of the layers as well as their precursory
intervals. Studies of previous glacial intervals may also
provide important constraints. INDEX TERMS: 4267
Oceanography: General: Paleoceanography; 1040 Geochemistry:
Isotopic composition/chemistry; 1620 Global Change: Climate
dynamics (3309); 3022 Marine Geology and Geophysics: Marine
sediments—processes and transport; 1045 Geochemistry: Low-
temperature geochemistry; KEYWORDS: climate, Heinrich layers,
Heinrich events, ice-rafted detritus.
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1. INTRODUCTION

[2] Few discoveries have focused the attention of the
paleoclimate community more than ‘“Heinrich events,”
which are documented in the North Atlantic as anomalous
occurrences of ice-rafted detritus (IRD) (Figures 1 and 2).
As pointed out by Bond et al. [1993] and Broecker [1994],
the timing of Heinrich events is in striking coincidence with
the pattern of climate fluctuations documented from ice
cores. There is also good evidence for a global, or at least a
Northern Hemisphere-wide, footprint [e.g., Broecker, 1994].
Although the mechanism that drives the events remains a
matter of debate, there is no doubt that they are spectacular
examples of interactions among Earth’s atmosphere, oceans,
and cryosphere [Broecker, 1994]. Most of the individual
studies of sites outside the North Atlantic ice-rafting zone
(Figures 3 and 4) conclude that the Heinrich-correlated
events are caused by changes in winds: stronger trade winds
in the tropics [e.g., Arz et al., 1998; see also Mcintyre and
Molfino, 1996], stronger winter monsoon winds in China
[e.g., Porter and An, 1995; Wang et al., 2001] and the
Arabian Sea [e.g., Schulz et al., 1998], and stronger north-
erly winds in the western Mediterranean [e.g., Cacho et al.,
1999]. Lund and Mix [1998] also found evidence of greater
northeast Pacific ventilation at intervals approximately

coincident with Heinrich events. When compared to the
ambient glacial conditions, there appears to be a general
pattern of a tendency for wetter (milder?) conditions along
the western North Atlantic margin during Heinrich events
[e.g., Grimm et al., 1993] and perhaps along the eastern
South Atlantic margin [Little et al., 1997; Kanfoush et al.,
2000]. In contrast, more extreme cold/dry glacial conditions
prevailed during Heinrich intervals on the eastern North
Atlantic margin and western Mediterranean [e.g., Cacho et
al., 1999; Bard et al., 2000]. The pattern of difference in
Heinrich events compared to ambient glacial, as well as the
geographic distribution of sites that are sensitive to Heinrich
events, versus Dansgaard-Oeschger (D-O) events may pro-
vide important clues to the driving forces of these abrupt
climate changes. Global climate correlatives are discussed
in section 6.

[3] Heinrich [1988] documented layers with extremely
high lithic fragment percentages (approaching 100%) by
taking the ratio of lithic grains to total entities in the 180 pm
to 3 mm (sand is 63 pm to 2 mm) sediment fractions of
sediment cores from the eastern North Atlantic (Figures 1
and 2). Several subsequent studies have found correlative
horizons of high lithic percentages or high magnetic sus-
ceptibility in a band approximately coinciding with the
North Atlantic Current (Table 1 and Figure 2) and the ice-
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Figure 1.

Ice-rafted detritus (IRD) data for North Atlantic sediment cores with Heinrich layers. Most of

the data are the percentage of lithic grains in the >150 pm fraction; however, the data from ME69-17
[Heinrich, 1988] is the percentage of lithic grains in the 180—3000 um fraction. Also shown is the record
of number of lithic grains >150 pm per gram of dry sediment from core V28-82. The map shows the
location of the cores. Data sources are CH69-K09 [Labeyrie et al., 1999], V23-14 [Hemming and Hajdas,
2003], SU90-08 [Grousset et al., 1993], V28-82 [Gwiazda et al., 1996a; McManus et al., 1998; Hemming
et al., 1998], DSDP609 [Broecker et al., 1992; Bond et al., 1992], and ME69-17 [Heinrich, 1988].

rafted detritus (IRD) belt of Ruddiman [1977]. The layers
are generally considered to fall within six brief time
intervals during the last glacial period, which are labeled
“H1” through “H6” from youngest to oldest [Bond et al.,
1992; Broecker et al., 1992].

[4] In the North Atlantic the Heinrich layers are also
anomalous in their abundance of detrital carbonate [Bond
et al., 1992; Broecker et al., 1992]. Parallel observations

of high detrital carbonate concentrations within approxi-
mately correlative intervals [Andrews and Tedesco, 1992]
suggested that the Heinrich layers were formed by ‘““arma-
das of icebergs” launched from Hudson Strait [Broecker et
al., 1992]. Hudson Strait is a major trough and likely the
location of an ice stream capable of draining the eastern
portion of the Laurentide ice sheet. MacAyeal [1993]
proposed a “binge-purge” mechanism, which could oper-
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Figure 2. Map showing locations of cores with identified Heinrich layers. Data sources are given in
Table 1. Simplified geological provinces are shown for reference. The map template is from Ruddiman
[1977], and the 250 mg cm > kyr ' flux lines from 25 to 13 kyr, Ruddiman’s [1977] “IRD belt,” are

shown for reference.

ate independently of climate changes, to account for the
armadas of icebergs, and he further proposed that the
Paleozoic carbonates lining Hudson Bay and Hudson Strait
provided a relatively soft substrate that significantly helped
foster an ice stream. More recently, other models have
been proposed, but the notion of a binge-purge cycle
remains attractive. Bond et al. [1999] pointed out that
there is no doubt that the enormous amounts of ice
discharged during Heinrich events H1, H2, H4, and H5
require glaciological processes, probably involving mas-
sive surging or collapse of ice in Hudson Strait. However,
they also emphasize that the temporal pattern appears to
require a climate trigger.

[s] In the 10 years since Heinrich layers gained prom-
inence because of discoveries of North Atlantic and
Labrador Sea correlatives [Andrews and Tedesco, 1992;
Bond et al., 1992; Broecker et al., 1992], more than
200 papers have been published from studies of the layers
or purported global equivalents. In this paper I review the
research to date on Heinrich layers (events). I discuss the
ice-rafted detritus (section 2.1) setting that encompasses
them, the physical and chemical evidence that character-
izes them, the processes that may explain them, and the
global signals that may relate to them. It is important to
understand the global footprint of Heinrich events [e.g.,
Leuschner and Sirocko, 2000; Broecker and Hemming,
2001] and how it compares to that of the more frequent
Dansgaard-Oeschger cycles that are so prominent in the
Greenland ice cores. I use the information I have compiled
here to suggest a means of constraining the origin of

Heinrich layers and to propose key areas that need further
research.

2. BACKGROUND

2.1. Definition of Ice-Rafted Detritus

[6] Ice-rafted detritus (IRD) is sediment that was
entrained in floating ice, either icebergs or sea ice, and that
settled to the seafloor when the enclosing ice melted.
Considerable disagreement exists about the quantification
of IRD in marine sediment cores. Heinrich [1988] used the
percentage of IRD: the percentage of mineral or rock
fragments compared to all entities (what is not mineral or
rock fragments is almost exclusively foraminifera). Heinrich
counted the 180 pm to 3 mm fraction, whereas most
subsequent counts are from the >150 pm fraction, and some
from the Nordic Seas are from a much larger size fraction.
Another IRD indicator is the lithic portion, measured by
weight, of a sample’s coarse fraction.

[7] Three complications exist for choosing appropriate
grain-size intervals to study IRD. First, the coarse fraction
of marine sediments is generally small [Andrews, 2000].
Andrews [2000] has emphasized the point that the <63 pm
fraction, not the >63 pm fraction, is far more abundant and
representative in glacial deposits on land and near marine
outlets. In core V28-82, Heinrich layers H1, H2, H4, and H5
contain approximately 5000—6000 lithic grains (>150 pm)
per gram of dry bulk sediment, and H3 and H6 have only
about 3000 (see Figure 5). Second, the provenance of
sediments eroded by glaciers profoundly influences their
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Figure 3. Map showing locations of records of abrupt climate events discussed in this paper. The
Greenland Ice Sheet Project 2 (GISP2) §'%0 (Figure 4), Nordic Seas and Irminger Basin ice-rafted
detritus (IRD) [e.g., Rasmussen et al., 1997; Elliot et al., 1998; Voelker et al., 1998; Dokken and Jansen,
1999; van Kreveld et al., 2000], Santa Barbara Basin anoxia [Behl and Kennett, 1996; Kennett et al.,
2000], and Cariaco Basin runoff [Peterson et al., 2000] do not record more extreme climate conditions
during Heinrich events. DSDP609 detrital carbonate concentration (Figure 4) Lake Tulane pine pollen
[Grimm et al., 1993], Brazil margin terrigenous concentration [Arz et al., 1998], Lake Baikal (Selenga
delta) runoff [ Prokopenko et al., 2001], and Chinese loess average grain size [Porter and An, 1995] have
approximately the same number of peaks as Heinrich events and do not seem to record the other
millennial climate shifts. Alboran Sea sea surface temperature (Figure 4), Arabian Sea organic carbon
(Figure 4), and Hulu cave §'®0 (Figure 4) appear to record all the GISP2 events in the last 50 kyr, and

Heinrich events are pronounced extrema.

grain-size distribution; thus different grain-size ranges
should arguably be examined to identify different funda-
mental rock-type contributions. Third, distance of transport
under the glacier is a strong control on the ultimate grain
size.

[8] These complications mean that the coarse-grain frac-
tions are inevitably biased toward rocks near the ocean
margin and toward rocks that tend to break into grains of the
size range examined. (For example, shale would be under-
represented in the >63 um fraction.) While recognizing the
inevitable complexity of glacial sediment [e.g., Dreimanis,
1976; Dowdeswell and Dowdeswell, 1989; Dowdeswell and
Murray, 1990; Dowdeswell et al., 1998; Andrews, 1998,
2000], in the open ocean it is necessary to use a fraction that
is coarse enough to not have been transported by means
other than ice rafting. Away from turbidite aprons (shown
by Ruddiman [1977]), >63 pm grains are most likely
derived by ice rafting and grains >150 pm definitely are.

[o9] Depositional and bottom current processes in the
ocean can also modify the grain-size distributions. For

example, in drift deposits, there is a very large fraction of
sortable silt [e.g., McCave, 1995], and some depositional
sites must be quantitatively losing their fine fraction to
scouring by bottom currents. Core V28-82 in the eastern
North Atlantic is not on a drift and appears to be a case
where the flux from above matches the accumulation (based
on " Theyeess analyses [McManus et al., 1998]). Thus it is a
good reference core for deep ocean IRD characteristics in
the IRD belt. In contrast to V28-82, in western North
Atlantic core V23-14, Heinrich layers are at minima in
>63 pm fraction and number of lithic grains per gram (see
Figure 5). V23-14 has a very low sedimentation rate
between Heinrich layers of approximately 3 cm kyr '
[Hemming and Hajdas, 2003], and it is likely that bottom
currents are robbing the fine fraction from this site. Eastern
North Atlantic core V23-81 from the Feni Drift is a place
where extra fine fraction is added by bottom current
processes. V23-81 has a sedimentation rate of approximately
12 cm kyr™', and Heinrich layers are strong maxima in
numbers of lithic grains per gram (see Figure 10). However,
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Figure 4. Correlation of some high-resolution, Northern
Hemisphere records. (a) GISP2 data [Meese et al., 1997,
Stuiver and Grootes, 2000; data from http://depts.washington.
edu/qil/datasets/gisp2_main.html]. All data are shown with
shading, and a 10-point running average is shown as the
solid line. (b) Percentage of detrital carbonate from
DSDP609 [Bond et al., 1999]. (c) Percentage of Neoglobo-
quadrina pachyderma (s.) from an Alboran Sea record
[Cacho et al., 1999]. (d) Us;® sea surface temperature
estimates from the same Alboran Sea record [Cacho et al.,
1999]. (e) Estimated total organic carbon (TOC)
(a percentage) from an Arabian Sea core [Schulz et al.,
1998]. (f) The §'%0 of speleothem calcite from Hulu Cave,
China, dated with high-precision U series methods [Wang et
al., 2001].
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the maximum is only about 1500 grains per gram [Bond and
Lotti, 1995; Bond et al., 1999].

2.2. Geochemical Provenance Studies and Potential
Source Terranes Around the North Atlantic

[10] Geochemical approaches provide a valuable comple-
ment to petrographic provenance studies. Petrographic stud-
ies allow identification of major lithological components in
the sand fraction, as well as potentially diagnostic minerals
and/or rock types. In general, geochemical approaches
are applicable to both coarse- and fine-grained fractions.
Potential complications exist with using the fine fractions.
For example, fine-grained sediments typically represent
more homogeneously mixed sources. Additionally, in
studies of marine sediment cores, processes other than ice
rafting are capable of transporting fine-grained components.
However, the fine fraction carries valuable information
about sources. Measurements of components that are greatly
enriched or depleted in the sedimentary cycle yield infor-
mation about the degree of chemical alteration of the source
and thus provide insights into the contributions from sed-
imentary sources. In the North Atlantic, geochemical studies
of the fine terrigenous fraction include X-ray diffraction
(mineralogical) studies, K/Ar ages, Rb-Sr, Sm-Nd, and Pb
isotopes, and organic compounds.

[11] Many of the studies of IRD provenance have focused
on the sand fraction. The sand fraction is appealing because
it must have been rafting on ice (although whether sea ice or
icebergs were the rafts is difficult to determine). In the
North Atlantic, geochemical studies of the sand fraction
include the Sm-Nd and Rb-Sr isotope systems in the bulk
sand fraction (after carbonate is removed), Pb isotopes in
individual grains or composite samples of feldspar, and
“OAr/*°Ar ages of individual grains of hornblende.

2.2.1. Sm-Nd Isotope System

[12] The Sm-Nd isotope system provides an average age of
crust formation of the sediment’s sources [Taylor and
McLennan, 1985; Goldstein and Jacobsen, 1988; McLennan
and Hemming, 1992]. This is because Sm and Nd are rare
earth elements with similar radii, and thus are generally not
separated by most sedimentary processes (although there are
exceptions). Average post-Archean upper continental crust
has a Sm/Nd of 0.173, and average post-Archean shale has a
Sm/Nd of 0.175 [Taylor and McLennan, 1985]. Evidence
from Archean sedimentary rocks indicates a slightly
higher Sm/Nd [Taylor and McLennan, 1985; McLennan
and Hemming, 1992], but for the purpose of this application
the difference is negligible. Because of the relatively small
range of Sm/Nd of continental sources the Nd isotope
composition of a sediment provides a rough estimate of
the average continental age of its sources (there is approx-
imately a | epsilon unit decrease per 100 million years, so a
sample with eng of —27 can be inferred to have been derived
from a late Archean source or, alternatively, from a mix of
early Archean source with a younger source). In the North
Atlantic, Iceland can be a significant sediment contributor,
with a higher Sm/Nd [Farmer et al., 2003] and eng ranging
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Figure 5. Comparison of IRD and foraminifera data from
V28-82 [Gwiazda et al., 1996a; McManus et al., 1998;
Hemming et al., 1998] and V23-14 [Hemming and Hajdas,
2003]. Age scales were developed using the ages of the
Heinrich layers (discussed in section 4.6). Weight percent
data for the <63 pm fraction are not available for V28-82.
Note that in both cores the number of foraminifera per gram
is minima at Heinrich layers and that the percentage of IRD
is maxima. However, in contrast to core V28-82 the
numbers of lithic grains per gram in Heinrich layers in
V23-14 are at relatively low values compared to the rest of
the core. Additionally, the weight fractions >63 pm are
distinct minima at Heinrich intervals in V23-14.

up to near depleted mantle compositions [Grousset et al.,
1993; Farmer et al., 2003].
2.2.2. Rb-Sr Isotope System

[13] The Rb-Sr isotope system may be disturbed by many
geological processes [Dasch, 1969; Goldstein and Jacobsen,
1988]. This is because of the large geochemical difference
between Rb (alkali metal) and Sr (alkaline earth element)
as well as their mineralogical hosts. Rb tends to follow K
and is enriched in K-feldspar and micas, whereas Sr tends
to follow Ca and is enriched in plagioclase and pyroxene.
Plagioclase and pyroxene are generally susceptible to
chemical attack during weathering, and Sr is removed
to the aqueous system. Rubidium’s hosts have greater
resistance to chemical weathering, and, additionally, Rb
released during weathering tends to follow Al and thus to
be retained in the solid system. In addition to the
sedimentary alteration of the Rb-Sr system, metamorphism
tends to break down and reform the mineral hosts of these
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elements, and thus metamorphic resetting of the Rb-Sr
isotope system is common. Accordingly, the Rb-Sr isotope
system provides a large signal compared to our ability to
measure the Sr isotope composition, but the interpretation
of the geological source is complicated by the wide array
of processes that disturb or reset its clock.
2.2.3. Pb Isotope System

[14] The Pb isotope system is a powerful provenance tool
because of its formation from two isotopes of U and one of
Th. Pb is composed of four stable isotopes, 204pp,  206py,
207pb, and 2°®Pb. Of these isotopes, only ***Pb is non-
changing. Isotopes *°°Pb and 2°’Pb are the final products
from decay of ***U and **°U, respectively. Owing to the
much longer half-life of 2**U (~4.5 b.y.) compared to *>°U
(~700 m.y.) the Pb isotope system is particularly sensitive
to detection of ancient (particularly Archean) sources.
Although some published Pb isotope data exist from bulk
samples of Heinrich layers and potential sources [Hemming
et al., 1998; Farmer et al., 2003], they are still too scarce to
determine how sensitively they can be used to discriminate
sources in the North Atlantic region. However, the Pb
isotope composition of feldspar provides important insights
into basement sources to sediments. Feldspars have high Pb
abundance and very low U and Th abundance, and thus the
Pb isotope composition of feldspar approximates the initial
Pb isotope composition of its source [e.g., Hemming et al.,
1994, 1996, 2000b].
2.2.4. K/Ar Isotope System

[15] The K/Ar isotope system is reset as easily as the Rb-
Sr system, perhaps even more easily [Hurley et al., 1963;
Hurley and Rand, 1969]. Accordingly, the K/Ar ages of
sedimentary components are likely to record the approxi-
mate time of the last disturbance of the system. In the case
of the North Atlantic the K/Ar age of ambient pelagic
sediments is about 400 Ma [Hurley et al., 1963; Jantschik
and Huon, 1992], consistent with a dominant derivation
from Paleozoic shale sources. As mentioned in section 4.4,
K/Ar ages of fine-sediment fractions from the Heinrich
layers are approximately 1 Ga [Jantschik and Huon,
1992], and this age is most likely derived from a mixture
of clay minerals from Paleozoic sediments and glacially
powdered minerals from older terranes [Hemming et al.,
2002]. The “°Ar/*°Ar age range of feldspar grains from
Heinrich layers is large, but the average is about 1.4 Ga
[Hemming and Rasbury, 2000; Hemming et al., 2002].
Although the *°Ar/*’Ar age range of hornblende is smaller
and older, hornblende is a minor rock-forming mineral, and
it has a low K concentration, and thus it has little impact on
the bulk K/Ar age of North Atlantic sediments.
2.2.5. Continents Around the North Atlantic

[16] The continents around the North Atlantic have
experienced a similar set of thermal pulses: ~3.8 Ga,
~2.5 Ga, ~1.8 Ga, ~1 Ga, ~0.6 Ga, ~0.4 Ga, and
<0.06 Ga (summarized by Hemming et al. [1998], see
geological provinces shown in Figure 1). It is not expected
that any 3.8 Ga terrains have *°Ar/°Ar hornblende ages
any older than ~2.6 Ga because of thermal overprinting.
Hornblende has a blocking temperature to diffusion of Ar of
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about 450°C [e.g., Harrison, 1981]. Thus amphibolite and
higher-grade metamorphic events will reset or disturb the
ages of hornblende. The Churchill province has an Archean
(~2.7 Ga) heritage, and it experienced an intense metamor-
phic event in the Paleoproterozoic (~1.8 Ga). The reader is
referred to a review by Hoffinan [1989] for an overview of
the geological history of continents surrounding the North
Atlantic.

[17] Although there is substantial overlap in the geo-
logic history of continental sources around the North
Atlantic, Nordic Seas, and Arctic regions, the detailed
combination of rock types (igneous, metamorphic, and
sedimentary and more specific types within these) and
geologic ages allows some specific conclusions to be
drawn about IRD sources. Generally, it is easier to
eliminate sources than it is to demonstrate that a source
is the most likely candidate for a particular component. In
addition to the specific details that may allow “finger-
printing” a particular source (e.g., Campanian chalk from
Europe [Scourse et al., 2000]), the geographic arrange-
ment of the terranes on the continents may yield useful
constraints. For example, Hemming et al. [2000a] and
Hemming and Hajdas [2003] used the general trend from
old to young basement terranes from north to south along
the North American margin to constrain the maximum
position of the Laurentide ice sheet during the last glacial
cycle. With this approach it is possible to determine when
the ice sheet had extended far enough south to contribute
hornblende grains with Paleozoic and Mesoproterozoic
“OAr/?Ar ages to the IRD.

2.2.6. Geochemical Evidence for Sedimentary Sources

[18] Geochemical evidence for sedimentary sources may
provide unique insights into ice rafting. This appears to be
particularly true of organic compounds where the combina-
tion of depositional environment and burial/diagenesis cre-
ates specific groups of compounds that are only found in
limited places. Organic compounds are greatly enriched in
sedimentary sources compared to igneous and metamorphic
terranes. The Heinrich layers again provide a good example
of the application of this approach. While preparing samples
for sea surface temperature estimates by separating the
alkenones, Rosell-Melé et al. [1997] found some unusual
organometalic compounds that require sedimentary sources
from a very specific depositional environment and a very
specific diagenetic history. J. Sachs (personal communica-
tion, 2000) has found similar compounds in one sample
from the Hudson Strait.

2.3. Sediment Flux Estimates by the *3°Th,c..s Method

[19] As a result of the long residence time of uranium in
seawater the 2°Th production rate by the radioactive decay
of dissolved ***U within the entire water column above any
particular seafloor location is a simple function of water
depth. The **°Th is extremely particle reactive and is
rapidly removed from the water column and buried after
adsorption by settling particles. Once buried, this excess
29T, combined with independently derived ages and the
assumption of constant 20T R cess burial rate, may be used

Hemming: HEINRICH EVENTS

RG1005

to measure instantaneous sediment rates. The method only
normalizes the vertical flux of sediment, and lateral move-
ment of sediment along the seafloor (focusing) can only be
estimated by comparing the *°Th accumulation with that
predicted for the water column depth of the core. The reader
is referred to articles that summarize the methods
and assumptions [Bacon, 1984; Suman and Bacon, 1989;
Francois et al., 1990] and to the articles that specifically
deal with Heinrich events [Francois and Bacon, 1994;
Thomson et al., 1995; McManus et al., 1998; Veiga-Pires
and Hillaire-Marcel, 1999]. The high percentage of IRD
that characterizes Heinrich layers (Figure 1) could theoret-
ically be a product of two end-member scenarios: very low
flux of foraminifera or, alternatively, very high flux of IRD.
In fact, four of the six Heinrich layers from the last 60 kyr,
HI1, H2, H4, and HS5, have very high IRD flux in cores
within the IRD belt, whereas two of the layers, H3 and H6,
only show a modest increase in flux (Figure 20) or in the
number of lithic grains per gram (see comparison of
percentage of IRD and number of lithic grains per gram
in core V28-82 in Figure 5).

3. ICE-RAFTED DETRITUS IN THE GLACIAL
NORTH ATLANTIC: PATTERN OF DEPOSITION

[20] Ruddiman [1977] mapped the flux of lithic grains
(mg cm ~ kyr ") in the 63 pm to 2 mm (i.e., sand) fraction
in seven time slices between 125 and 13 kyr. He found two
distinct patterns of variation in North Atlantic IRD (refer to
section 2.1 for a working definition of IRD), loosely
corresponding to interglacial and glacial conditions. The
interglacial pattern is characterized by a depocenter along
the 50° latitude “locus of melting” approximating the North
Atlantic Drift (Figure 6a). During glacial time the flux is
much greater, and the maximum IRD concentration is
shifted to the south by a few degrees (Figures 6b and 6c¢).
The 250 mg cm 2 kyr ' contours from the 25—13 kyr slice
(Figure 6¢) are used extensively throughout this paper as the
reference position of the IRD belt. This pattern of IRD
deposition requires a significant drift of icebergs from west
to east across the North Atlantic during glacial times
[Ruddiman, 1977; Robinson et al., 1995; Matsumoto, 1997].

4. CHARACTER OF HEINRICH LAYERS

4.1. Definition, Identification, and Correlation

[21] As noted in section 1, Heinrich measured the per-
centage of lithic grains to total entities (percentage of IRD) in
the 180 pm to 3 mm size fraction of marine sediment
samples from the Dreizack seamounts. Within the last glacial
cycle he found six layers with a high percentage of IRD.
Four of these six layers, specifically H1, H2, H4, and H5
were termed “cemented marls” [Heinrich, 1988; Huon and
Jantschik, 1993; Jantschik and Huon, 1992] (these works
refer to internal German theses in which many of the original
core descriptions appear to be reported). The three sediment
types that were defined for these cores are ““foraminiferal
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Figure 6. Maps of IRD flux to the North Atlantic from
Ruddiman [1977] for (a) 125—-115, (b) 40—25, and (c) 25—
13 kyr. Geologic provinces and zone with flux >250 mg
em 2 kyr ! (stippled area) from 25 to 13 kyr interval are
shown for reference.

ooze” (interglacial), “diamicton” (glacial), and “cemented
marl” (Heinrich layers H1, H2, H4, and HS5). Although they
have high percentage of IRD and lithic counts, these mea-
sures do not uniquely separate H1, H2, H4, and H5 from
other IRD-rich layers. Several types of measurements of
bulk samples have been shown to be diagnostic of these four
Heinrich layers: high detrital carbonate concentration, flux
as measured by 20T cesss high magnetic susceptibility,
1 Ga K/Ar ages, and eyq of approximately —27. As
discussed in section 4.4, these characters are all consistent
with the inference that they were derived from Hudson Strait
[Hemming et al., 1998]. Thus, for practical purposes, I will
define a subgroup of Heinrich’s layers (H1, H2, H4, and HS)
as Hudson Strait (HS) Heinrich events H1, H2, H4, and H5.
The distinction is important for attempting to refine the
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correlations and assumptions about events in the North
Atlantic and Nordic Seas. It is a troubling issue that needs
attention because (1) different researchers naturally choose
different definitions that depend on the tools applied and the
regions of study and (2) it is important to agree on (or at least
to understand differences in) definitions in order to assess the
relations among disparate observations in time and space.

[22] Heinrich’s [1988] original percentage of IRD assess-
ment works well for identifying the approximate positions
of Heinrich layers in the IRD belt; however, the layers of
high-IRD content are composites of different provenance
and possibly different sea surface conditions [e.g., Bond
et al., 1992, 1993, 1997, 1999; Bond and Lotti, 1995;
Grousset et al., 2001; Huon et al., 2002]. Accordingly,
even within the IRD belt, there is a clear need for refinement
of the definition in order to understand Heinrich layers.
Heinrich layers are most clearly identifiable in the IRD belt
of Ruddiman [1977] and have been mapped (Figure 7)
based on anomalously high magnetic susceptibility [e.g.,
Grousset et al., 1993] and IRD content [e.g., Bond et al.,
1992]. Grousset et al. [1993] and Robinson et al. [1995]
showed the correspondence between IRD measures and
magnetic susceptibility in some North Atlantic cores within
the IRD belt, and Grousset’s correlations for core SU90-08
are shown in Figure 8. Stoner et al. [1996] have used
multiple magnetic measurements to quantify the magnetic
character of IRD in Labrador Sea sediments, and this shows
promise as a provenance tracer [see also Stoner and
Andrews, 1999]. However, although H1, H2, H4, and H5
have strong magnetic susceptibility peaks in core V28-82,
they are not entirely coincident with the IRD layers and
peaks in deposition rate (Figure 9), so even in the IRD belt
more refinement is needed. Grousset et al. [1993] showed
the contrast between the magnetic susceptibility character of
cores within and outside of the IRD belt (Figure 8).

[23] Outside the IRD belt, identification of the Heinrich
events is trickier and relies on different types of observa-
tions. IRD peaks are found for virtually every cold interval
in cores north of the IRD belt [e.g., Bauman et al., 1995;
Fronval et al., 1995; Dokken and Hald, 1996; McManus et
al., 1996; Rasmussen et al., 1997; Andrews et al., 1998;
Elliot et al., 1998; Lackschewitz et al., 1998; Mangerud et
al., 1998; Voelker et al., 1998; Dokken and Jansen, 1999;
van Kreveld et al., 2000; Hald et al., 2001; Knies et al.,
2001]; however, their provenance is clearly different. The
inability to track a single IRD source north of the IRD belt
hinders correlations between HS Heinrich events and the
numerous IRD peaks documented out of the belt. Further-
more, no estimates of IRD flux, based on constant flux
proxies, have been reported outside of the IRD belt.

4.2. Anatomy of Heinrich Layers

[24] On the basis of 230 T hyycess Measurements [e.g.,
McManus et al., 1998] the high percentage of IRD of
Heinrich layers (Figure 1) is attributable to a high IRD
flux in four of the six Heinrich layers from the last 60 kyr,
namely, H1, H2, H4, and H5 (Figure 9). These big four,
HS Heinrich layers (also called cemented marl layers by
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Heinrich [1988] and colleagues studying Dreizack sea-
mounts cores) also have large fractions of detrital carbonate
[Bond et al., 1992]. Carbonate-bearing Heinrich layers
appear to require a series of repeated, anomalous, glacialog-
ical processes within the northern portion of the Laurentide
ice sheet. They have razor-sharp bases and thus must have
had extremely rapid onsets [Bond et al., 1992; Broecker et
al., 1992]. Bond et al. [1992] and Broecker et al. [1993] made
a detailed assessment of H1 and H2 from DSDP core 609.
Their results emphasize the decline in numbers of forami-
nifera during the Heinrich events within the IRD belt and the
change in the slope of the '*C age versus depth across these
intervals. Bond et al. [1992] emphasized that the detrital
carbonate peaks do not coincide with the entire cold inter-
vals. Although foraminifera abundance is low in DSDP609,
the shells that are found are in good shape in H1, H2, H4, and
HS5 [Bond et al., 1992], so it does not appear to be a
preservation problem. Because the abundance of foraminif-
era is so low in DSDP609 Heinrich layers, it is difficult to
interpret the relative timing of decrease in percent of Neo-
globoquadrina pachyderma (sinistral (s.)). In V23-81 the
detrital carbonate maxima occur within coldest part of the
record, and except for H6 they are abruptly followed by
warming [Bond et al., 1999].
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[25] Heinrich layers H3 and H6 are different from the
other Heinrich layers. Although H1, H2, H4, and HS have
very high IRD flux in cores within the IRD belt, H3 and H6
show only a modest increase in flux and in the number of
lithic grains per gram despite their high percentage of IRD
(Figures 1, 9, and 10). Gwiazda et al. [1996b] concluded
that H3 and H6 were not really ice rafting events but instead
were low foraminifera intervals, which would account for
the high percentage of IRD. Bond et al. [1992] reported
evidence for foraminiferal dissolution in H3 from
DSDP609. Further study of H6 would be useful, particu-
larly in comparison to H3. H6 has not been studied as much
as the others. It is not clear what the reasons are, but
possibly it is because it is in a rather difficult time interval
for high-quality chronology. Additionally, the IRD abun-
dance appears generally high across much of stage 4,
perhaps analogous to the Last Glacial Maximum (LGM)
rather than an abrupt event. In any case, more attention
needs to be directed at both H3 and H6, especially at H6.
4.2.1. Heinrich Layer H4

[26] Cores can be correlated with particular confidence
near Heinrich layer H4 because the event occurred shortly
after the Laschamp geomagnetic excursion [Kissel et al.,
1999; Laj et al., 2000; Stoner et al., 2000]. Additionally, H4
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Figure 8. Magnetic susceptibility measurements from North Atlantic cores [Grousset et al., 1993]. (left)
Four cores from within the Ruddiman [1977] IRD belt. (top right) Map showing the locations of the cores
in Figure 8. (right) Three cores from outside the IRD belt. Note that H1, H2, H4, and HS stand out as
prominent spikes in magnetic susceptibility and that H3 and H6 are less prominent or not visible.

is the largest of the six events during the last glacial period.
Several studies have focused on H4 [Cortijo et al., 1997;
Vidal et al., 1997; Snoeckx et al., 1999, Elliot et al., 2002],
so it is possible to examine the geographic pattern of IRD
(Figure 11a), §'®0 of surface water (Figure 11b), and Sr and
Nd isotopes (Figures 11c and 11d). Radiogenic isotopes
including Sr and Nd are discussed more thoroughly in the
section on geochemical provenance studies (section 2.2),
but two things are clear from these maps. The detritus in
Heinrich layers was derived from very ancient sources.
Additionally, there are no apparent geographic trends in
these radiogenic isotopes, except that the two cores outside
the IRD belt have distinctly different compositions. Both
surface §'®0 and benthic 6'°C show dramatic decreases

during H4, consistent with a large iceberg-derived freshwa-
ter flux and associated retardation of North Atlantic Deep
Water (NADW) formation [Cortijo et al., 1997; Vidal et al.,
1997; Elliot et al., 2002].
4.2.2. Heinrich Layers in Previous Glacial Stages?
[27] Little published information is available to address
the question of whether Heinrich layers occur in previous
glacial stages. I have found four tidbits of information
pertaining to this question. (1) In ODP core 980 on the Feni
Drift, McManus et al. [1999; see also Oppo et al., 1998]
have shown that millennial-scale variation in IRD persists in
glacial intervals for the last 500 kyr, but no indication of
provenance or flux is given. (2) Grousset et al. [1993]
presented a magnetic susceptibility record, interpreted to
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Figure 9. Different measures of IRD in V28-82. Note that
the Heinrich intervals defined by number of grains per gram
do not appear to be precisely correlated with those defined
by percentage of IRD. Additionally, the intervals of high
flux measured by **°Th excess are smaller than those
defined by counts. The intervals of high magnetic
susceptibility are also smaller and appear to be offset from
the flux peaks. These records reflect at least four
independent samplings of the core, so partly the apparent
offsets could be related to that. However, they are too large
to be entirely explained in this way. Data sources are
percentage of IRD and number of lithic grains per gram
[Gwiazda et al., 1996a; McManus et al., 1998; Hemming et
al., 1998], flux [McManus et al., 1998], and magnetic
susceptibility (G. Downing, unpublished data, 2003).

extend through stage 7, for SU90-08. No large magnetic
susceptibility peaks are found outside of the last glacial, HS
Heinrich layers. (3) Van Kreveld et al. [1996] claim to have
found 13 Heinrich layers in stages 7 to 2; however, the IRD
layers, other than the four HS Heinrich layers discussed in
section 4.2, have very different character, including low
detrital carbonate percentage. (4) Huon and Jantschik
[1993] reported ~1 Ga K/Ar ages for a “cemented marl”
layer in each of stages 8 and 12. From the published
information it appears that the IRD events in older parts of
the record (except the layers from stages 8 and 12 mentioned
above) have different sources, or they are not as prominent.

[28] If there were major IRD events in stage 6, their
provenance seems to be different. It appears that SU90-08
had a much lower sediment accumulation rate in stage 6 than
stages 2—4 [Grousset et al., 1993]. In either case the
magnetic susceptibility signal, which is so prominent in the
Heinrich layers of the last glacial interval, seems much less
pronounced in stage 6. An ongoing survey of cores at
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Lamont-Doherty Earth Observatory of Columbia University
(G. Downing, unpublished data, 2003) indicates that the
prominent magnetic signature of HS Heinrich layers is absent
through stage 6. However, Rasmussen et al. [2003] have
found 12 IRD peaks in a sediment core off the Newfoundland
margin, with up to 10% detrital carbonate, through the last
130 kyr (i.e., through H11 at termination 2). More work is
needed to characterize the flux and provenance of IRD in this
interval, as well as in previous glacial intervals. Although the
provenance appears to be different based on magnetic
susceptibility [Grousset et al., 1993; G. Downing, unpub-
lished data, 2003) as well as composite feldspar Pb isotope
compositions [Gwiazda et al., 1996b], an increased flux of
IRD is indicated for termination II [McManus et al., 1998],
and each glacial termination appears to be characterized by a
prominent IRD event [McManus et al., 1999].

4.3. Detrital Carbonate Contents of the
Heinrich Layers

[29] Several observations have led to the conclusion that
the elevated detrital carbonate contents of Heinrich layers
[e.g., Bond et al., 1992] are derived from a Hudson Strait
source [e.g., Andrews and Tedesco, 1992]. Paleozoic car-
bonate deposits occur in many places surrounding the North
Atlantic (major locations compiled by Bond et al. [1992]);
however, the thickness of Heinrich layers increases toward
the Canadian margin, and the Hudson Strait and Hudson
Bay are floored by Paleozoic carbonate. The thickest
deposits of the detrital carbonate occur in the Labrador
Sea, just off the Hudson Strait [Andrews and Tedesco,
1992]. Andrews [1998] credits Clough [1978] as the first
to identify a series of carbonate facies in northwestern
Labrador Sea cores that are now known to correlate with
Heinrich events [Andrews and Tedesco, 1992; Bond et al.,
1992] (see also Andrews’ [1998] review paper). In an even
earlier paper by Pastouret et al. [1972] on a study of
Newfoundland margin sediments, Heinrich layers are ap-
parent although the authors did not recognize their signif-
icance (F. Grousset, personal communication, 2003). A
recent paper by Rasmussen et al. [2003] further documents
the presence of detrital carbonate-rich IRD peaks off New-
foundland, with many more layers than seen in the IRD belt.
Figure 12 shows the correlation among Heinrich layers with
the various methods that have been used to detect the
detrital carbonate contribution. A map of the distribution
of cores where detrital carbonate estimations within the
Heinrich layers are published is shown in Figure 13. It is
clear from this map that a more systematic study of detrital
carbonate contents is in order. Cores DSDP609, V23-81,
SU90-24 (on a volcanic-free basis), EW93-GGC31, and
V28-82 were all counted by G. Bond [Bond et al., 1992,
1999; Bond and Lotti, 1995; Hemming et al., 1998], and yet
there are some puzzling features of the pattern. Core V28-82
is in the heart of the thickest Heinrich layer deposits,
whereas nearby DSDP609 shows uniformly thinner layers
(Table 1 and Figure 7). Additionally, V28-82 shows much
more pronounced magnetic susceptibility maxima than
DSDP609 (G. Downing, unpublished data, 2003). Thus
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Figure 10. Number of lithic grains per gram in the >150 pm fraction from North Atlantic cores. Note all
y axes have the same range. Map shows the locations of cores. Data sources are CH69-K09 [Labeyrie et
al., 1999], SU90-08 [Grousset et al., 1993], DSDP609 [Bond et al., 1999], V28-82 [Gwiazda et al.,
1996a; McManus et al., 1998; Hemming et al., 1998], and V23-81 [Bond et al., 1999].

the Heinrich layers from V28-82 should record a more pure
Heinrich signal. However, the detrital carbonate contents at
the maximum IRD peaks in V28-82 are approximately half
those in DSDP609. An additional complication is that
Heinrich events near the Hudson Strait are quite different
than they are in the open ocean, as discussed in section 4.5.

[30] The dolomite component of some detrital carbonate
layers has also been used to detect Heinrich layers H1, H2,
H4, and HS [e.g., Andrews and Tedesco, 1992]. To identify
the dolomite, Francois and Bacon [1994] measured Mg/Ca
ratios of 6N-HCl-leachable fraction, and Thomson et al.
[1995] measured the Mg/Al ratio of totally dissolved
sediment (Figure 12). Stoichiometric dolomite has molar

Mg/Ca of 1, so highest Mg/Ca ratios occur where contem-
poraneous biogenic carbonate contents are low and dolo-
mite is a significant part of the detrital carbonate. Although
Ca is a large part of the detrital carbonate, it also occurs in
the biogenic fraction, so the Mg/Al is a proxy for the
carbonate/silicate in the detrital fraction.

4.4. Geochemical Provenance

[31] The provenance of Heinrich layers H1, H2, H4, and
HS5 within the IRD belt is very distinctive and hence can
be mapped by any number of geochemical measurements
(as well as magnetic susceptibility and detrital carbonate
content as reviewed in sections 4.1 and 4.3). In particular,
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Figure 11. Maps of Heinrich layer H4. The stippled area is the region with greater than 250 mg cm >
kyr~! sediment flux between 25 and 13 kyr [Ruddiman, 1977]. (a) Isopach with 10 cm contour intervals
(from Figure 7). (b) Map of difference between §'%0 before and during H4. Data are from Cortijo et al.
[1997]. (c) The ¥’Sr/**Sr composition of the terrigenous fraction within H4. Data are from Snoeckx et al.
[1999], Hemming et al. [1998], Grousset et al. [1993, 2001], and Revel et al. [1996]. (d) The enq
composition of the terrigenous fraction within H4. Data are from Snoeckx et al. [1999], Hemming et al.
[1998], Grousset et al. [1993, 2001], and Revel et al. [1996].

studies to date have examined Heinrich layer provenance
using K/Ar, Nd, Sr, and Pb isotopic techniques as well as
organic geochemical measures. Refer to section 2.2 for a
brief overview of geochemical provenance approaches.
4.4.1. K/Ar Ages

[32] The first geochemical provenance measurement of
the Heinrich layers was the K/Ar apparent age of the fine
fractions <2 pm and 2—16 pm [Jantschik and Huon, 1992].
Ambient North Atlantic sediments have apparent K/Ar ages
of approximately 400 Ma [Hurley et al., 1963; Huon and
Ruch, 1992; Jantschik and Huon, 1992], whereas the sedi-
ments from Heinrich layers H1, H2, H4, and H5 yielded
apparent ages of approximately 1 Ga (Figure 14). Variation
in the K concentration is small, and thus the K/Ar age signal
is a product of the radiogenic *°Ar* concentration [Hemming
et al., 2002]. Hemming et al. [2002] showed that the *°Ar* is
quite uniform in eastern North Atlantic cores (Figure 14) and
that the K/Ar age and *°Ar/*° Ar spectra of <2 pm terrigenous
sediment from Heinrich layer H2 in the eastern North
Atlantic and from Orphan Knoll (southern Labrador Sea/

western Atlantic) are indistinguishable (Figure 15). Taken
together these results imply the entire fine fraction of
Heinrich layer H2 was derived from sources bordering the
Labrador Sea, presumably the Hudson Strait. The same
pattern most likely characterizes H1, H4, and HS, because
their K/Ar ages and “°Ar* concentrations are similar to H2 in
eastern North Atlantic cores.
4.4.2. Nd-Sr-Pb Isotope Composition
of Terrigenous Sediments

[33] Grousset et al. [1993] reported Nd and Sr isotope
compositions of Heinrich layers from core SU90-08
(Figures 1 and 2). Although the Sr isotope composition is
not particularly diagnostic, the Nd isotope composition is
consistent with derivation from a source with Archean
heritage, and Grousset et al. [1993] suggested sources
surrounding the Labrador Sea or Baffin Bay (Figure 16).
Nd and Sr isotope compositions for various grain size
fractions from North Atlantic sediments suggest that the
total terrigenous sediment load within these Heinrich layers
in the IRD belt may derive from the same limited range of
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Figure 12. Different measures of detrital carbonate that have been used in Labrador Sea and North
Atlantic sediment cores. Data sources are HU87-009 [Andrews et al., 1994b], HU91-045-094-P (wt %
CaCOg [Hillaire-Marcel et al., 1994]), EW93-GGC31 (percentage of carbonate grains in 63—150 pm
fraction [Bond and Lotti, 1995]), CHN82 31 11PC (Mg/Ca weight fraction [Francois and Bacon, 1994]),
and CD63#9K (Mg/Al weight fraction [Thomson et al., 1995]). Also shown for reference is the estimated
sediment flux from CD63#9K based on excess >>°Th [Thomson et al., 1995].

sources [Revel et al., 1996; Hemming et al., 1998; Snoeckx
et al., 1999; Grousset et al., 2000, 2001]. The University
of Colorado group has extensively characterized the com-
position of potential source areas in the vicinity of the
Hudson Strait as well as Baffin Bay [Barber, 2001;
Farmer et al., 2003] and other regions along the western
Labrador coast and the Gulf of St. Lawrence [Farmer et
al., 2003]. Their data are consistent with the interpretation

of a Hudson Strait provenance for Heinrich layers H1, H2,
H4, and H5 and demonstrate an absence of substantial
southeastern Laurentide ice sheet sources within pure
Heinrich intervals.

[34] The Pb isotope composition of the fine terrigenous
fraction of Heinrich layers is also distinctive [Hemming et
al., 1998] and consistent with derivation from the Hudson
Strait region [Barber, 2001]. New results from Farmer et al.
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Figure 13. Locations of cores where detrital carbonate
contents have been estimated for H2. Isopach for H2 and
stippled area representing Ruddiman’s [1977] IRD belt are
shown for reference. Data sources are HU75-055 (wt %
CaCOj; [Andrews et al., 1994b]), HU91-045-094-P (wt %
CaCO; [Hillaire-Marcel et al., 1994]), EW93-GGC31
(percentage of carbonate grains in 63—150 pm fraction
[Bond and Lotti, 1995]), SU90-09 (percentage of carbonate
grains in >150 pm fraction [Grousset et al., 2001]),
DSDP609 (percentage of carbonate grains in 63—150 pm
fraction [Bond et al., 1992, 1999]), V28-82 (percentage of
carbonate grains in >150 pm fraction [Hemming et al.,
1998]), SU90-24 (percentage of carbonate grains in 63—
150 pm fraction on a nonvolcanic basis [Bond et al., 1999]).

[2003] may allow further distinction of fine-grained sedi-
ment sources with Pb isotopes.
4.4.3. Isotopic and Geochronologic Measurements
on Individual Grains

[35] In addition to the bulk geochemical methods sev-
eral studies have examined individual grains or composite
samples of feldspar grains for their Pb isotope composi-
tions [Gwiazda et al., 1996a, 1996b; Hemming et al.,
1998] or individual grains of hornblende for their
YA Ar ages [Gwiazda et al., 1996c; Hemming et al.,
1998, 2000a; Hemming and Hajdas, 2003]. These studies
provide remarkable insights into the geologic history of
Heinrich layers that allow further refinement of the inter-
pretations based on bulk isotopic analyses. Feldspars have
high Pb abundance and very low U and Th abundance,
and thus the Pb isotope composition of feldspar approx-
imates the initial Pb isotope composition of its source
[e.g., Hemming et al., 1994, 1996, 2000b]. Pb isotope data
from Heinrich layer H1, H2, H4, H5 feldspar grains form
a linear trend that indicates an Archean (~2.7 Ga) heritage
and a Paleoproterozoic (~1.8 Ga) metamorphic event
(Figure 17b). Heinrich layer grains are similar in compo-
sition to H2 from Hudson Strait proximal core HU§7-009
and to feldspar grains from Baffin Island till. However,
they are distinctly different from feldspar grains from Gulf
of St. Lawrence core V17-203 where Appalachian (Paleo-
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zoic) and Grenville (~1 Ga) sources are found. The
“Ar/*°Ar ages of individual hornblende grains from
Heinrich layers H1, H2, H4, and H5 cluster around the
implied Paleoproterozoic metamorphic events from the
feldspar Pb isotope data [Gwiazda et al., 1996¢; Hemming
et al., 1998, 2000a; Hemming and Hajdas, 2003] and are
consistent with hornblende grains from Baffin Island tills
[Hemming et al., 2000Db].
4.4.4. Organic Carbon Compounds

[36] Organic compounds are important provenance tools
because they emphasize sedimentary contributions to IRD,
and they are sufficiently diverse in different sedimentary
basins with different sedimentary and diagenetic conditions
that they may prove to be very sensitive monitors of
provenance components. Several studies have examined
organic carbon compounds through Heinrich intervals
[Madureira et al., 1997; Rosell-Melé et al., 1997; Huon et
al., 2002] and have found evidence that a large fraction of
terrestrial organic carbon contributed to the layers. Madureira
et al. [1997] found enhanced concentrations of total
terrigenous lipids during glacial intervals, which they
attributed to a combination of eolian and IRD sources.
Heinrich events H1, H2, H4, and H5 have low concentrations
of organic carbon and terrigenous lipids [Madureira et al.,
1997; Huon et al., 2002]; however, they have very high
terrigenous flux [e.g., Francois and Bacon, 1994; Thomson
et al., 1995; McManus et al., 1998], and the carbon is
almost exclusively from terrestrial sources [Huon et al.,
2002]. Rosell-Melé et al. [1997] found vanadyl porphyrins
and carotenoid-derived aromatic hydrocarbon compounds
within Heinrich layers and found specific compounds that
originated from green sulphur bacteria that must have been
derived from an ancient sedimentary source that was depos-
ited in anoxic conditions. A survey of potential source areas
has found one sample from the Hudson Strait region with
appropriate compositions to match Rosell-Melé’s results
(J. Sachs, personal communication, 2000). A. Rosell-Melé
(personal communication, 2002) is also in the process of
surveying potential source areas around the North Atlantic
region.
4.4.5. Geologic History of Heinrich Layers’ Source

[37] The data that have been collected on Heinrich layer
provenance reveal a remarkably complete story of the
geological history of the Heinrich layers’ source (Table 2).
The entire spectrum of provenance observations is consis-
tent with derivation from near the Hudson Strait.
4.4.6. Contrasting Provenance of H3 and H6

[38] Events H3 and H6 do not appear to be derived
from the same sources as H1, H2, H4, and HS (Figures 17¢
and 18). Using Pb isotope compositions of composite
feldspar samples, Gwiazda et al. [1996b] found that H3
and H6 resemble ambient sediment in V28-82, suggesting
a large contribution from European sources, which agrees
with the conclusion of Grousset et al. [1993]. Pb isotope
data from composites of 75 to 300 grains from Gwiazda et
al. [1996b] are shown in Figure 17c. As mentioned in
section 4.4.6, H3 and H6 seem to be low-foraminifera
intervals rather than ice-rafting events. These conclusions
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Ice-rafted detritus data from V28-82 [Gwiazda et al., 1996a; McManus et al., 1998;

Hemming et al., 1998] and ME69-17 [Heinrich, 1988] and K/Ar ages of the <2 and 2—16 pm fractions
from Dreizack seamount core ME68-89 [Jantschik and Huon, 1992]. Also shown are the *°Ar*
(radiogenic Ar) concentrations from the same samples from ME68-89 [Jantschik and Huon, 1992] and
from the <63 pm (decarbonated) fraction from V28-82 [Hemming et al., 2002]. Reprinted from Hemming

et al. [2002] with permission from Elsevier.

are consistent with other observations around the North
Atlantic. Although Heinrich layer H3 appears to be a
Hudson Strait event [Grousset et al., 1993; Bond and Lotti,
1995; Rashid et al., 2003a; S. R. Hemming, unpublished Pb
isotope and *°Ar/*’ Ar hornblende data from Orphan Knoll,
2003], it does not spread Hudson Strait-derived IRD as far to
the east as the other Heinrich events [Grousset et al., 1993]
(Figure 19). Rasmussen et al. [2003] report detrital carbonate
peaks at approximately the times of both H3 and H6, as well
as many other additional peaks, in a core from the
Newfoundland margin. Additionally, Kirby and Andrews
[1999] proposed that H3 (and the Younger Dryas) represent
across-Strait (also modeled by Pfeffer et al. [1997]) rather
than along-Strait flow as inferred for the larger events. The

map pattern of Sr isotope data from H3 shows a striking
pattern of decrease in ®’Sr/*®Sr nearly perpendicular to the
IRD belt (Figure 19b), consistent with a mixture of sedi-
ments from the Labrador Sea icebergs with those derived
from icebergs from eastern Greenland, Iceland, and Europe.
H6 has not been studied, but the organic composition of H3
does not stand out prominently in the studies mentioned
above [Madureira et al., 1997; Rosell-Melé et al., 1997,
Huon et al., 2002].
4.4.7. Summary of Geochemical Provenance
Analysis of Heinrich Layers

[39] Heinrich layers H1, H2, H4, and H5 have several
distinctive characteristics that distinguish them from ambi-
ent IRD, and they are derived from a mix of provenance
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components that are all consistent with derivation from a
small region near Hudson Strait. Heinrich layers H3 and H6
have different sources, at least in the eastern North Atlantic.
These events appear to have a Hudson Strait source in the
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southern Labrador Sea and western Atlantic, consistent with
a similar but weaker event compared to the big four.
Important related questions are as follows: How many types
(provenance, flux, etc.) of Heinrich layers are there? Are
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TABLE 2. Geologic History of Heinrich Layers’ Source
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Provenance Character

Evidence

Archean heritage
Paleoproterozoic orogeny
Paleozoic sedimentary cover

Nd isotopes of bulk sediments and Pb isotopes in feldspar grains
Pb isotopes in feldspar grains and “°Ar/*’Ar hornblende ages of hornblende grains
detrital carbonate, K/Ar, and Rb/Sr ages of fine fraction,

4OA1*?Ar ages of pelitic fragments, chemical (inorganic and organic), and mineralogical composition

IRD events in previous glacial intervals akin to the six in the
last glacial period?

4.5. “Precursor Events” and the Placement
of Heinrich Events in D-O Cycles

[40] Bond and Lotti [1995] showed that in addition to the
variation of detrital carbonate, other petrological changes
could be quantified in the IRD fraction. Specifically, per-
centages of fresh basaltic glass and hematite-stained grains,
counted at high resolution in several North Atlantic cores,
vary on a 1 to 2 kyr interval [Bond et al., 1999]. The pacing
of petrological changes in IRD appears to be similar to that
of §%0 changes in Greenland ice [Bond and Lotti, 1995;
Bond et al., 1997, 1999]. Bond and Lotti [1995] showed that
Icelandic glass and hematite-stained grains peak within the
broad lithic peaks that encompass Heinrich layers and that
they precede the detrital carbonate peaks for Heinrich layers
H1, H2, H3, and H4 in cores DSDP609 and V23-81 [see
also Bond et al., 1999].

[41] Grousset et al. [2001] showed a series of provenance
changes consistent with these observations. They found that
during Heinrich layers H1 and H2, there appear to be
sequential increases in volcanic grains, quartz grains, and
carbonate grains at core SU90-09 in the south central part of
the IRD belt. This observation of a precursor of increased
concentration of lithic grains with a non-Hudson Strait
source suggested that the Laurentide ice sheet was not
always responding to the same climate forcing as the D-O
cycles or was doing so later than other ice sheets.

[42] Grousset et al. [2000] showed that the Nd and Sr
isotope composition of the coarse IRD fraction from core
MD95-2002 in the Bay of Biscay recorded values close to
the end-member composition of Labrador sources during
the peak of Heinrich events but showed much different
compositions in the precursory interval. The compositions
of Sr and Nd measured in the precursory interval of this core
and core SU90-09 are similar to those documented from
European sources [Grousset et al., 2000], although they are
also similar to values that would be expected from the
southeastern Laurentide ice sheet [Farmer et al., 2003].

Furthermore, Vance and Archer [2002] have found that the
provenance of precursory intervals to H4 and H2 are not
similar based on radiogenic isotope studies of DSDP609
sediments. It will be important to find a combination of
tracers that allows distinction between Gulf of St. Lawrence
and European sources. Perhaps tracing the geographic
pattern of distribution of the precursory tracers will yield
the answer. The provenance of the precursor intervals may
become clearer with studies close to glaciated margins [e.g.,
Darby and Bischof, 1996; Bischof and Darby, 1999;
Grousset et al., 2001; Hemming et al., 2000b, 2002;
Hemming and Hajdas, 2003; Farmer et al., 2003].

[43] Scourse et al. [2000] documented the presence of H1
and H2 based on magnetic susceptibility and dolomite
concentrations in cores from the southwest of the British
Isles. The magnetic susceptibility signal is similar to that
found in the IRD belt, but the dolomite concentrations of
~20% are anomalously high for Heinrich layers and may be
derived from more than one source (this may also be a
counting artifact, and “dolomite” is really Paleozoic car-
bonate including both limestone and dolostone (I. N.
McCave, personal communication, 2002)). Scourse et al.
[2000] reported an increase in Celtic shelf detritus, charac-
terized by up to 3% Campanian chalk and 8% mica, prior to
the H2 event; however, they do not see a similar pattern
prior to the H1 event. While it is conceivable that there is a
cause and effect relation between the British ice sheet and
Heinrich events, given the proximity to Britain and the
absence of the source before the H1 event, more data would
be required if a convincing case is to be made.

[44] One view of precursors is that they are simply the
IRD signals of D-O cool phases in the North Atlantic [Bond
et al., 1999; G. Bond, personal communication, 2002], and
their occurrence before the Hudson Strait-derived detritus
means that the sea surface cooled prior to the input of
Heinrich layers. Icelandic glass is an important component
of the Iceland Sea [Voelker et al., 1998] and Irminger Basin
[Elliot et al., 1998; van Kreveld et al., 2000], and East
Greenland may be a significant source of hematite-stained
grains [Bond et al., 1999; van Kreveld et al., 2000]. Several

Figure 17. Pb isotopes in feldspar grains from Heinrich layers. (a) Map showing locations of cores analyzed with geology
and IRD belt for reference. (b) Data from Heinrich layers H1, H2, H4, and HS from several North Atlantic and Labrador
Sea cores. Also shown are data from Gulf of St. Lawrence core V17-203 (S. R. Hemming, unpublished data, 2003) and
from Baffin Island tills [Hemming et al., 2000b]. Reference fields are Superier province (S) [Gariépy and Allegre, 1985],
Labrador Sea reference line (LSRL) [Gwiazda et al., 1996a]), Grenville (G) [DeWolf and Mezger, 1994] and Appalachian
(A) [Ayuso and Bevier, 1991]. Data sources are H2 from HU87-009, V23-14, and V28-82 [Gwiazda et al., 1996a], Orphan
Knoll core GGC31 (S. R. Hemming, unpublished, 2003), and H1, H4, and H5 from V28-82 [Hemming et al., 1998].
(c¢) Data from Heinrich layer H3 with reference fields from Figure 17b. Data sources are H3 from V28-82 [Gwiazda et al.,
1996b] and H3 from Orphan Knoll core GGC31 (S. R. Hemming, unpublished data, 2003).
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Figure 18. Nd-Sr isotope compositions of terrigneous clastic components of Heinrich layer H3. Shown
for reference are the average and 2-sigma range for the data published on Heinrich layers H1, H2, H4,
and HS and reported compositions of potential source areas of ice-rafted detritus [Grousset et al., 2001,
and references therein]. Data sources are Grousset et al. [1993], Revel et al. [1996] and Snoeckx et al.
[1999]. Also included is the average of five unpublished analyses across H3 from V28-82, where the
error bars represent the range of values measured (A. Jost and S. Hemming, unpublished data, 1999).

studies have reported IRD contents at high resolution in the
Nordic Seas and North Atlantic sites north of the IRD belt,
and in these locations the IRD contents and other indicators
of climate change appear to closely follow the pattern of
§'80 change in Greenland ice [Bauman et al., 1995;
Fronval et al., 1995; Dokken and Hald, 1996, McManus
et al., 1996; Rasmussen et al., 1997; Andrews et al., 1998;
Elliot et al., 1998; Lackschewitz et al., 1998; Mangerud et
al., 1998; Voelker et al., 1998; Dokken and Jansen, 1999;
van Kreveld et al., 2000; Hald et al., 2001; Knies et al.,
2001].

[45] Although there is contention about whether Hein-
rich layers have correlatives in the Nordic Seas (e.g.,
Fronval et al. [1995] and Elliot et al. [2002] versus
Dowdeswell et al. [1999]), it is clear that the pattern is
different. In the IRD belt, Heinrich layers are outstanding
IRD events, while events in between are modest, although
apparently correlative with Greenland cooling events
[Bond et al., 1993, 1999; Bond and Lotti, 1995]. In
contrast, there is apparently an IRD event of equal
magnitude for each of the Greenland cooling events,
although there is a larger flux in general during the Last
Glacial Maximum. This Greenland pattern also appears in
the Barra Fan record of British glacial activity [Knutz et
al., 2001]. However, Darby et al. [2002] report evidence
for four Arctic iceberg export events through Fram Strait,
approximately coincident with Heinrich events H1-H4.
They consider the Arctic export events to precede Hudson
Strait IRD, although both are not found in the core, so the
interpreted lead is subject to the vagaries of dating
uncertainties.

[46] The key precursory events to Heinrich events may be
preserved in Labrador Sea sediment. The recognition that
the carbonate-rich intervals in the Labrador Sea are approx-
imately synchronous with Heinrich events [Andrews and
Tedesco, 1992; Bond et al., 1992] helped to explain the
origin of the Heinrich ice armadas [e.g., MacAyeal, 1993] as
well as to emphasize the importance of studies proximal to
large glacial-marine outlets. A large fraction of the sediment
deposited near the Hudson Strait is brought by meltwater
not icebergs as is the case in the open ocean. Hesse and
Khodabakhsh [1998] showed that the carbonate-rich layers
near the mouth of Hudson Strait differ in sedimentological
character from the Heinrich layers in the open ocean and, in
particular, are much finer grained. They described a series
of facies: nepheloid layer deposits (or type I Heinrich
layers), mud turbidites (or type II Heinrich layers), laminae
of IRD (or type III Heinrich layers), and fine suspended
sediment and dropstones supplied by ice rafting (type IV
Heinrich layers). These facies are generally arranged prox-
imal to distal from the Hudson Strait, with type IV being the
character of Heinrich layers in the IRD belt. (Sedimento-
logical details can be found in several other references cited
in this paper as well as a new paper by Rashid et al.
[2003b].) Hillaire-Marcel et al. [1994] and Clarke et al.
[1999] suggest that at Orphan Knoll site HU91-045-094-P
(Table 1 and Figures 2, 13, and Figure 20), Heinrich events
are separable into two distinct depositional processes. Tur-
bidite sedimentation with high fine-grained carbonate con-
centrations is followed by a brief interval of increased IRD.
Taken collectively, the observations from the Labrador
Sea seem to imply an interval of significant subglacial
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meltwater-derived sediments to the North Atlantic Mid-
Ocean Channel prior to the launching of iceberg armadas
to the North Atlantic IRD belt.

4.6. Chronology and Duration of the Heinrich Layers

[47] Constraining the chronology and duration of the
Heinrich layers is critical to understanding their origin as
well as their role in global abrupt climate change. There are
two chronological objectives: (1) to place the Heinrich
events in time, i.e., 4c dates, and (2) to assess their
sedimentation rates and hence also their duration. Although
radiocarbon is a powerful chronometer, there are issues that
limit its applicability to constraining the age and duration of
Heinrich layers. There is a relatively large and variable
difference between “'*C years” and “calendar years.” This
difference is due to a combination of an incorrect decay
constant and variability in the "*C content of the reservoir
from which the foraminifera precipitate their shells. The '*C
content of the seawater reservoir varies because of changes
in the cosmogenic production rate as well as the movement
of carbon through the ocean-atmosphere-biosphere system,
particularly changes in ventilation of the deep water [e.g.,
Bard et al., 1990, 1998; Adkins et al., 1998; Wunsch, 2003].
Today there is about a 400 year reservoir age in surface
waters of the North Atlantic, and in most applications of the
chronometer to North Atlantic sediments it is generally
assumed that this reservoir age was the same in the past.
However, recent publications have raised questions about
this assumption [e.g., Voelker et al., 2000; Waelbroeck et al.,
20017.

[48] The duration of Heinrich layers has been estimated
by the difference in '*C ages across Heinrich layers,
particularly H1 and H2 [Bond et al., 1992, 1993]. The
published radiocarbon measurements of the cores, whose
stratigraphy is summarized in this paper, are given in
Figure 21. Heinrich [1988] did not publish '*C ages but
used the planktonic 6'0 record for his age model. Dura-
tion estimates have been also made by measurements of
sediment flux by the 20T h gy cesss method (see section 2.3
for an overview of the ***Thg..ss method; see Figure 20
for the four published records).

[49] Nonetheless, there are complications in interpreting
these ages. The ages of Heinrich layers H1 and H2 are
reasonably certain based on radiocarbon measurements
(Table 3 and Figure 21), but estimations of their duration
are compromised by the events themselves because they
represent a large sediment flux increase [Manighetti et al.,
1995]. Within the IRD belt the estimated age at the base of
the layers is a maximum because of capping of the
bioturbated layer by the Heinrich layer (Figure 22). The
estimated age at the top is a minimum because of
bioturbation after the events. Additionally, the likelihood
that Heinrich events are associated with major deep water
circulation changes [Vidal et al., 1997; Kissel et al., 1999;
Elliot et al., 2001, 2002] and thus changes in the atmo-
spheric radiocarbon content [e.g., Yokoyama et al., 2000],
as well as reservoir issues such as mentioned above,
means that it is uncertain how to interpret the value of
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[Thomson et al., 1995], and V28-82 [McManus et al., 1998]). Heinrich layers H1, H2, H4, and HS stand

out as prominent minima.

the radiocarbon measurements near these events. Data
published by Bond et al. [1992, 1993] for core V23-81
give the best estimates of the ages (see density of data in
Figure 21) but show age plateaus above both H2 and Hl
(Figures 23a and 23b). The plateaus could represent an
increased sediment flux associated with reinvigorated
North Atlantic Deep Water (NADW) convection following
the events (G. Bond, personal communication, 1995).
Alternatively, they could be consistent with changes in
atmospheric radiocarbon content because of the shutdown

of NADW during Heinrich events, such as proposed by
Yokoyama et al. [2000], or large and rapid changes in
North Atlantic surface reservoir ages as proposed by
Waelbroeck et al. [2001].

[s0] Detailed correlation of climatic proxies in North
Atlantic sediment cores with Greenland ice core records
provides the potential for improved chronology of the
Heinrich layers and for global climate correlations.
Cold sea surface temperatures, as indicated by high
N. pachyderma (s.) abundance, appear to correlate to
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Figure 21. Age versus depth plots for cores used in plots

throughout this paper. (a) Cores with high sedimentation
rates. Data sources are CH09-K09 [Labeyrie et al., 1999],
V23-81 [Bond et al., 1992, 1993], and NA87-22 [Vidal et
al., 1997]. The boxes around the data of H1 and H2 indicate
the intervals of V23-81 that are shown in Figures 23a and
23b. (b) Cores with low sedimentation rates. Data sources
are DSDP609 [Bond et al., 1992, 1993], V28-82 [Hemming
et al., 1998], SU90-08 [Vidal et al., 1998], SU90-09
[Grousset et al., 2001], and V23-14 [Hemming and Hajdas,
2003]. The box around the data of H1 indicates the interval
of DSDP609 that is shown in Figure 23c.

low §'®0 of Greenland ice (Figure 24) [Bond et al., 1993,
1999]. Estimates of the calendar ages of Heinrich events,
using this approach for H3—H6, are provided in Table 4.
However, in detail, there are some substantial differences
among the patterns that introduce uncertainty in the
correlations and thus ice core-based chronologies. In
particular, the Heinrich events do not stand out as more
extreme temperatures in the Greenland ice cores, although
they do appear to be located within longer-duration cold
spells (Figure 24). Additionally, this correlation method
appears to work best during stage 3 (i.e., between H5 and
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H3) and is not particularly sensitive within stages 2 and 4.
Radiocarbon dating provides a good alternative (with
caveats stated above) within stage 2, but stage 4 remains
problematic. The approach of correlating to the Greenland
ice cores with detailed speleothem records that can be
precisely dated using U series methods shows promise for
improving ice core chronology [e.g., Wang et al., 2001],
but this depends on the accuracy of correlation, as dis-
cussed section 5.2.

[s1] Published estimates of Heinrich layer duration are
given in Table 3, and they range from 208 to 2280 years.
In the Labrador Sea data, where the focusing factor is very
large and its value is uncontrolled during Heinrich layers
[Veiga-Pires and Hillaire-Marcel, 1999], the apparent
duration is almost twice as long as for other North Atlantic
29T hgeess €stimates. This core is located in a sediment
drift, and it is uncertain what changes may have happened
to bottom currents during Heinrich events. The Labrador
Sea data are more similar to open Atlantic data, with the
assumption of similar focusing during Heinrich events as
the ambient conditions (minimum estimates of Veiga-Pires
and Hillaire-Marcel [1999]). Taking the best estimates
(that is open ocean 20T hgyeess and V23-81 and DSDP609
"“C data from H1 and H2), the average duration is
495 years, and the standard deviation in this duration is
255 years.

5. PROCESSES THAT MAY PRODUCE
HEINRICH LAYERS

[52] As summarized above, Heinrich layers record pro-
found and catastrophic events, likely armadas of icebergs
launched from Hudson Strait. In this section I review the
constraints on volume of water discharged based on the area
covered by Hudson Strait IRD and the 6'%0 composition of
planktonic foraminifera. I then review the mechanisms that
have been proposed for their origin, the implied water
volumes that would be produced by each, and the concen-
tration of IRD that the ice would have contained in each.
Finally, I conclude that it should be possible to resolve their
origin by a combination of local sedimentological synthesis
near Hudson Strait, further quantification of hydrographic
impacts in the North Atlantic, further quantification of ice
and sediment flux using '°Be and *He, and possibly quan-
tification of global sea level rises that accompanied them.

5.1. Size of the Discharge

[s3] Alley and MacAyeal [1994] estimated the mass and
volume of a typical Heinrich IRD layer to be 1.0 £ 0.3 X
10" kg or 370 + 120 km®. Their estimate was based on
combining the total glacial IRD flux estimate of 9.8 X
10'° kg from Ruddiman [1977] with the area fractions under
the SU90-08 magnetic susceptibility curve that are Heinrich
fluxes as opposed to background glacial values [Grousset et
al., 1993]. A consistent estimate of 100—400 km® is derived
from simple mapping of the layer thickness across the North
Atlantic (Figures 7 and 25 and Table 5), but more impor-
tantly the mapping of Heinrich layer area allows assessment
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TABLE 3. Timing and Duration of Heinrich Layers

Sedimentation
Top, Base, AT, Interval, Rate, Flux, g
Core cm cm Top,'yr  Base,yr yr cm em kyr™! em hyr! Source
HU75 — 55 Andrews et al. [1994b]
H1 81 116 13190 14560 1370 35 26
H2 181 250 19410 21050 1640 69 42
H2 to H1 116 181 14560 19410 4850 65 13
NAS87-22 Vidal et al. [1997]
H1 340 358 13200 14400 1200 18 15
H2 482 505 21200 22800 1600 23 14
H2 to H1 358 482 14400 21200 6800 124 18
SU90-08 Vidal et al. [1997] and
Cortijo et al. [1997]
Hl 70 74 4 4
H2 118 128 20700 10 10
H2 to H1 74 118 44 7
H4 192 210 33450 35730 2280 18
H4 to H2 128 192 25
SU90-09 Grousset et al. [2001]
H1 50 62 13860 14960 1100 12 11
H2 82 92 20160 10
H2 to H1 14960 20160 5200 20 4
GGC31 Bond and Lotti [1995]
H1 35 53 14998 18 18
H2 97 112 20443 15 15
H2 to H1 14998 20443 5445 44 8
V23-81 Bond et al. [1992, 1993]
H1 219 223 13630 14330 700 4 6
H2 327 329 20570 20990 420 2 5
H2 to H1 14330 20570 6240 104 17
DSDP609 Bond et al. [1992, 1993]
H1 82 84.5 14588 2.5
H2 112 117 21110 21875 765 5 7
H2 to H1 14588 21110 6522 27.5 4
V28-82 McManus et al. [1998]
H1 57 68 589 11 14
H2 92 104 450 12 20
H2 to H1 69 92 5750 23 3
H3 128 144 1500 16 8
H4 188 202 525 14 20
H4 to H2 104 188 12600 84 5
H5 241 252 434 11 19
H6 300 328 7000 28 3
CN82 31 11PC Francois and Bacon [1994]
H1 51 56 208 5 18
H2 80 87 477 7 11
between H2 and H1 9000 24 2
CD63#9K Thomson et al. [1995]b
H1 35 40 288 5 13
H2 98 102 143 4 21
H2 to HI 40 98 10875 58 4
H3 135 139 600 4 5
H4 170 177 210 7 25
H4 to H2 102 170 12750 68 4
91-045-094 Veiga-Pires and
Hillaire-Marcel [1999]
H1 228 247 1410 19 13
H2 365 380 1310 15 11
H2 to H1 118 20
H3 458 475 1480 17 11
H4 561 590 2140 29 14

*Ages are uncalibrated *C results.

"Dry bulk density is 0.75 g cm >

of water volumes derived from the icebergs. The area
covered by Heinrich layers, with average thickness of
~10—15 cm, is 1 x 10° (H1) to 2.4 x 10° km® (H4).
Accordingly, the volume (Virp (km?)) is estimated by

VIRD:A XX 10757

where 4 is the area covered by HS Heinrich layer debris
(km?), ¢ is the average thickness (cm), and 107 is the
conversion factor for centimeters to kilometers. This is
smaller than the estimate of Dowdeswell et al. [1995] of
3.4 x 10°% where the thickness of H1 and H2 north of the
IRD belt appears to be overestimated.

26 of 43



RG1005

Foraminiferal
abundance

Pre-bioturbation
age (ka)

Age offset after
bioturbation (ka)

Sediment
column

0o 10 20 0 10 20 10 +1 42
Active —~ 0 t ——— —t
mixed @,\
layer SN
20
Marine
sediment
€
2
ES]
Heinrich §40
Iayer o
et ooy 8
layer A
60 -
80

Figure 22. Cartoon showing the effect of rapid deposition
of a layer such as Heinrich layers [from Manighetti et al.,
1995]. The age prior to Heinrich layers is a maximum due to
the layers’ capping bioturbation, and the age after Heinrich
layers is a minimum due to downward bioturbation of
young foraminifera. Heinrich layers are virtually devoid of
foraminifera.

[s4] Estimates of the volume of water released during
Heinrich events can be made using the assumptions pro-
vided in Table 6. The minimum volume of water (V,(min)
(km®), i.e., a one-shot instantaneous addition) diluted by
fresh water during a Heinrich event is

Viat(min) = A4 X ty,

where A4 is the same area as defined above and f,; is the
ocean mixed layer thickness in kilometers. The fraction of
water derived from the melting of Heinrich event icebergs
can then be calculated from this volume using the fraction
of meltwater, calculated from the corrected §'°0 excursion
(Table 6), and an assumed average 6'°0 of ice of
approximately —31. This is probably an extreme estimation
of the ice composition for the Laurentide ice sheet (D. P.
Schrag, personal communication, 2003), and thus the
meltwater fraction calculated this way is a minimum.

[s55] The minimum estimate described above does not
take into account the strong flows within the sea, which
would have tended to dissipate the low-salinity lens. This
flow requires that the actual glacially derived water volume
depends on the duration of the event. It is clear from the
pattern of distribution of Heinrich layer IRD with the
distinctive Hudson Strait provenance that a strong eastward
flow existed along the latitude of about 45°N (Figures 6
and 7), consistent with an iceberg transport rate close to
that of today and/or a lower melting rate resulting from
reduction of water temperatures in the North Atlantic
[Matsumoto, 1997]. Lynch-Stieglitz et al. [1999] estimated
that the flow of the Gulf Stream was reduced by about 30%
to between 14 and 21 Sv (1 Sv=10°m® s™") in the LGM. It
appears that today a large fraction of the Gulf Stream goes
to form the North Atlantic Current [e.g., Schmitz and
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McCartney, 1993; Schmitz, 1996]. Input values ranging
from 4.5% glacial water and 14 Sv Gulf Stream contribution
to 9% glacial water and 21 Sv Gulf Stream contribution
require a flux of 0.6—1.9 Sv of glacial water (Table 6).

[s6] The amount of ice required to maintain the dilution
implied by the §'80 values depends on the duration of
the event and the fraction of the North Atlantic Current
flow that is contaminated by the ice-derived water (approx-
imately the mixed layer thickness). The volume of water
(Vwat(ﬂow) (km3)) is

Viar(flow) = F x t x 1077,

where F is the ice-water flux (m® s™'), ¢ is time (seconds),
and 107 is the conversion from cubic meters to cubic
kilometers (a longer version with more normal units is
presented in Table 6). For 1 year and a fully contaminated
flow the volume is similar to the minimum limit (Table 6).
For 1000 years, ~4 x 10’ m® would be required. Under
these conditions, if the average ice thickness from which the
bergs were derived is 1 km, the areas occupied by the ice
that produced the layers are between 3 x 10* km* and 4 x
107 km?. This maximum number is very large. For
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Figure 23. Age versus depth (left axis, solid lines) and
number of lithic grains per gram (right axis, dashed lines)
for intervals with high-resolution '*C measurements across
Heinrich layers: (a) H1 core V23-81, (b) H2 core V23-81,
and (c) H2 core DSDP609. These are the best, published
estimates of the ages and durations of H2 and H1. Data are
from Bond et al. [1992, 1993].
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Figure 24. Correlations of sea surface temperatures in the North Atlantic, as estimated by the
abundance of N. pachyderma (s.), and Greenland ice core temperatures, as estimated by the §'%0 of ice.

Figure 24 is from Bond et al. [1999].

reference, the area occupied by Hudson Bay is about 8 x
10° km? and MacAyeal [1993] and Matsumoto [1997]
estimated the area of the Hudson Strait catchment to be
about 1 x 10° and 2 x 10° km?, respectively. A best
estimate area for a possible Hudson Bay catchment of
1.66 x 10° km? results from the following input values: the
duration estimate discussed above of about 500 years, a
14 Sv Gulf Stream contribution, 4.5% glacial water, a 50 m
mixed layer, and a 1.5 km ice thickness. (I have assumed
here that reducing the thickness of the mixed layer reduces
the volume required linearly, but this ignores a decrease in
rate with depth.) Accordingly, it appears that a mechanism
to add 3 x 10* to >5 x 10° km® of ice must be invoked to

account for the §'®0 recorded in the Heinrich layers. The
range in estimated ice volume corresponds to a range of
scenarios for its entry to the ocean. At the fastest the entry
would last about 1 year and imply about 0.1 m of sea level
rise and 1 Sv of freshwater flux (or 0.025 m and 0.25 Sv for
50 m mixed layer). At the slowest the entry would last about
500 years and imply 10—20 m of sea level rise and 0.15—
0.3 Sv of freshwater flux (for 50 and 100 m mixed layer).
These estimates are comparable to those of Alley and
MacAyeal [1993], who used a similar strategy to estimate
~0.01 m yr~! sea level rise and a 200—300 year duration
(2-3 m total rise, if duration was 500 years, then their
estimate would be a 5 m sea level rise). On the basis of
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TABLE 4. Ages of Heinrich Layers®

Heinrich Layer Calendar Age, years Basis Source
H1 16800 14C(14200 + 2600) Bond et al. [1992,1993]
H2 24000 4C (20500 + 3500) Bond et al. [1992, 1993]
H3 ~31000 correlation to Greenland® GISP2 [Meese et al., 1997]
H4 38000 correlation to Greenland® GISP2 [Meese et al., 1997]
HS5 45000 correlation to Greenland® GISP2 [Meese et al., 1997]
H6 ~60000 correlation to Greenland® GISP2 [Meese et al., 1997]

Bond et al. [1993] set the basis for making correlations between North Atlantic records and Greenland ice core §'%0. The ages from H3 through H5 are
based on this strategy, but the ages are different and are based on current age estimates. The ages for H1 through H4 are compatible with those derived from
U-Th of dated carbonate correlated to GISP2 based on 8'%0 pattern matching the Hulu (China) speleothem record [Wang et al., 2001]. That for H5 would
be 47,000 with the correlation to the Hulu speleothem record [Wang et al., 2001]. The position of H3 is more difficult to discern, and thus the age is

uncertain but probably is within £1000 years. The age of H6 is very poorly constrained and could be different by at least +5000 years.

estimates of IRD concentration in the ice and glacialogical
processes, and using their mapped volume of HI and H2,
Dowdeswell et al. [1995] suggested 1.4 x 10° to 1.4 x
10° km® of water released over 250—1250 years (0.39—
3.9 m sea level rise).

5.2. What Caused the Heinrich Layers?

[571 A successful Heinrich layer model, that is, specifi-
cally for the Hudson Strait Heinrich layers, must produce
sufficient IRD and distribute it across the North Atlantic
[Hulbe, 1997]. It must explain the limited source region for
the terrigenous sediments and the presence of abundant
detrital carbonate only within the Heinrich layers. It must
account for the apparent association with the cold phases of
the D-O cycles, with the dramatic ocean circulation
changes, and with the rapid warming that directly follows
them. Finally, if Hudson Strait Heinrich events accompa-
nied global mountain glacier advances [e.g., Denton et al.,
1999], then they must be interpreted in the context of global
climate change. Three proposed mechanisms to model the
IRD and freshwater delivery of Hudson Strait Heinrich
layers are reviewed here: catastrophic ice sheet purging,
jokulhlaup activity, and ice shelf buildup/collapse. An
additional model that involves a sea ice switch to trigger
the abrupt warming (Y. Kaspi et al., A ‘triple sea-ice state’
mechanism for the abrupt warming and synchronous ice
sheet collapses during Heinrich events, submitted to Nature,
2003, hereinafter referred to as Kaspi et al., submitted
manuscript, 2003) is described briefly after the discussion
of glacialogical mechanisms.

[58] MacAyeal [1993] formulated an internally driven
“binge-purge” model. The premise of a binge-purge model
is that a large ice sheet will build up gradually during the
binge stage, dependent on air temperature and moisture
supply. Some combination of geothermal heat, advection of
heat from the upper surface, and internal friction in the
bottom boundary zone at the base of the ice sheet will act to
eventually destabilize the ice sheet, resulting in a rapid
purge phase, also known as Heinrich events. MacAyeal
[1993] assumed geothermal heating is the driving force
for purging the interior of the ice sheet, while Verbitsky and
Saltzman [1995] found friction and heat advection from the
surface to be more important parameters. Marshall and
Clarke [1997] provided a continuum mixture model be-

tween sheet ice, which deforms by viscous creep, and
stream ice with fluxes dictated by basal sliding and sedi-
ment deformation. They used this model to test the sensi-
tivity of a Hudson Strait ice stream and concluded that it is
unlikely for an ice stream in Hudson Strait to drain the
interior portions of the ice sheet. Clarke et al. [1999]
concluded that it is likely that the onset of a Heinrich event
occurs when glacier flow instability is triggered, and they
favor episodic surging of an ice stream in Hudson Strait. An
alternative purge mechanism was proposed by Hunt and
Malin [1998], that is, that ice-load-induced earthquakes may
have destabilized the Laurentide ice sheet (although they
call for successively shorter intervals between the Heinrich
events, whereas my reassessment of the timing (Table 4)
suggests a nonchanging, 7 kyr spacing).

[s59] The volume MacAyeal [1993] estimated is 1.25 x
10° km?® of fresh water (he estimated an area of 1 x 10° km?
with an average thickness of 1250 m), introduced into the
North Atlantic over about 250—-500 years, implying a 0.16—
0.08 Sv flux. Dividing the volume by the area of the world
ocean, 3.61 x 10® km?, MacAyeal estimated a sea level rise
of about 3.5 m. If the Heinrich events represent a purging of
a very large part of the Laurentide ice sheet, then it would
take an interval considerably longer than a single D-O cycle
to rebuild the ice sheet and create the conditions necessary
to trigger a purge. The binge interval estimated from
MacAyeal’s model was about 7 kyr (remarkably close to
the recurrence time of Heinrich layers, see Table 4). The
water volumes and event durations calculated by MacAyeal
[1993] abide by the maximum constraints discussed above.
Marshall and Clarke [1997] modeled the behavior of an ice
stream in Hudson Strait using mixed bed conditions, and
they were able to produce a maximum flux of 0.03 Sv of
icebergs, which is about 10 times lower than that implied by
the §'®0-based calculations given above. One possible
explanation they proposed is that their ice streams do not
tap deep enough into the core of the ice sheet. However,
because the maximum ice stream velocity in their simula-
tions is 900 m yr~ ', ice originating at the head (750 km in)
takes 833 years to get to the outlet. Accordingly, Marshall
and Clarke [1997] concluded that it is unlikely for an ice
stream in Hudson Strait to drain the interior portions of the
ice sheet. They left open the possibility that their omission
of hydrological conditions under the ice sheet may have led
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Figure 25. Equal area maps of H1-H4 used to estimate area covered by Hudson Strait-derived IRD:

(a) H1, (b) H2, (c) H3, and (d) H4. Data sources are re

ported in Table 1. Numbers are estimated thickness

for each location. Values of “0” are used where the position where the layer would be is understood but
the layer was not identified. Rectangles surround the areas estimated for the layers, and the results are

reported in Table 5.

to an underestimation, and this theme was extended by
Clarke et al. [1999]. The Verbitsky and Saltzman [1995]
model implies that the formation of the Heinrich events
depends on climate; however, Marshall and Clarke [1997]
concluded that the response time of the Laurentide ice sheet
to climate change is quite long. Large ice streams tend to
take on oscillatory behavior without the need for climate
forcing [Marshall and Clarke, 1997], and rapid climate
change is integrated into the buildup of the ice sheet (S. J.
Marshall, personal communication, 2002). However, hydro-
logically controlled ice streams might have a more direct
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influence from climate change [Marshall and Clarke,
1997], and Clarke et al. [1999] speculated that during the
buildup to a Heinrich event, phase locking between an
atmospheric forcing applied to the ice surface and subgla-
cial meltwater production can be achieved if the ice bed
contact is at the melting temperature and strain heating is
appreciable. The apparent interhemispheric symmetry of
mountain glacier advances and their coincidence in timing
with Heinrich events [e.g., Lowell et al., 1995; Denton et
al., 1999] favors a climate control on the Heinrich layers but
does not eliminate the binge-purge behavior.
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TABLE 5. Area and Volume Estimates of Heinrich Layer IRD
Area Covered, Average Volume
H Layer km? Thickness, cm Detritus, km®
1 1.0 x 10° 10 100
2 2.0 x 10° 15 300
3 0.7 x 10° 15 99
4 2.4 % 10° 15 350

[60] Johnson and Lauritzen [1995] proposed an alterna-
tive hypothesis for Heinrich layers: Repetitive jokulhlaups
from a Hudson Bay lake may have produced major fresh-
water pulses into the North Atlantic when the ice dams at
the mouth of the Hudson Strait failed. A jokulhlaup is a
massive flood that occurs when the height of the dam is
exceeded by lake level because of rising lake level or
reduced flow of glacial ice into the dam [Johnson and
Lauritzen, 1995]. As noted in section 5.1, the area of
Hudson Bay is about 8 x 10° km?, and if it was overfilled
by 100 m, the amount of water that would spill into the
ocean in this process is around 8 x 10% km?, about twice the
minimum estimate based on the area occupied by H4 and
assuming a 200 m mixed layer. The Johnson and Lauritzen
[1995] mechanism would be very rapid, and thus a number
approaching the minimum estimate is reasonable based on
the volume constraints alone. It is clear that a large fraction
of the precursor fine carbonate sediment deposited near the
Hudson Strait is brought by meltwater not icebergs [e.g.,
Hesse and Khodabakhsh, 1998; Rashid et al., 2003b]. This
model could produce a sea level change of only ~0.2 m or

TABLE 6.
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less, and it would be virtually instantaneous. In the distri-
bution of continental ice proposed by the Johnson and
Lauritzen [1995] mechanism, Hudson Bay is filled with
water and surrounded by glacial ice flowing into it rather
than being a glacial dome itself. During early phases of the
ice sheet buildup (stage 5) and possibly for H3, an ice-
damned lake in Hudson Bay is possible; however, during
the LGM it is unlikely that a lake occupied Hudson Bay
(J. Andrews, personal communication, 2003). J. Andrews
(personal communication, 2003) is considering the possi-
bility of large, subglacial lakes under the Laurentide ice
sheet. If large subglacial lakes existed under the Laurentide
ice sheet, this would provide scope for large bursts of
meltwater, accompanied by dramatic destabilization of the
ice sheet.

[61] Hulbe [1997] proposed a model for Heinrich events
in which the Hudson Strait ice stream flows into the
Labrador Sea from a Hudson Bay dome and forms an ice
shelf in the Labrador Sea, in other words with an ice sheet
configuration similar to that assumed by MacAyeal [1993].
The ice shelf model proposed by Hulbe [1997] would
operate under extreme cold conditions, consistent with the
observations of Heinrich layers in DSDP609 and V23-81
[e.g., Bond et al., 1992; Broecker et al., 1992]. Ice shelves
form where grounded ice flows into the sea and floats on the
surface. In this model, sediment would be enriched in the
basal zone of the ice shelf by basal freezing due to large
slopes in the basal topography. Hulbe’s [1997] model
appears to produce an acceptable volume of ice of 800 X
1200 km, with ~500 m average thickness (4.8 x 10° km® of
ice). However, there is not a Heinrich event for every cold
interval in Greenland, and the §'80 excursions coincident

Parameters Used to Calculate Water Volumes From Hudson Strait Heinrich Events

Parameter Used Value

Source or Calculation

§'%0 of ice —28 to — 34%o

Magnitude of §'%0 excursion —1 to —2%o
(6180Heinrich 7180ambient)
Temperature lowering (AT) 3° to 4°C

—1.7 to —2.9%0

0.7 to 2.3 x 10° km?

0.02 to 0.1 km

1.4 x 10* to 2.3 x 10° km®
1 to 500 years

§'%0 excursion of water

Area of Heinrich layers 4
Mixed layer depth (MLD)
Volume of water (minimum)®
Duration ¢

Replenishment of NAC 14 to 21 Sv
Flux of water to maintain dilution 0.6 to 1.9 Sv
Volume of water® 1.9 x 10* to 3 x 107 km®

Duplessy et al. [2002] and Schrag et al. [2002]
(note that the Laurentide is likely heavier, so this yields
minimum volumes (D. P. Schrag, personal communication, 2003))
Cortijo et al. [1997]

Cortijo et al. [1997]
(SISOHeinrich - 6lgoambiem) - (AHeinrich - Aambient)a
Table 3 and Figure 24
Kara et al. [2003]
from A times mixed layer depth
timing and duration section
Lynch-Stieglitz et al. [1999] and Schmitz and McCartney [1993]
(4.5% of 14 Sv) to (9% of 21 Sv)*
Vaer(km®) = F(Sv) x 1 x 10%m* s7' Sv7') x
f(years) x 3.15 x 107(s yr ) x 107 (km® m~3)

aTemperature—ﬁlgo relationship [Shackleton, 1967] is shown: (T°C — 16.9)/(—4.28) = A(A is CaCO; minus water difference; in the case presented here,
Abeintich — Aambient 1S taken from the 3°~4°C temperature lowering and is —3/(—4.28) or —4/(—4.28) or an extra 0.7—0.9%o added to the measured

excursion).

"Value assumes a volume the area of the Heinrich layers, and the thickness of the mixed layer is mixed one time with enough ice and water to make the

1 .
§'%0 excursion.

“Here 4.5% and 9% are the range in §'%0 excursion as deduced from information provided in Table 6 on measured values, assumed ice values, and the

temperature-5'*0 relationship.

9The range of estimates from 1 to 500 years is used to estimate the volume of water with the equation in the third column. For the minimum a 1 year
duration and 0.6 Sv flow are assumed. For the maximum a 500 year duration and 1.9 Sv flow are assumed.
°The estimate 3 x 107 km® is probably beyond what is reasonable, as discussed in text. In Table 7 and the text I suggest possible modifications of the

“maximum” estimate.

31 of 43



RG1005

TABLE 7. Vital Statistics of Heinrich Layers
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Duration

495 + 255 years (1o)

Freshwater flux

~ 3 x 10* km*( 1 year, 200 m mixed layer)

~1 x 107 km® (500 years, 4.5% ice water, and 14 Sv flow);
if assumption of 100 (or 50) m mixed layer halves
(quarters) volume,then 5 (or 2.5) x 10° km®

Sea level rise

0 m (ice shelf)

0.2 m (jokulhaup)
3—15 m (Laurentide ice sheet purge)

Size of Hudson Strait catchment

1.66 x 10° km? (for 5 x 10° km® volume and 3 km ice

thickness or for 2.5 x 10° km® volume and 1.5 km thickness)

Average ice thickness for 500 year duration >1.5 km
Volume of over-deepened Hudson Strait ~2 x 10* km?
Volume of IRD 100-350 km’
Concentration of IRD in ice 0.01-10%

with Heinrich events do not stand out in magnitude
(Figure 24). Nonetheless, Heinrich events do appear to
occupy relatively long cold intervals, and the model shelf
needs about a thousand years of cooling to build up the ice
shelf volume noted above [Hulbe, 1997]. Hulbe’s model
should predict detrital carbonate events for every cold phase
of the D-O cycles in the vicinity of Hudson Strait. Indeed, it
appears that there might be such events [Andrews and
Barber, 2002], although the greatly reduced amplitudes that
are implied are puzzling unless the freezing-on process in
the ice shelf model operates effectively only when the shelf
is fully developed. Sea level should not rise because of ice
shelf collapse because the ice is already floating in the
Labrador Sea prior to its release. However, perhaps small
sea level rise from surges of other ice sheets could be a
trigger for Hudson Strait collapse. Additionally, the collapse
of the ice shelf could allow enhanced ice stream activity in
Hudson Strait (although this does not appear to provide
appropriate amounts of ice in the required time interval
according to the work of Marshall and Clarke [1997]).

[62] Hulbe et al. [2004] suggest a revision of the ice shelf
hypothesis. In the new scenario the ice shelf is fringing the
Laurentide ice sheet margin rather than extending across the
Labrador Sea, and the events are formed by explosive
disintegration of the ice shelf such as recently witnessed
along the Antarctic Peninsula. The proposed ice shelf was
fed by several ice streams, which have been identified by
geomorphic studies. Each of the suggested ice streams is
underlain by dominantly Churchill Province basement,
consistent with the provenance constraints. The ice-derived
water volume estimated in this study is 2.8 x 10 to 2 x
103 km3, consistent with volume constraints shown in
Table 6 as long as the duration is very short.

[63] The three mechanisms described above, (1) purging
of the Laurentide ice sheet [MacAyeal, 1993; Verbitsky
and Saltzman, 1995; Hunt and Malin, 1998; Clarke et al.,
1999] or episodic activity of an ice stream in Hudson
Strait [Marshall and Clarke, 1997], (2) jokulhlaup activity
[Johnson and Lauritzen, 1995], and (3) ice shelf buildup/
collapse [Hulbe, 1997; Hulbe et al., 2004], all appear to be
capable of producing the first-order features of the Heinrich
layers, including the large injection of fresh water into the

North Atlantic Current (with volume depending on dura-
tion, see Table 7) and the large volume of sediment
deposited rapidly in these events. In the purging and
jokulhlaup scenarios the best way to get IRD-enriched
icebergs appears to be a glaciohydraulic supercooling
mechanism [e.g., Alley et al., 1997, 1998; Lawson et al.,
1998; Roberts et al., 2002], which would allow the limited
sediment provenance of Heinrich layer sediments [Bond et
al., 1992; Gwiazda et al., 1996a; Hemming et al., 1998,
2002]. In this mechanism, ice accretes to the bottom of the
glacier ice from water that is supercooled due to flowing up
large topographic features such as the Hudson Strait sill. In
the case of binge-purge behavior, basal debris entrainment
mechanisms described by Alley and MacAyeal [1994] will
also yield appropriate sediment loads. Glaciohydraulic
supercooling may not apply to the ice shelf model. Accord-
ing to R. Alley (personal communication, 2003) the detritus
from the mouth of Hudson Strait is most likely melted out.
This is because the ice shelf is likely to be thickest in the
mouth of Hudson Strait where the bed is deep. Freeze-on
would be expected down flow, where the ice shelf is thinner,
but after the debris has melted out. Alternatively, the freeze-
on could be transverse to flow, which would tend to
preserve sediment incorporated in the slower moving ice
from the sides of the strait rather than in the main ice
coming out of the strait (or other ice streams in the modified
ice shelf model of Hulbe et al. [2004]). Additionally, it is
likely that warming, rather than sea level rise, drives the
retreat of the ice shelf [e.g., Parizek et al., 2002; Hulbe et
al., 2004], although the revised ice shelf model may not
require very substantial warming [Hulbe et al., 2004].

[64] Taking everything together, glacialogical instability
(episodic purging) seems to be the most likely explanation
for the Hudson Strait Heinrich layers unless it can be
demonstrated that these events are substantially shorter than
the apparent 500 year duration or that the mixed layer is
extremely thin (~0.5—1 m). Such a thin mixed layer seems
unlikely given the (probably) more vigorous atmospheric
circulation that accompanies Heinrich events. Interestingly,
a scenario that involves components of all three proposed
end-members may have some appeal. Buttressing by an ice
shelf during cold periods could lock up the Hudson Strait

32 of 43



RG1005

00 500 1600 700 800 900
I

I
I
I
0 100 200, 300 'rt
\

CH69-K09

00' 600 700 800

I

| I

I I

I I

R | '

0 100 200 3I(')0 :
]

250 300 350

3180
o
o o
—t

DSDP609

»
&)
!
t

300 400

Core depth (cm)

Hemming: HEINRICH EVENTS

HU91-045-094-P 1

RG1005

2|

904

E PHANEROZOIC (<543 Ma) E MIXED PROTEROZOIC AND ARCHEAN

- EARLY PROTEROZOIC

E arcrean

LATE PROTEROZOIC

== miooLe prROTEROZOIC

ICELAND

Figure 26. Evidence for large meltwater flux to the North Atlantic during Heinrich events from the
§'%0 of N. pachyderma (s.). Map shows the locations of the cores. Data sources are HU91-045-094-P
[Hillaire-Marcel et al., 1994], CH69-K09 [Labeyrie et al., 1999], SU90-08 [Cortijo et al., 1997], and

DSDP609 [Bond et al., 1992].

ice stream. If the low area of Hudson Bay contains subgla-
cial water, release of the ice shelf could set off a chain of
events, ending in a massive purging of the Laurentide ice
sheet. Kaspi et al. (submitted manuscript, 2003) have
modeled a triple sea-ice state to produce the pattern of
variability found in North Atlantic records. In their model,
phase locking ties the behavior of Northern Hemisphere ice
sheets together. I am not convinced that this locking is
necessary, but it is an interesting theory that can presumably
be tested if paleoceanographers can come to better under-
stand the meaning of changes in the content of IRD in
marine sediment cores (see section 2.1 for a discussion of
defining IRD). In addition to the phase locking mechanism,
Kaspi et al. (submitted manuscript, 2003) propose that rapid
melting of sea ice following a Heinrich event is what leads

to the abrupt warming recorded in sediment cores, inferred
to be the product of ice-albedo feedback.

[65] Further examination of hydrographic changes in the
North Atlantic (reviewed in section 6) may provide addi-
tional constraints on the ice-derived water volume by
documenting the mixed layer thickness. The combined
application of 20T h,\cess With *He from interplanetary dust
particles and '°Be offers promise for constraining the
volume of ice involved in the events [Higgins, 2001].
However, to achieve this promise, significant development
work is necessary, as well as mapping of the intervals in
space and time with these methods. Additionally, further
examination of detailed sedimentology and hydrography
proxies in the Labrador Sea provides constructive ways to
decide among the proposed possibilities. It may be that
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much of the hydrographic and sedimentological data
from Labrador Sea cores are available [e.g., Andrews
and Tedesco, 1992; Andrews et al., 1994a, 1994b, 1998;
Hillaire-Marcel et al., 1994; Jennings et al., 1996, Hesse
and Khodabakhsh, 1998; Hillaire-Marcel and Bilodeau,
2000; de Vernal and Hillaire-Marcel, 2000; de Vernal et
al., 2000; Rashid et al., 2003b], and a synthesis with the
goal of testing the alternative hypotheses for Heinrich
events could be what is most needed.

6. IMPACTS AND CORRELATIVES

6.1. Surface and Deep Water Changes
in the North Atlantic

[66] Maslin et al. [1995] used foraminiferal assemblages
combined with §'80 measurements of planktonic forami-
nifera to estimate temperature and salinity at the sea surface
and found dramatic reduction in both temperature and
salinity during Heinrich events. During Heinrich events,
there is a dip in the "0 of up to 2%o in N. pachyderma (s.)
within the IRD belt, which reveals the change in tempera-
ture and salinity attributable to the large amount of ice
melting (Figure 26). Us,<-based sea surface temperature
estimates indicate that sea surface temperatures were
reduced in eastern Atlantic cores during these events
[Madureira et al., 1997; Rosell-Melé et al., 1997; Bard et
al., 2000], consistent with faunal evidence [e.g., Bond et al.,
1993; Cortijo et al., 1997]. Other biomarkers are consistent
with a dramatic salinity reduction during these events [Bard
et al., 2000]. de Vernal and Hillaire-Marcel [2000] and de
Vernal et al. [2000] found evidence from dinoflagellate cyst
assemblages for low-salinity conditions, accompanied by
extensive sea ice, around the margins of the North Atlantic
during the LGM. However, they find evidence for largely
sea ice-free conditions in the eastern Nordic Seas. During
Heinrich events, sea ice cover increased to 10 months per
year, and the sea surface salinity was reduced even further.
The lower 6'0 of surface water during Heinrich events was
transferred to the deep ocean, and this has been interpreted
to be a signal of brine rejection [Vidal et al., 1998].

[67] Paillard and Cortijo [1999] have made simple
modeling experiments using the planktonic §'%0 and faunal
data from H4 [Cortijo et al., 1997] (shown in Figure 11b) to
show that such a change in temperature and salinity during
glacial conditions is predicted to result in complete shut-
down of NADW formation. Dramatic NADW reduction
during Heinrich events has been proposed based on obser-
vations of dramatically lowered benthic §'°C [e.g., Keigwin
and Lehman, 1994; Vidal et al., 1997, 1998; Zahn et al.,
1997; Willamowski and Zahn, 2000; Elliot et al., 2002].
This dramatic reduction of NADW formation is further
supported by excess Pa/Th ratios from Bermuda Rise sedi-
ments [McManus et al., 2002; J. F. McManus et al., Rapid
deglacial changes in the Atlantic meridional circulation
recorded in sedimentary 231pa/230Th, submitted to Nature,
2002].

[68] Such changes in the thermohaline circulation could
be triggers for abrupt climate change [e.g., Broecker, 1994;
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Clark et al., 2002; Rahmstorf, 2002], and hints that they
may be mirrored by deep water changes in the northeastern
Pacific suggest the possibility of globally propagated sig-
nals by deep water circulation changes [e.g., Lund and Mix,
1998]. Alternatively, they could be responses to abrupt
climate change [e.g., Boyle, 2000; Wunch, 2003; Kaspi et
al., submitted manuscript, 2003]. The estimated flux of
glacial meltwater ranges from 3 x 10* km® (and 1.6 Sv in
1 year) to 5 x 10° km® (0.3 Sv over 500 year interval),
derived in section 5 on origin of the Heinrich layers. Model
studies have shown a dramatic decrease of NADW turnover
when a sudden flux of fresh water is injected into the North
Atlantic [e.g., Manabe and Stouffer, 1995; Paillard, 1995;
Seidov and Maslin, 1999; Alley et al., 2001; Ganopolski and
Rahmstorf, 2002] (see recent review articles by Clark et al.
[2002] and Rahmstorf [2002]). These models differ in detail
but have in common the sensitivity of Atlantic overturning
to freshwater injections. They also produce a cooling of air
and sea surface temperatures in the eastern North Atlantic
when overturning is slowed or halted.

[69] Global climate changes may have triggered the
Heinrich layers [e.g., Denton et al., 1999], but certainly
the Laurentide response during Heinrich events must have
made a significant impact on regional climate. Schmittner et
al. [2002] suggested that the presence of large continental
ice sheets in the Northern Hemisphere may lead to increased
instability in climate. Even if NADW shutdown was not the
trigger for global climate change, the imprint it left in the
benthic marine record should provide important correlation
ties [e.g., Charles et al., 1996].

6.2. Global Signals

[70] High-resolution records around the globe show ev-
idence for millennial-scale climate variability, particularly
pronounced during stage 3 of the last glacial interval [e.g.,
Broecker, 1994, 2000; Lund and Mix, 1998; Bond et al.,
1999; Mix et al., 2001; Clark et al., 2002; Voelker, 2002;
Rahmstorf, 2002; Siddall et al., 2003]. As discussed below,
several Northern Hemisphere records resemble the pattern
of the Greenland ice cores, and some have extremes that
occur approximately synchronous to Heinrich events with
little evidence of the other millennial variations. Two
important precautions should be kept in mind in interpreting
these records: (1) the achievable accuracy of the chronology
and of correlations at high resolution (e.g., as discussed by
Boyle [2000]) and (2) the sensitivity of the proxy and/or the
region to the changes that accompany the abrupt climate
changes in Greenland and the North Atlantic.

[71] Voelker [2002] provides a review of records with
high-resolution analyses through stage 3. Within the limits
of dating many Northern Hemisphere records show a strong
resemblance to §6'®0 in the Greenland ice core [Boyle,
2000]. This is particularly true of cores within the polar
North Atlantic and Nordic Seas [e.g., Elliot et al., 1998;
Rasmussen et al., 1997; Voelker et al., 1998; Dokken and
Jansen, 1999; van Kreveld et al., 2000]. Examples from
outside the polar seas are the alkenone sea surface temper-
ature records from the Bermuda Rise [Sachs and Lehman,
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1999] and Alboran Sea [Cacho et al., 1999], bioturbation
and planktonic and benthic §'®0 and §'°C and total organic
carbon records from the Santa Barbara Basin [Behl and
Kennett, 1996; Kennett et al., 2000], terrigenous runoff
records in the Cariaco Basin [Peterson et al., 2000], and
total organic carbon and §'°N records in Arabian Sea
[Schulz et al., 1998; Altabet et al., 2002] sediments.

[72] Although Heinrich events do not stand out in the
Greenland ice core (Figure 24) or in the Santa Barbara and
Cariaco Basins, they do appear as extremes in the Arabian
and Alboran Seas (Figures 3 and 4) and Gulf of Lions
[Rohling et al., 1998]. In at least two records outside the
North Atlantic IRD belt, only the Heinrich pattern is seen
(Figure 3). One is the pollen record from Florida’s Lake
Tulane where pine pollen replaces oak pollen at times
corresponding to the Heinrich events [Grimm et al.,
1993]. A second is the continental margin sediment record
off Brazil where high CaCO; sedimentation is interrupted
by pulses of continental debris at the times of each Heinrich
event [Arz et al., 1998]. A third record that appears to
capture only Heinrich events is the average grain size of
Chinese loess, where Heinrich intervals are seen as having
larger average grain size, presumably related to stronger
winds [Porter and An, 1995] (however, the resolution of
this record is too low to identify D-O cycles).

[73] If there are some areas that have climate variability
following the pacing of D-O cycles and others that only feel
Heinrich events, then the geographic pattern of where they
do and do not stand out should provide important clues
about the behavior of the climate system [Leuschner and
Sirocko, 2000; Broecker and Hemming, 2001]. However, an
alternative explanation is that different aspects of climate
are recorded by the different proxies and/or in the different
settings. Accordingly, it is possible that the records in which
only Heinrich events are seen would show the other
millennial events with different proxies. Additionally, it is
possible that records where Heinrich events are not seen as
clear extremes could contain proxies that do emphasize
these events over the others.

[74] Examples of both scenarios come from the North
Atlantic itself. Notably, the Greenland ice core does not
record greater light §'%0 excursions during Heinrich events
than in other cold intervals (Figure 24), although they do
appear to be of longer duration. Heinrich events left a
dramatic IRD signal in the North Atlantic IRD belt, and
there they are clearly related to extreme climate conditions
and very different deep water composition and thus pre-
sumably collapse of NADW formation. However, Heinrich
events are not distinct in every measure of IRD, even in the
IRD belt. Although they are dramatically displayed in
230 heyeess flux estimates, detrital carbonate concentration,
and most radiogenic isotope compositions, they are invisi-
ble in records of hematite-stained grains and volcanic glass
counts, where a quasiperiodic 1500 year variability is seen
instead [Bond et al., 1997, 1999].

[75] Different sensitivity is one explanation, and another
possible explanation is that biases in the ability to distin-
guish Heinrich events from other millennial events may be
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produced if the proxies are at the limits of their range. For
example, Heinrich events stand out as having an extremely
high percentage of N. pachyderma (s.), indicating low sea
surface temperatures during stage 3 in the North Atlantic’s
DSDP609 (Figure 24). However, in stage 2 this species
makes up close to 100% in DSDP609, and thus H2 does not
stand out at all in the N. pachyderma (s.) of this core.
Furthermore, H1 is marked only by the abrupt reduction in
N. pachyderma (s.) that follows it (Figure 24), possibly in
the transition to interglacial conditions. In core V23-81 the
tops of HI through HS are all marked by the abrupt
reduction in percentage of N. pachyderma (s.) (Figure 24).
The two cooling events between HS and H4 in the ice core
show up with approximately the same scaling in V23-81,
but this is generally not true between H4 and H2. Even
high-resolution North Atlantic records of sea surface tem-
perature variability, as measured by the abundance of
N. pachyderma (s.), do not necessarily highlight the prom-
inence of the Heinrich events (Figure 24), although some
measures do clearly distinguish them from all other events
in the IRD belt as discussed throughout this paper.

[76] By analogy, records outside the IRD zone may
contain proxies that are sensitive to different aspects of
the climate system or are near the limits of their sensitivity.
For example, the median grain size of loess from China
appears to only distinguish Heinrich events, while other
measures show more of the millennial-scale variability
[Porter and An, 1995]. Additionally, in a speleothem &'*0
record from Hulu Cave, located within the same monsoon-
sensitive region, a reasonably certain correlation to the
Greenland ice core can be made within the stage 3 interval,
and the Heinrich events appear as more prominent maxima
than the other cold events [Wang et al., 2001]. The corre-
lation-based approach for Hulu gives comparable ages from
H1, H2, H3, and H4 to those from the Greenland Ice Sheet
Project 2 (GISP2)/North Atlantic correlations but implies an
approximately 2 kyr older age for H5. The pattern of §'%0
variation in Hulu does not appear to be similar to GISP2
beyond this interval. A very large number of papers,
reporting records from Chinese loess deposits and nearby
marginal seas, include reference to the Heinrich events.
However, suggestion of clear pattern matches to Heinrich
events is not convincing. There does appear to be evidence
for recurrent runoff events from the Selenga River into Lake
Baikal that are approximately coincident with Heinrich
event timing of H2 through H5, although the chronology
appears quite uncertain [Prokopenko et al., 2001].

[77] The records studied by Arz et al. [1998], from the
Brazil margin, and by Peterson et al. [2000], from the
Cariaco Basin, are both located near tropical South Amer-
ica, and both are interpreted to reflect variations in rainfall/
runoff. However, the Cariaco record shows a pattern of
variability similar to Greenland ice and does not distinguish
Heinrich events. In contrast, the Brazil margin record only
distinguishes Heinrich events. Perhaps this apparent con-
trast is a real measure of climatic differences at these two
sites. The Cariaco Basin variations were interpreted to
reflect changes in the position of the Intertropical Conver-
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gence Zone (ITCZ) (the core is 10°42.73'N, 65°10.18'W),
with rainy intervals correlated to warm intervals in Green-
land [Peterson et al., 2000]. Today the ITCZ is north of the
equator in July and mostly north of the equator in the
Atlantic in January. However, it does dip far south over
the South American continent in the winter, and it is
considered to have shifted south during the last glacial
interval [Harris and Mix, 1999]. The Arz et al. [1998]
location is 3°40.0'S and 37°43.0'W, and the runoff events
recorded in this core appear to be reasonably correlated to
Heinrich (cold) intervals. Their explanation is that increased
trade winds may have led to greater precipitation on the
Brazil coast. Arz et al. showed data at a recent miniconfer-
ence (reviewed by Broecker and Hemming [2001]) from
beneath the bulge of Africa where Heinrich events appear to
be dry spells, which would also be consistent with increased
trade winds. Alternatively, perhaps only extreme southward
shifts of the ITCZ during glacial times resulted in the greater
runoff south of the equator, whereas smaller changes
resulted in shifts in the Cariaco Basin hydrology. Could
there be a position in between these locations for which a
wetness proxy would see all the millennial variations, but
the Heinrich events would stand out?

[78] The pattern of difference of Heinrich events com-
pared to ambient glacial as well as the geographic distribu-
tion of sites that are sensitive to Heinrich events versus D-O
events may provide important clues to the driving forces of
these abrupt climate changes. For example, there is no
strong evidence in the North Atlantic for large changes in
NADW production relative to ambient glacial conditions for
each of the non-Heinrich cold stadials. However, during the
four massive Heinrich events, there is dramatic evidence of
deep water change, as evidenced by the extreme §'°C values
of benthic foraminifera in these intervals [e.g., Vidal et al.,
1997; Elliot et al., 2002]. As reviewed by Rahmstorf
[2002], three ocean states are inferred: interglacial
(deep NADW formation), glacial (intermediate NADW
formation), and Heinrich (no NADW formation) modes. It
appears that the earliest suggestion of this three-state ocean
can be attributed to Sarnthein et al. [1994], and the idea was
popularized by Alley and Clark [1999]. Presumably, there is
an atmospheric component to spreading all these signals
around the globe, but perhaps the differences between
regular cold snaps and Heinrich cold snaps lie in the specific
mechanisms of thermohaline overturning.

[79] Dokken and Jansen [1999] reported evidence for
contrasting deep water formation mechanisms in the Nordic
Seas during warm and cold intervals of the last glacial. They
documented §'®0 excursions of benthic foraminifera to light
values, coincident with light excursions of planktonic fora-
minifera and associated with each of the Greenland cooling
events. They inferred that deep water was generated fairly
continuously in the Nordic Seas but in two different ways:
(1) convection in the open ocean in warm intervals and
(2) brine rejection during sea ice formation in cold intervals.
The most extreme of these events are credibly correlated to
Heinrich events. There is a growing literature of high-
resolution stable isotope records in the Nordic Seas that I
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expect will provide some important constraints on the
behavior of the NADW part of the thermohaline circulation
in the last 60 kyr [e.g., Rasmussen et al., 1997; Voelker et
al., 1998; Dokken and Jansen, 1999; van Kreveld et al.,
20001].

[so] It is still unclear how climate records in the Southern
Hemisphere relate to Northern Hemisphere variability. Steig
and Alley [2003] have made detailed statistical analyses of
the phase relationships between Antarctic (Byrd) and
Greenland (GISP2) ice cores and showed that either a
maximum positive correlation with an Antarctic lead of
about 1000—1600 years or a maximum negative correlation
with an Antarctic lag of about 400—800 years best fit the
data. They conclude from this treatment of the data that the
concepts of antiphase (“seesaw”) or phase-shifted (“south-
ern lead”) behavior do not adequately describe the real
behavior of the climate system at millennial timescales. The
ice cores from Antarctica appear to be generally offset in
their temperature records from Greenland. An exception is
the Taylor Dome core, where the temperature record
appears to be positively correlated with Greenland [e.g.,
Steig et al., 1998; Grootes et al., 2001]. Grootes et al.
[2001] interpret this to be a product of varying degrees of
marine influence around the Antarctic, yielding heteroge-
neous climate. According to the best available chronologies,
relatively warm sea surface temperatures in the eastern
South Atlantic [e.g., Little et al., 1997; Kanfoush et al.,
2000; Voelker, 2002] and in the eastern South Pacific [e.g.,
Ninnemann et al., 1999] also appear to indicate warmer
conditions in the Southern Ocean when Greenland is cold.

[s1] However, the apparent synchrony of moraines in
Chile and New Zealand with Heinrich events represents a
contrasting image of Southern Hemisphere climate. Mor-
aines representing major glacial advances in the Chilean
Lake District may correspond to the youngest three layers at
14.5-14.8 (H1), 22.3-22.6 (or 21?) (H2), and ~26.8 (H3)
4c kyr [Lowell et al., 1995; Denton et al., 1999; Lowell,
2000]. These advances are correlated to cooling based on
expansion of grassland vegetation [Heusser et al., 1999;
Denton et al., 1999]. Many glacial advances are recorded in
New Zealand [Denton et al., 1999; G. H. Denton, personal
communication, 2002], perhaps enough to match one for
one with cold oscillations in Greenland. It is clear from the
compilation of records of high-resolution climate variability
in stage 3 [Voelker, 2002] that there needs to be a concerted
focus on the Southern Hemisphere. As pointed out by
Denton et al. [1999], the apparent discrepancy between
mountain glacier and marine records in the southern mid-
latitudes might be resolved with an Antarctic Circumpolar
Transect emphasizing chronology combined with proxies of
climate conditions at high resolution.

6.3. Sea Level Variations Linked to Heinrich Events

[s2] Dated coral terraces from the Huon Peninsula, Papua
New Guinea, and Barbados appear to record substantial
millennial fluctuations in sea level [Yokoyama et al., 2001;
Chappell, 2002; Cutler et al., 2003]. Chappell [2002] and
Yokoyama et al. [2001] infer that these sea level jumps,
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interpreted to reflect approximately 10—15 m excursions,
are correlated to Heinrich events. Additionally, planktonic
§'%0 from a marine sediment core record from the Red Sea
appears to reflect rapid and large sea level excursions during
stage 3 [Siddall et al., 2003], and high-resolution benthic
§'%0 records appear to support these interpretations [e.g.,
Waelbroeck et al., 2002; Cutler et al., 2003]. I had thought
that sea level jumps could constrain the origin of Heinrich
events. Indeed, if it were demonstrated that there were no
jumps, it would eliminate the binge-purge scenario. How-
ever, as the Hudson Strait is not the only outlet of ice into
the ocean, sea level rises are necessary but not sufficient to
demonstrate a connection. Although not the “smoking gun”
I had originally considered it, further evidence concerning
rapid sea level changes should have important implications
for understanding the system in which HS Heinrich events
operated.

7.  SUMMARY AND SCOPE FOR FUTURE RESEARCH

[83] Heinrich layers are spectacular IRD deposits in the
North Atlantic that resulted from massive discharges of
icebergs from the Laurentide ice sheet through the Hudson
Strait. They are clearly linked to dramatic climate shifts in
the Northern Hemisphere, and they could have global
correlations. Detailed studies of the interval containing H1
through H4 in the IRD belt have demonstrated a strong
connection between the timing of Heinrich layers and the
pace of climate variability in the North Atlantic. More work
is needed in the Southern Hemisphere in order to evaluate
whether or not there is truly an interhemispheric correlation
at the times of the Heinrich events, and the Antarctic
Circumpolar Transect proposed by Denton et al. [1999]
would be a good way to start.

[84] In order to resolve the details of how Heinrich layers
formed, it is necessary to consider the predictions that come
from the proposed models, that is, purging of the Laurentide
ice sheet through the Hudson Strait ice stream, jokulhlaups,
and ice shelf. Careful assessment of the sedimentology of
the Labrador Sea in the vicinity of the Hudson Strait should
provide important clues about the glacial processes that were
operating. Additional work is needed at high resolution across
the intervals of Heinrich events in the IRD belt, including
their “precursors” and combined with further constraints on
the composition of potentially contributing sources.

[85] Much effort has gone into characterizing the Hein-
rich events in the North Atlantic and into identifying
potentially correlative climate events globally, and from
this effort a picture is emerging about the causes and effects
related to them. They occurred during extreme cold periods
in the North Atlantic and were abruptly followed by
dramatic warming. A large influx of fresh water into the
North Atlantic accompanied these events (Figure 26), and it
appears that a complete shutdown of NADW production
was produced. What remains to be understood better is
whether the correlations are global or Northern Hemisphere-
wide and what the ultimate driver of these dramatic events
was. The existence of the prominent 100 kyr cycle and its
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apparent pacing with the insolation in northern latitudes
seems to require a magnifier such as the Northern Hemi-
sphere ice sheets and their impact on such things as
thermohaline and atmospheric circulation, albedo, green-
house gases, and so forth. So it is not a big leap of faith to
conclude that the rapid and large climate changes that we
see during the last glacial might also be related to the
presence of the very large ice sheets that existed in the
Northern Hemisphere.
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