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Introduction 

The IODP Expeditions 303 and 306 drilling sites were 

chosen for two reasons: (1) to capture Miocene-Quaternary 

millennial-scale climate variability in sensitive regions at the 

mouth of the Labrador Sea and in the North Atlantic ice-

rafted debris (IRD) belt (Ruddiman et al., 1977), and (2) to 

provide the sedimentary and paleomagnetic attributes, 

including adequate sedimentation rates, for constructing 

high-resolution isotopic and magnetic stratigraphies. 

High accumulation rates, reaching 20 cm ky-1, permit the 

study of millennial-scale variations in climate and in the 

Earth's magnetic fi eld over the past several million years, 

when the amplitude and frequency of climate variability 

changed substantially. Shipboard logging and scanning data 

(magnetic susceptibility and remanence, density, natural 

gamma radiation, digital images and color refl ectance) and 

post-expedition x-ray fl uorescence (XRF) scanning data 

have revealed that the sediment cores recovered on 

Expeditions 303 and 306 contain detailed histories of 

millennial-scale climate and geomagnetic fi eld variability 

throughout the late Miocene to Quaternary epochs. The 

climate proxies will be integrated with paleomagnetic data to 

place the records of millennial-scale climate change into a 

high resolution stratigraphy based on oxygen isotope and 

relative paleomagnetic intensity (RPI). The paleomagnetic 

record of polarity reversals, excursions and RPI in these 

cores is central to the construction of the stratigraphic 

template and will provide detailed documentation of geomag-

netic fi eld behavior. 

Background and Goals
The discovery of climatic oscillations in the Greenland ice 

cores, the so-called “Dansgaard-Oeschger” (D-O) events, 

demonstrated that large temperature changes had occurred 

over Greenland during the last glaciation (Johnsen et al., 

1992; Dansgaard et al., 1993; Grootes 

et al., 1993). The abruptness of these 

events was impressive, occurring on 

timescales as short as decades to 

centuries. Broecker et al. (1992) 

proposed that layers of IRD-containing 

detrital carbonate (termed “Heinrich 

events” after Heinrich, 1988) in North 

Atlantic sediments were derived from 

massive discharges of ice from the 

Hudson Straits region. Over the past 

fi fteen years, this hypothesis spawned 

numerous studies on IRD in the North 

Atlantic Ocean (for reviews, see 

Andrews, 1998, 2000; Hemming, 2004). 

Most signifi cant were those by Bond 

and colleagues who linked Heinrich 

events and other IRD events from 

North Atlantic sediment cores with 

temperature oscillations in Greenland 

(Bond et al., 1992, 1993; McManus et 

al., 1994; Bond and Lotti, 1995). Higher 

frequency variations were found to be 

superimposed upon these signals. 

These variations were apparent in IRD 

components such as hematite-stained 

grains and Icelandic glass and have ~1500 

yr pacing (Bond and Lotti, 1995; Bond 

et al., 1999b, 2001). 

Figure 1. Location of sites occupied during IODP Expedition 303 (Sites U1302–U1308, 
September–November 2004), and Expedition 306 (Sites U1312–U1315, March–April 2005).
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Sedimentary Sections Recovered During 
IODP Expeditions 303 and 306 

The primary objectives of IODP Expeditions 303 and 306 

(Fig. 1) were to recover cores that would yield complete and 

continuous records of millennial-scale environmental 

variability (i.e., ice sheet–ocean interactions, deep circu-

lation changes and sea-surface conditions), and also be 

suitable for the development of high-resolution magnetic and 

isotope stratigraphies. Many of these study sites have been 

instrumental in developing marine records of suborbital 

climate variability for the last climate cycle (e.g., Orphan 

Knoll, Eirik and Gardar Drifts, and DSDP Sites 607, 608, and 

609). Emphasis was placed on the recovery of complete, 

undisturbed, composite sections from multiple advanced 

piston corer (APC) holes. Shipboard data and post-cruise 

XRF scanning of the recovered cores appear to document 

millennial-scale variability that extends 

through the last several million years. 

At each site, drilling was terminated at 

the limit of the APC. The extended core 

barrel (XCB) was not used because the 

increase in drilling disturbance associated 

with the XCB, particularly in the upper part 

of the XCB section, is not conducive to high-

resolution studies, and because previous 

DSDP or ODP drilling legs have sampled 

the deeper stratigraphic section at all 

locations other than the Gardar Drift sites. 

Sites U1302 and U1303 are located close 

to Orphan Knoll on the Labrador Rise (Fig. 

1), where proximal records of Laurentide 

ice-sheet (LIS) instability are manifest in 

detrital layer stratigraphy. Piston cores 

collected at or near Sites U1302 and U1303 

(HU91-045-094P, MD95-2024, MD95-2025, 

MD99-2237) preserve a detailed strati-

graphic record of LIS instability through 

detrital carbonate-rich and -poor layers 

(Hillaire-Marcel et al., 1994; Stoner et al., 

1996, 1998; 2000; Hillaire-Marcel and 

Bilodeau, 2000; Hiscott et al., 2001). Isotopic 

data from planktic foraminifers indicate that 

these detrital layers are associated with 

large depletions in ∂18O that likely refl ect 

signifi cant meltwater incursions. Sites 

U1302 and U1303 record these detrital 

layers (e.g., see Fig. 2) and provide an oppor-

tunity to document LIS instability and its 

intercalibration with oxygen isotopes and 

RPI, to the base of the recovered section, or 

approximately marine isotopic stage (MIS) 

17 (Fig. 3). Mean sedimentation rates for the 

upper 105 m at Sites U1302 and U1303 are 

estimated to be ~15 cm ky-1.

Millennial-scale climate variability has been well 

documented for the last glacial cycle, most notably in ice cores 

from Greenland that extend back 123 ky (North Greenland Ice 

Core project members, 2004). Studies of deep-sea sequences 

indicate that high-frequency climate variability was also 

prevalent prior to this period (Oppo et al., 1998; Raymo et 

al., 1998; McManus et al., 1999; Hiscott et al., 2001; de Abreu et 

al., 2003; Martrat et al., 2004), but such studies have been 

limited by the availability of long cores with high sedimen-

tation rates. During IODP Expeditions 303 and 306, we 

recovered cores from multiple locations in the North Atlantic 

(Fig. 1) that are well suited for examining suborbital climate 

variability beyond the last glacial–interglacial climate cycle. 

The results of this drilling will address signifi cant climate- 

and geomagnetic-related questions such as the following.

1. When did Heinrich events fi rst appear in 

the sedimentary record of the North 

Atlantic?

2. Was millennial-scale climate variability 

fundamentally different in magnitude or 

pacing before the mid-Pleistocene transi-

tion from 41-ky to 100-ky glacial cycles?

3. How have horizontal and vertical gradi-

ents in surface- and deep-water mass 

properties changed on both orbital and 

millennial time scales?

4. Is the 1500-yr pacing documented for the 

last climate cycle a stable feature of the 

North Atlantic throughout the 

Pleistocene?

5. Can the promise of RPI as documented 

during the last glacial cycle be extended 

and linked to marine isotope stages to 

provide a viable means of global 

correlation?

6. Can offsets in benthic 18O records, due 

to local deep-water 18O and temperature 

(e.g. Skinner and Shackleton, 2005), be 

resolved using RPI as a stratigraphic 

tool?

7. How can lithologic contamination in RPI 

records be minimized, and can periodici-

ties in those records be attributed to geo-

magnetic behavior?

8. What was the morphology of the geomag-

netic fi eld during reversals, excursions 

and brief subchrons?

9. As geomagnetic fi eld intensity is a con-

trol on cosmogenic nuclide production, 

does the correlation of North Atlantic cli-

mate or IRD cycles to cosmogenic iso-

tope fl ux (Bond et al., 2001) imply a link 

between climate and geomagnetic fi eld 

strength, or between climate and solar 

activity?
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Figure 2. Detrital layers at Hole 
U1303B, in the uppermost 9 mbsf. 
Enhanced digi ta l image scan 
overlain by susceptibil ity (red, 
right) and gamma ray attenuation 
density (yellow, left). Detrital layer 
nomenclature from Stoner et al. 
(2000) for Core MD95-2024 taken 
nearby.
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Sites U1305, U1306 and U1307 were drilled on the Eirik 

Drift (Fig. 1). Site U1305 was the designated deep-water site 

in 3459 m water depth at the western extremity of the Eirik 

Drift, and Site U1306 was the primary shallow-water site in 

2273 m water depth, located 191 km northeast of Site U1305. 

These two sites were chosen by maximizing the thickness of 

the Quaternary sedimentary section in the multichannel 

seismic (MCS) network obtained over the Eirik Drift during 

Cruise KN166-14 of the R/V Knorr in 2002, whereas Site 

1307 is located where the Quaternary sedimentary section 

appears to be thinned relative to its thickness at Site U1306, 

providing APC access to the underlying Pliocene section. 

Conventional piston cores have shown that the sedimentation 

history on the Eirik Drift during the last glacial cycle was 

strongly affected by the Western Boundary Undercurrent 

(WBUC) that sweeps along east Greenland and into the 

Labrador Sea (Hillaire-Marcel et al., 1994; Stoner et al., 

1998). Data from two such piston cores (HU90-013-013 and 

HU90-013-012) from contrasting water depths suggested 

that Site U1305 should display relatively expanded intergla-

cials and relatively condensed glacial intervals, and that Site 

1306 should show the the converse. The base of the section 

at both sites lies within or just below the Olduvai 

Subchronozone at ~300 mcd (Fig. 3), and the mean sedimen-

tation rates were 17–18 cm ky-1. Sites U1305 and U1306 will 

provide complementary high-resolution records of the 

history of the WBUC detrital layer stratigraphy signifying 

Site U1304 is located at the southern tip of the Gardar 

Drift and the northern end of the central Atlantic IRD belt, 

near the Gibbs Fracture Zone (Fig. 1). It provides a more 

distal record of LIS instability compared to Sites U1302 and 

U1303, and it lies in suffi ciently deep water (3065 m) to 

document lower North Atlantic Deep Water (NADW) 

variability. Site U1304 also complements ODP Site 983, 

which was drilled at an intermediate water depth (1983 m) 

on the northern Gardar Drift. The sediments at Site U1304 

comprise interbedded diatom and nannofossil oozes with 

clay and silty clay. The lithologies are generally interbedded 

on centimeter to decimeter scales. Diatom assemblages are 

dominated by needle-shaped species of the Thalassiothrix–

Lioloma complex. The diatom-rich sedimentary section 

extends to the uppermost Pliocene at 258 mcd (Fig. 3). Mean 

sedimentation rates of 17.8 cm ky-1 are estimated for the last 

0.78 Ma, and 12.2 cm ky-1 for the interval from 0.78 to 1.77 Ma. 

The episodic occurrence of diatom-rich strata implies that 

the site has been located near the sub-arctic convergence 

related to the confl uence of the Labrador and North Atlantic 

Currents (see Boden and Backman, 1996). The good preser-

vation of benthic and planktic foraminifers, the excellent 

magnetic properties apparent from shipboard data and the 

construction of a complete composite section from four holes 

indicate that the environmental record can be placed into a 

reliable and precise age model. 
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Figure 3. Schematic stratigraphy at the seven sites drilled during Expedition 303. The geomagnetic polarity timescale is shown on the 
right. The normal and reverse polarity zones indicated in black and white, respectively, are based on shipboard measurements after AF 
demagnetization in the 10–15 mT peak fi eld range. Hatched intervals indicate uncertain polarity in the debris fl ow of Sites 1302 and 1303. 
Blue tie lines indicate nannofossil data and correlations. Red tie-lines indicate magnetostratigraphic correlations. Reference polarity timescale 
in right-side column from Cande and Kent (1992, 1995). 
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instability of the surrounding ice sheets, and the attributes 

for well-constrained age models using stable isotopes, 

biostratigraphy and RPI. Two holes were drilled at Site U1307 

reaching a maximum depth of 162 mcd in the uppermost 

Gilbert Chronozone (~3.6 Ma) (Fig. 3). The mean sedimen-

tation rate for the recovered section was 4.9 cm ky-1. Interval 

sedimentation rates between polarity reversals ranged from 

2.7 to 7.6 cm ky-1. Poor weather and excessive ship heave 

curtailed drilling at this site, and the two holes were insuffi -

cient to generate a complete composite section. The site did, 

however, establish the feasibility of recovering the Pliocene 

sedimentary section on the Eirik Drift using the APC. The 

site extends the environmental record back to ~3.6 Ma and 

will provide invaluable age control throughout the MCS 

network established on the Eirik Drift by the KN166-14 

cruise. The cores recovered at Site U1307 thus will enhance 

our understanding of the sedimentary architecture of the 

Eirik Drift. 

Site U1308 represents a reoccupation of DSDP Site 609, 

which has played a prominent role in some of the most 

important developments in millennial-scale climate research 

during the past fi fteen years. IRD layers containing detrital 

carbonate (Heinrich events) were recognized at this site 

(Bond et al., 1992); they also correlated to the Greenland ice-

core record (e.g., Bond et al., 1993). The 1500-yr cycle in 

petrologic characteristics such as hematite-stained grains 

and Icelandic glass has also been recognized at this site 

(Bond et al., 1999b). Most of the recent work on DSDP Site 

609 sediments has focused on the last glacial cycle, partly 

because of uncertainties in the continuity of the section at 

greater depth. Site U1308 has improved upon Site 609 in that 

a complete composite section was obtained to 247 mcd, with 

its base within the Gauss Chronozone at ~3.1 Ma (Fig. 3). 

Sedimentation rates averaged 7.9 cm ky-1 over the entire 

period. 

Site U1312 represents a reoccupation of DSDP Site 608 

(Fig. 1). The main objective was to obtain continuous records 

of surface- and deep-water characteristics and their interac-

tions with proxies for ice-sheet instability during Neogene-

Quaternary times. In this context, an important target at this 

site was the recovery of a complete, undisturbed, upper 

Miocene section by APC. The Holocene to upper Miocene 

sedimentary sequence at Site U1312 consists of varying 

mixtures of biogenic and detrital components, primarily 

nannofossils, foraminifers and clay minerals. Near 3.5 Ma, 

the progressive but oscillatory deterioration of the Northern 

Hemisphere climate, which gradually led to the onset of 

major continental ice sheets at about 2.7 Ma, is refl ected in 

the increase in detrital sediment input, followed by climate-

controlled, short-term variability in detrital input in the late-

Pliocene to Pleistocene. Average sedimentation rates were 

low (1–2 cm ky-1) during the late Miocene, the late Pliocene, 
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Figure 4. Expedition 306 schematic magnetostratigraphy. The paleomagnetic polarity interpretations (black = normal polarity, white = reversed 
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and the Pleistocene, but higher in the early Pliocene (3–8 cm 

ky-1). The sedimentary sequence of Site U1312 representing 

approximately the last 11 My (Fig. 4) will allow the study of 

short- and long-term climate variability and ocean–

atmosphere interactions under very different boundary 

conditions, such as the closure and re-opening of Atlantic–

Mediterranean connections at the end of the Miocene 

(6–5 Ma), the closing of the Isthmus of Panama (4.5–3 Ma), 

and the onset of major Northern Hemisphere glaciation near 

2.7 Ma. 

Site U1313 represents a reoccupation of DSDP Site 607 

(Fig. 1). Site 607 has been very important for generating a 

late Pliocene to Pleistocene stable isotope stratigraphy and 

for interpreting it in terms of ice-sheet variability and changes 

in NADW circulation. At the site of Core VM 30-97, located 

close to DSDP Site 607, Heinrich events are marked by the 

distinctive detrital carbonate signature, and planktonic 

foraminifer-derived sea-surface temperatures warmed 

markedly during the Heinrich events and during the Last 

Glacial Maximum, in distinct contrast to the climate records 

from the sub-polar North Atlantic (Bond et al., 1999a). The 

Holocene to latest Miocene sediment at Site U1313 (Fig. 4) 

consists primarily of nannofossil ooze with varying amounts 

of foraminifers and clay- to gravel-sized terrigenous compo-

nents. The detrital components become much more important 

and variable in the upper Pliocene–Pleistocene interval of 

the sequence, probably refl ecting Northern Hemisphere ice-

sheet instability. Bio- and magneto-stratigraphy indicate 

nearly constant sedimentation rates of ~4.1–4.5 cm ky-1 

throughout the Pliocene–Pleistocene time interval, whereas 

in the late Messinian sedimentation rates were approxi-

mately 13–14 cm ky-1. The correlation of downhole logging 

data with core data should allow the mapping of the spliced 

core record to actual depth, resulting in more accurate 

sedimentation rate calculations and more detailed age–depth 

models. Site U1313 provides a unique and complete Pliocene–

Pleistocene sedimentary section (Fig. 4) that will allow an 

optimal reconstruction of the phasing of the temperature 

records and its relationship to ice-sheet instability and 

changes in deep-water circulation since approximately 5 Ma. 

In addition, sedimentation rates of 13–14 cm ky-1 will allow a 

high-resolution study of paleoenvironmental change during 

the late Messinian.

Site U1314 was drilled on the southern Gardar Drift (Fig. 

1) at a water depth of approximately 2800 m. The complete 

upper Pliocene to Holocene sedimentary sequence recovered 

at this site (Fig. 4) consists of an alternation of predominantly 

nannofossil oozes enriched in biogenic and terrigenous 

components, and terrigenous silty clay with a varying 

proportion of calcareous and siliceous organisms. This alter-

nation is also refl ected in the varying carbonate content 

between ~5% and 70%. Sand- and gravel-sized sediment, 

common at Site U1314 from 0 to 240 mbsf, provides direct 

evidence of ice rafting and documents the infl uence of Plio-

Pleistocene glaciations in this region. Site U1314 yields 

abundant moderately to well-preserved assemblages of 

calcareous and siliceous microfossils throughout the section 

and an excellent paleomagnetic record of the Brunhes, 

Matuyama and the upper part of the Gauss Chrons. Several 

brief geomagnetic excursions are present in the paleomag-

netic record. Sedimentation rates based on microfossil data 

and polarity reversals indicate decreasing rates from approx-

imately 11–11.5 cm ky-1 during the late Pliocene, to 

~7.0–7.5 cm ky-1 during the Pleistocene. Due to its proximity 

to the IRD belt and within the NADW, the complete upper 

Pliocene to Holocene sequence at Site U1314 (Fig. 4) will 

establish a high-resolution paleoenvironmental record of 

sea-surface and bottom-water characteristics and a detrital 

(Heinrich-type) stratigraphy for the past ~2.7 Ma.

Site U1315 is located on the Vøring Plateau close to ODP 

Site 642 (Fig. 1). At this site, a borehole observatory for long-

term measurements of bottom-water temperatures was 

installed in a newly drilled 180-m-deep hole (see progress 

report p. 28). The hole was sealed from the overlying ocean 

after two pressure cases and a thermistor string were 

installed. This confi guration allows high-precision temper-

ature measurements as a function of both depth and time. 

The sub-bottom temperature perturbations should allow 

reconstruction of the temperature record of bottom water 

during at least the last 100 years, far beyond the directly 

measured temperature records available up to now.

Summary 
Long-term records of millennial-scale variability from 

North Atlantic proxies of surface temperature, ice-sheet 

dynamics and thermohaline circulation provide valuable 

constraints on the nature of atmosphere–ice–ocean interac-

tions that are responsible for abrupt climate change (e.g., 

Alley et al., 1999). The overall post-cruise objectives of IODP 

Expeditions 303 and 306 are to resolve the climate records 

from the high-sedimentation-rate sedimentary sections that 

have been recovered, and to generate a stratigraphic frame-

work based on biostratigraphy, oxygen isotope data and 

magnetic stratigraphy, including RPI data. The integrated 

stratigraphy will allow the climate record, such as the detri-

tal layer stratigraphy indicative of ice-sheet instability, to be 

placed in a suitable framework for correlating North Atlantic 

climate records to one another and to high-resolution records 

elsewhere. The power of shipboard whole-core logging data 

(susceptibility, natural gamma, digital image, refl ectance, 

and density) and shore-based scanning data (e.g. XRF) 

means that the basic climate-related lithologic variability 

(e.g. detrital layers) can be recognized throughout the late 

Miocene-Quaternary. The key is placing this detrital record 

and other climate proxies (e.g. stable isotopic data for deep- 

and surface-water mass temperature and chemistry, faunal 

and fl oral overturn, etc.) into a precise stratigraphic frame-

work. This stratigraphic framework is essential for meeting 

the objectives of Expeditions 303 and 306, and for studying 

millennial-scale climate change on long timescales. 
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