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A composite North Atlantic record from DSDP Site 609 and IODP Site U1308 spans the past 300,000 
years and shows that variability within the penultimate glaciation differed substantially from that of 
the surrounding two glaciations. Hematite-stained grains exhibit similar repetitive down-core variations 
within the Marine Isotope Stage (MIS) 8 and 4–2 intervals, but little cyclic variability within the MIS 6 
section. There is also no petrologic evidence, in terms of detrital carbonate-rich (Heinrich) layers, for 
surging of the Laurentide Ice Sheet through the Hudson Strait during MIS 6. Rather, very high background 
concentration of iceberg-rafted debris (IRD) indicates near continuous glacial meltwater input that likely 
increased thermohaline disruption sensitivity to relatively weak forcing events, such as expanded sea 
ice over deepwater formation sites. Altered (sub)tropical precipitation patterns and Antarctic warming 
during high orbital precession and low 65◦N summer insolation appear related to high abundance of 
Icelandic glass shards and southward sea ice expansion. Differing European and North American ice sheet 
configurations, perhaps aided by larger variations in eccentricity leading to cooler summers, may have 
contributed to the relative stability of the Laurentide Ice Sheet in the Hudson Strait region during MIS 6.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

Climate was relatively unstable during the last glaciation, Ma-
rine Isotope Stages (MIS) 4–2 (e.g., Dansgaard et al., 1993). Global 
variation and inter-hemispheric coupling were linked to reorgani-
zations in North Atlantic thermohaline circulation that are in turn 
related primarily to ice sheet instability on multiple scales. Hydro-
graphic changes resulting from freshwater forcing during Hudson 
Strait (HS) Heinrich Events (Heinrich, 1988; Bond et al., 1992;
Hemming, 2004) decreased North Atlantic Deepwater (NADW) pro-
duction, reducing northward heat flow and warming the Southern 
Hemisphere (Crowley, 1992). Similarly, instability and freshwater 
forcing on millennial scales appear to play a role in Dansgaard–
Oeschger (D–O) variability (e.g., Menviel et al., 2014).
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Pioneering sedimentological studies, such as those conducted 
at classic DSDP Site 609 from the central sub-polar North Atlantic 
Ocean (Bond et al., 1992, 1993; Bond and Lotti, 1995), provided 
the first evidence that the high-amplitude, rapid climate shifts first 
observed for the last glaciation in Greenland ice cores probably af-
fected a much wider area. This work substantially advanced our 
understanding of Northern Hemisphere ice sheet instability and 
the origin of rapid climate change, as well as stimulated a vast 
field of interdisciplinary research. However, most observations on 
this important subject are limited to this most recent glaciation, 
mainly due to the shallow depths below seafloor of last-glacial 
sedimentary sequences and hence their accessibility. Much remains 
to be learned regarding its nature and forcing by further under-
standing the longer-term behavior of ice-sheet ocean interactions 
under differing boundary conditions during multiple glacial “real-
izations”.

The few records of iceberg-rafted debris (IRD) variability from 
earlier ice ages tend to indicate significant differences between the 
last and penultimate glaciation (MIS 6). For example, a 500-ky IRD 
record from the Feni Drift (ODP 980) in the eastern North Atlantic 
 under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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Fig. 1. Site U1308/609 (49◦53′N, 24◦14′W; Expedition 303 Scientists, 2006) is represented by a red star. Other sites discussed in the text are: 1) the North GRIP ice core 
(75◦6′N, 42◦20′W; Andersen et al., 2004), 2) M23414 (55◦32′N, 20◦17′W; Didié and Bauch, 2000), 3) ODP Site 980 (55◦29′N, 14◦42′W; Oppo et al., 2006), 4) V23-81 
(54◦15′N, 16◦50′W; Bond et al., 1992), 5) Site U1304 (53◦3′N, 33◦32′W; Expedition 303 Scientists, 2006), 6), Sites U1302 and U1303 (50◦10′N, 45◦34′W; Expedition 
303 Scientists, 2006), 7) V28-82 (49◦27′N, 22◦16′W; Bond et al., 1992), 8) MD95-2040 (40◦35′N, 9◦52′W; de Abreu et al., 2003), 9) MD01-2443 (37◦53′N, 10◦11′W) and 
MD01-2444 (37◦34′N, 10◦09′W) (Martrat et al., 2007), 10) MD03-2707 (2◦30′N, 9◦24′W; Weldeab et al., 2007), 11) CDH-86 (0◦20′N, 44◦13′W; Nace et al., 2014), 12) El 
Condor Cave (5◦56′S, 77◦18′W) and Cueva del Diamante (5◦44′S, 77◦30′W) (Cheng et al., 2013), 13) Pacupahuain Cave (11◦14′S, 75◦24′W; Kanner et al., 2012), 14) Bahia 
state (10◦10′S, 40◦50′W; Wang et al., 2004), 15) TN057-14PC (51◦59′S, 4◦31′E; Anderson et al., 2009), 16) Hulu Cave (32◦30′N, 119◦10′E; Wang et al., 2001), 17) Sanbao 
Cave (31◦40′N, 110◦26′E; Wang et al., 2008) and Linzhu Cave (31◦31′N, 110◦19′E; Cheng et al., 2009), 18) Yangkou Cave (29◦2′N, 107◦11′E; Li et al., 2014), 19) GeoB 
10053-7 (8◦41′S, 112◦52′E; Mohtadi et al., 2011), 20) Lynch’s Crater (17◦22′S, 145◦42′E; Muller et al., 2008), and 21) the Epica Dome C ice core (75◦06′S, 123◦21′E; Jouzel 
et al., 2007).
(McManus et al., 1999) indicates that IRD variability during MIS 6 
was the least among the past five glaciations (Crowley and Hyde, 
2008). Farther south, Iberian Margin core MD95-2040 also shows 
similar results (de Abreu et al., 2003), and recent proxies for HS 
Heinrich Events suggest no surging of the Laurentide Ice Sheet (LIS) 
(Hodell and Curtis, 2008; Hodell et al., 2008; Ji et al., 2009; Stein 
et al., 2009; Naafs et al., 2011; Channell et al., 2012; Channell and 
Hodell, 2013; Naafs et al., 2013). However, other records, such as 
that of core M23124 from the Rockall Plateau (Didié and Bauch, 
2000), exhibit relatively increased IRD concentration during MIS 6, 
raising the possibility of altered circulation patterns.

To further explore the potential effects of differing boundary 
conditions during previous glaciations, we report a detailed, high-
resolution lithic record from IODP Site U1308 (Fig. 1), a reoccupa-
tion of Site 609, that includes the previous two glaciations, MIS 6 
and 8. To allow direct comparison to the MIS 4–2 petrologic tracer 
records from this same location (Bond et al., 1999) (Fig. 2), we 
employ similar methods (Bond et al., 1997) and determine the 
abundance of hematite-stained quartz and feldspar grains (HSG) 
primarily originating from the Gulf of St. Lawrence; dolomite-rich 
detrital carbonate (DC) sourced from the Hudson Strait; and non-
weathered volcanic glass derived from Iceland (IG). These data 
supplement bulk lithic content data and allow us to infer lithic 
grain provenance and delivery mechanism (i.e., calved icebergs ver-
sus sea ice). Additional petrologic information from earlier ice ages 
will allow us to assess the validity of Heinrich-like layer prox-
ies beyond the last glaciation. A detailed record from MIS 6 in 
particular will highlight other detrital constituents to which these 
proxies may be sensitive, while also potentially identifying impor-
tant drivers of climate change in the apparent absence of major 
LIS surging. Given the lack of an ice-core record prior to MIS 5 
on Greenland, the nature of HSG variability in marine cores dur-
ing glacial intervals beyond the last one is important to determine 
whether similar conditions existed.

2. Background

2.1. Study area

Sites 609 and U1308 were occupied 20 years apart at the same 
location on the upper-middle eastern flank of the Mid-Atlantic 
Ridge, approximately 250 km south of the Charlie Gibbs Frac-
ture Zone, between the modern North Atlantic subpolar and sub-
tropical gyres (49◦53′N, 24◦14′W, 3871 mbsl; Fig. 1). During the 
last glaciation, the Polar Front was displaced southward of its 
modern location, creating steep SST gradients in this area (e.g., 
CLIMAP Project Members, 1976) and resulting in a concentrated 
zone of iceberg melting and IRD deposition, i.e., the “IRD Belt” 
of Ruddiman (1977). Site 609 recorded pronounced surface hydro-
graphic changes that were interpreted to reflect stadial–interstadial 
swings in the position of the Polar Front (Bond et al., 1993). Thus, 
Sites 609/U1308 are strategically positioned to record changing 
climate conditions in the North Atlantic Basin and surrounding 
continental regions. The rationale for drilling Site U1308 was to 
recover a demonstrably complete stratigraphic section using mod-
ern coring methods to replace the remaining material from the Site 
609 cores that is now in poor condition (Expedition 303 Scientists, 
2006).

2.2. Last glacial variability at Site 609

Results from classic DSDP Site 609 (Fig. 2) were particularly 
important to the development of the current paradigm view of 
millennial climate variability. This site preserved a record of DC 
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Fig. 2. Site 609 record from MIS 4–2 (Bond et al., 1999) with radiocarbon dates (red triangles) and GICC05 model-extended tie points (red squares) (Obrochta et al., 2012). 
A) North GRIP ice core δ18O (Andersen et al., 2004), B) N. pachyderma [s] percentage (green), C) Site U1308 benthic C. wuellerstorfi δ13C (gray; Hodell et al., 2008), D), N. pachy-
derma [s] δ18O (purple), E) >150 μm lithic grain concentration (black), F) detrital carbonate (DC; orange), G) Icelandic glass percentage (IG; blue), H) hematite-stained grain 
percentage (HSG; red), and I) EPICA Dome C ice core δD (Jouzel et al., 2007) using the AICC2012 chronology (Veres et al., 2013). DC, IG, and HSG are percentages of 
63–150 μm lithic fraction. Orange vertical bars denote Heinrich Events, and blue bars non-Heinrich cold stadials. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
IRD deposited during Heinrich Events H1 to H6 (Bond et al., 1992), 
and results from Site 609 were the first to demonstrate a link 
between North Atlantic sea surface temperature (SST) and Green-
land air temperature (Bond et al., 1993), leading to the observation 
that progressively cooler Greenland insterstadials were bundled 
between Heinrich Events (“Bond Cycle”). Results from Site 609 
further demonstrated that each of these Heinrich Events was pre-
ceded by increased lithic flux with high proportions of HSG and 
fresh, unweathered IG (Bond and Lotti, 1995; Bond et al., 1999).

At Site 609, peak lithic grain concentrations occur within inter-
vals of high abundance of the planktic polar foraminifer N. pachy-
derma [s], indicating cold surface conditions. As lithic content 
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Fig. 3. Site 609 and Hole U1308A were aligned to the U1308 post-cruise, modified composite splice using sediment lightness (L∗) records. L∗ was calculated from the core 
photograph for Site 609 (blue) and from the U1308 shipboard line-scanner images for the modified splice (red) and U1308A (black). The age model used in this study is 
based on alignment of U1308 benthic C. wuellerstorfi δ18O (purple) to the LR04 benthic isotope stack (green; Lisiecki and Raymo, 2005) from MIS 9 to late MIS 5 (top). The 
younger interval uses the latest Site 609 age model (Obrochta et al., 2012) consisting of recalibrated radiocarbon dates (triangles) and GICC05 ages (squares). Modified U1308 
splice, benthic δ18O, LR04 age tie points (red circles), and 609 to U1308 depth match points are from Hodell et al. (2008). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
increases, planktic δ18O values begin to decrease primarily due 
to the effects of isotopically light meltwater (but also poten-
tially due to either contamination by fine DC, as pointed out 
by Hodell and Curtis (2008), or by sea ice formation as sug-
gested by Hillaire-Marcel and de Vernal (2008)). Concurrently, ben-
thic foraminifer δ13C exhibits depleted values, which is consistent 
with reduced NADW formation compensated by encroachment of 
southern-sourced waters into the North Atlantic basin.

The Site 609 HSG record was central to the theory that a 
“1500-yr” pacing underlies and sets the D–O Event tempo (Bond 
et al., 1997) and triggered much discussion of periodic suborbital 
climate change. Subsequent work to modernize the Site 609 age 
model (using the Marine09 radiocarbon calibration and GICC05 
model-extended chronology; Fig. 2A, 2B) showed that HSG at this 
site is not characterized by a single 1500-yr cycle but is more con-
sistent with distinct 1000 and 2000-yr components (Obrochta et 
al., 2012).

3. Materials and methods

3.1. Stratigraphic correlation

The uppermost ∼8 m of Site 609 (representing the last
∼115 ka) has been synchronized to the Site U1308 modified com-
posite splice (Hodell et al., 2008), as shown in Fig. 3. We calculated 
color reflectance (e.g., L∗a∗b∗; Ortiz et al., 1999) values from red, 
green, and blue (RGB) channel data extracted from the Site 609 
core photograph (Ruddiman et al., 1987) and the Site U1308 ship-
board core line-scanner images (Expedition 303 Scientists, 2006)
along the modified composite splice (0–21.56 mcd), as well as 
from Core U1308-2H over the interval 11.94 to 18.37 mbsf, which 
is not in the Site U1308 composite splice but preserves a sedi-
mentary record spanning early MIS 7 to late MIS 9. The shipboard 
spectrophotometer color reflectance data (2-cm resolution) corre-
late well with the line-scanner color reflectance data used here 
(L ∗R2 = 0.95; Supplemental Fig. 1). The much higher resolution 
(0.01 cm) line-scanner reflectance data were required to precisely 
align Core U1308A-2H to the modified composite splice.

3.2. Age model

The Site 609 age control points (Fig. 2) were transferred to 
Site U1308 (Fig. 3), incorporating recent refinements (Obrochta et 
al., 2012). These improvements are 1) inclusion of eleven addi-
tional radiocarbon dates that were previously uncalibrated (Bond 
et al., 1993; Elliot et al., 1998), 2) usage of the Marine09 radiocar-
bon calibration curve (Reimer et al., 2009) with a constant 405 yr 
reservoir correction, and 3) optimized correlation of the % N. pachy-
derma [s] ties (Bond et al., 1999) to the virtually-complete North 
GRIP (NGRIP) ice core with the GICC05 model-extended chronol-
ogy (Rasmussen et al., 2006; Svensson et al., 2008; Wolff et al., 
2010). Our age model uses radiocarbon dates from 13 to 34 ka, 
ties to NGRIP from 35 to 76 ka, and correlation of the U1308 ben-
thic δ18O record to the LR04 δ18O stack (Lisiecki and Raymo, 2005)
from 86 to 325 ka. The LR04 tie points used here are from Hodell 
et al. (2008).

The resulting average sedimentation rates are 7.1 cm/ky for 
MIS 4–2, 4.4 cm/ky for MIS 6, and 7.3 cm/ky for MIS 8. At 1-cm 
sampling, this produces an average resolution of ∼180, 230, and
150 yr, respectively. The results of spectral analysis are, of course, 
highly dependent on the quality of the age models.

3.3. Grain abundance analysis

The abundance of HSG, IG, DC, N. pachyderma [s], and bulk 
lithics (Fig. 4) was determined from U1308 material within the 
MIS-6 and 8 intervals. To perform these counts the modified splice 
was sampled by taking half-round slices (∼10 cc) at a 1-cm in-
terval from 8.84 mcd to 11.55 mcd, corresponding to MIS 6. Core 
U1308A-2H was sampled with 5 cc scoops a 1-cm resolution from 
12.88 mbsf to 17.62 mbsf (14.94–20.05 mcd). Bulk lithic, DC, and 
foraminifer counts were performed at an average 2-cm interval 
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Fig. 4. Photomicrographs of the primary sediment types used in the study. From grain-mount slides (63–150 μm) are A) a hematite-stained quartz grain and B) an Icelandic 
glass shard, and from loose sediment (>150 μm) are C) detrital carbonate, and D) N. pachyderma [s].
on loose sediment from the >150 μm fraction using a reflected 
light microscope. HSG and IG counts were performed at a 1-cm 
interval on the 63–150 μm size fraction using grain mount slides. 
Accurate counts of HSG in the MIS-6 interval required carbonate 
digestion due to the increased abundance of foraminifers. There-
fore 63–150 μm DC counts are limited to the MIS-8 interval.

Because sample weights are not available for Core U1308-2H, 
grain concentration for key intervals is estimated based on the vol-
ume and weight of samples from corresponding composite depths 
in the modified splice. These are ∼20-cc, half-round continuous 
2-cm slices.

Counts of the 63–150 μm fraction were performed with a pet-
rographic microscope, as described by Bond et al. (1997). The sam-
ple was illuminated with an external fiber optic light source with a 
white reflector placed over the microscope’s condenser. Adjusting 
the height of the reflector relative to the stage allows for a po-
sition to “be found that creates a strong impression of relief and 
brings into striking view details of surface textures and coatings 
on grains” (Bond et al., 1997).

3.4. Spectral analysis

Spectral analysis of HSG was performed by multitaper method 
(MTM) using the software package SSA-MTM Toolkit (Ghil et al., 
2002). HSG was first interpolated to an even 240-yr and 150-yr 
step for MIS 6 and 8, respectively. MTM analysis of MIS 8 HSG was 
limited to the interval from 300 to 260 ka.

3.5. Elemental analysis

A total of 64 individual DC grains from MIS 8 and 4–2 were 
measured for Mg/Ca and Sr/Ca ratios to determine whether they 
appear derived from the same population and therefore likely of 
similar provenance. Grains from the MIS 8 interval were measured 
by laser ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS) at the University of Tokyo Atmosphere and Ocean Re-
search Institute. Grains from the MIS 4–2 interval were measured 
by inductively coupled plasma atomic emission spectrometry (ICP-
AES) at the University of Cambridge Department of Earth Sciences.

3.5.1. ICP-AES
Five individual DC grains were picked from each of the H1, 

H2, H4, and H5 intervals in the U1308 splice for analysis at the 
University of Cambridge, Department of Earth Sciences using a 
Vista ICP-AES. For H1, H2, H4, and H5, grains were picked from 
samples U1308C-1H-1W 92–94 cm (0.92 mcd), U1308C-1H-1W 
130–132 cm (1.30 mcd), U1308C-1H-2W 116–118 cm (2.66 mcd), 
and 1308E-1H-2W 70–72 cm (3.52 mcd), respectively. Prior to 
analysis, samples were diluted in 0.1M HNO3 to obtain a Mg con-
centration of ∼0.3 ppm. Calibration of calcium, magnesium, and 
strontium was performed with mixed standard solutions (Greaves 
et al., 2005).

3.5.2. LA-ICP-MS
Individual DC grains (Supplemental Fig. 2) were picked from 

each of the three MIS-8 DC deposition events (labeled 8.1, 8.2, 
and 8.3 by Channell et al., 2012) for LA-ICP-MS analysis us-
ing a Resonetics Resolution M-50 ablation system attached to a 
Thermo Element XR ICP-MS. For the 8.1 event (∼243 ka) 15 grains 
were picked from sample U1308A-2H-4W 8–9 cm (13.18 mbsf). 
For the 8.2 event (∼249 ka), 9 grains were picked from sam-
ple U1308A-2H-4W 54–55 cm (13.64), 3 grains from 57–58 cm 
(13.67 mbsf), and 4 grains from 58–59 cm (13.68 mbsf). For the 
8.3 Event (∼263 ka), 13 grains were picked from U1308A-2H-5W 
4–5 cm (14.64 mbsf).

Laser energy was 50 mJ with a spot beam. Beam width was 
set to 155 μm for most analyses but reduced to 112 μm for grains 
less than ∼500 μm. Beam width was kept constant during individ-
ual runs. Continuous ICP-MS measurements were made for each 
run using triple detection and low resolution settings, and mass 
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offset was determined at the start of each day of analyses. Up 
to 10 individual grains of similar size were analyzed during each 
run with constant beam size. Prior to grain ablation, background 
values were measured for ∼3 min, and standards JCp-1 and NIST-
614 were measured along a line for 5 min each at a speed of 
5 μm/s. Grains were held stationary and ablated for 120 s, with 
60 s of equilibrium time between each grain measurement. Mea-
sured intensities were background subtracted and drift corrected. 
The mean intensity of 24Mg, 43Ca, and 88Sr was calculated for 
each grain after discarding the initial and final ∼2 s. When the 
laser fully broke through a grain, the corresponding values were 
discarded. The mean ablation time from which intensity was cal-
culated is 96 s with a range of 46 to 116 s. NIST-614 was used to 
calibrate the results presented here. Calibration with JCp-1 yielded 
similar results.

One grain with moderate Mg/Ca ratios (0.42 mol/mol) was 
selected from the 8.2 DC event from sample U1308A-2H-4W 
57–58 cm for higher resolution measurements. Twenty-nine in-
dividual measurements were performed across the grain’s surface 
with a 24 μm spot beam using the same parameters as described 
above.

3.6. Stable isotopes

Stable isotopes were measured on the planktic foraminifer 
N. pachyderma [s] following the method of Hodell et al. (2008). 
Specimens were picked from the >212-μm size fraction at a 2-cm 
spacing within the MIS-6 and 8 intervals of the U1308 modified 
splice. Analyses were performed using a Finnigan MAT 252 mass 
spectrometer at the University of Florida, Department of Geologi-
cal Sciences.

4. Results

New grain abundance data and planktic N. pachyderma [s] δ18O
from Site U1308 are shown in Fig. 5 together with the previously 
published benthic C. wuellerstorfi δ13C record (Hodell et al., 2008). 
Note that (with the exception of lithic grain concentration) the 
vertical axes of individual panels presenting the same proxy are 
identically scaled in order to highlight the differing amplitudes of 
variability during each glaciation, and the horizontal axes cover 
an identical time range (80 ky). Elemental analyses of individual 
DC grains are shown in Fig. 6. Data reported here are available at 
http :/ /dx .doi .org /10 .1594 /PANGAEA.834640.

4.1. Iceberg and sea ice rafted debris

With the exception of IG, the lithic grains at Site U1308, in-
cluding HSG, are interpreted to primarily reflect iceberg-rafted de-
bris, i.e., IRD. While the primary source for HSG was the Gulf 
of St. Lawrence during the last glaciation (Bond and Lotti, 1995;
Bond et al., 1999), HSG was likely derived from a wider area and 
transported by sea ice during the Holocene and perhaps other 
long interstadials (Bond et al., 1997, 1999, 2001). Regarding IG, 
Kuhs et al. (2014) concluded that >150 μm shards deposited at 
Site U1304 (53◦03′N, 33◦32′W) were likely iceberg-rafted based 
on generally large size, geochemical heterogeneity, and association 
with high concentrations of other lithic grain types. At Site U1308, 
however, we observe a less consistent relationship between fresh, 
non-weathered and transparent IG content and total lithic concen-
tration, particularly in the 63–150 μm fraction (Fig. 5).

North Atlantic sea ice distribution is sensitive to changes in 
wind stress, which is in turn affected by the presence and configu-
ration of the LIS (Manabe and Broccoli, 1985; Oka et al., 2012). We 
therefore feel it is likely that both icebergs and sea ice contributed 
IG to Site U1308, and the relative importance of each process may 
vary with differing oceanographic conditions between the discrete 
glacial intervals studied, as well as within the same glaciation. For 
example, HSG and IG covaried within MIS 4–2 (Fig. 2G, 2H), sug-
gesting a similar delivery mechanism, but IG is decoupled from 
other lithic grain types throughout much of MIS 8 and 6 (Fig. 5). 
Within the MIS-6 interval in particular, peak IG content is more 
consistently associated with high total foraminifer abundance, es-
pecially N. pachyderma [s], which is associated with sea ice and 
brine (e.g., Hillaire-Marcel and de Vernal, 2008, and references 
therein). IG could be entrained as atmospheric fallout and deliv-
ered to the site as the sea-ice margin expanded south of Ice-
land. Coastal sea ice formation can directly incorporate seafloor 
sediment, and in this case the rafted shards could exhibit geo-
chemical signatures associated with multiple Icelandic volcanic 
provinces.

4.2. MIS 8

Results from MIS 8 (Fig. 5B) are comparable to those of the 
last glaciation (Fig. 2; Section 2.2), with abrupt, high-amplitude 
variations in all measured proxies. Each interval of increased 
N. pachyderma [s] abundance is associated with elevated IRD con-
tent. Prior to Termination III (∼243 ka), lithic grain and N. pachy-
derma [s] abundance is consistently positively correlated (r = 0.64, 
p < 0.0001). Benthic δ13C exhibits high-amplitude fluctuations 
(−0.65� to 1.28�), with a mean of 0.26 ± 0.36 (1σ ), and con-
sistently tracks both lithic (r = −0.41, p < 0.0001) and N. pachy-
derma [s] abundance (r = −0.65, p < 0.0001). N. pachyderma [s] 
comprises as little as ∼1% to as much as 95% of the plank-
tic foraminifer assemblage, and late-glacial (<275 ka) changes in 
abundance are rapid, occurring in less than 1000 yr. At ∼249 ka, 
N. pachyderma [s] abundance increases from ∼30% to 90% in 
∼850 yr, then returns to 30% in ∼1000 yr.

Four distinct, IRD events occur within the latter portion of 
MIS 8 at ∼275, 263, 249, and 243 ka (8.4–8.1 events), the younger 
three of which are characterized by high DC content. Light plank-
tic δ18O excursions up to a 1.3� magnitude follow the onset of 
glacial IRD events. Estimates of lithic grain concentration suggest 
an increase of ∼1000 to 2500 grains/g above the near-zero (<20) 
ambient levels during the 8.3, and 8.1 DC events, and these are di-
rectly preceded by “precursor” increases in siliceous IRD, HSG and 
IG, similar to the last glacial HS Heinrich Events (H1, H2, H4, and 
H5; Fig. 2E–H) (Bond and Lotti, 1995; Bond et al., 1999). While 
onset of the 8.4 and 8.3 IRD events coincides with high N. pachy-
derma [s] abundance, lithic grains reach over 99% of the >150 μm
fraction and planktic foraminifers are virtually absent. N. pachy-
derma [s] abundance decreases during a brief reduction in IRD 
input early in the 8.4 event. The 8.1 DC event and H1, which oc-
cur during glacial terminations, are characterized by intermediate 
to low N. pachyderma [s] abundance.

Mg/Ca and Sr/Ca of individual MIS-8 DC grains from the 8.1, 
8.2, and 8.3 DC events suggest they are from the same popula-
tion as those from the last glacial HS Heinrich Events (Fig. 6A). 
The high Mg content, up to a 1:1 ratio with Ca, is consistent with 
the presence of dolomite and a Hudson Strait source. Narrow-beam 
LA-ICP-MS analysis across the surface of a single grain from the 8.2 
event reveals highly variable Mg content (Fig. 6B), likely indicative 
of heterogeneous dolomitization, perhaps across microfronts.

One distinction between MIS 8 (Fig. 5B) and MIS 4–2 (Fig. 2F) is 
that, during the former, 63–150 μm-sized DC remains an elevated 
lithic component for an extended time (up to ∼2500 yr) following 
surface and deep recovery (low N. pachyderma [s] abundance and 
high benthic δ13C). This is observed following the 8.1 and 8.3 DC 
events but not during 8.2 or any of the last glacial HS Heinrich 

http://dx.doi.org/10.1594/PANGAEA.834640
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Fig. 5. New results for A) MIS 6 from the U1308 splice and B) MIS 8 from Hole U1308A: planktic N. pachyderma [s] δ18O (purple; U1308 splice); >150 μm lithic percent 
(black, open circles) and concentration (red); N. pachyderma [s] percent of total planktic foraminifers (green) for samples with >200 individual foraminifers (open circles) 
and >100 individuals (filled circles); >150 μm DC percent (orange, open circles) and 63–150 μm percent (gray; MIS 8 only); 63–150 μm percent (blue) with concentration 
(red, open circles; MIS 6) and percent (black, open circles; MIS 8) from the >150 μm IG; 63–150 μm HSG percent (red). >150 μm data are percent of total fraction, and 
63–150 μm data are percent of lithic fraction. Blue vertical bars: >50% lithic grains; light green bars: IG is ∼15% of the 63–150 μm fraction; light orange bars: >10% DC. 
Benthic C. wuellerstorfi δ13C (gray) from the U1308 splice are from Hodell et al. (2008). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
Events. Bioturbation is unlikely to have transported this material 
the required ∼18 cm up core.

The MIS 8 HSG record exhibits a range in abundance from 1% 
to 17%, with a mean and standard deviation of 6.2 and 2.8, re-
spectively. With the exception of directly preceding the 8.1 and 8.3 
DC events, HSG generally exhibits low abundance during the lat-
ter portion of MIS 8, from ∼270 ka, perhaps due to dilution by 
DC. Prior to this, during the mid-glacial interval, from 300–260 ka, 
HSG exhibits enhanced amplitude variability and identifiable max-
ima and minima, with midpoints spaced on average 1400 ± 340 yr
apart (Fig. 7). A broad spectral peak spans the millennial band from 
1/1690 to 1/1360 yr, centered at 1/1500 yr.
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Fig. 6. A) Cross plot of Mg/Ca and Sr/Ca for individual DC picked from MIS 4–2 
HS Heinrich layers in the U1308 splice (filled symbols) and from the MIS 8 DC-
rich layers in Hole U1308A (open symbols). MIS 4–2 and 8 grains where analyzed 
by ICP-AES and LA-ICP-MS, respectively. B) Mg/Ca ratios from 25-μm spot LA-ICP-
MS measurements across the surface of an individual grain from the 8.2 event 
(1308A-2H-4W 57–58 cm). Large indention in grain center is from ablation for data 
used in (A). See Supplemental Fig. 2 for photomicrographs of all grains.

4.3. MIS 6

Lithic results from MIS 6 (Fig. 5A) exhibit pronounced differ-
ences from those of MIS 8 and the last glaciation. While there 
are light planktic δ18O excursions of similar magnitude as the sur-
rounding glaciations, these are not associated with intervals domi-
nated by lithic grains. Planktic foraminifer abundance remains high 
throughout the entire MIS 6 glaciation, and the maximum lithic 
grain abundance is less than 75% of the >150 μm fraction. The 
concentration of lithic grains, however, is nearly continuously ele-
vated, with background levels rarely below 1000 grains/g.

Intervals of peak lithic concentration do not correspond to in-
tervals of particularly high lithic percentage. During the earliest 
(∼175 ka) of four distinct MIS-6 lithic deposition events, lithic 
content comprises only 15% of the >150 μm fraction but exceeds 
3500 grains/g, a similar concentration as during the last glacial HS 
Heinrich Events. The event from 161 to 156 ka is similarly char-
Fig. 7. A) U1308A MIS 8 HSG from 260 to 300 ka showing cycle minima, maxima, 
and midpoints. B) Histogram of elapsed time between cycle midpoints (∼1400 ±
340 yr mean). C) MTM power spectrum showing a wide, 99%-confident spectral 
peak centered at a 1/1500 yr frequency (dashed line). Shaded region denotes the 
range of 99% confidence (1/1690–1/1360 yr).

acterized by low lithic percentage (<25%) and high concentration 
(∼4000 grains/g). The maximum concentration of >6500 grains/g
occurred at ∼151 ka, during an extended interval of lithic deposi-
tion, lasting for ∼15 ky and centered on 146 ka, but lithics only 
comprise at most ∼50% of the >150 μm fraction at this time. 
While H11 exhibits the highest percentage of lithic grains (74%), 
it is characterized by relatively low concentration that averages 
∼ 3500 grains/g.

There also appears to be less surface-deep coupling at this site 
during MIS 6. While the correlation of N. pachyderma [s] abundance 
with lithic percentage (r = 0.64, p < 0.0001) and with concen-
tration (r = 0.64, p < 0.0001) is significant and comparable to 
the other glaciations, benthic δ13C is not highly correlated with 
any of these parameters. Correlation coefficients are: r = −0.32
(p < 0.001) for N. pachyderma [s], r = −0.21 (p < 0.05) for lithic 
percentage, and r = −0.34 for lithic concentration (p < 0.0001). 
Benthic δ13C exhibits, on average, lighter (0.11�) and less vari-
able (0.24; 1σ ) values than during MIS 8 (0.26 ± 0.36�) and 4–2
(0.52 ±0.30�), with no extended intervals heavier than 0.6�. For 
comparison, the last glacial interstadials at this location exhibited 
values typically exceeding 0.95� (Fig. 2C).

The cold phases at ∼184 ka and ∼140 ka are not distinguished 
by high total lithic percentage or concentration. Lithic grains in 
these intervals are primarily IG, with both the older and younger 
intervals characterized by increased relative abundance (proportion 
of lithic fraction) of 63–150 μm IG. The cold period at ∼140 ka is 
also marked by high IG concentration (∼1000 IG grains/g). Periods 
of increased IG occur at ∼20 ky intervals, i.e., the cold event at 
∼162 ka is also marked by high IG abundance and concentration.

N. pachyderma [s] variations suggest that MIS 6 was character-
ized by two distinct phases (e.g., Margari et al., 2010). N. pachy-
derma [s] is relatively abundant throughout the entire glaciation 
(15–98%); during the early glacial from ∼190–155 ka, N. pachy-
derma [s] abundance averages ∼20% during warm periods and 
increases to ∼65% during cooler phases. Subsequent to ∼155 ka, 
the record exhibits a baseline shift to higher abundance, indicating 
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Fig. 8. Lithic content proxy data from the U1308 splice section compared to petrologic count data for A) MIS 4–2 from Site 609, B) MIS 6 from the U1308 splice, and C) MIS 8 
from U1308A. Proxy data are Si/Sr ratio (red), bulk δ18O (blue), magnetic grain size (κARM/κ ; brown), Ca/Sr (gray), and XRD-based dolomite percentage (Ji et al., 2009; black). 
Grain count data are lithic concentration (black) and percent (green) and DC percent (orange). For B and C, non-IG lithic concentration and abundance (gray) are also shown. 
All abundance data are percent of total >150 μm fraction. Lithic percent is unavailable for MIS 4–2, and lithic concentration is unavailable for MIS 8. Orange vertical bars 
show high DC events; blue vertical bars show siliceous IRD events. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.)
generally colder conditions with more severe cold events. Maxi-
mum abundance reaches ∼95% but decreases to only ∼50% during 
intervening warmings, which is the same relative magnitude as 
during the early glacial (and substantially less than that of MIS 8). 
In addition, both warm-to-cold and cold-to-warm transitions are 
less abrupt than during the surrounding two glaciations, exhibit-
ing a typically 4000-yr duration. This four-fold increase relative to 
MIS 8 is too large to be entirely explained by lower sedimentation 
rate/sampling resolution.

The MIS 6 HSG record exhibits a similar range, mean, and stan-
dard deviation (1–15%, 6.3 and 2.5, respectively) as the MIS 8 
record. However, it does not exhibit clear, visually apparent “cy-
cles” (though it does contain one 99%-confidence spectral peak at 
1/950 yr; Supplemental Fig. 3).

5. Discussion

5.1. Heinrich events prior to the last glacial

Hudson Strait-derived material is distinguishable from other 
sources of North Atlantic sediment by a Paleozoic dolomitic lime-
stone component with highly depleted δ18O (∼−5�; Hodell and 
Curtis, 2008), relatively low Sr content (Hodell et al., 2008), and 
a distinctive biomarker signature (Naafs et al., 2011). The par-
ticular nature of this material has allowed the development of 
a number of proxies for HS Heinrich-like events (Hodell and Cur-
tis, 2008; Hodell et al., 2008; Ji et al., 2009; Stein et al., 2009;
Naafs et al., 2011; Channell et al., 2012; Channell and Hodell, 2013;
Naafs et al., 2013). Results generally indicated that HS Heinrich-
like layers are prominent features of all “100-ky world” glaciations 
(back to MIS 16), except for MIS 6.

Until now, these proxies were only calibrated for the last 
glaciation. Our results both extend the directly-calibrated inter-
val through MIS 8 and confirm the evidence for virtual absence 
of sand-sized DC in the MIS-6 interval at Site U1308 (Fig. 8). DC 
concatenated over all three glaciations exhibits high correlation 
with bulk δ18O (r = 0.64, p < 0.001; n = 594), split-core XRF Ca/Sr 
(r = 0.59, p < 0.001; n = 594), and magnetic grain size (κARM/κ ; 
r = 0.47, p < 0.001; n = 594). Last glacial HS Heinrich Events are 
all expressed as peaks in Ca/Sr exceeding 150, as are the 8.1–8.3 
DC events. However, magnetic grain size (κARM/κ ) and bulk δ18O
are not strictly a proxy for Hudson Strait-derived DC. Both κARM/κ
and bulk δ18O are highly correlated to total lithic percent dur-
ing MIS 6 (r = −0.66, p < 0.001 and r = −0.84, p < 0.001 re-
spectively), and each exhibits a significant response to IRD events 
within intervals lacking dolomite and DC.

We also show that individual DC grains deposited during the 
MIS 8 DC events exhibit an identical geochemical signature to 
those from the last glacial HS Heinrich Events, indicating similar 
provenance. This implies that these three DC IRD events (8.3, 8.2, 
and 8.1) represent surging of the LIS in the Hudson Strait region, 
constituting true HS Heinrich Events at ∼263, ∼249, and ∼243 ka. 
Similar to the last glaciation, 8.1 and 8.3, the larger of the three 
in terms of lithic grain concentration (2500 and 1600 grains/g, re-
spectively) are directly preceded by “precursor” IRD events (Bond 
and Lotti, 1995; Bond et al., 1999), with HSG, IG, and bulk lithics 
all peaking directly before the HS Heinrich Event. This is consis-
tent with an external trigger for Heinrich Events. Conversely, the 
so-called H11 event during TII (∼130 ka) does not appear to be 
associated with either precursor events or with large-scale surging 
from the HS region, and has very low Ca/Sr and dolomite content 
at Site U1308 (Fig. 8B).

5.2. Nature of variability during the past three glaciations

5.2.1. Implications of HSG variations
The HSG records reported here are the first published after the 

pioneering investigations of Bond and Lotti (1995) and Bond et al. 
(1997, 1999, 2001), as well as the first reported for time periods 
prior to the last interglacial (MIS 5). The MIS 8 HSG results (Figs. 7
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and 5B) are similar to those of the last glaciation (Fig. 2H) in that 
both records exhibit broadly comparable down-core variability and 
pacing, particularly within mid-glacial intervals of intermediate ice 
volume, that become less pronounced as each glacial maxima is 
approached (∼250–240 ka; ∼30–20 ka). The MIS 4–2 HSG record 
exhibits a mean elapsed time between cycle midpoints of ∼1570 ±
700 yr, and the most significant spectral frequency is a broad peak 
centered at 1/1390 yr (Obrochta et al., 2012; Supplemental Fig. 4). 
This resembles MIS 8 results in both cycle length (∼1400 ± 340) 
and frequency (1/1500 yr).

Cycle lengths within the radiocarbon- and GICC05-dated por-
tion of the MIS 4–2 HSG record are bimodally distributed and pri-
marily comprised of ∼1000 and ∼2000 yr components (Obrochta 
et al., 2012). This is less apparent in MIS 8, which lacks precise 
millennial-scale age control. The relatively invariable sedimenta-
tion rates inherently produced by our orbital scale age model, for 
which no alternative is currently available, may be unrealistic due 
to occurrence of HS Heinrich Events, particularly during late MIS 8. 
Although the apparent cyclicity observed in HSG is within the mid 
to early glacial interval that lacks major lithic deposition events, 
statistical durations and frequencies should be interpreted with 
caution. We note that the pacing of the MIS 8 and 4–2 HSG records 
is generally similar.

The MIS 6 HSG record (Fig. 5), on the other hand, shares lit-
tle similarity with those of the surrounding glaciations. Relatively 
high-amplitude depositional events are spaced at much longer in-
tervals, approximately 4 to 8 ky, which is similar in scale to the 
typically longer-duration cold events reported from the Iberian 
Margin during MIS 6 (Margari et al., 2010). Also, unlike the MIS 8 
and 4–2 HSG records, there is no significant spectral peak at 
a frequency that corresponds to this mean pacing. Mathemati-
cally, there is one 99%-confidence spectral peak at an approximate 
1/950-yr frequency (Supplemental Fig. 3). While this is the same 
frequency at which the stacked Holocene HSG record is coher-
ent with cosmogenic 14C and 10Be production (Bond et al., 2001;
Obrochta et al., 2012), it could simply reflect the 240-yr sampling 
step (4 × 240 = 960) in a noisy record.

HSG variability was originally suggested as both a precursor 
to HS Heinrich Events and to be a pacemaker for D–O Events 
(Bond and Lotti, 1995; Bond et al., 1997, 1999). While increasing 
HSG consistently precedes all HS Heinrich Events including 8.1 and 
8.3, the linkage between ice-rafted HSG and D–O Events through 
freshwater forcing is tenuous. No systematic relationship exists be-
tween HSG peaks and Greenland climate. Even with the age model 
used here, the most precise available for this site during MIS 4–2, 
there is no consistent phase relationship between HSG and NGRIP 
ice core δ18O. The association was primarily based on a common 
1470-yr period, but recent work shows that little evidence exists 
for actual 1500-yr intervals of climate variability in either Green-
land records (Ditlevsen et al., 2007) or the HSG record from well-
dated intervals of Site 609 (Obrochta et al., 2012). Regardless of 
forcing, if HSG variability is in some way causally linked to North 
Atlantic regional climate change, any potential forcing would have 
been less of a factor during MIS 6 than during MIS 8 and 4–2.

5.2.2. Global connections to North Atlantic variability
Detectable sea level increase at far-field locations indicates 

a measurably large ice mass loss of up to 15 m sle (sea-level 
equivalent) during the HS Heinrich Events of the last glaciation 
(Yokoyama et al., 2001a, 2001b). Early modeling results suggested 
that such a large amount of freshwater would have greatly af-
fected North Atlantic hydrography (Manabe and Stouffer, 1988), 
decreasing North Atlantic deepwater (NADW) formation. This is 
consistent with the strong coupling between IRD events, cold sur-
face conditions, and depleted benthic δ13C observed at this site 
during MIS 4–2 (Fig. 9B–E). Consistent with “bipolar see-saw” the-
ory, as proposed by Crowley (1992), northward heat flow was re-
duced, resulting in Antarctic warming (Blunier and Brook, 2001;
EPICA Community Members, 2006; Veres et al., 2013; e.g., EDC δD; 
Fig. 9I).

Further observational evidence for this interhemispheric phas-
ing is provided by Iberian Margin records that exhibit benthic δ18O
similar to Antarctic ice cores (Shackleton et al., 2000), decreased 
grain size along deepwater routes that suggests slower circulation 
(McCave et al., 1995; Hall and McCave, 2000), and increased 14C 
reservoir ages at upwelling sites that indicate slower meridional 
overturning circulation (Kubota et al., 2014). Southward displace-
ment of circulation belts, most likely due to cooling and sea ice 
expansion (e.g., Denton et al., 2010), is indicated by altered precip-
itation patterns in South America (Wang et al., 2004; Kanner et al., 
2012; Cheng et al., 2013; Nace et al., 2014), Africa (Weldeab et al., 
2007), Asia (Wang et al., 2001), and Australia (Muller et al., 2008;
Mohtadi et al., 2011), as well as Antarctic upwelling (Anderson et 
al., 2009) and deep-ocean ventilation (Ahn and Brook, 2007, 2008).

Results presented here indicate a similar series of events likely 
occurred during MIS 8. Considering that the Site U1308 age model 
for MIS 8 is orbital in scale and cannot resolve the expected 
changes in sedimentation rate associated with HS Heinrich Events, 
Antarctic air temperature increase (Jouzel et al., 2007; Bazin et al., 
2013) corresponds in general to the timing of high IRD deposi-
tion, high N. pachyderma [s] abundance, and depleted benthic δ13C
(Fig. 9C, 9D, 9E, 9I). This suggests that the hydrographic changes 
during the MIS-8 HS Heinrich Events may have been comparable 
to those that occurred during the last glaciation. While East Asian 
monsoon intensity (Fig. 9H) appears controlled primarily by high-
amplitude Northern Hemisphere insolation changes (Fig. 9G), brief 
low intensity events (high δ18O) also correspond to intervals of en-
hanced DC deposition.

During MIS 6, however, these same proxies indicate a nearly 
continuous, low-level input of glacial meltwater, a greater influence 
of orbital precession, and perhaps muted D–O variability. NADW 
production appears to have been generally reduced (or shoaled) 
and preconditioned for Heinrich-like reorganization that was ul-
timately triggered by comparatively weak forcing (e.g., due to a 
lower disruption threshold, Margari et al., 2010). Benthic δ13C is 
on average more depleted and does not reach sustained, high val-
ues typical of interstadials at this site (∼0.95�), and warm/cool 
oscillations are lower amplitude and less abrupt. There are very 
high background concentrations of siliceous IRD (∼1000 grains/g) 
that rarely drop to the near-zero levels characteristic of MIS 8 
and 4–2 interstadials, and the highest concentrations occur dur-
ing high 65◦N north insolation (Fig. 9D, 9G), suggesting a con-
nection between ice sheet instability and high summer insolation 
(Timmermann et al., 2010). MIS 6 IRD results are consistent with 
model simulations that imply high background IRD with low rel-
ative abundance is associated with weaker D–O cycles (Marshall 
and Koutnik, 2006).

The three intervals of low insolation (high precession) at ∼184, 
∼162, and ∼140 ka are characterized by high IG and N. pachy-
derma [s] abundance (Fig. 9B, 9F, 9G). (Only at ∼162 ka was there 
an appreciable increase in the concentration of non-IG lithic grains, 
though IG still accounts for a large percentage of the 63–150 μm
fraction and one third of the total >150 μm lithic grain concen-
tration.) Corresponding to each increase in IG, speleothem δ18O
from China (31◦N) indicates weakening of the East Asian mon-
soon (Wang et al., 2008; Fig. 9H), and renewed speleothem and 
travertine growth in northeastern Brazil (10◦S) reflects increased 
precipitation (Wang et al., 2004), both of which are consistent with 
a southward displacement of the ITCZ.

If IG reaching Site U1308 is indeed primarily sea-ice rafted, 
then sea ice expansion over deepwater formation sites may have 
been the final trigger for reorganizations during times of low 
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Fig. 9. Combined Site 609/U1308 records are: B) N. pachyderma [s] percent (green), C) C. wuellerstorfi δ13C (gray), D) >150 μm lithic concentration (red) and percent of 
total fraction (black), E) DC percent of 63–150 μm fraction (MIS 4–2) and percent of total >150 μm fraction, and F) IG percent of 63–150 μm fraction and >150 μm
concentration (MIS 6 only). MIS 4–2 DC extended with V23-81 data from 70.9 to 100 ka after conversion to GICC05 (Obrochta et al., 2014). Also shown are A) North 
GRIP ice core δ18O (Andersen et al., 2004) extended with the Barker et al. (2011) synthetic record (speleothem chronology), G) 65◦N summer insolation, H) Chinese 
speleothem δ18O (Wang et al., 2001, 2008; Cheng et al., 2009), and I) EPICA Dome C ice core δD (Jouzel et al., 2007) using the AICC2012 chronology (Bazin et al., 2013;
Veres et al., 2013). Light blue, green, and orange vertical bars denote IRD, IG and DC events, respectively. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
insolation in MIS 6. Generally increased sea ice during MIS 6 is 
consistent with the high abundance of the ostracode Acetabulas-
toma, commonly known as a “sea ice indicator” in the modern 
Arctic Ocean, observed on the Rockall Plateau in Core M23124 
(Didié and Bauch, 2000). Preconditioning by low-level background 
meltwater input, as evidenced by consistently high concentrations 
of IRD, is supported by results from Core V28-82 (Downing, 2008). 
V28-82 is proximal to Site U1308 and records a nearly identical 
IRD record, in terms of both lithic grain abundance and concentra-
tion, during MIS 6. Excess 230Th measured on V28-82 reveals that 
the only substantial increase in mass flux occurred during H11. In-
creased mass flux above background levels is not observed during 
any of the high-concentration IRD intervals recorded at V28-82. 
Regardless of the delivery mechanism for IG to Site U1308, the 
lack of evidence for a considerable increase in non-IG IRD above 
background levels indicates that these disruptions at ∼184 and 
∼140 ka were triggered by relatively weak (or well-placed) forcing, 
as the amount of meltwater obtainable from Iceland is much less 
than that of the Greenland, European, or North American glaciers.

Low dolomite (Ji et al., 2009) and DC throughout MIS 6 at Site 
U1308 indicate a larger role for regions outside of the Hudson 
Strait. For example, light planktic δ18O and high IRD concentra-
tion beginning from ∼152 ka may be related to a European “Fleuve 
Manche” discharge (Toucanne et al., 2009; Margari et al., 2014). 
Though the Hudson Strait region did contribute some meltwater, 
it is unlikely that major surging events occurred as the calved 
icebergs reaching Site U1308 contained virtually no sand-sized 
DC. Site U1302/1303 record DC events, but their presence during 
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Fig. 10. Comparison of MIS 4–2 records (blue, lower axis) and MIS 6 records (red, 
upper axis) for A) the LR04 benthic isotope stack (Lisiecki and Raymo, 2005) and B) 
estimates of total (thick line), Eurasian (thin line), and North American (dashed line) 
ice volume (Bintanja and van de Wal, 2008). (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)

multiple interglacial stages (MIS 7, 9, 13, 15, and 17) indicates that 
other processes in addition to ice sheet surging control DC depo-
sition at this location proximal to the LIS (Channell et al., 2012;
Channell and Hodell, 2013). Downing (2008) surveyed a number 
of cores north and south of the IRD Belt but found little evidence 
for significant DC deposition during MIS 6 at other locations, so it 
is also unlikely that the locus of deposition changed.

5.3. Implications for MIS 6 ice sheet configuration

The apparent lack of HS Heinrich Events implies differing ice-
sheet boundary conditions during MIS 6. Continental geomorphol-
ogy indicates that both the North American and Eurasian glaciers 
were configured differently during the penultimate glaciation rel-
ative to the last glaciation, though boundaries of the Late Saalian 
(MIS 6) Eurasian ice sheets are better constrained than those of 
its North American counterpart (Illinoian). Of the two glacial ad-
vances in the Saalian, the earlier Drenthe was greater than the 
subsequent Warthe (Ehlers et al., 2011). Compiled European data 
for the period 140–160 ka indicate that the Late Saalian ice sheet’s 
maximum area was significantly larger than that of the Weich-
selian (MIS 4–2) (Svendsen et al., 2004), though this reconstruction 
likely reflects a combined representation of both Saalian advances. 
Through inversion of rebound and sea-level data, the thickness of 
the Late Saalian ice sheet was estimated to be as much as 4500 m 
(Lambeck et al., 2006). In North America, Illinoian glacial moraines, 
dated to MIS 6 by luminescence dating (e.g., Forman and Pierson, 
2002), are located farther south than the MIS 2 Wisconsin terminal 
moraine, suggesting a greater maximum southern ice penetration 
and perhaps a larger total area, though direct geomorphologic evi-
dence is limited and uncertain.

There is a striking correspondence between the glacial develop-
ment of MIS 6 and 4–2, with total ice volume evolving similarly, 
resulting in ∼130 m below present sea level at each glacial max-
ima (e.g., Yokoyama and Esat, 2011) (Fig. 10). Given their current 
glaciated state, it is reasonable to assume a similar excess ice vol-
ume for Greenland and Antarctica during the penultimate and last 
glacial maxima, which was ∼3 and ∼20 m sle, respectively (Clark 
and Mix, 2002). Thus, reconciling an increased MIS 6 Eurasian ice 
volume would likely require a reduction in North American vol-
ume, which is supported by combined geochemical and model 
results (Bintanja and van de Wal, 2008; Crowley and Hyde, 2008;
de Boer et al., 2014; Abe-Ouchi et al., 2013) (Fig. 10). In addi-
tion to decreased volume, the more southerly location of Illinoian 
moraines raises the possibility of reduced LIS thickness (due to an 
apparently larger area).

A reduced-volume and thinner LIS could have been more stable 
and less prone to surging. Hodell et al. (2008) noted that, prior to 
MIS 4, HS Heinrich Events were limited to the latter portions of 
each glaciation and attributed this to ice sheet thickness exceeding 
a threshold that initiated dynamic behavior of the Hudson Strait 
Ice Stream (e.g., Marshall and Clark, 2002). During MIS 6 (as well 
as glaciations prior to MIS 16), the conditions needed to induce 
binge-purge behavior may not have been attained in the Hudson 
Strait until much later in the glaciation, if at all (Hodell et al., 2008;
Naafs et al., 2013).

Regardless of overall thickness and spatial extent of the MIS 6 
LIS, other means exist to explain the reduced surging. Steady 
streaming from a consistently warm-based ice sheet in the Hud-
son Strait region would produce a relatively constant background 
level of dolomite. However, the virtual absence of DC and low 
dolomite content suggest that this was not the case. A cold based 
ice sheet could also result from cooler summers due to higher or-
bital eccentricity. This could have reduced basal melting (due to 
decreased downward heat penetration) and shifted the latitudinal 
boundary between basal freezing/melting further south, conceiv-
ably leaving the Hudson Strait drainage basin under a cold-based 
ice sheet during the penultimate glacial-equivalent of MIS 3. The 
results presented here suggest that boundary conditions predis-
pose large Northern Hemisphere ice sheets to millennial fluctua-
tions, and in the absence of an appropriate configuration, large-
amplitude glacial variability is driven predominantly by external 
triggers, becoming primarily orbital in scale.

6. Conclusions

A composite North Atlantic record from DSDP Site 609 and its 
reoccupation, IODP Site U1308, encompasses the past three glacia-
tions and shows that variability within MIS 6 differs substantially 
from that exhibited by the two surrounding glaciations. The MIS 8 
HSG record exhibits similar cyclicity as the MIS 4–2 record, but 
the MIS 6 record lacks well-defined cycles, with relatively large-
amplitude events spaced at much longer intervals. MIS 8 contains 
three HS Heinrich Events at ∼263, 249, and 243 ka, but there is 
little evidence for surging in the area of the Hudson Strait during 
MIS 6, including during the so-called “H11”.

During MIS 6, very high background concentrations of lithic 
grains, primarily derived from sources other than the Hudson Strait 
region, indicate relatively continuous glacial meltwater input that 
generally reduced NADW production and increased thermohaline 
disruption sensitivity. The highest concentration of IRD occurred 
during high 65◦N summer insolation, and relatively weak forc-
ing events, associated with increased material derived from Iceland 
and perhaps sea ice expansion, ultimately appear to have triggered 
major MIS 6 climate reorganization during times of low insolation. 
Apparent ice sheet stability in the Hudson Strait region during 
MIS 6 may have been partially related to larger variation in ec-
centricity, leading to cooler summers that shifted the latitudinal 
boundary between basal freezing/melting farther south, relative to 
MIS 3, at a time when European ice volume was maximized. Taken 
together, the results presented here suggest muted D–O variability 
during MIS 6.
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