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not interrupted and may have contributed to the relatively 
mild interglacial conditions of MIS 9e.
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1  Introduction

The Middle and Late Pleistocene have been characterized 
by repeated glaciations lasting tens of thousands of years, 
interspersed with much shorter relatively warm interglacial 
intervals, including the Holocene, which began approxi-
mately 11,000  years ago following the last ice age (Hays 
et  al. 1976; Imbrie et  al. 1984). Although no perfect ana-
logue exists for this most recent interval, previous peak 
interglacial intervals cover a range of similar climate forc-
ing and response, and thus provide insights into the natural 
progression and variability of Holocene climate (Tzeda-
kis et  al. 2009; Yin and Berger 2015; Working Group of 
PAGES 2016).

The Holocene is also the most recent of four particu-
larly prominent peak interglacial intervals within the last 
half million years (Imbrie et al. 1992; Lisiecki and Raymo 
2005). Studies of various portions of this interval have indi-
cated that climatic conditions, ocean heat transport and 
deep water formation in the subpolar North Atlantic have 
oscillated on different time scales during previous gla-
cial and interglacial intervals, with global consequences 
(Raymo et al. 1990; Alley 1999). The climatic and oceano-
graphic variations within three of the four prominent warm 
intervals in the North Atlantic, including the current inter-
glacial (Holocene), the last interglacial peak (MIS 5e), and 
the warm interval ~400  ka (MIS 11) have all drawn sub-
stantial interest (i.e., Denton and Karlén 1973; McManus 

Abstract  Foraminifera abundance and stable isotope 
records from ODP Site 984 (61.25°N, 24.04°W, 1648  m) 
in the North Atlantic are used to reconstruct surface cir-
culation variations and the relative strength of the North 
Atlantic Deep Water (NADW) formation over the period 
spanning the peak warmth of Marine Interglacial Stage 
(MIS) 9e (~324–336 ka). This interval includes the preced-
ing deglaciation, Termination 4 (T4), and the subsequent 
glacial inception of MIS 9d. The records indicate a greatly 
reduced contribution of NADW during T4, as observed 
in more recent deglaciations. In contrast with the most 
recent deglaciation, the lack of a significant NADW signal 
extended from T4 well into the peak interglacial MIS 9e 
and persisted nearly until the transition to the subsequent 
glacial stage MIS 9d. Although NADW formation resumed 
during MIS 9e, only depths greater than 2000  m appear 
to have been ventilated. The poorly ventilated intermedi-
ate depth of Site 984 (<2000 m) may have resulted on one 
hand from a general reduction of deep water ventilation 
by NADW during the study interval or, on the other hand, 
from different pathways of the spread of newly formed 
NADW that bypassed the study location. The intermedi-
ate depths may have also been invaded by southern-sourced 
waters as the formation of intermediate depth NADW 
weakened. The absence of any significant NADW signal at 
the water depth of Site 984 during the climatic optimum 
contrasts sharply with subsequent interglacial peaks (MIS 
5e and the Holocene). Despite the perturbed intermediate 
depth circulation, oceanic heat transport northeastward was 
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et  al. 1994, 2002, 2003; O’Brien et  al. 1995; Bond et  al. 
1997; Hall et  al. 1998; Chapman and Shackleton 1999; 
Cortijo et  al. 1999; Bond 2001; Oppo et  al. 1997, 2001, 
2006; Shackleton et al. 2002; Mayewski et al. 2004; Hodell 
et al. 2009; Voelker and de Abreu 2011; Mokeddem et al. 
2014, and references therein), yet comparatively little atten-
tion has been dedicated to MIS 9 and its peak warming, 
MIS 9e (Tzedakis et al. 2004; Roucoux et al. 2006; Desprat 
et al. 2009; Voelker and de Abreu 2011).

The fact that MIS 9e occurred under somewhat differ-
ent orbital configurations, greenhouse gas concentrations 
and global ice volume, based on high-resolution benthic 
δ18O records and major ice-rafting events, from the other 
three recent peak interglacial intervals (Imbrie et al. 1992; 
McManus et al. 1999; Petit et al. 1999; Stirling et al. 2001; 
Waelbroeck et  al. 2002; Tzedakis et  al. 2009; Berger and 
Loutre 2010; Lang and Wolff 2010; Working Group of 
PAGES 2016), make it useful for comparison with the Hol-
ocene. Indeed, while somewhat similar insolation param-
eters characterized both interglacial intervals (Ruddiman 
2007; Herold et  al. 2012; Yin and Berger 2015), atmos-
pheric CO2 concentrations within MIS 9e were briefly the 
highest observed in Antarctic ice core records for the last 
800 ka (Luthi et al. 2008), adding to its interest as a target 
for investigation.

MIS 9 has been subdivided into five substages (Tzeda-
kis et al. 1997) with the climatic peak optimum (MIS 9e), 
having an estimated duration of 11.6  ka (Stirling et  al. 
2001; Tzedakis et  al. 2012; Working Group of PAGES 
2016), characterized by one of the most strongly contrast-
ing records of sea surface temperature variation at high 
latitudes in the North Atlantic. While a general agreement 
of sustained relatively cool sea surface temperatures is 
suggested in records of the Nordic Seas (Koç et al. 2001; 
Helmke and Bauch 2003), a wider range of climatic assess-
ments emerges from the northeastern subpolar Atlan-
tic Ocean (McManus et  al. 1999; Kandiano et  al. 2004; 
Kostygov et  al. 2010; Rodrigues et  al. 2011). Although 
these studies disagreed about the exact level of warm sea 
surface temperatures within MIS 9e, they generally agreed 
that it may have been somewhat reduced compared with 
the Holocene, as the establishment of interglacial warming 
was abbreviated at an early stage (Venz et al. 1999; Flower 
et  al. 2000; Voelker and de Abreu 2011). This evidence 
of relatively mild interglacial conditions in the high lati-
tude North Atlantic contrasts in turn with global sea level 
records indicating diminished continental ice (Shackleton 
1987; Stirling et  al. 2001; Lisiecki and Raymo 2005) and 
with southern hemisphere records, which suggests that MIS 
9 was nearly the most prominent interglacial interval (Petit 
et al. 1999; Hodell et al. 2000; King and Howard 2000).

Given the fact that MIS 9e occurred under climatic 
boundary conditions (Desprat et al. 2009; Rodrigues et al. 

2011) that differed from those of the subsequent peak inter-
glacial intervals, it offers an opportunity to assess different 
climatic influences, including the role of ocean dynamics 
and its associated heat transport. In this study, we therefore 
examine the variations in surface and deep hydrographic 
properties throughout the interval containing MIS 9e at a 
key location in the subpolar North Atlantic and assess the 
changes in deep ocean circulation. We then consider their 
implications for heat transport to the north and deep water 
formation during MIS 9e compared with the climatic con-
ditions that occurred within the subsequent intervals of 
peak interglacial warmth, MIS 5e, and the Holocene.

2 � Site location and oceanic setting

Ocean drilling program (ODP) Site 984 is located on 
the Bjorn drift in the Iceland Basin (61.25°N, 24.04°W, 
1648 m), in the northeast subpolar Atlantic Ocean (Fig. 1). 
The study area is highly sensitive to water mass mixing and 
stratification (Read 2000) at the oceanic front that sepa-
rates the warm subtropical water mass and cold northern 
sourced water mass (Ruddiman and McIntyre 1973; Rud-
diman 1977; Oppo et  al. 2006; Mokeddem et  al. 2014). 
It is bathed at depth by the Iceland Sea Overflow Waters 
(ISOW) that contribute to the modern NADW (Oppo et al. 
2006, 2015; Thornalley et  al. 2013), and also sits within 
the core of the Glacial North Atlantic Intermediate Water 
(Oppo and Lehman 1993; Raymo et  al. 2004; Curry and 
Oppo 2005; Praetorius et  al. 2008). Sediments at the site 
are a mixture of primarily fine–grained detrital silts, micro-
fossil CaCO3, and variable but lesser amounts of biogenic 
opal and ice–rafted sand (Raymo et  al. 1997; Praetorius 
et  al. 2008; Mokeddem et  al. 2014). Accumulation rates 
vary, reaching maximum values over 30  cm/ka, and aver-
aging ~14 cm/ka for the study interval of MIS 9, allowing 
centennial–scale resolution of oceanographic and climatic 
conditions at this location. The quality and quantity of 
accumulating sediments at this oceanographically sensitive 
location have yielded valuable insights in a number of pre-
vious studies (Curry et al. 1999; Schrag et al. 2002; Raymo 
et al. 2004; DePaolo et al. 2006; Came et al. 2007; Praeto-
rius et al. 2008; Mollenhauer et al. 2011; Thornalley et al. 
2013; Mokeddem et  al. 2014; Mokeddem and McManus 
2016).

2.1 � Modern deep Atlantic water mass distribution

Ocean heat transport from the tropical region to higher 
latitudes in the North Atlantic includes a contribution 
from the Atlantic meridional overturning circulation 
(AMOC) in which the southward spread of deep flows is 
compensated by warm, shallow currents flowing north and 
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northeastward. These saline near–surface waters are then 
converted through sinking processes into the North Atlan-
tic Deep Water (NADW) within the subpolar Atlantic and 
Nordic Seas (McCartney and Talley 1984). The newly 
formed NADW flows southward within the deep western 
basin of the Atlantic Ocean. The formation of NADW is 
crucial in order to maintain the global thermohaline circu-
lation overturning and deep ocean ventilation processes in 
the subpolar Atlantic (Broecker et al. 1992). In the modern 
hydrographic setting, NADW fills the depth range between 
1000 and 4000 m. Depending on the origin of its formation, 
NADW is subdivided into two water masses, with depths 
above 2000 m occupied by the Upper NADW (UNADW) 
and beneath 2000  m by the Lower NADW (LNADW). 
The latter has its origin in the Greenland–Iceland–Norwe-
gian (GIN) Seas overflowing the Denmark Strait (DSOW) 
(Worthington and Wright 1970; Dickson and Brown 1994). 
The UNADW is less dense than the LNADW. It is largely 
formed in the Labrador Sea by open ocean convection, 
and is therefore often called as the Labrador Sea Water 
(LSW). These water masses spread from their respective 
source regions and combine to form NADW, which then 
mixes at intermediate depths with the relatively warm, 
highly saline Mediterranean Outflow Water (MOW), and at 

greater depth with the fresher, cold Southern Ocean Water 
(SOW) (McCartney 1992). The water mass characteristics 
of NADW in the subpolar Atlantic records may be affected 
by the variable contributions of SOW at depth (Boyle and 
Keigwin 1987; Oppo and Fairbanks 1987), although the 
characteristic of NADW signature is recognizable in its 
higher δ13C of ΣCO2 values compared with SOW (Kroo-
pnick 1985).

2.2 � Glacial/interglacial deep Atlantic water distribution

Changes in the density of waters in the northern North 
Atlantic, such as such as by freshening of surface waters 
inflowing to the GIN Seas, greatly influence the forma-
tion of NADW (Dickson and Brown 1994). It has long 
been recognized that during stadials and glacial maxima 
marine ice-sheets and icy fresh water masses may have 
been associated with diminished heat transport to the high 
latitude North Atlantic (Broecker and Denton 1989; Raymo 
et al. 1990; Imbrie et al. 1992; Henry et al. 2016). In addi-
tion, each major ice sheet collapse was associated with 
the release of, abundant icebergs that drifted southward 
and melted primarily in the subpolar Atlantic (Ruddiman 
1977; Heinrich 1988; Broecker et al. 1992; McManus et al. 

Fig. 1   Map of the North 
Atlantic Ocean illustrating the 
geographic locations of ODP 
Site 984 and the sites used for 
comparison marked with dark 
circles. Modern mean annual 
(2013) distribution of Sea 
Surface Temperature in the 
north Atlantic region is based 
on World Ocean Atlas (http://
data.nodc.noaa.gov/las). Arrows 
refer to modern deep ocean cir-
culation (McCartney and Talley 
1984; Schmitz and McCartney 
1993): ISOW Iceland Scot-
land Overflow Water, DSOW 
Denmark Strait Overflow Water, 
LSW Labrador Sea Water, 
NADW North Atlantic Deep 
Water, MOW Mediterranean 
Overflow Water, GIN Green-
land–Iceland–Norwegian

http://data.nodc.noaa.gov/las
http://data.nodc.noaa.gov/las


3196	 Z. Mokeddem, J. F. McManus 

1 3

1998, 1999; Hemming 2004; Naafs et  al. 2013). Melted 
ice contributes fresh water to the sea–surface that would 
stratify the upper water column and reduce the formation 
of NADW (Broecker and Denton 1989; Flower et al. 2000). 
Under these conditions, the upper warm surface branch of 
the thermohaline circulation is highly perturbed and the 
production of NADW is diminished. Although the forma-
tion of true NADW ceases (Oppo and Fairbanks 1987; 
Curry et al. 1988), it is substituted during glacial intervals 
by the formation of the Glacial North Atlantic Intermedi-
ate Water (GNAIW) (Boyle and Keigwin 1987; Oppo and 
Fairbanks 1987; Oppo and Lehman 1993; Curry and Oppo 
2005; Marchitto and Broecker 2006). During peak intergla-
cial intervals, the formation of NADW recovers and ocean 
heat transport is restored (Broecker and Denton 1989; 
Raymo et  al. 1990, 2004; Imbrie et  al. 1992). Although 
they are likely formed under different climatic conditions, 
NADW and GNAIW share a few important recognizable 
characteristics such as nutrient–depletion and high δ13C 
values that differentiate them from the SOW masses, which 
are enriched with nutrients and characterized by lower δ13C 
(Oppo and Fairbanks 1987; Marchitto and Broecker 2006).

3 � Methods

A suite of paleoceanographic proxies was examined using 
Site 984 sediments, including stable oxygen and carbon 
isotopes (δ18O and δ13C) of planktic and benthic foraminif-
era shells, the relative abundance of planktic foraminif-
era species and the abundance of coarse lithic fragments 
interpreted as ice-rafted debris (IRD). The percentages 
of IRD in the sediments were assessed as an indicator of 
the dynamics of neighboring Northern Atlantic ice-sheets 
(Heinrich 1988; McManus et  al. 1998; Hemming 2004; 
Naafs et  al. 2013). The IRD fraction contains primarily 
quartz and feldspar, with some amphibole and hornblende, 
rock fragments, and volcanic glass.

The samples used in this study were sampled at 1 cm 
interval. All samples were wet sieved through a 63  µm 
mesh sieve and then dry sieved on a 150  µm screen. 
Foraminiferal and IRD counts were performed on the 
>150 µm fraction under a stereomicroscope at x50 mag-
nification. A minimum of at least 400 foraminifera spec-
imens or ice rafted grains were counted. In addition to 
the epifaunal benthic foraminifera Cibicidoides spp, three 
planktic foraminifera were counted and picked for stable 
isotopes analyses (δ18O and δ13C). While δ18O reflects 
the local variation of the properties of seawater masses 
flowing through the Iceland Basin, δ13C shows the vari-
ation of deep ocean water mass properties at a regional 
level. The isotope measurements were performed on a 
gas–source mass spectrometer at Rutgers University’s 

Wright Stable Isotope Laboratory and determined rela-
tive to the Vienna Peedee belemnite (VPDB) standard.

The planktic foraminifera species used in this study 
for abundance distribution and stable isotopes are N. 
Neogloboquadrina (N.) pachyderma sinistral (s.), Neo-
globoquadrina (N.) incompta and Turborotalia (T.) quin-
queloba. These planktic foraminifera species have been 
successfully used to trace oceanic fronts in the Nordic 
Seas and the North Atlantic (i.e., Ruddiman 1977; Johan-
nessen et al. 1994; Fronval et al. 1998; Mokeddem et al. 
2014). The abundance of the planktic foraminifera N. 
pachyderma (s.) indicates cold polar waters (Bé 1960; 
Bé and Tolderlund 1971; Kohfeld et  al. 1996) while T. 
quinqueloba has been proposed as a best indicator of 
the Arctic front and water mass (Bé 1960; Bé and Told-
erlund 1971; Johannessen et al. 1994), defining the limit 
between Arctic water mass to the north and warmer 
Atlantic water mass located to the south (Mokeddem 
et al. 2014; Mokeddem and McManus 2016). The species 
N. incompta belongs to the subpolar province (Kučera 
2007). It has a broad temperature tolerance and occurs in 
moderate abundance from the subtropics to the southern 
limit of the Arctic province (Bé and Tolderlund 1971; 
Imbrie and Kipp 1971; Johannessen et  al. 1994). The 
abundance of N. incompta is considered here in combina-
tion with other warm water mass species (Kučera 2007) 
such as Globigerina bulloides, Globorotalina inflata and 
Orbulina universa. These other species were counted 
as one assemblage. With much higher abundance, N. 
incompta was counted separately.

The epibenthic foraminifera, used in this study for 
δ18O and δ13C, belonging to the genus Cibicidoides, are 
indicated as Cibicidoides spp. The carbon isotope ratio 
(δ13C) in Cibicidoides spp is a well-established indica-
tor of bottom water chemistry (Curry et  al. 1988; Dup-
lessy et al. 1988; Curry and Oppo 2005). We use it along 
with the planktic indicators to examine the deep circula-
tion associated with the overlying oceanographic changes. 
The foraminifera δ18O analyzed here is considered to be 
approximately in equilibrium with seawater δ18O and tem-
perature (Kohfeld et al. 1996; Ostermann et al. 2001; Jonk-
ers et al. 2010). The epibenthic C. wuellerstorfi and other 
species of Cibicidoides exhibit no significant differences in 
δ13C (Curry et al. 1988) and secrete calcite in close isotopic 
equilibrium with seawater δ18O (Bemis et al. 1998; Lynch-
Stieglitz et al. 1999). The polar waters indicator N. pachy-
derma (s.) is the only species that dwells in both polar and 
subpolar environments with high seasonal temperature and 
salinity changes, as well as, glacial/interglacial contrasted 
conditions. The species precipitates at isotopic equilibrium 
with surface waters colder than 8 °C, and in warmer surface 
waters it changes its habitat depth or its growth season at an 
ambient temperature (Wu and Hillaire-Marcel 1994). Thus, 
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only north of the polar front that isotopic offsets are gener-
ally found (Duplessy et al. 1991; Kohfeld et al. 1996).

The chronostratigraphy on Site 984 records was built by 
direct tuning of benthic δ18O to the deuterium (δD) com-
position of ice in the EPICA Dome Concordia (EDC) Ant-
arctica ice core (Jouzel et  al. 2007) following the method 
proposed and applied elsewhere (Shackleton et  al. 2000; 
Heusser et al. 2006). An alignment of Site 984 data (ben-
thic δ18O and δ13C) with major paleoclimatic data was also 
useful to reconstruct the age model (Fig. 2).

4 � Water column hydrography inferred 
from foraminifera depth habitat

The records obtained from Site 984 captured the oceano-
graphic changes that include the abrupt deglaciation known 
as termination 4 (Broecker and van Donk 1970; Raymo 
et al. 1997) at the end of the glacial stage MIS 10 and the 
peak interglacial interval MIS 9e followed by the glacial 
inception through the interval of MIS 9d (Fig. 3).

The peak increase of IRD deposits (~338–336 ka) indi-
cates the T4 transition that defines deglaciation processes 
related with the collapse of northern North Atlantic ice-
sheets. At the close of the deglaciation, reduced fresh and 
cold water supplies from glaciers and icebergs to the south 
of Iceland are mainly conveyed through the East Greenland 
current (Rudels et al. 2002) before they spread south. Warm 
waters, advected to the region by the Irminger Current, 

meet and interact with remnant cold waters creating sharp 
boundary of highly variable values of salinity and tempera-
ture, known as the oceanic frontal zone (Fedorov 1986; 
Ginzburg and Kostianoy 2002). The position of the North 
Atlantic subpolar frontal zone is variable in space and time, 
depending on the changing gradients of temperature, salin-
ity and density between colliding cold and warm water 
masses. Stable oxygen and carbon isotope ratios (δ18O and 
δ13C) mark the changing properties of ocean layers at the 
transition. Less marked in benthic than in planktic, δ18O 
values decrease sharply within T4. The dynamics of ice-
sheets and sea–ice may have been similar to those recorded 
in subpolar Atlantic within the subsequent interglacial 
intervals (McManus et al. 1994; Oppo and Lehman 1995; 
Bond et al. 1997; Bond 2001; Oppo et al. 2006; Irvalı et al. 
2012; Mokeddem et al. 2014). The abundance of the plank-
tic species N. pachyderma (s.) and the high abundance of 
IRD were highly useful to identify the transition prior to 
MIS 9e, which is also marked by the near absence of sub-
polar and subtropical foraminifera taxa (Fig. 3).

4.1 � Early MIS 9e

In early MIS 9e (335–336  ka), ice-rafting decreased dra-
matically within the first decades of the peak warming. 
Minimal percentages of IRD (2–4% per total sediment 
content) are recorded throughout the peak warm interval, 
indicating the absence of tidewater glaciers until the ensu-
ing growth of regional ice-sheets that occurred during MIS 

Fig. 2   Major paleoclimatic 
data used to reconstruct or to 
align Site 984 age model. a 
LR04 Benthic oxygen isotope 
stack (Lisiecki and Raymo 
2005). b δD composition of ice 
in the EDC ice core, Antarc-
tica (Jouzel et al. 2007). c, d 
Benthic foraminifera oxygen 
and carbon isotope records 
of Site 984 (McManus et al. 
1999) complemented with the 
new data obtained in this study 
(symbols). e Summer insola-
tion values expressed in watts 
per square meter (w m−2) for 
latitude 60°N (Berger and 
Loutre 1991). f Percentage of 
Ice rafted debris (IRD) of ODP 
Site 980 (McManus et al. 1999). 
The gray thick lines delimit the 
boundaries of MIS 9e, MIS 5e 
and the Holocene. The thick 
orange bars represent age 
model tie points
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9d, at ~319  ka. Throughout MIS 9e, the absence of the 
cold water taxa indicator N. pachyderma (s.) and greatly 
reduced ice–melting process in the region suggest the 
retreat of polar waters entirely from the northeast subpo-
lar Atlantic region and increased sea surface temperature 
(Kandiano and Bauch 2003). The prevalence of warm water 
mass conveyed through the Irminger current induced an 
increase of the subpolar species N. incompta and other sub-
polar and subtropical planktic taxa. It also suggests a strong 
and persistent warm water inflow to the subpolar northeast 

Atlantic. During the transition from T4 to the early stage 
of MIS 9e (~335.5–336.5 ka), foraminifera abundance dis-
play a brief substitution of the polar species N. pachyderma 
(s.) with the Arctic water mass indicator T. quinqueloba 
(Fig. 3). This may reflect the retreat of the Arctic front and 
water mass northward from the open North Atlantic across 
the location of Site 984 and north of Iceland. Cold water 
masses (polar and Arctic) were pushed northward by a per-
sistent and stronger warm subtropical water mass entering 
the Iceland Basin through the Irminger Current. At the time 
T. quinqueloba reached its peak abundance demonstrating 
the junction with the closest position of the Arctic front 
(~336  ka), the abundance of N. incompta and the other 
subpolar and subtropical taxa remained relatively reduced. 
Following the subsequent decrease in T. quinqueloba abun-
dance, warm waters became dominant in the vicinity of 
Site 984, as reflected in the increase of N. incompta and the 
other subpolar and subtropical taxa. We conclude from the 
consecutive series of systematic changes in the abundance 
of foraminifera indicators at the onset of the early warm-
ing stage that a well-subdivided subpolar Atlantic into three 
domains (Polar, Arctic and subpolar) with three different 
properties inherited from the severe glacial stadial MIS 10 
(McManus et al. 1999) were preserved south of Iceland for 
several centuries between late T4 and early MIS 9e, before 
the Arctic and polar domains retreated northward.

4.2 � The MIS 9e interglacial peak

Both planktic and benthic δ18O continued to decrease 
through T4 until reaching minimum values in early MIS 
9e. They generally remained low for more than 11  ka 
(~324–335  ka). The δ18O trends within this peak inter-
glacial interval are distinctly subdivided into two groups, 
with relatively subtle changes in the isotopic gradient in 
the species within each group. Lower δ18O values are 
recorded in T. quinqueloba and N. incompta, and higher 
values are recorded in N. pachyderma (s.) and Cibi-
cidoides spp. Because any global changes were shared 
and minimal, the observed values may be regarded as an 
indication of the difference in the hydrographic proper-
ties associated with each species’ vertical or seasonal 
habitat. The trends observed here can therefore be used 
as indications of water column stratification (Mulitza 
et  al. 1997; Hillaire-Marcel et  al. 2001; Jonkers et  al. 
2010), above and below the thermocline, or an indica-
tion of the difference in seasonal flux timing (Chapman 
2010; Jonkers et al. 2013). The absence of a significant 
δ18O gradient between N. incompta and T. quinque-
loba may be interpreted as evidence of a mixed upper 
water column from early spring to early summer (Gan-
ssen and Kroon 2000). The species N. incompta abun-
dance peaks in spring and summer in warm stratified 

Fig. 3   Data obtained in this study on Site 984 plotted against age 
in kilo-annum (ka). a until e Percent content of specific planktic 
foraminifera and ice rafted debris (IRD) plotted against age (ka). a–c 
The y axes are inverted. e Other Planktic Forams refers to the subpo-
lar and subtropical planktic foraminifera (Globigerina bulloides, Glo-
borotalina inflata and Orbulina universa, etc.) counted as one assem-
blage indicator of warm water masses. f δ18O composition of specific 
planktic and benthic foraminifera: T. quinqueloba (circle symbols); N. 
incompta (triangle symbols); N. pachyderma (s.) (square symbols); 
Cibicidoides spp (diamond symbols). g δ13C composition of the epi-
faunal benthic genus Cibicidoides
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surface waters overlapping T. quinqueloba abundance 
in spring bloom (Sautter and Thunell 1989; Ostermann 
et  al. 1998; Weinelt et  al. 2001; Simstich et  al. 2003; 
Chapman 2010). The relatively similar values in both T. 
quinqueloba and N. incompta may reflect similar verti-
cal hydrographic properties distribution across the water 
layers where both species dwell. They may also reflect 
temperature variation as a stronger water parameter in 
the mixed layer in the absence of salinity variation due 
to subdued freshwater input.The cold species indicator 
N. pachyderma (s.) varies in depth habitat where the 
conditions of low temperature are favorable (Weinelt 
et al. 2001), within a depth range of approximately 150 
to 200 m (Bauch et al. 1997; Simstich et al. 2003). While 
T. quinqueloba and N. incompta δ18O-values show 
mainly density variations in the upper mixed layer, N. 
pachyderma (s.) recorded density variations within the 
pycnocline underneath the mixed layer. Throughout MIS 
9e, its δ18O remains more than 1‰ higher than the shal-
lower–dwelling planktics, possibly suggesting a very 
strong shallow stratification, although more likely due 
to a seasonal preference for colder months by this polar 
form (Wu and Hillaire-Marcel 1994). Individuals of N. 
pachyderma (s.) record a mean value very similar to that 
recorded in the epibenthic Cibicidoides genus. From 
early to late MIS 9e, the overall δ18O trend recorded 
in N. pachyderma (s.) may indicate limited variations 
of the water density below the mixed layer similar to 
that of the deepest layer at Site 984. The high δ18O of 
N. pachyderma (s.) was established within the melting 
process of T4, as N. pachyderma (s.) tends to migrate 
to deeper water layers during meltwater events (Weinelt 
et al. 2001). When warm surface advanced at the end of 
T4, the difference of water properties between the mixed 
layer and deeper layers may have created a sharp verti-
cal front isolating the intermediate and deep water layers 
from the upper mixed water layer. The δ18O of N. pachy-
derma (s.) remained constant throughout MIS 9e until 
mid MIS 9d (~322–319  ka) when a decreasing trend 
occurred suggesting an ascendance of the species to 
near surface layer, as freezing conditions prevailed and 
the mixed layer thinned. Potential changes in the sea-
sonal flux may be considered of minor influence given 
the magnitude of surface temperature changes associ-
ated with the glacial–interglacial transition and the gla-
cial inception into MIS 9d (Chapman et al. 2000; Pflau-
mann et  al. 2003). Along with the N. pachyderma (s.) 
δ18O record, the benthic δ18O-values are nearly constant, 
other than a few short departures, from early MIS 9e 
onward until mid MIS 9d. This plateau is similar to that 
described for MIS 5e (Shackleton et  al. 2002) is likely 
associated with relatively stable global sea level and 
deep hydrography at Site 984.

4.3 � Glacial inception and MIS 9d

Because the abundance of the N. pachyderma (s.) 
remained negligible, the Arctic front and water mass 
apparently never transited the vicinity of Site 984 within 
the entire climatic optimum of MIS 9e. Nevertheless, 
we infer that the Arctic front’s southern boundary was 
never far north from Site 984, as T. quinqueloba occurred 
in significant abundance. In late MIS 9e (~327  ka), an 
increase in T. quinqueloba average abundance (17–30%) 
and the increasing trend in its δ18O values indicate a 
likely closer fresh and cold water inflow which modified 
near surface water density, suggesting the advance of a 
colder water mass, consistent with the Arctic front. These 
conditions were maintained until the onset of the glacial 
substage MIS 9d several thousand years later.

From late MIS 9e to mid–MIS 9d (~327–319  ka), T. 
quinqueloba abundance remained relatively constant, 
indicating a close and stable position of the Arctic front 
and water mass in the vicinity of Site 984. Within this 
same interval, despite the persistent inflow of cold water 
and possibly sea–ice in near–surface water layers, N. 
incompta increased and briefly reached its maximum 
abundance at 321  ka. We infer that the southward pro-
gress of the Arctic front closer to Site 984 contributed to 
the decrease of SST in the mixed layer, which may have 
compelled N. incompta to migrate to a deeper warmer 
layer, in the thermocline, seeking its preferred range 
of temperatures (Fairbanks et  al. 1982; Field 2004). 
Within this late-interglacial interval, a small increase 
in N. pachyderma (s.) was noted at the nearby Site 983 
(Barker et  al. 2015). The juxtaposition of this nearby 
increase with the highest T. quinqueloba abundance at 
Site 984 supports the likelihood that a sharp frontal gra-
dient existed south of Iceland at that time. The increasing 
trend in N. incompta δ18O at Site 984 that had started in 
late MIS 9e became steadier in very early MIS 9d, as the 
species reached its maximum abundance before a sharp 
reversal. We also note a decrease of N. pachyderma (s.) 
δ18O record from 322  ka until 319  ka, that could be an 
indication of the migration of the species to a colder 
upper layer, coincident with the suggested migration of 
N. incompta to a slightly deeper yet warmer water layer. 
The other subpolar and subtropical planktic foraminifera 
began to decrease at 320.5 ka. The number of N. pachy-
derma (s.) increased considerably around 320.5 ka, even-
tually approaching 100% of the total fauna, thus reflect-
ing the onset of neighboring ice-sheets’ glacial dynamics 
followed by the progression of the polar front towards 
Site 984. The N. pachyderma (s.) δ18O trend decreased 
toward lighter values while all other δ18O trends kept on 
increasing toward heavier values. As proposed above, the 
N. pachyderma (s.) δ18O trend supports the suggestion of 
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an upward migration of N. pachyderma (s.) to a shallower 
water depth where its preferred cold conditions occurred 
near the surface.

After the main collapse of the ice-sheets discernible by 
a major IRD peak (~317–318 ka), the polar front began to 
retreat northward, as attested by the decrease of N. pachy-
derma (s.) abundances from 90 to ~10% and concomitant 
increase of subpolar and subtropical planktic species that 
reflects the reduction of cold water inflow south of the Ice-
land Basin. Just at the occurrence of the IRD peak, a strong 
water column mixing occurred, visible in all δ18O data. 
The synchronous shift of N. incompta and T. quinqueloba 
to heavier δ18O values, and N. pachyderma (s.) and Cibi-
cidoides spp to lighter δ18O values intercross and almost 
reach the same value at 2.75‰, indicating strong vertical 
water mixing. The latter may have been brief and may have 
ended with the transition to the substage interglacial MIS 
9c.

5 � Deep water variations

Benthic δ13C records from Site 984 trace the evolution 
of the chemistry of waters bathing the location at 1648 m 
depth. These are most likely to reflect nutrient content of 
the waters, in inverse proportion (Curry et al. 1988; Dup-
lessy et al. 1988). The records obtained within the interval 
that extends from late MIS 10 through T4 are not included 
in the full discussion due to the scarcity of Cibicidoides spp 
δ13C data (Fig. 3).

During MIS 9e, benthic δ13C at Site 984 reaches mini-
mum values as low as −0.9‰ with a mean value of about 
−0.5% early on, and an overall mean of −0.35‰. Although 
variable, the values generally increase throughout MIS 
9e. This general trend is followed by a remarkable sharp 
increase of δ13C at the transition to MIS 9d. Within this 
early glacial substage, the records remained relatively 
high, with a mean value of ~0.55‰ for several thousand 
years until a drop to a mean value of 0.25‰ following the 
onset of IRD deposition at about 317  ka. Although this 
drop of mean δ13C values was associated with the start of 
ice–dynamics in the region, the values did not return to 
those evident within MIS 9e. Those low values suggest a 
persistent reduction of NADW throughout much of the 
interval when oceanic environment was ice-free and polar 
water mass-free as indicated by the very low N. pachy-
derma (s.) and IRD abundance.

5.1 � Regional deep water mass variations

To better constrain the changes of the hydrographic prop-
erties at a regional level along the northeastern Atlantic 
deep water masses, we compared the data obtained at Site 

984 with the few available records from the North Atlantic 
region with approximately similar millennial data resolu-
tion, concentrating on those from intermediate water depths 
or slightly deeper.

Benthic oxygen isotope records from ODP Sites 982, 
983, 980 and MD95–2040 located respectively at 1145, 
1983, 2170 and 2465  m water depth, compared with Site 
984 (1648 m), trace the evolution of deep water tempera-
ture and isotopic composition related to ice volume and 
salinity in bottom waters at each site within the inter-
val encompassing T4 and the optimum warming MIS 9e 
(Fig. 4). The benthic δ13C data reflect the isotopic compo-
sition in dissolved inorganic carbon, related to variations 
in deep water ventilation at different bathymetries, along a 
northeast Atlantic Ocean transect, with an emphasis on the 
NADW formation signal.

For this comparison, the age model of ODP Site 982 
(Venz et  al. 1999) was modified from its original scale 
by alignment of the peak in IRD recorded at T4 with that 
recorded at Site 984. All other records are plotted using 
their respective unrevised chronologies.

Benthic δ13C displays large variations at each site, indi-
cating fluctuations in the characteristics of water masses 
at different depths and latitudes (Fig.  4). Although a few 
factors may affect the δ13C signal (i.e., Grossman 1987; 
Curry et al. 1988), the variability at each site and gradients 
between sites may largely be interpreted as reflecting the 
influence of different hydrologic properties of the water 
masses involved (Oppo and Lehman 1993; Curry et  al. 
1998, 1999; McManus et al. 1999; Venz et al. 1999; Raymo 
et al. 2006). One prominent factor that influences variations 
in the local benthic δ13C is the mixing of water masses that 
have different isotopic compositions (Curry et  al. 1988, 
Oppo and Horowitz 2000).

Our interpretations are made in the context of modern 
and previously inferred deep water masses, as well as the 
observed influences on benthic δ13C. Benthic foraminif-
era in the shallowest sediments at Site 984 display oxygen 
and carbon ratios that reflect the influence of the NADW. 
The modern hydrographic properties of NADW (Dickson 
and Brown 1994) may be subdivided into UNADW and 
LNADW, and have been proposed to be similar to that of 
previous interglacial periods (Duplessy et  al. 1984; Oppo 
and Fairbanks 1990; Raymo et al. 1990, 2004; Venz et al. 
1999). In contrast, abundant benthic δ13C evidence has 
emerged indicating that the hydrographic settings of deep 
and intermediate–depth ocean layers were quite different 
during glacial stages (i.e., Duplessy et al. 1988, Oppo and 
Lehman 1993; Curry et al. 1999; Raymo et al. 2004; Curry 
and Oppo 2005; Lynch-Stieglitz et al. 2007; Gebbie 2014, 
Oppo et al. 2015).

According to these studies, glacial conditions were char-
acterized by diminished NADW formation and an increase 
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in mid-depth North Atlantic ventilation, that may have con-
tributed to reduced heat transport. Although the low-resolu-
tion of δ13C data at Site 984 across T4 does not allow a bet-
ter discrimination of NADW variations, the records suggest 
a general trend from glacial into interglacial suggesting a 
switch from somewhat higher ventilation within the glacial 
stage into a less well ventilated interval during T4. Benthic 
δ13C values at Site MD95–2040 were low, although per-
haps indicating a greater contribution of MOW at that loca-
tion on the Iberian margin (Voelker and de Abreu 2011). 
In contrast, benthic δ13C values at Sites 980 and 982 were 
high during late MIS 10, suggesting the presence of an 
active glacial intermediate water production that would also 
have influenced Site 984 (Oppo and Lehman 1993; Venz 
et al. 1999). The poor ventilation in deep and intermediate 
water within T4 and subsequent resumption of NADW at 
the transition to MIS 9e is best displayed in δ13C records at 
Site 980 (McManus et al. 1999).

During MIS 9e, Site 982 had higher δ13C values sug-
gesting that it may have been located closer to the core 
of NADW (Venz et al. 1999) compared with site 984, yet 
Sites 980 and 983 recorded even higher δ13C values of 
~1‰, indicating a well-ventilated water mass (McManus 
et  al. 1999; Barker et  al. 2015). The MD95–2040 site, 
located far away from the source production of NADW and 

at the deepest location compared with site ODP 984, dis-
plays higher values. All records show clearly that the shal-
lowest and northernmost sites display the lowest δ13C val-
ues. Although all sites considered in this study are located 
south of the arctic/polar fronts within the subpolar region, 
they are nevertheless under different relative influences of 
NADW and SOW.

The benthic δ18O data suggest the presence of simi-
lar hydrographic conditions at all the sites, implying the 
absence of any strong stratification of intermediate and 
deep water layers. Yet the contrasting δ13C suggests dif-
ferent ventilation of intermediate (<2000  m) and deep 
(>2000 m) water layers. Site 982 (1145 m), located on the 
Rockall Plateau, is ideally situated to monitor the history of 
intermediate–depth water circulation under the influence of 
the UNADW. As Site 984 is also located at a water depth in 
the intermediate range (<2000 m) it is likely that the two 
locations may have been under the influence of the same 
deep water mass.

Site 980 was bathed by a well-ventilated LNADW with a 
stronger signal of northern sourced water mass (McManus 
et  al. 1999) while the shallower branch (UNADW) was 
poorly ventilated probably resulting from mixing with 
a water mass of a lower δ13C ratio, most likely of south-
ern origin (Curry et  al. 1988; Curry and Oppo 2005) or 

Fig. 4   Comparison of Site 984 data with records from North East 
Atlantic for the three interglacial intervals: MIS 9e, MIS 5e and the 
Holocene. Data from each site are plotted on their own timescale. 
a IRD percentages from Site 984 for MIS 9e and MIS 5e intervals 
and from Site 980 for the Holocene (Praetorius et  al. 2008). b and 
c δ18O and δ13C composition of the epibenthic Cibicidoides wuel-
lerstorfi from Site 980 (circle symbols) (McManus et al. 1999; Oppo 

et al. 2006), species from the genus Cibicidoides from Site 983 (tri-
angle symbols) (Raymo et al. 2004; Barker et al. 2015), species from 
the genus Cibicidoides from Site 982 (square symbols) (Venz et  al. 
1999), the epibenthic species Cibicidoides wuellerstorfi from MD95-
2040 (cross symbols) (Voelker and de Abreu 2011), and species from 
the genus Cibicidoides from Site 984 (McManus et al. 1999) and this 
study (diamond symbols)
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increased residence time at depth (Oppo et al. 2015). Dense 
SOW may spread isopycnally into the northern Hemisphere 
from the deep Southern Ocean with δ13C value of <−0.2% 
(Curry and Oppo 2005). There is also evidences that SOW 
may penetrate into the deep North Atlantic as far as 60°N 
effecting water shallower than 2000  m (Curry and Oppo 
2005; Rickaby and Elderfield 2005; Praetorius et al. 2008; 
Xie et  al. 2014). It has generally been observed that low 
benthic δ13C resulting from mixing with southern sourced 
water mass occurred only during glacial and deglacial 
intervals (Boyle and Keigwin 1982, Oppo and Fairbanks 
1987; Curry et al. 1988; Raymo et al. 1990; McManus et al. 
1999; Flower et al. 2000; Oppo et al. 2015). Low δ13C val-
ues have also been related to delaying UNADW formation 
until well after full interglacial conditions were established 
(Venz et al. 1999; Flower et al. 2000) or, in this case, the 
entire duration of the interglacial peak, which can be tied 
up to conditions of source areas for either MOW or Labra-
dor Sea Water (LSW) (Venz et al. 1999). Site MD95–2040 
bathed in the deepest water mass and located on the path of 
MOW produces δ13C records that suggest fairly ventilated 
LNADW (Voelker et al. 2010). The Labrador Sea, a poten-
tial source of intermediate water, may have been under 
the effect of minima in salinity and therefore density. This 
could be the result of enhanced freshwater input from the 
Arctic into the Labrador Sea as well as recirculated cold, 
fresh LSW confined to the subpolar gyre (McCartney and 
Talley 1984) and entrained by NADW during its spread 
southwestwards at depth into the Labrador Sea. When the 
LSW formation was not enabled, enhanced freshwater from 
the Arctic probably occurred (Hillaire-Marcel et  al. 2001; 
Yang et al. 2016).

5.2 � Deep water variation compared to subsequent 
interglacial peaks

Subsequent to MIS 9e, three interglacial intervals occurred 
globally, including the prominent warmings of the last 
interglacial, MIS 5e, and the Holocene (Fig. 4). For consist-
ency propose, the records previously obtained on Site 984 
for MIS 5e and the Holocene, and obtained in this study are 
compared with data from the three same interglacial inter-
vals obtained on the sites discussed in the previous section.

The three intervals show similarities regarding the ter-
minations of the glacial stages and also the transition into 
the following glacial stages in the case of MIS5e alone, as 
the future of the current interglacial interval is unknown. 
We also note the absence of strong evidence of any 
Younger Dryas-like cooling event during the deglaciations 
preceding these previous interglacials. In its overall charac-
teristics and compared with cold events, the Younger Dryas 
was a special event that was triggered by a catastrophic 
release of fresh water from Lake Agassiz to the northern 

Atlantic (Teller et  al. 2002). In the absence of a similar 
cold event punctuating termination T2 and termination 
T4, the Younger Dryas appears to be a one-time event that 
occurred as a consequence of glacially excavated topogra-
phy combined with the position of the retreating ice front 
(Broecker 2003). One might intuitively suggest that the last 
deglaciation may have been interrupted during the Younger 
Dryas and resumed later delaying thus the transition to the 
warming peak of the Holocene. Our records show clearly 
that the transition into the warming peak MIS 9e was also 
delayed, yet the deglaciation may have been continuous.

As the early peak warming in the three intervals estab-
lished, benthic δ18O in the three time-records show simi-
larities in their mean values yet slightly lighter values 
are recorded at Site MD95–2040. At the depth of site 
MD95–2040, deep water mass might be modified by the 
entrainment of the warmer and more saline MOW (Voelker 
and de Abreu 2011).

The δ18O values within each interval at each site stabi-
lized shortly after the establishment of the warming stages, 
we note constant light values within MIS 9e until the transi-
tion to the subsequent interstadial, MIS 9d. Planktic records 
show trends of increasing temperatures and salinities in 
the near-surface subpolar North Atlantic for the Holocene 
interval (Came et  al. 2007), while the MIS 5e warming 
stage reached its increasing peak early in the interglacial 
stage and then stabilized (Mokeddem et al. 2014).

The comparisons among the three interglacials benthic 
δ13C ratios reveal that the lowest values are associated with 
MIS 9e at all sites (Fig. 4). It is worth noting that the pre-
ceding deglacial IRD event was one of the most prominent 
of the last half million years (McManus et al. 1999). This 
was also an interval containing a steep increase in north-
ern summer insolation due to the amplification of preces-
sional forcing by enhanced eccentricity (Berger and Lou-
tre 1991; Tzedakis et al. 2009; Working group of PAGES 
2016). One consequence of rapid melting and iceberg dis-
charge would be the delivery of large quantities of melt-
water to the subpolar region and potential reduction in 
deepwater formation (Ruddiman et al. 1980; Broecker and 
Denton 1989; McManus et al. 1999, 2004). During the last 
deglaciation, such a reduction has been inferred to propa-
gate a sequence of events culminating in the outgassing of 
CO2 from the Southern Ocean, thus contributing to global 
deglaciation (Anderson et  al. 2009; Denton et  al. 2010; 
Clark et  al. 2012). A greater freshwater input could have 
contributed to the previous deglaciation (Marino et  al. 
2015) and to the one preceding MIS 9 as well, based on the 
evidence presented here. Decreased buoyancy in the source 
region may have contributed to the persistent reduction and 
slow recovery observed in NADW early in the last inter-
glacial MIS 5e (Oppo et  al. 1997, 2006; McManus et  al. 
1999; Raymo et al. 2004; Galaassen et al. 2014; Mokeddem 



3203Insights into North Atlantic deep water formation during the peak interglacial interval of…

1 3

and McManus 2016) and even more so during MIS 9e. 
Although it is somewhat speculative, the large, extended 
perturbation in ocean circulation at the onset of MIS 9 may 
even have contributed to the single highest spike in atmos-
pheric CO2 observed in Antarctic ice (Lüthi et al. 2008).

During the transition to MIS 9d, the benthic δ13C at all 
sites display similar values near ~1‰ as those recorded 
during the Holocene and MIS 5e, generally believed to be 
intervals with high AMOC activity. This suggests at face 
value that AMOC was eventually more active during MIS 
9d than during MIS 9e. In its glacial mode, the UNADW is 
typically highly ventilated compared with LNADW (Oppo 
and Lehman 1993; Sarnthein et al. 2001; Curry and Oppo 
2005). As it appears that the poorly ventilated intermedi-
ate to deep water layers persisted beyond T4 through MIS 
9e, the best ventilated water depth could be expected to 
be the one in which Sites 982 and 984 are bathed, waters 
subject to UNADW. Site MD95–2040 should belong to the 
same group of ventilated depth sites as bathed in the depth 
of MOW which is ventilated similarly as UNADW (Sarn-
thein et al. 2001). Yet the data suggest that newly formed 
dense waters took deeper pathway to reach abyssal depths 
without passing by Site 984. As the site is at mid-depth on 
the eastern flank of Reykjanes Ridge, this could be accom-
plished if the eastern part of intermediate water production 
in the Norwegian Sea that feed the ISOW was modified due 
to density changes in the GIN Seas (Thornalley et al. 2013; 
Kanzow and Zenk 2014; Langehaug et al. 2016). Thus, the 
western part water production in the Greenland Sea that 
overflow the Denmark Strait was the main contributor of 
the NADW (LNADW), as LSW (UNADW) may have also 
experienced reduction due to density variations.

6 � Conclusions

The late-glacial interval of MIS 10 was characterized by 
extreme cold conditions in the North Atlantic region, with 
the polar front well to the south of Site 984 in the open 
Atlantic Ocean. During the T4 deglaciation, continued cold 
sea–surface temperatures were accompanied by freshening, 
first in the shallowest surface waters occupied by T. quin-
queloba, and eventually at all near–surface depths occu-
pied by the planktic foraminifera examined in this study. At 
this time a dramatic Heinrich-event type iceberg discharge, 
similar to the one observed farther south (McManus et al. 
1999; Venz et  al. 1999; Hodell and Curtis 2008; Voelker 
et  al. 2010), also influenced Site 984, accounting for the 
cold, fresh, deglacial conditions. Subsequently, the polar 
front retreated north of the site, followed by the Arctic 
front, as peak interglacial conditions were established 
south of Iceland. Mild conditions prevailed from ~335 ka 
until ~327 ka during most of MIS 9e, with a return to polar 

conditions and renewed iceberg discharge in MIS 9d. In 
between the peak interglacial interval and ensuing stadial, 
a readvance of the Arctic front at about 326 ka is evident 
in the dominant abundance of T. quinqueloba, as occurred 
during the last interglacial, MIS 5e (Mokeddem et  al. 
2014). The late interglacial dominance of T. quinqueloba 
at this site, south of Iceland, may be a harbinger of glacial 
inception in the region.

The sparse benthic δ13C at Site 984 during T4 never-
theless appears to be consistent with a regional pattern 
of reduced ventilation of deep and intermediate waters. 
In contrast to subsequent peak interglacial intervals, δ13C 
remained low well into MIS 9e interval, increasing only 
modestly until ~325  ka. Although dense deep-waters 
similar to NADW may have formed in the North Atlan-
tic during MIS 9e, they did not occupy or spread past the 
mid–depth location of Site 984 along the Reykjanes Ridge. 
Ventilation via DSOW may have been more important 
contributor to NADW during MIS 9e than the ISOW that 
bathes the study site today. High δ13C values characteriz-
ing nutrient–depleted northern-sourced waters became pre-
dominant during MIS 9d at this depth, although the limited 
regional data do not allow us to distinguish whether these 
were true intermediate waters or also influenced the deep 
North Atlantic.
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