
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	http://www.researchgate.net/publication/272381831

Continued	meltwater	influence	on	North
Atlantic	Deep	Water	instabilities	during	the
early	Holocene

ARTICLE		in		MARINE	GEOLOGY	·	FEBRUARY	2015

Impact	Factor:	2.2	·	DOI:	10.1016/j.margeo.2014.11.015

DOWNLOADS

25

VIEWS

52

3	AUTHORS,	INCLUDING:

Aurora	Elmore

Durham	University

19	PUBLICATIONS			49	CITATIONS			

SEE	PROFILE

James	D	Wright

Rutgers,	The	State	University	of	New	Jersey

129	PUBLICATIONS			4,772	CITATIONS			

SEE	PROFILE

Available	from:	Aurora	Elmore

Retrieved	on:	21	July	2015

http://www.researchgate.net/publication/272381831_Continued_meltwater_influence_on_North_Atlantic_Deep_Water_instabilities_during_the_early_Holocene?enrichId=rgreq-4d58aba1-8b1e-4204-9bfe-37ebf08c00b3&enrichSource=Y292ZXJQYWdlOzI3MjM4MTgzMTtBUzoyMDk0NTk1ODc2MjA4NzFAMTQyNjk1MDQ2NTgyMg%3D%3D&el=1_x_2
http://www.researchgate.net/publication/272381831_Continued_meltwater_influence_on_North_Atlantic_Deep_Water_instabilities_during_the_early_Holocene?enrichId=rgreq-4d58aba1-8b1e-4204-9bfe-37ebf08c00b3&enrichSource=Y292ZXJQYWdlOzI3MjM4MTgzMTtBUzoyMDk0NTk1ODc2MjA4NzFAMTQyNjk1MDQ2NTgyMg%3D%3D&el=1_x_3
http://www.researchgate.net/?enrichId=rgreq-4d58aba1-8b1e-4204-9bfe-37ebf08c00b3&enrichSource=Y292ZXJQYWdlOzI3MjM4MTgzMTtBUzoyMDk0NTk1ODc2MjA4NzFAMTQyNjk1MDQ2NTgyMg%3D%3D&el=1_x_1
http://www.researchgate.net/profile/Aurora_Elmore?enrichId=rgreq-4d58aba1-8b1e-4204-9bfe-37ebf08c00b3&enrichSource=Y292ZXJQYWdlOzI3MjM4MTgzMTtBUzoyMDk0NTk1ODc2MjA4NzFAMTQyNjk1MDQ2NTgyMg%3D%3D&el=1_x_4
http://www.researchgate.net/profile/Aurora_Elmore?enrichId=rgreq-4d58aba1-8b1e-4204-9bfe-37ebf08c00b3&enrichSource=Y292ZXJQYWdlOzI3MjM4MTgzMTtBUzoyMDk0NTk1ODc2MjA4NzFAMTQyNjk1MDQ2NTgyMg%3D%3D&el=1_x_5
http://www.researchgate.net/institution/Durham_University?enrichId=rgreq-4d58aba1-8b1e-4204-9bfe-37ebf08c00b3&enrichSource=Y292ZXJQYWdlOzI3MjM4MTgzMTtBUzoyMDk0NTk1ODc2MjA4NzFAMTQyNjk1MDQ2NTgyMg%3D%3D&el=1_x_6
http://www.researchgate.net/profile/Aurora_Elmore?enrichId=rgreq-4d58aba1-8b1e-4204-9bfe-37ebf08c00b3&enrichSource=Y292ZXJQYWdlOzI3MjM4MTgzMTtBUzoyMDk0NTk1ODc2MjA4NzFAMTQyNjk1MDQ2NTgyMg%3D%3D&el=1_x_7
http://www.researchgate.net/profile/James_Wright13?enrichId=rgreq-4d58aba1-8b1e-4204-9bfe-37ebf08c00b3&enrichSource=Y292ZXJQYWdlOzI3MjM4MTgzMTtBUzoyMDk0NTk1ODc2MjA4NzFAMTQyNjk1MDQ2NTgyMg%3D%3D&el=1_x_4
http://www.researchgate.net/profile/James_Wright13?enrichId=rgreq-4d58aba1-8b1e-4204-9bfe-37ebf08c00b3&enrichSource=Y292ZXJQYWdlOzI3MjM4MTgzMTtBUzoyMDk0NTk1ODc2MjA4NzFAMTQyNjk1MDQ2NTgyMg%3D%3D&el=1_x_5
http://www.researchgate.net/institution/Rutgers_The_State_University_of_New_Jersey?enrichId=rgreq-4d58aba1-8b1e-4204-9bfe-37ebf08c00b3&enrichSource=Y292ZXJQYWdlOzI3MjM4MTgzMTtBUzoyMDk0NTk1ODc2MjA4NzFAMTQyNjk1MDQ2NTgyMg%3D%3D&el=1_x_6
http://www.researchgate.net/profile/James_Wright13?enrichId=rgreq-4d58aba1-8b1e-4204-9bfe-37ebf08c00b3&enrichSource=Y292ZXJQYWdlOzI3MjM4MTgzMTtBUzoyMDk0NTk1ODc2MjA4NzFAMTQyNjk1MDQ2NTgyMg%3D%3D&el=1_x_7


Marine Geology 360 (2015) 17–24

Contents lists available at ScienceDirect

Marine Geology

j ourna l homepage: www.e lsev ie r .com/ locate /margeo
Continued meltwater influence on North Atlantic Deep Water
instabilities during the early Holocene
A.C. Elmore a,b,⁎, J.D. Wright a, J. Southon c

a Department of Earth and Planetary Sciences, Rutgers University, New Brunswick, NJ, USA
b Department of Geography, Durham University, Durham, UK
c Earth System Science Department, University of California, Irvine, Irvine, CA, USA
⁎ Corresponding author at: Department of Geography, D
Tel.: +44 191 33 41931.

E-mail address: aurora.elmore@durham.ac.uk (A.C. Elm

http://dx.doi.org/10.1016/j.margeo.2014.11.015
0025-3227/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 2 March 2014
Received in revised form 26 November 2014
Accepted 30 November 2014
Available online 5 December 2014

Keywords:
Holocene
meltwater
North Atlantic
The transition into the Holocene marks the last large, orbitally derived climatic event and ultimately led to the
onset of modern oceanic conditions. The influence of this climatic change on North Atlantic Deep Water
(NADW) formation and circulation remains ambiguous. High-resolution records from southern Gardar Drift,
south of Iceland, show abrupt decreases in benthic foraminiferal δ13C values at discrete intervals during the
early Holocene, suggesting that NADW shoaled episodically. Intervals of lower δ13C values are coincident with
higher Δδ18ON. pachyderma (s)–G. bulloides and high abundance of lithic grains/g, indicating that these periods also
had enhanced surface water stratification, due to increased meltwater in the circum-North Atlantic region. Our
newhigh-resolution planktonic and benthic foraminiferal stable isotopic data show that increasedmeltwater de-
livery led to brief reorganizations of deepwater currents. These southern Gardar surface and deep water records
indicate that the early Holocene was a period of multiple abrupt climatic events that were propagated to the
North Atlantic during the final break up of ice sheets in the Northern Hemisphere, and suggest that some com-
ponent of the residual early Holocene sea level rise can be attributed to Northern Hemispheric sources.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

In the circum-North Atlantic region, the onset of the Holocene
(~11.7 ka; Steffensen et al., 2008; Walker et al., 2009) marks the end
of the transition from the last glacial period to current interglacial con-
ditions (Broecker et al., 1989). Greenland ice core δ18O records show
that the Holocene was a warmer, less dusty period with decreased
climatic variability, compared to the last glacial (Grootes et al., 1993;
Alley et al., 1995). Similarly, geologic evidence from oceanic sediment
cores (Broecker et al., 1989) and terrestrial records (Atkinson et al.,
1987; Dansgaard et al., in press; Davis et al., 2003) from around the
North Atlantic prescribe the Holocene as a period with warm
temperatures and without large-scale climatic changes. The Holocene
Thermal Maximum, caused by peak insolation ranged from 11 to 6 ka,
depending on geographic location, and was less than 2 °C warmer
than the Holocene baseline temperature in most locations (Kaufman
et al., 2004; Renssen et al., 2012). Despite relative climatic stability, an
estimated 30m of lingering deglacial sea level rise occurred throughout
the early Holocene, from 11.7 ka until at least ~8.0 ka (Fairbanks, 1989;
Peltier and Fairbanks, 2006; Bard et al., 2010; Deschamps et al., 2012), at-
tributed to freshwater delivery from the melting ice sheets (Andrews
urhamUniversity, Durham,UK.

ore).
and Dunhill, 2004; Tornqvist and Hijma, 2012; Seidenkrantz et al.,
2013). This evidence suggests that episodic or continual meltwater has
been released from the Northern Hemisphere ice sheets, and may have
affected North Atlantic ocean hydrography/circulation during the early
Holocene.

Recent, higher-resolution examinations have demonstrated that
Holocene climate is more variable than previously thought (e.g. Bond
et al., 1997; Bianchi and McCave, 1999; Hoogakker et al., 2011; Larsen
et al., 2012; Walker et al., 2012; Miller and Chapman, 2013), and have
identified abrupt climate events within this purportedly stable intergla-
cial period that have affected the deep ocean, as well as the more vari-
able surface ocean (Alley et al., 1997; Marcott et al., 2013). Perhaps the
most discussed of these is termed the ‘8.2 ka Event’ (Alley et al., 1997;
Rohling and Pälike, 2005; Cronin et al., 2007; Born and Levermann,
2010; Young et al., 2012; Liu et al., 2013), a climatic cooling caused by
North Atlantic surface water freshening (Ellison et al., 2006) that has
been attributed to meltwater release from glacial Lake Aggasiz (Barber
et al., 1999; Hillaire-Marcel et al., 2007; Tornqvist and Hijma, 2012).
This meltwater event delivered freshwater into the North Atlantic
region, and may have disrupted thermohaline circulation (Renssen
et al., 2001) and decreased NADW formation (Ellison et al., 2006;
Kleiven et al., 2008), despite some evidence for faster Iceland–Scotland
Overflow (Bianchi and McCave, 1999). This proposed mechanism for
the 8.2 ka Event is similar to a proposed mechanism for Younger Dryas
cooling, wherein Broecker et al. (1989) suggested that a ‘fresh water

http://crossmark.crossref.org/dialog/?doi=10.1016/j.margeo.2014.11.015&domain=pdf
http://dx.doi.org/10.1016/j.margeo.2014.11.015
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http://dx.doi.org/10.1016/j.margeo.2014.11.015
http://www.sciencedirect.com/science/journal/00253227
www.elsevier.com/locate/margeo


Table 1
Locations of sediment cores used in this study.

Site Water depth (m) Latitude Longitude

KN166-14 11JPC 2707 56°15′N 27°40′W
NEAP 4K 1627 61°29.91′N 24°10.33′W
KNR140-2 JPC 37 3000 31°41′N 75°29′W

NAC
NADW

60 N

40 N

20 N
60 W 30 E30 W 0

11 JPC 

NEAP 4K

JPC 37

Fig. 1. Bathymetric map of the North Atlantic showing location of KN166-14 11JPC on
Gardar Drift (this study), NEAP 4K (Hall et al., 2004), and KNR140-2 JPC 37 (Hagen and
Keigwin, 2002). Generalized oceanographic currents are shown for surface flowing
North Atlantic Current (NAC; red), and the five main contributors to North Atlantic
Deep Water (NADW; black); Labrador Sea Overflow water (LSOW), Denmark Straits
Overflow Water (DSOW), Iceland–Scotland Overflow Water (ISOW), Mediterranean Sea
Water (MSW), and Antarctic Bottom Water (AABW).
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cap’ in the northern North Atlantic would have altered deepwater for-
mation for the duration of the Younger Dryas (Clark et al., 2001;
McManus et al., 2004; Tarasov and Peltier, 2005; Elmore and Wright,
2011) and during Heinrich Events (Vidal et al., 1997). However, other
mechanisms have also been proposed to explain the Younger Dryas
cold period, including changing atmospheric circulation (Wunsch,
2006; Brauer et al., 2008) and extraterrestrial impact (Firestone et al.,
2007; Melott et al., 2010).

In addition to the 8.2 ka Event, other studies have presented
evidence from oceanic sediment cores for meltwater-driven abrupt
climatic events thatmayhave perturbed deep ocean circulation patterns
at 9.5 ka (Keigwin et al., 2004), 9.3 ka (Yu et al., 2010), 9.2 ka (Fleitmann
et al., 2008, and references therein), 8.6 ka (Henderson, 2009), 8.4 ka
(Kleiven et al., 2008), 4.2 ka (Booth et al., 2005; Menounos et al.,
2008), 2.7 ka (Hall et al., 2004), and the Little Ice Age (1500–1900 AD;
Bradley and Jones, 1993; Dahl-Jensen et al., 1998). While the evidence
for these events has similarities in common with the sediment core
records through the 8.2 ka Event and the Younger Dryas, they are less
frequently observed in oceanic records and have yet to be directly tied
to meltwater delivery routes.

Here, we present high-resolution proxy records of surface and
deepwater environmental conditions from the northern North
Atlantic to test the hypothesis that episodic surface water freshenings
altered deepwater circulation patterns during the early Holocene.
Records of proxies for surface water temperature (planktonic fora-
miniferal assemblage and δ18O values), surface water stratification
(Δδ18ON. pachyderma (s)–G. bulloides, calculated from the difference between
δ18OG. bulloides and δ18ON. pachyderma (s)), ice rafted debris (IRD; quantity
of lithic grains/g), bottomwater temperature (δ18O benthic foraminifera),
and deep ocean circulation (δ13C benthic foraminifera) are used to
compare surface water hydrography with NADW variations during
the critical Holocene interval.

2. Methods

2.1. Site information and sample processing

Surface ocean currents bringwarm, salty surface water to the north-
east North Atlantic via the North Atlantic Current, which bifurcates to-
ward western Europe and the Nordic Seas, passing between the North
Atlantic subpolar and subtropical gyres (Fig. 1; Hansen and Østerhus,
2000). The surface waters cool and sink in the Nordic Seas, returning
to the North Atlantic as Iceland–Scotland Overflow Water (ISOW) and
Denmark Strait Overflow Water (DSOW; Worthington, 1976; Fig. 1).
The contributions of ISOW and DSOW are related to surface temperature
and salinity in theNordic Seas (Duplessy et al., 1988), aswell as to surface
inflow (Thornalley et al., 2009) controlled by the position and strength of
North Atlantic gyres (Hansen and Østerhus, 2000), sill depth (Millo et al.,
2006), sea ice cover (Prins et al., 2001; Raymo et al., 2004), and tectonics
(Wright and Miller, 1996). Thus, researchers have suggested that over-
flow strength has varied on geologic, orbital, decadal and inter-annual
timescales (Duplessy eat al., 1988; Oppo et al., 1995; Dokken and Hald,
1996; Wright and Miller, 1996; Bianchi and McCave, 1999; McManus
et al., 1999; Turrell et al., 1999; Dickson et al., 2002; Raymo et al., 2004)
Modern NADW is produced by the interplay between ISOW, DSOW, Ant-
arctic Bottom Water (AABW), Labrador Sea Water, and Mediterranean
Outflow Water (Mann, 1969; Worthington, 1976; Fig. 1). Due to their
similar though complicated formation pathways, ISOW and DSOW ex-
port may co-vary or may have an inverse relationship (i.e. increased
ISOW occurs at the expense of decreased DSOW); however this study
has scope only to address the ISOW component.

Jumbo piston core 11JPC was collected by the R/V Knorr on cruise
166, leg 14, from 2707 m water depth on Gardar Drift (56°14′N,
27°39′W) in the eastern North Atlantic (Fig. 1; Table 1.). ISOW, the larg-
est eastern source of modern North Atlantic Deepwater, bathes this site
(Worthington, 1976; Bianchi and McCave, 1999). High sedimentation
rates (~18 cm/kyr) offer high temporal resolution throughout the
Holocene (Fig. 2).

The top 222 cmof core 11JPCwas sampled at 1 cm intervals to study
changes in surface water hydrography during the Holocene and
Younger Dryas, yielding a sampling resolution of ~58 years per sample
(Elmore and Wright, 2011). The N150 μm fraction of each sample
was split using a microsplitter into an aliquot containing at least 300
planktonic foraminifera (Imbrie and Kipp, 1971). Abundances of the
planktonic foraminiferal species were determined by manual counting.
The three most common taxa were left-coiling Neogloboquadrina
pachyderma (sinestral; s), right-coiling N. pachyderma (dextral; d), and
Globogerina bulloides. Planktonic foraminiferal assemblage results
are reported as percent, with respect to the total planktonic forami-
niferal assemblage. The polar biogeographic region is dominated
by N. pachyderma (s), thus % N. pachyderma (s) has been used as an
indicator of relative temperature changes for polar to subpolar regions
(Bé and Tolderlund, 1971; Bé, 1977).

Up to 15 tests of each of the planktonic foraminifera species
N. pachyderma (s) and G. bulloides were selected using a binocular
microscope from the 250 to 350 μm size fraction of each sample and
analyzed for stable isotopic composition on an Optima Mass Spectrom-
eter at Rutgers University (1-σ laboratory precision of an internal
lab standard was 0.08‰ for δ18O and 0.05‰ for δ13C). The differences
(Δδ18ON. pachyderma (s)–G. bulloides) between the δ18O values of the
surface-dwelling G. bulloides and thermocline-dwelling N. pachyderma
(s) were then calculated for each sample to determine the differences
in calcification environment driven by the depth habitat preference
of each species, as defined by Lagerklint and Wright (1999). Since
these two species have been selected out of the same samples, global
changes in δ18O driven by ice volume and/or any regional changes in
δ18Osea water would not affect the Δδ18O difference as both species
would record these effects contemporaneously (Lagerklint and Wright,
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1999). In addition to having differing depth habitats, N. pachyderma
(s) and G. bulloides may have seasonal preferences that could bias
Δδ18ON. pachyderma (s)–G. bulloides values, however Fraile et al. (2009)
demonstrate that both species used in this reconstruction preferentially
reflect summer temperatures in the North Atlantic region. Addition-
ally, the Greenland ice core δ18O data do not show large-scale
changes in seasonality throughout the Holocene (e.g., Steffensen
et al., 2008), so any interspecies differences in the timing of calcifica-
tion within the year are not expected to affect our multi-decadal
time-averaged Δδ18ON. pachyderma (s)–G. bulloides record. Thus, the
Δδ18ON. pachyderma (s)–G. bulloides difference between N. pachyderma
(s) and G. bulloides is hereafter used to reflect variations in vertical
stratification caused by fresh water inputs (Lagerklint and Wright,
1999; Pak and Kennett, 2002).

The number of lithic grains (N150 μm) per gram of dried sediment
was counted as a proxy for ice-rafted detritus (IRD; Bond and Lotti,
1995). The location of 11JPC is too far from terrestrial sources to have
a large quantity of lithic grains transported to the site by means other
than ice rafting (e.g., Bond and Lotti, 1995).

Deepwater variations were reconstructed by measuring downcore
benthic foraminiferal δ13C values. Up to 5 tests of the benthic foraminif-
era Planulina wuellerstorfi were selected from the 250 to 350 μm size
fraction and analyzed for stable oxygen and carbon isotopic composi-
tion (see above). Differences between the δ13C value of bottom waters
in the North Atlantic and the South Atlantic (~1‰ and ~0.4‰, respec-
tively in the modern oceans; Kroopnick, 1980), which are recorded
in epibenthic foraminifera, allow for the use of benthic foraminiferal
δ13C as a water mass tracer (e.g., Belanger et al., 1981; Graham et al.,
1981). Only P. wuellerstorfi tests were chosen for analysis since some
Cibicidoides taxa (e.g., C. robertsonianus) do not record equilibrium
values andmay be up to 1‰ lower in δ13C values (Elmore, 2009). In ad-
dition to reflecting changes in water mass mixing, benthic foraminiferal
δ13C records can be complicated by changes in productivity and
remineralization (Mackensen et al., 1993, 2001); these complicating
factors are evaluated in the discussion section below.

2.2. Age model

Fifteen AMS 14C ages constrain the age model for 11JPC (Fig. 2),
which was previously presented in Elmore and Wright (2011). For
each AMS 14C analysis, 4–6 mg of planktonic foraminifera G. bulloides
were selected using a binocular microscope and sonicated in deionized
water. Samples were then analyzed at the Keck Center for Accelerator
Mass Spectrometry at the University of California, Irvine. The resulting
radiocarbon ages were converted to calendar ages according to the
Fairbanks0805 calibration, after a standard 400-year reservoir correc-
tionwas applied,which likely represents theminimum reservoir correc-
tion for the region (Fairbanks et al., 2005; Fig. 2). The Younger Dryas
termination at 183 cm, as defined by % N. pachyderma (s) and δ18O of
N. pachyderma (s), was used as additional chrono-stratigraphic tie
point (Alley et al., 1995; Ellison et al., 2006; Elmore and Wright, 2011)
and defined as 11.7 ka (Walker et al., 2012); this represents a slight
change from the original age model in Elmore and Wright (2011),
wherein the end of the Younger Dryas was defined as 11.5 ka. AMS
dates at 145 and 149 cm were not included in the age model because
they produced slight age reversals (Fig. 2). According to the age model
for 11JPC and the subdivisions of the Holocene Epoch according to
Walker et al. (2012), the early Holocene (11.7–8.2 ka) is recorded in
sediments from 183 to 141 cm; the middle Holocene (8.2–4.2 ka) is
recorded in sediments from 140 to 72 cm; and the late Holocene
(4.2 ka – present) is recorded in sediments from 71 to 0 cm (Fig. 2).
3. Results

3.1. Surface water results

The top 222 cmof the core is divided into two chronozones based on
the agemodel (Fig. 2). The Younger Dryas (12.9–11.7 ka) section is from
222 to 184 cm, and is discussed in detail in Elmore and Wright (2011)
and the Holocene section (11.7 ka – present) is from 183 cm to the
top of the core (~0.7 ka). The Younger Dryas section of the core is
dominated by polar planktonic foraminiferal species, N. pachyderma
(s) (40–60%), and higher planktonic δ18ON. pachyderma (s) and
δ18OG. bulloides values (2.0–3.5‰ and 2.0–2.5‰, respectively), indicating
colder temperatures during the Younger Dryas than during the
Holocene at 11JPC (Fig. 3A; B). The Younger Dryas to early Holocene
changes in δ18ON. pachyderma (s) and δ18OG. bulloides values are ~1.4‰
and ~2.6‰, respectively; these changes cannot be solely explained
by the change in δ18Osea water driven by continental ice volume since
sea level rises less than 70 m through this interval (Peltier and
Fairbanks, 2006), equating to a ~0.77‰ change in δ18Osea water according
the relationship described by Shackelton (1974). While the residual
change in δ18O from the Younger Dryas to the Holocene, excluding ice
volume effects, does include some localized salinity effects (supported
by observed evidence for IRD during this interval), the general trends
are too large to be accounted for by salinity changes alone, and therefore
must represent some change in temperature.
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The early Holocene (~11.7–8.2 ka) section in core 11JPC is found
between ~183 and 141 cm (Fig. 2). A decrease in % N. pachyderma
(s) and a correspondingly large increase in % G. bulloides is observed in
the early Holocene transitional section (Fig. 2), indicating a change
from polar to subpolar conditions (Fig. 3A). N. pachyderma (s) δ18O and
δ18OG. bulloides values also decrease across this transitional section
(Fig. 3B). Superimposed on the decreasing trend of the early Holocene,
abrupt and episodic changes in δ18ON. pachyderma (s) are an obvious feature
of the record (Fig. 3B). Lithic grain abundances decrease abruptly across
the Younger Dryas–Holocene boundary (~11.7 ka) but some lithic grain
inputs are continually observed throughout the early Holocene (Fig. 4D).

In the middle Holocene (8.2–4.2 ka), the abundance of the polar
species, N. pachyderma (s) is typically less than 3% (Fig. 3A). The
abundances of sub-polar species G. bulloides and right coiling
N. pachyderma (d) are ~50% and ~20%, respectively, indicating that
the sub-polar waters gradually replaced the polar conditions of the
Younger Dryas during the early Holocene chronozone (Fig. 3A). This
foraminiferal abundance shift ushered in the modern assemblage,
which persisted throughout the remainder of the Holocene (Fig. 3A).
N. pachyderma (s) δ18O values decrease from ~2.8 to 1.7‰ in the early
Holocene chronozone and are low (~1.7–1.4‰), with limited vari-
ability, in the middle and late Holocene section (Fig. 3B). G. bulloides
δ18O values are also low and steady (~1.2–1.8‰) throughout the
Holocene chronozone, indicating relatively warm surface temperatures
(Fig. 3B). The abundance of lithic grains per gram is low overall in the
middle and late Holocene, with an average value of 8 grains/g, but
small, episodic peaks are recorded (Fig. 4D).

3.2. Deepwater results

Deepwater temperature and circulation proxies show variations
between Younger Dryas and Holocene conditions at site 11JPC (Fig. 3).
Benthic foraminiferal δ18O decreases from ~3.5 to 2.9‰ through the
Younger Dryas and early Holocene sections, similar to the expected
global signature from ice volume change outlined above, indicating
that bottomwater did not warm significantly through the interval
(Fig. 3C). Similarly, δ18OP. wuellerstorfi values remain fairly constant
through the Holocene section, indicating a stable deep ocean tempera-
ture, without higher frequency variations (Fig. 3C).

The Younger Dryas chronozone is typified by low δ13CP. wuellerstorfi

values at the beginning and end of the chronozone, with distinct abrupt
minima of ~0.4‰ (Fig. 3C; Elmore and Wright, 2011). P. wuellerstorfi
δ13C values increase generally through the early Holocene chronozone,
to a mid-Holocene maxima value of ~1.3‰ at ~7.0 ka. Short-lived min-
ima in δ13CP. wuellerstorfi are superimposed on this early Holocene in-
crease, with values ~0.6‰, suggesting abrupt circulation changes in
the North Atlantic (Figs. 3C; 4E). A long-term decreasing trend in
δ13CP. wuellerstorfi values is then observed from ~5 ka to the top of the re-
cord at ~0.7 ka, without abrupt variations (Figs. 3C;4E).

4. Discussion

The early Holocene section of core 11JPC is typified by generally
decreasing values of δ18OG. bulloides, δ18ON. pachyderma (s), δ18OP. wuellerstorfi,
and decreasing % N. pachyderma (s), all of which indicate a
warming trend from 11.7 to 8.2 ka (Fig. 3A; B; C). Early Holocene
Δδ18ON. pachyderma (s)–G. bulloides values also show a generalized decreasing
trend, with numerous abrupt variations (to b0.5‰; Fig. 4C), indicating
episodic increases in upper ocean stratification driven by meltwater,
overlying a trend toward decreasing stratification into the mid-Holo-
cene. Lithics per gram show a general decrease through the early Ho-
locene (to b10 lithics/g; Fig. 4D), indicating that some proximal IRD
occurred throughout thewarming period of the early Holocene, but dis-
appeared by the mid-Holocene. Interestingly, the IRD record (Fig. 4D)
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does not seem to show the episodic variations of Δδ18ON. pachyderma

(s)–G. bulloides (Fig. 4C), which is driven by the large changes in
δ18ON. pachyderma (s) (Fig. 3B). This is likely due in part to the coarser
sampling interval for IRD counting (for example, no IRD data points
exist ~9.6 ka). Additionally, not all meltwater is associated with
IRD, and meltwater may have a wider geographic effect than debris
carried by ice rafting.

Values of δ13CP. wuellerstorfi from 11JPC also show high variability
superimposed on a general increasing trend through the early
Holocene; lows in δ13CP. wuellerstorfi are highlighted by red arrows in
Fig. 4E and are larger than the analytical uncertainty of 0.05‰. If the
δ13CP. wuellerstorfi are interpreted to represent variable contributions of
northern versus southern sources of deep water (e.g., Curry and Oppo,
2005), the data from 11JPC suggest that abrupt circulation changes
occurred within a longer-term increase in the export of northern-
sourced water (Fig. 4E). Similar trends in variable early Holocene ben-
thic foraminiferal δ13C can also be seen from sites around the North
Atlantic, including at Blake Outer Ridge (JPC37; Hagen and Keigwin,
2002; Evans and Hall, 2008; Figs. 1; 4E; Table 1). Air–sea exchange,
preformed nutrients, and localized micro-environments (Mackensen
et al., 1993) may complicate interpretations of benthic foraminiferal
δ13C in terms of circulation changes, however, benthic foraminiferal
δ13C has been routinely interpreted to reflect circulation in this region
(e.g., Hall et al., 2004; Thornalley et al., 2009, 2010; Elmore and
Wright, 2011; Hoogakker et al., 2011), supporting our use of δ13CP.

wuellerstorfi as a watermass tracer. Additionally, our interpretations of cir-
culation changes are consistent with reconstructions using sortable silt
grain size, an inorganic proxy for flow speed, which also shows abrupt
variations in circulation during the early Holocene (Bianchi and
McCave, 1999; Hoogakker et al., 2011). The observed changes in δ13CP.
wuellerstorfi from 11JPC cannot be explained by changes in source region,
since records of δ13C from sites bathed by Norwegian Sea Deep Water,
a formation region for ISOW, do not show similarities in trend with
11JPC or other records from the Northeast North Atlantic
(e.g., Hoogakker et al., 2011; Hall et al., 2004; Fig. 4E). As shown in
Fig. 4E, the shallower site NEAP 4K (Hall et al., 2004) records δ13CP.

wuellerstorfi values that are equal to or higher than 11JPC δ13CP. wuellerstorfi

through the entire interval 10–0 ka, with the exception of the lowest
point in the NEAP 4K record at ~9.6 ka; this indicates that the Northern
Source end member, ISOW, is not driving the decreases in δ13CP.

wuellerstorfi at 11JPC. Rather, episodic decreases in δ13CP. wuellerstorfi at
11JPC record values that are more similar to down-stream NADW site
JPC37 (Hagen and Keigwin, 2002), suggesting a greater southern source
influence on benthic δ13C during these episodic periods from 13 to 8 ka
(Fig. 4E).

EarlyHolocene episodicmeltwater pulses (Seidenkrantz et al., 2013)
coincident with NADW circulation fluctuations can be explained by the
residual melting of northern hemisphere ice sheets, which contributed
to the ~30 m sea level rise during the early Holocene (Peltier and
Fairbanks, 2006; Fig. 4A). The final collapse of theNorthern Hemisphere
ice sheets would have subsequently provided fresh meltwater to the
surface of the North Atlantic, which could have then changed the densi-
ty of NADW, affecting the depth to which this water mass penetrated.
This is consistent with the idea that early Holocene was an unstable
period and that the full interglacial period began well after 9 ka, coinci-
dent with the maximum flux of NADW (Henderson, 2009).

Climate events at 8.2 ka (Alley et al., 1997; Rohling and Pälike, 2005;
Hald et al., 2007), 8.4 ka (Kleiven et al., 2008), and 8.6 ka (Henderson,
2009) have all been attributed to freshwater pulse(s) from Glacial
Lake Agassiz, and proposed to have altered deepwater circulation pat-
terns (Kleiven et al., 2008; Henderson, 2009); given the uncertainties
in individual chronologies, these ‘events’ could all be part of the same
meltwater event or could represent a series ofmeltwater events. The re-
cord of % N. pachyderma from 11JPC suggests a slight cooling ~8.4 ka;
however, the cooling is not seen in records of δ18O of G. bulloides or
N. pachyderma (s; Fig. 4). It is possible that the sample resolution of
11JPC does not allowus to resolve the short-lived 8.2 ka Event. TheΔδ18-

ON. pachyderma (s)–G. bulloides values are higher during the period from 9 to
8 ka, indicating an increase inmeltwater occurrence during that interval
(Fig. 4C). During the period from 9 to 8.2 ka, the record of δ13CP.

wuellerstorfi has several minima that could be perceived to represent
abrupt changes in circulation, however δ13CP. wuellerstorfi values are gener-
ally low during the period from 9 to 8.2 ka, and thus it is difficult to de-
cipher individual events from variability within the record (Fig. 4E).

The mid-Holocene, from ~8.2 to 4.2 ka, is characterized by
slightly warmer surface temperatures according to records of
δ18OG. bulloides and δ18ON. pachyderma (s) (Fig. 3B). The lithics per gram
and Δδ18ON. pachyderma (s)–G. bulloides values approach 0 during this time,
indicating minimal seasonal and/or stratification differences, and thus
no apparent meltwater (Fig. 4C; D). Values of δ13CP. wuellerstorfi from
11JPC are high, suggesting a maximum northern-sourced component
to deepwater flow (Fig. 3C). From 8 to 4 ka, benthic foraminiferal δ13C
values from the ISOW-proximal sites NEAP 4K and 11JPC are very
similar, with a variable gradient between the ISOW-proximal sites and
the downstream NADW site (JPC37; Fig. 4E), suggesting either changes
in the downstreamprocesses formingNADW(possibly a changed input
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of DSOW or LSW) or southern intrusion to the downstream site, JPC37.
This indicates that the warmest period of the Holocene, including the
Holocene Thermal Maximum, was a period of vigorous deepwater
flow, consistent with previous research (Davis, 1984; Davis et al.,
2003; Kaufman et al., 2004; Henderson, 2009).

During the late Holocene, from 4.2 ka to present, sea surface
temperatures remain warm, indicated by low δ18OG. bulloides and
δ18ON. pachyderma (s) (Fig. 3B) and high % G. bulloides (Fig. 3A); similar
to the reconstructions by Andersson et al. (2010) from surface and
near surface foraminiferal geochemistry. Low lithics/g and low Δδ18-

ON. pachyderma (s)–G. bulloides indicate that there was very little meltwater
present during the late Holocene (Fig. 4C; D). Interestingly, the
P. wuellerstorfi δ13C values at 11JPC decrease, especially from ~2.0 to
0.6 ka, which could indicate a change in deepwater circulation or a
change in preformed nutrients (Fig. 4E). If interpreted in terms of circu-
lation, the divergence between δ13CP. wuellerstorfi 11JPC and ISOW-
proximal NEAP 4K in the late Holocene suggests that the 11JPC record
is controlled by southern-sourced water rather than responding to
northern-derived source water changes (Fig. 4E). However, this inter-
pretation seems at odds with δ13CP. wuellerstorfi results from shallower
northern cores under the influence of ISOW (IODP 984 and NEAP 4K;
Praetorius et al., 2008; Hall et al., 2004) and sortible silt flow speed re-
cords (NEAP 15K; Bianchi and McCave, 1999), all of which indicate vig-
orous ISOW formation throughout the late Holocene. Thus, it may
simply indicate that the latest Holocene benthic foraminiferal δ13C re-
cord is controlled by local sources, rather than large scale circulation
changes, including the possibility of late Holocene organic input chang-
es (e.g., Mackensen et al., 1993).

Taken holistically, these records indicate that, while there is evi-
dence for continued meltwater in the region of 11JPC from the Younger
Dryas (Elmore and Wright, 2011) through the early Holocene, the
NADW circulation changes through this interval are episodic, rather
than continual. This suggests that the rate of meltwater delivery and/
or the location of meltwater delivery are important factors in determin-
ing the impact on NADW circulation resulting from meltwater input in
to the North Atlantic (Fanning and Weaver, 1997; Elmore and Wright,
2011).

5. Conclusions

High-resolution records from the southernGardar Drift showevidence
for multiple meltwater events and associated deepwater circulation per-
turbations during the early Holocene. The Δδ18ON. pachyderma (s)–G. bulloides

and lithic/g evidence for meltwater delivery to the North Atlantic
during the early Holocene coincides with benthic foraminiferal
δ13CP. wuellerstorfi evidence for multiple changes in deepwater circulation.
This linkage indicates that abrupt releases of meltwater from the
Laurentide (via eastern or Arctic pathways) and/or Fenno-Scandinavian
Ice Sheets directly forced deepwater circulation changes in the North
Atlantic during the early Holocene. Lower surface salinities throughout
the North Atlantic region inhibited deep convection in the northern
North Atlantic, which led tomultiple early Holocene decreases in benthic
foraminiferal δ13CP. wuellerstorfi values. Circulation fully recovered during
themid-Holocene, when all residual glacial sea-level risewas completed,
and as sea surface temperatures reached a maximum. This study pro-
vides a direct link between surface water freshening and alterations in
deepwater circulation patterns during the early Holocene. However, by
and large, the freshwater contribution to the northern North Atlantic
during the early Holocene interval had very little influence on large-
scale climate, with the possible exception of the 8.2 kyr Event.
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