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Abstract

Arctic freshwater discharges to the Labrador Seanfmelting glaciers and sea-ice can have a deep
impact on ocean circulation dynamics in the Nortthatic, modifying climate and deep water
formation in this region. In this study, we presfartthe first time a high resolution record of-ice
rafting in the Labrador Sea over the last millemmito assess the effects of freshwater discharges in
this region on ocean circulation and climate. Tleuorence of ice-rafted debris (IRD) in the
Labrador Sea was studied using sediments fromGE#@6-144-03 (57.29° N, 48.37° W, 3432 m
water depth). IRD from the fraction 63-150 um shqasticularly high concentrations during the
intervals: ~1000-1100, ~1150-1250, ~1400-1450, 816800 and ~1750-1800 yr AD. The first
two intervals occurred during the Medieval Clima&#eomaly (MCA), whereas the others took
place within the Little Ice Age (LIA). Mineralogitadentification indicates that the main IRD
source during the MCA was SE Greenland. In contthstconcentration and relative abundance of
hematite-stained grains reflects an increase icdinéribution of Arctic ice during the LIA.
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The comparison of our Labrador Sea IRD records wttter climate proxies from the subpolar
North Atlantic allowed us to propose a sequencprotesses that led to the cooling that occurred
during the LIA, particularly in the Northern Hemiggre. This study reveals that the warm climate
of the MCA may have enhanced iceberg calving alitveg SE Greenland coast and, as a result,
freshened the subpolar gyre (SPG). Consequently, Gféulation switched to a weaker mode and
reduced convection in the Labrador Sea, decredsngontribution to the North Atlantic deep
water formation and, thus, reducing the amounteait iransported to high latitudes. This situation
of weak SPG circulation may have made the Northmiit climate more unstable, inducing a state
in which external forcings (e.g. reduced solardi@ace and volcanic eruptions) could easily drive
periods of severe cold conditions in Europe andNlogth Atlantic like the LIA. This analysis
indicates that a freshening of the SPG may playuaial role in the development of cold events

during the Holocene, which may be of key importafaceoredictions about future climate.

Key words: Little Ice Age, Medieval Climate anomdlgbrador Sea, ice-rafting

1. Introduction

The last millennium is an important target in palanate studies since this interval allows us to
reconstruct the climate variability of our recemdtbry and its impact on the development of our
society. Moreover, climate reconstructions of thstImillennium combined with instrumental
records constitute a framework to obtain a compreive understanding of the mechanisms that
drive the Earth'’s climate and improve future climmptedictions. The climate of the last millennium
is characterized by a warm period called the Madi@limate Anomaly (MCA) or Medieval Warm
Period (~800-1200 yr AD), a cold interval calle& thttle Ice Age (LIA, ~1350-1850 yr AD) and
the 2d" century warming trend (e.g. Mann et al., 2009; Waret al., 2011). According to historical
records, these climate oscillations affected hunferelopment in Europe, in particular, the Norse
expansion and demise in the North Atlantic (Ogikial., 2000). The warm conditions of the MCA
promoted the colonization of Iceland and Greenlapdhe Norse and the exploration of North
America during the 9th to 12th centuries, wherba# tmaladaptation to climate deterioration at the
beginning of the LIA led them to abandon the Glaed settlements by the end of the 15th century
(Dugmore et al., 2012; Kuijpers et al., 2014; Oigilet al., 2000).

Reconstructions of ocean and land temperature ghewLIA cooling was neither spatially nor
temporally uniform (Bradley et al., 2003; PAGES €bnsortium, 2013; Wanner et al., 2015;
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Wanner et al., 2011) and, therefore, there is amaebate on the forcings that may have triggered
these climate oscillations. Reduced solar irradianad the occurrence of explosive volcanic
eruptions are the two most commonly examined fgife.g. Bond et al., 2001; Miller et al., 2012)
due to the impact they may have on atmospheric igga Other forcings such as the internal
dynamics of the oceanic and atmospheric systenth (88 the North Atlantic Oscillation-NAO-,
Arctic Oscillation-AO-, Atlantic Multidecadal Ostiltion-AMO-, El Nifio-Southern Oscillation-
ENSO-, or the monsoonal regimes) have also beesidened to play a major role driving climate
oscillations during the last century (see revieWManner et al., 2011). Freshwater discharge to the
North Atlantic may also be driver of climate charmeimpacting sea surface circulation and deep
water convection, which in turn may slow down théaAtic Meridional Overturning Circulation
(AMOC) (Manabe and Stouffer, 1995). The Labradoa $eparticularly sensitive to increases in
freshwater and sea ice input. Deep water formaitiothe Labrador Sea contributes 30% of the
volume transport of the deep limb of the AMOC (Rhet al., 2002; Talley, 2003), and freshwater
input to this region can potentially reduce oceatgep convection, slowing down the Atlantic
circulation and its related oceanic heat transf@otn et al., 2010; Moreno-Chamarro et al., 2015).
The decrease in heat export from low to high lddt modifies regional climate by cooling the
western North Atlantic which, in turn, influencdwetclimate of the whole North Atlantic (Born et
al., 2010). A recent example of this phenomenon baghe “Great Salinity Anomaly” event that
occurred between 1968 and 1982 (Dickson et al.8LEBuring this interval, vast amounts of Arctic
sea ice and freshwater were delivered to the Lalbr&da, mainly via the East Greenland Current
(EGC), freshening the subpolar gyre (SPG) and dsorg winter convection and deep water
production. A recent study of the last 50 years alsows a close relationship between fresh water
fluxes from the Arctic and reductions in deep wdtemation in the Labrador Sea (Yang et al.,
2016).

Recently, attention has been given to the dynaofitise SPG and its relationship with climate (e.g.
Born and Stocker, 2014). Instrumental records andem observations show a close link between
decadal climate variability and SPG dynamics (Elakkinen and Rhines, 2004; Sarafanov, 2009),
and rapid climate change reconstructions of theottaie and the last interglacial period have been
interpreted as a consequence of changes in the &§R@mics (Moffa-Sanchez et al.,, 2014a;
Mokeddem and McManus, 2016; Mokeddem et al., 20dros et al., 2012; Thornalley et al.,
2009). Variations in the strength and shape ofSR& also impact deep convection in the Labrador
Sea, therefore, influencing deep water productiod Atlantic circulation (Boning et al., 2006;
Hatun et al., 2005; Moreno-Chamarro et al., 20@8)ich eventually affects climate through the

reduction of heat transported from low to hightlates. A shift to weak SPG circulation has been
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inferred using deep-sea corals after 1250 yr ADp@Zd et al., 2012), and model simulations
suggested this weakening of the SPG was the méanerdof the LIA due to the decrease in
meridional heat transport to the subpolar Nortlaatic (Moreno-Chamarro et al., 2016). Moreover,
the occurrence of unusually cold winters in Eurdpeing the last 100 years has been associated
with atmospheric blocking events in the North Atlapwhich are high pressure systems that alter
the normal westerly wind circulation in this regigHakkinen et al., 2011). These events are
associated with negative AO, may modify surfaceutation in the North Atlantic, and are linked
to cold winter temperature in western Europe (Shabdt al., 2001). Periods of intense and
persistent atmospheric blocking events very lilddyeloped during the LIA due to the influence of
low solar irradiance and weak SPG circulation, tauslecadal intervals of severe cooling in
Europe (Moffa-Sanchez et al., 2014a).

In this work we used a sediment core from the Hilt, in the Labrador Sea, to reconstruct ice-
rafting occurrence during the last 1200 yr and éranits impact on SPG dynamics and climate.
The presence of ice-rafted debris (IRD) is a préotyiceberg and sea ice discharges. Our IRD
record from the Eirik Drift indicates ice exportttee Labrador Sea and allows us to infer periods of
enhanced freshwater discharges. Previous Holoceutigproxy records (including IRD records)
from the North Atlantic pointed to the linkage betm cooling events and low solar irradiance
values (Bond et al., 2001). However, this hypothésis been challenged by the observation that
ice-rafting reconstructions in the Northern Norttiaétic show different trends between the eastern
and western regions during the Holocene (Morod.e2806). The combination of our IRD data
with other records from Eirik Drift as well as othsubpolar North Atlantic sites allows us to
present a comprehensive reconstruction of the itramdrom the MCA to the LIA. This study
reveals the importance of ice discharges in madifigurface circulation in the SPG, as a driver of
oscillations in climatic patterns and deep wateydpction in the past, and perhaps again in the

future.

2. Geological and oceanographic setting

Site GS06-144-03 (57.29° N, 48.37° W, 3432 m watkepth) is located in the southern tip of
Greenland at the Eirik drift (Fig. 1). The sitegkced in the northwest part of the SPG, a very
sensitive area to climatic and oceanographic clagiyen that the upper North Atlantic deep water
forms in this region (Schmitz and McCartney, 1993)e SPG boundary currents are formed by the
North Atlantic Current (NAC), the Irminger Currenivhich is the western branch of the NAC and
flows towards Greenland, the East Greenland CufEe®@C) and the Labrador Current (Fig.1). The
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Irminger Current brings warm and high salinity watie the Labrador Sea, whereas the EGC and
Labrador Current transport colder and lower salimiaiter, and frequently carry icebergs and sea
ice from the Arctic area.

Oscillations in the amount of ice transported bg 8GC and Labrador Current may result in
freshening of the SPG affecting the strength of $R&ulation. Fluctuations in the SPG circulation
have been suggested as the driver of oscillationdecadal deep water production and climate
variability in the North Atlantic and surrounding@rttinents (Boning et al., 2006; Hakkinen and
Rhines, 2004; Hatun et al., 2005). Two states aflibgum have been described depending on the
strength of the SPG circulation: (1) when the datian is strong, more salty water is advected to
the centre of the gyre favouring deep water foramatn this area, whereas (2) when the circulation
is weak more salty water is advected northeastwarithe Nordic Seas and the SPG water gets
fresher, which prevents deep convection in the aadwr Sea (Born and Stocker, 2014). However,
some increased convection may occur in the IrmilBgesin and Nordic Seas, counterbalancing the
lack of Labrador Sea convection. Changes in theamhyjos of the SPG are mainly driven by
cyclonic winds and buoyancy forcing (Born and Sack014), therefore, freshwater input via
iceberg discharges may be a critical factor modgyihe circulation in the SPG and deep water

formation in the Labrador Sea.

3. Materials and methods

Sediments from core GS06-144-03 MC-A were drillsthg a multicore device during a cruise on
the R/V G.O. Sars (Dokken and Ninnemann, 2006)lust chronology has been developed based
on 12 accelerator mass spectrometry (AME) dates performed on the calcareous shells of the
planktonic foraminifeNeogloboquadrina pachyderma sinistral, and*°Pb measurements at the top
of the core. The dates were analyzed on the AateleMass Spectrometer at the Leibniz Labor flr
Altersbestimmung und Isotopenforschung in Kiel, i@&ny. Radiocarbon ages have been converted
into calendar years using the CALIB (rev 5.0.1)wafe (Stuiver and Reimer, 1993) in conjunction
with the Marine04 calibration dataset (Hughen et 2004). All dates were calibrated with a
constant surface reservoir age of 400 years. Timplgaat 0 cm showed erroneous age because of
severe addition of more than 100% modern carbonQpMnd is assumed to be post-AD 1962
(relative to the increase in bomb radiocarbon Ewelthe North Atlantic region). The core was
collected in 2006 and the Cesium spike alBb measurements in the upper 12 cm of the core

sediments confirms post-AD 1964 age. Table | shivsincorrectedf'C ages and calibrated ages.
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Sediment samples were taken continuously evergi®.%0-41.5 cm), and the high sedimentation
rate at this site allows us to reconstruct theraféng history of the past 1200 yr at a decadalesc
resolution (mean sedimentation rate of 0.029 cnulyraverage ~17 yr between samples). Samples
were soaked in distilled water and shaken for 1thhorder to disperse the sediment. Then they
were wet-sieved and separated into size fractidns160 um, 63-150um and <63um, and

subsequently dried in an oven.

In order to study the IRD content we use the 63{180fraction. This size fraction is coarse enough
to be delivered to the open ocean primarily bytihgfice rather than wind or currents (Fillon ef al
1981; Ruddiman, 1977), yet lends itself to detapetrographic analysis (Bond and Lotti, 1995).
Bond’s technique (Bond et al., 1997) was robuststed using several multicores in the polar-
subpolar region and it was compared to counts én>th50 um fraction. We acknowledge that
grains >250 um are the best fraction to claim fartsby icebergs and sea ice because wind and
deep currents can be confidently ruled out (Andre2@)0). Unfortunately, the samples of our
study interval do not contain enough grains in frégtion to develop a sound analysis to show
trends in coarser IRD. We will need larger amouwrfiteulk sediment to perform significant counts
of IRD >250 um. Even though it has been suggesi&idwithin the 63-150 um fraction some grains
might be transported by other means (see discugsidndrews et al., 2014), given the location of
the study site (in the outer part of Eirik Driftpvthink meltwater plumes are very unlikely and deep
currents hardly transport sediments >63 um. Thegefege can assume the 63-150 um fraction we

studied is mainly composed of IRD grains.

Each sample was split with a microsplitter to aftan aliquot with about 200 IRD grains. The
aliquots were placed in a transparent gridded @ag counted using a high magnification
stereomicroscope which incorporates a light sofrare the bottom, similar to the transmitted light,
and a light source from the top which emulateseotdid light. Using aliquots in a transparent tray
instead of smear slides offers the possibility oving the grains independently, thus allowing for a
better identification. Additionally, the use of ensparent tray is a key factor to improve the
identification of quartz and feldspar hematitesstal grains (HSG) by the introduction of a white
paper below the tray which enhances the contrasteles the hematite-stained portion and the rest
of the grain. This technique is similar to thatatésed in Bond et al. (1997), however, the use of
aliquots presents the advantage that IRD concérigin the bulk sediment can be calculated to
obtain the total number of IRD (and IRD types) geam of bulk sediment. A minimum of 200
grains were counted in each sample and the cadclitrors for the replicated samples are below

3.2 %. The identification of different groups of marals such as HSG of quartz and feldspar,
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unstained quartz and feldspar, and brown and wisitganic glass (VG) allows us to calculate the
relative abundance of each type of IRD, which maybeful to identify the sources of the drifting
ice that transported the IRD (e.g. Alonso-Garciaalet 2013; Bailey et al., 2012). SEM x-ray
diffraction was performed on selected grains with energy dispersive spectroscopy (EDS)
equipment at the facilities of the College of Maricience (University of South Florida). The EDS

equipment used is an EDAX x-ray microanalysis systdth an Apollo 10 silicon drift detector.

Stable isotope analyse8'{0) were performed on planktonic foraminifer sheifsN. pachyderma

sin to reconstruct near surface water propertiamdes for isotopes were also taken every 0.5 cm.
N. pachyderma sin was picked from the 150-250um size fractioefoBe performing the analyses,
the foraminiferal shells were ultrasonically rinsgmt 20 seconds in methanol to remove fine-
grained particles. Stable isotope ratios were obthat the stable isotope laboratory at Department
of Earth Sciences and the Bjerknes Centre for GérResearch at the University of Bergen, using
Nier type (gas source) mass spectrometers.3ti@ analyses of samples from 0-15.5 cm in the
core were carried out on a Finnigan MAT251 masstspeeter, while the rest of the samples
(15.5-41.5 cm) were analyzed on a MAT253 mass gpeeter. All planktonic samples were run
in four replicates. The stable isotope results epressed as the average of the replicates and
reported relative to Vienna Pee Dee Belemnite (VRDlibrated using NBS-19. Long-term
analytical precision @) of the standards over a time interval of sevemahths is 0.1%. for the
MAT?253 system and <0.08%. for the MAT251 system.

4. Results

The total concentration of IRD (Fig. 2-d) rangeenfr ~9,000 to 116,000 grains per gram of
sediment (grains/g) which means that icebergs aadce reached the studied area during the entire
interval examined in this work. The highest peakRid concentration was reached at the end of the
MCA (1169 yr AD) and the intervals with highest IR®ncentration occurred approximately at
1000-1100, 1150-1250, 1400-1450, 1650-1700 and -18390 yr AD, with mean values above
50,000 grains/g. The first two of these five intsvof high ice-rafting occurred during the MCA,
whereas the other three intervals of high IRD catre¢gion took place during the LIA.

Volcanic glass (VG) is one of the main componeritiR®, with relative abundances up to 59 %
(Fig. 2-c). This group includes brown VG fragmentsually not vesicular, and white VG
fragments, very light and often with vesicular agp&he concentration of the total VG shows a

similar pattern to the total IRD concentration witle highest values during the same intervals (Fig.
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2). The relative abundance of VG shows high valdesng the intervals of high total IRD
concentration. The relative abundance of white ¥@dnerally lower than 20 % and does not show
clear periods of high abundance that can be coekla the records of volcanic eruptions (Gao et
al., 2008; Sigl et al., 2015).

HSG relative abundance ranges between 2 and 38ahing higher values than those observed at
MC52 in the Eastern North Atlantic (Fig. 3-b, Boetdal., 2001). The record of HSG concentration
shows a different pattern from the total IRD and ¥&Bords, with higher concentration from 1400
to 1900 yr AD (Fig. 2-e). The relative abundanceH&G is also higher after 1400 yr AD, with
mean values increasing to over 15 % from near %eférb 1400 yr AD. This range of variability is
comparable to previous observations across thentitlén the late Holocene (Bond et al., 1997;
2001).

Among the selected grains to perform x-ray analygsseparated a group of black unclassified
minerals. According to the SEM x-ray diffractionadysis, those grains are mainly composed by
carbon, and we interpreted them as coal fragm@iisse minerals occurred in higher abundance
during the MCA and the end of the LIA.

5. Discussion
5.1. IRD sources and significance

The mineralogy found at Site GS06-144-03 suggestsral lithological sources for the IRD which
may be associated with icebergs or sea-ice origihtitom different areas. Volcanic rocks mainly
outcrop surrounding Denmark Strait, in Iceland #mel Geikie Plateau area on the East Greenland
coast (Bailey et al., 2012; Henriksen et al., 2008)Icanic glass can also be atmospherically
transported after volcanic eruptions and be ultatyahcorporated in the ice as it has been shown in
Greenland ice core records (Gronvold et al., 1998)s is very likely the case of the white VG
fragments found in our record because our countghite VG (Fig. 2) do not suggest the presence
of any discrete layer that could be associated ity dated Icelandic eruption (Gao et al., 2008;
Sigl et al., 2015). This type of IRD was probabgpdsited on the top of glaciers and sea-ice near
Iceland and the East Greenland coast and therptreted in the ice through the EGC. Although
some of those volcanic shards ejected to the atneospcould have fallen directly in the sea, the
preferentially eastward dispersal pattern of Icglartephra follows the predominantly westerly
winds in the stratosphere (Lacasse, 2001), and;eheéhe amount of volcanic glass transported by

winds to the study site must be rather small. Brevistudies suggested the significantly low
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amounts of tephra transported towards Greenlangeptdinding layers that can be associated with
volcanic eruptions (Jennings et al., 2014). Aftetaded geochemical studies Jennings et al. (2014)
could not recognise any specific layer that cowddubed as a tephrochronological event in the SE
Greenland coast during the last millennium. Brow@ Yfagments are generally solid and not
vesicular, suggesting that they are not windblowards and were more likely to have been
incorporated in the ice from outcrops in Greenland Iceland. Similar brown VG fragments were
described in Kangerdlugssuaq trough sediments amrd imterpreted as coming from the glaciers
and sea ice from the Geikie Plateau area, basedirmralogical and x-ray diffraction analysis data
(Alonso-Garcia et al., 2013).

The presence of HSG in Eirik Drift sediments intksadrift-ice (sea ice and icebergs) coming from
NE Greenland and the Arctic, where red sandston&gap (Bond et al., 1997; Henriksen et al.,
2009). Most of the glaciers in NE Greenland and Ahetic develop floating ice tongues in the
fiords where semi-permanent fast-ice hinders tiebdogs from drifting. As a result, most of the
IRD carried at the base of the icebergs is depbsitethe fjords (Reeh et al., 2001). Our HSG
record from the Eirik Drift shows a significant anmd (up to 30%) of this type of IRD. Therefore,
despite substantial deposition of debris withinfibeds, the remainder of the drifted ice still Gas
considerable amounts of IRD. We suggest that sditteabIRD may have been wind-blown to the
top of the glaciers and/or sea ice at the NE Gaeehlnd Arctic coasts and fjords, rather than
directly incorporated in the bottom layers of thkacier. Those grains were then ice-rafted
southwards by the EGC when the ice was released thhe fjords. A similar origin was proposed
for HSG deposited at the SE Greenland coast basedmulti-proxy study (Alonso-Garcia et al.,
2013). In that study, periods of high HSG abundameee associated with strong ice export from
the Arctic via the EGC.

Variations in Arctic ice export show a significagtrrelation with Arctic Oscillation (AO) during
the last decades (Mysak, 2001; Rigor et al., 2082k higher Artic ice export during intervals of
positive AO, although this correlation is not soamgthtforward because Arctic ice export also
depends on the meridional wind components and dis@ign of the atmospheric pressure centres
(Hilmer and Jung, 2000), and large anomalies ireiqgort may have a different origin (Lehner et
al., 2013). Darby et al. (2012) demonstrated thatsburces of Arctic sea ice may change following
the AO and, therefore, we can observe change®imtheralogy transported by the ice in sediment
cores influenced by the EGC. During the negatiatesof the AO a strong high pressure system
dominates the Beaufort Sea restricting the TranarRift to the Siberian side of the Arctic Ocean
(Mysak, 2001; Rigor et al., 2002), which would lgrinlrift-ice with HSG from the areas of
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Severnaya Zemlya and Franz Josef Land. The incréaseélSG relative abundance and
concentration at Eirik Drift after 1400 yr AD (Fi§) may be driven by an intensification in ice
export from those areas in the Arctic and North@raenland rich in HSG, very likely favoured by
atmospheric changes which promoted higher presguthe Arctic. The increase in HSG coincides
with a shift observed in the sodium concentratidia’( Fig. 3) in Greenland ice core GISP2
(Meeker and Mayewski, 2002), which was interpretedn increase in storminess by ~1400 yr AD.
Enhanced storminess favours the transport of igsband sea ice through the EGC as well as the
deposition of HSG in the sea ice and on top ofigiacand both processes increase the amount of
HSG transported to Eirik Drift. Greenland temperatalso shows a decreasing trend after ~1400 yr
AD, (Kobashi et al., 2010). The sedimentary recofd~eni Drift (Bond et al., 2001), in the NE
Atlantic, also shows an increase in HSG relativenalance during the LIA interval (Fig. 3). Colder
atmospheric temperatures and the increase in iftecdfrom the Arctic may have contributed to
decrease subpolar sea surface temperature, fagagghergs to reach areas further south such as
Feni Drift (Bond et al., 2001).

Coal bearing sediments are present at many areasmdathe Arctic such as Siberia, Northern

Canada, Greenland and Scandinavia (Polar Regias AtP74; Petersen et al., 2013) and contribute
to high-latitude IRD deposition (Bischof and Darti97; McManus et al., 1996). Even though the

percentage of coal fragments is rather low at dudyssite (under 5 %, see Fig. 2) the higher

abundance of coal fragments in the Labrador Seiagithe MCA may be related to an increase in

drift-ice from the Canadian Arctic during the pogitstate of NAO/AO. However, these fragments

might also indicate human-related activity whiclergased in the area during the MCA. Further

analysis should be performed to assess the linti®se grains to any specific source.

Regardless of the mineralogy of the grains, itageeworthy the high number of lithics per gram of
sediment recorded in several samples during the NI&@. 2). A recent comprehensive study of
the last 2 millennia (PAGES 2k Consortium, 2013)veh this interval presented sustained warm
temperatures from 830 to 1100 yr AD in the Northdemisphere, including the Arctic region. The
high occurrence of IRD from 1000 to 1250 yr AD segig that during the MCA either a substantial
amount of icebergs drifted to the study area ordtiifing icebergs contained considerable amounts
of IRD, or a combination of both explanations. Saletudies on East Greenland glaciers and
fiords point to the consistent relationship betwealving rate acceleration and the presence of
warm Atlantic water in East Greenland fjords, brotugy the Irminger Current (Andresen et al.,
2012; Jennings and Weiner, 1996). Warm atmosphentperatures as well as the presence of
Atlantic water prevent the formation of sea icetlire fjords and in front of the glacier, thus

10
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increasing the calving rate by destabilizing thecgdr tongue (Andresen et al., 2012; Murray et al.,
2010). When tidewater glaciers are released froensta ice, their speed increases due to the
decreased flow-resistance and increased alongdtoegses during the retreat of the ice front, and
rapid changes may be observed in calving ratessipanse to disequilibrium at the front (Joughin et
al., 2008). At present, Kangerdlugssuaqg and Helligawiers, located in the central East Greenland
coast, represent the 35 % of East Greenland sdistetharge (Rignot and Kanagaratnam, 2006). If
conditions during the MCA were similar or warmerithat present, the calving rates of these
glaciers may have been even higher than at predelitering vast amounts of icebergs to the EGC,
where they would release IRD as they melted. Maggoduring the MCA it is likely that other
fiords, such us Nansen and Scoresby Sund, wergcaldee during the summer, allowing them to
contribute considerable numbers of icebergs toBGE. The massive diamicton found in Nansen
fiord sediments between 730 and 1100 yr AD dematesdrthat there was continuous iceberg
rafting due to warmer conditions (Jennings and Weid996). In this context, we postulate that
warm temperatures were the driver of the incre&sdabrg calving at Greenland fjords and the high
accumulation of IRD at Eirik Drift during late MCA.

After 1250 yr AD several spikes of high IRD abundawccurred during the intervals 1400-1450 yr
AD, 1650-1700 and 1750-1800 yr AD (Fig. 2). Becatlm®se intervals occurred within the LIA and
under cold conditions, the trigger of iceberg prdthn must have been slightly different from the
drivers proposed for the MCA ice-rafting eventse3é intervals of high IRD accumulation during
the LIA are characterized by slightly lower relatiabundance of HSG and higher relative
abundance of volcanic grains and other fragmeritis. Joints to an intensification of SE Greenland
production of icebergs during the LIA intervals efihanced ice-rafting. Therefore, for the LIA
events, we advocate for the same mechanism thatputaforward to explain rapid releases of
icebergs in Denmark Strait during the last 150Atbiso-Garcia et al., 2013). During cold periods
sea ice becomes perennial along the Greenland loloaging the seaward advance of glaciers and
hindering icebergs from calving, thus leading te #tcumulation of ice mass in the fjords. Based
on model simulations, when the sea ice opens aakbrethe ice flow at the grounding line
accelerates very quickly, triggering a rapid rede@$ the grounded ice stream (Mugford and
Dowdeswell, 2010). In summary, we propose thathigh IRD occurrence during the intervals
1350-1450 yr AD, 1650-1700 and 1750-1800 yr AD vikgly corresponds to episodes of rapid
iceberg release from SE Greenland fjords. Interghti the timing of these intervals of high IRD
deposition coincides with the intervals of most ateg volcanic-solar forcing described by the
PAGES 2k Consortium (2013).
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5.2. Influence of ice-rafting on SPG conditions atichate during the last millennium

Our IRD records have been compared with other pakewographic and paleoclimatic records from
Eirik Drift and other subpolar North Atlantic sités obtain a better picture of subpolar conditions
during the last millennium. The planktonic foranfémid*°0 record oiN. pachyderma sin from Eirik
Drift (this study) indicates slightly lower temptawees after 1050 yr AD (Fig. 4-i). A study from the
same region presentedb®0 record ofGlobigerina bulloides (Fig. 4-i) and relative abundance of
N. pachyderma sin (Fig. 4-h) (Moffa-Sanchez et al., 2014a; Meffanchez et al., 2014b) which
suggest a cooling episode during late MCA (~110@\B) and a clear drop in temperature after
1200 yr AD. The coincidence of these temperatumpsiiwith the increasing trend in total IRD
concentration at site GS06-144-03, indicates tmaigrowing iceberg production at East Greenland
fiords, due to the MCA warm conditions, starteadt¢ol and freshen Labrador Sea several centuries
before the LIA started. The quartz/plagioclaseoradi bulk measure of IRD (Moros et al., 2004),
also shows an increasing trend at the end of thé MCsites in Denmark Strait (Andrews et al.,
2009; see Fig. 4-j) and off northern Iceland (Mogbsl., 2006) providing further evidence for the
intensification of iceberg calving at this time. |@er winter sea surface conditions have also been
recorded off N Iceland after 1200 yr AD (Jiang &t 2007; see Fig. 4-f), although sea surface
conditions were not cold enough to generate l@asens of severe sea ice until ~1300 yr AD
(Massé et al., 2008; see Fig. 4-e), when annualt@@8Tsubstantially decreased (Sicre et al., 2008).
SE Greenland sea ice and SST proxies (Fig. 3-abanddicate an increase in sea ice and SST
decrease at ~1200 yr AD (Miettinen et al., 201%)e Teduction in the relative abundance of the
benthic foraminifertCassidulina teretis between 1000 and 1300 yr AD in Nansen fjord indisa
weaker influence of Atlantic water at the East Gtaed coast (Jennings and Weiner, 1996). This
decline in Atlantic water may be explained by a kexdng in the northern branch of the Irminger
current which would have favoured the SST decraasksea ice formation in SE Greenland coast
and in Denmark Strait and North of Iceland. Blinidlheand Malmberg (2005) associated the
northern Irminger current weakening with high pressover Greenland and weaker northerly
winds. In addition, the mineralogical compositiomdabiomarker study of the last 2000 years in
several sites in Denmark Strait and North of Icélardicate a change to cold conditions at ~1250
yr AD very likely associated with an intensificatiof the high pressure over Greenland and the
strengthening of N and NW winds, which led to pesgive presence of sea ice exported from the
Arctic during winter and spring (Andrews et al. 020.
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The anomalously high Atlantic temperatures recomietihg the interval ~950-1100 yr AD (Mann
et al., 2009) may indicate SPG circulation washim $trong mode during that time interval (Fig. 4-a
& 5-c). Strong SPG circulation enhances the supplyarm Atlantic Intermediate water to the East
Greenland coast, which promotes calving and, sulesgly, increases the ice input in the Labrador
Sea region. Switches from weak to strong SPG atimr may happen naturally due to external or
internal forcings, and these changes are currenthatter of debate because of their influence on
North Atlantic climate (e.g. Hakkinen and Rhine€)02). According to model simulations,
freshwater input (i.e. ice input) to the SPG mayger weakening of SPG circulation, and this may
be amplified successively by positive feedbacksiltieg) in further weakening and freshening of
the gyre due to the attenuation of the Irmingerréur (Born et al., 2010; Born et al., 2016;
Moreno-Chamarro et al.,, 2016). Specifically forsttime interval, it is important that the main
freshwater input reached the Labrador Sea affecta®p water formation, because a freshwater
input into the Nordic Seas may have driven the sjgpeffect (Born and Stocker, 2014). Our IRD
record demonstrates an increase in the amounedfansported by the EGC to the Labrador Sea
from 1000 to 1250 yr AD, with a potential main steiin SE Greenland. This input of freshwater to
the SPG potentially drove a slowdown of deep cotiwecin this area and weakened the SPG
circulation. A recent study also points to enhanicguit of the Labrador Current to the Labrador
Sea from ~1000 to 1300 yr AD (Sicre et al., 20Mhjch indicates calving intensified in SW
Greenland and Baffin Bay regions as well. Probably from both sources, East and West
Greenland, directly affected the salinity balant&abrador Sea water and deep convection in this
region. However, even though the freshwater inpatesd at ~1000 yr AD, the SPG circulation
only started to weaken after ~1250 yr AD, as sutggeBy a record of deep-sea corals from the NE
Atlantic (Copard et al., 2012). Moreover, our IRBtal shows a lag between the first temperature
drops at Eirik Drift and the decrease in ice-rajtifFig. 4), indicating a delay between SPG
weakening and Irminger Current slowdown. It seemes3PG entered in the weak mode, because of
the reduced convection, but warm intermediate wegerained in the fjords for several years,
allowing continued iceberg calving. Also, the rasg® of calving may be slower, particularly if
SST were relatively warm and the fjords were notepeially covered by sea ice. However,
simulations to reconstruct past climate changemally are not detailed enough to characterize the
impact of direct freshwater input from Greenlandhe ocean, and its consequences after several

years-decades, which would be very interestingettebunderstand past climate events as the LIA.

As the strength of Irminger Current input declingt: areas of SE Greenland, Denmark Strait and
North of Iceland cooled, and coastal sea ice begaenennial after 1450 yr AD, according to the

sea ice index IR (Massé et al., 2008). Tt%"0 records oN. pachyderma sin (Fig. 4-i, this study)
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and Turborotalita quinqueloba (Fig. 4-c) from Eirik Drift (Moffa-Sanchez et aR014b) indicate a
shift to colder summer SST in the SPG after 1408Qr(Fig. 4), which coincides with the increase
in Arctic ice export reflected by the HSG, and #erminess intensification (Fig. 3-c), recorded by
the Nd content in the Greenland ice core GISP (MeekerMagewski, 2002). Plankti'®0 and
Mg/Ca from sites in the Norwegian Sea (Fig. 4-Bpiiiy an initial decrease in temperature at 1200
yr AD, and a subsequent distinct downward shift 400 yr AD, which suggests not only SST
cooling, but also a decline in the stratificatidrtloe water column, very likely linked to changas i

the upper-ocean conditions in this region as vigldnd et al., 2006; Sejrup et al., 2010).

It is clear that sea surface conditions in the S8FR@ rather different before and after ~1200 yr AD.
The freshening of the SPG and the increase incgealong the Greenland and Iceland coasts may
have been associated with a change in atmosphanmititions, weakening winter circulation over
the Arctic and promoting more storminess in thepsldr area and the development of atmospheric
blocking events (Moreno-Chamarro et al., 2016). BMagimulations point to the development of
frequent and persistent atmospheric blocking eyémdsiced by low solar irradiance, as one of the
main drivers to develop the consecutive cold weitdocumented in Europe during the LIA
(Barriopedro et al., 2008; Moffa-Sanchez et al14%). Atmospheric blocking events derive from
instabilities of the jet stream which divert or titathe pathway of the westerly winds (Hakkinen et
al., 2011). These events typically predominaterdusvinter and occur linked to high pressure in
the Arctic and a weak polar vortex. The cold SS&nts recorded at the subpolar area during the
last millennium (Moffa-Sanchez et al., 2014a; Meffanchez et al., 2014b; Sejrup et al., 2010),
suggest that atmospheric blocking events affe¢teentire North Atlantic regional climate.

5.3. Implications for LIA origin and Norse colonies

It is worth noting that our IRD record shows twpdg of ice-rafting events: ice-rafting related to
warm temperatures (during the MCA), and ice-raftiligked to rapid releases of the ice
accumulated in the fjords due to cold conditionsrifth the LIA). During the LIA, the events of
maximum ice-rafting are coherent with the minimuadues of solar irradiance (Steinhilber et al.,
2009), particularly with the Wolf, Spérer and Maendninima (Fig. 5). Ice-rafting events in our
record tend to happen during intervals of low sdleadiance and cold temperatures in the SPG,
often with also significantly cold summer SST (Ffgc and i). The reconstruction of radiative
forcing based on solar irradiance and volcanic tewap (Sigl et al., 2015) also shows low values

during the main events of high IRD occurrence (Big.
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Solar irradiance has been put forward as the ngjger for the Holocene cold events because low
solar irradiance induces an atmospheric reorgaaizat the Polar region which not only affects the
North Atlantic but the mid-latitudes of the Northedemisphere (e.g. Bond et al., 2001). Several
records from the high latitude North Atlantic sugphis hypothesis, displaying cold temperatures
at times of solar irradiance minima during the kagtennium (Moffa-Sanchez et al., 2014a; Sejrup
et al., 2010). However, the role of solar irradmmn forcing cooling events has been questioned
during the last decade. A comprehensive review ten topic proposed that a combination of
internal climate variability and external forcing®ntributed to drive Holocene cold events,
including the LIA (Wanner et al., 2011). Volcanictigity is also commonly put forward as the
main driver of atmospheric reorganizations whichwég in cooling events. Precisely dated records
of ice-cap growth from Arctic Canada and Icelandlligv et al., 2012) showed that LIA summer
cooling and ice growth, potentially linked to vahia forcing, began abruptly between 1275 and
1300 yr AD, followed by a substantial intensificatiat 1430-1455 yr AD. Moreover, a recent study
about the role of radiative forcings and climatedieacks on global cooling over the last
millennium also concluded that the volcanic forciaghe factor that contributed the most (Atwood
et al., 2016).

According to our observations, the increase in @legel calving during the MCA (Fig. 5-e) took
place before the ice caps started to grow, dunmgn&erval of high solar irradiance (Fig. 5-f), hig
temperatures in the Northern Hemisphere (Fig. 50y low volcanic activity (Fig. 5-g). This
indicates that the ice-rafting events of the MCAeaveot related to the fluctuations driven by solar-
volcanic forcing. Alternatively, we interpret theseents as resulting from the acceleration of
calving rates in SE Greenland glaciers, driven byrwtemperatures. We postulate that the increase
in calving rates during the MCA induced a decrdasthe Labrador Sea salinity, which may have
triggered the weakening of SPG circulation and ceduconvection. A decline in Labrador Sea
convection reduces deep water formation in onehefkey areas of the North Atlantic, which
weakens North Atlantic circulation, and, in turecteases oceanic heat transport to this area (Born
et al., 2010; Moreno-Chamarro et al., 2016). Oree $PG entered in the weak mode this area
received less heat and became more sensitive@mekforcings which may have generated further
cooling. This interpretation is in agreement widtent model simulations which suggest that a
weakening of the SPG circulation could have indubedLIA cooling, and this shift from strong to
weak circulation may have been triggered by fresbwinput to the Labrador Sea (Moreno-
Chamarro et al.,, 2016). Subsequently, low solaadiance intervals, possibly combined with
volcanic emissions, promoted atmospheric reorgéoizm which gave rise to a weakening of the

polar vortex and promoted atmospheric blocking &/eenhancing cold temperatures in the
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subpolar area and leading to ice sheet growthartigtic region during the LIA. The development
of atmospheric blocking events in the North Atlantis suggested by Moffa-Sanchez et al. (2014a),
probably propagated the atmospheric cooling adtasspe and the Nordic Seas. Indeed, the first
strong minimum of solar irradiance during the lagtennium (Wolf, ~1300 yr AD) occurred when
the Labrador Sea was already fresher and SPG afimoulwas weak (Fig. 5), according to our
interpretations and to Copard et al. (2012) deepeseals record. The reconstructions of solar and
volcanic forcings (Fig. 5-f and g) shows a trendosfer values after 1450 yr AD with a first step of
low values during the Wolf minimum indicating thablcanic forcing may also have played an
important role in modifying the atmospheric coratis. However, we consider that the decrease in
Labrador Sea salinity prior to the Wolf minimum wasucial to produce changes in SPG
circulation. Once the SPG entered the weak modegffiects of solar and volcanic forcing possibly
produced a deeper impact on North Atlantic climétés likely that the LIA would not have been
such a cold and widespread event if the SPG ctionlavas strong and deep convection was active
at the time.

The results of this study can be linked to the azmm and demise of the Norse colonies.
According to historical data, the Norse expansiow @olonization of Iceland and Greenland
occurred during the warmer climate conditions & MCA which favoured fishing and farming in
these regions (Kuijpers et al., 2014; Ogilvie et2000; Ogilvie and Jénsson, 2001; see Fig. 3j. Ou
study indicates that, even though calving inteedifafter the settlement of the Norse colonies in
Greenland, climatic conditions during the late M@#&re still favourable because the strong
circulation in the SPG supplied relatively warm &vatio SE Greenland coast. Therefore, the fjords
were not perennially covered by sea ice and iikidyt that a rather continuous calving may have
helped hunting. However, after several decadesnteinge calving and melting of Greenland
glaciers, the Labrador Sea got fresher and the &Rfblation started to weaken, triggering a
change in oceanic and atmospheric conditions. Edeation of deep convection decreased the
transport of heat to the NW subpolar area and ardthisea ice occurrence in the fjords, which
deteriorated the living conditions in Greenlande Bubsequent cooling and increase in storminess
brought by the shift in atmospheric conditions (@ase in atmospheric blocking events) very likely
favoured the abandonment of the Greenland Norserseints at the beginning of the LIA
(Dugmore et al., 2012; Ogilvie et al., 2000, Fig. 3

6. Conclusions
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Sediments from Eirik Drift were studied in orderewamine the variations in ice-rafting during the
last millennium and its linkage to LIA developmet®RD in the 63-150 um fraction shows the
highest concentration during the intervals: ~1000€l, ~1150-1250, ~1400-1450, ~1650-1700 and
~1750-1800 yr AD. The identification of differentimarals allowed us to link the IRD with
potential sources and better interpret the icéagievents. The main IRD source was along the SE
Greenland coast, although during the LIA the greedacentration and relative abundance of HSG
supports an increase in the contribution of iceoebgul from the Arctic region and NE Greenland
via the EGC. Two different types of ice-rafting at® have been recognised: (1) ice-rafting
recorded during the MCA, which we interpret as beislated to the acceleration of calving rates in
SE Greenland glaciers driven by warm oceanic ambsgppheric temperature; and (2) ice rafting
events during the LIA, which have been linked tpidaeleases of the ice accumulated in the fjords

due to the perennial sea ice developed in the Gnegrwoast during cold periods.

The comparison of our IRD records with other Noftthantic reconstructions of ice-rafting, sea
surface and deep ocean conditions provides a hgtierre of the development of the LIA in the
subpolar region. We postulate that the enhancedliseharge during the MCA, due to warm
conditions, decreased sea surface salinity in #twddor Sea, which in turn reduced Labrador Sea
convection and weakened SPG circulation. The réuah convection in the Labrador Sea, one of
the key areas of deep water formation in the Nétlantic, potentially weakened the North
Atlantic circulation, and decreased oceanic heatsport to the high latitudes, particularly to the
Labrador Sea region. In other words, the reducedaaion also diminished the arrival of warm
water from the NAC to SE Greenland coasts indupieiggnnial sea ice occurrence and cooling the
atmosphere which promoted ice sheet growth in thetida The subsequent atmospheric and
oceanographic reorganizations induced by extemralirfgs, such as solar and volcanic forcing,
generated extremely cold conditions in the Nortlaitic during the LIA, with the development of
atmospheric blocking events which boosted furtiueling and harsh conditions across Europe and
the Nordic Seas, and led the Norse to abandon ¢toéinies in Greenland around 1400 yr AD

because of their maladaptation to cold climate ttmms$ (Dugmore et al., 2012).

This study puts forward the idea that the develagnoé the exceptionally cold conditions during
the LIA may be better explained by the previoustiening of the Labrador Sea due to enhanced
ice-rafting during the MCA and the subsequent waalgof the SPG circulation. This finding may
be fundamental to model future climate conditioiveiy that calving in the SE Greenland glaciers
has been increasing during the last decade (Anuedsa., 2012; Straneo et al., 2013).
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Figure Captions

Figure 1. A) Location of multicore GS06-144-03 (s#dr) and other sites in the Northern North
Atlantic whose records have been used to suppedidtussion proposed in this work. General
North Atlantic circulation is shown according tohfattz and McCartney (1993). The location of
Norse settlements in Greenland is shaded and tediegth ES (Eastern settlement) and WS
(Western settlement). B) Temperature and salinibfiles of the first 2000 m at site GS06-144-03
obtained though Ocean Data View (http://odv.awed&iome/) from the World Ocean Atlas 2013
(Locarnini et al., 2013; Zweng et al., 2013).

Temperature (°C) Salinity (psu)

| h

60°N -

Depth (m)

50°N A 3 P GS06-144-03
; &RAPID-35-25B

1: P1003MC/SC
2: MD99-2275
3:BS1191-K14

2 4 6 8 34 345 3 355
o winter o+ spring ¢ summer

4: MD99-2263

M Ocean Data View
)

28



818  Figure 2. Ice-rafted debris (IRD) records from €i806-144-03. a) Coal grains relative abundance;
819  b) Hematite stained grains (HSG) relative abundagicetal volcanic glass (VG) relative

820 abundance (brown line) and white VG relative alaume (shaded area); d) total IRD concentration
821 in each sediment sample (black line), and IRD cotration not including the white volcanic glass
822 (shaded area); e) concentration of HSG; f) conaéotr of total VG (brown line) and white VG

823  (shaded area); g) Northern Hemisphere sulphatealdrgection by volcanic eruptions (after Gao
824 et al. (2008), revised in 2012) and non-sea sdftiSinom NEEM Greenland ice core (Sigl et al.,
825  2015). Blue harizontal lines indicate mean valuedlie intervals they encompass. The

826  approximate standard duration of the Little Ice Agi\) and Medieval Warm Period (MWP) has

827  been depicted in blue and red squares respectively.
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829  Figure 3. LIA shift at ~1400 yr AD (green vertidzdr) in several records compared to site GS06-
830  144-03 IRD records. a) SE Greenland April sea arecentration (Miettinen et al., 2015); b) SE
831  Greenland April se surface temperature (Miettineal.e 2015); ¢) Narecord from GISP2 (Meeker
832  and Mayewski, 2002); d) HSG record from Eirik Dfifed line) and from Feni Drift in the NE

833  Atlantic (black dashed line, Bond et al., 2001)tatal IRD concentration; f) HSG concentration.
834  The main events in Norse colonisation and abandohofesettlements are depicted on the top of

835 the figure, according to Ogilvie et al. (2000).
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Figure 4. Comparison of IRD records from site G3@8-03 with subpolar North Atlantic records
of sea surface temperature, ice-rafting and seajostlantic Multidecadal Oscillation (AMO) SST
anomaly (Mann et al., 2009); ) pachyderma dex 0 record from the Norwegian Sea (Sejrup et
al., 2010), cJT. quinqueloba §'%0 record from site RAPiID-35-25B at Eirik Drift; 89SG relative
abundance from site GS06-144-03 (solid line, thishg and from Feni Drift (dashed line, Bond et
al., 2001), e) Sea ice index (IP25) from site M22¥5, NW of Iceland (Massé et al., 2008), f)
Diatom-based winter SST from site MD99-2275 (Jiahgl., 2007), g) Relative abundance of the
Atlantic waters indicato€assidulina teretis from Nansen Fjord (Jennings and Weiner, 1996), h)
Relative abundance ®f. pachyderma sin from Eirik Drift (Moffa-Sanchez et al., 201410)

Planktic foraminife5*®0 from Eirik Drift (G. bulloides from Moffa-Sanchez et al., 20144;
pachyderma sin from this study), j) Quartz vs plagioclaseaa# proxy for ice-rafting, from MD99-
2263 (Andrews et al., 2009), k) total IRD concetivrafrom site GS06-144-03 (this study). Light
blue vertical bars indicate the periods in whicBIBoncentration is higher at site GS06-144-03.
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Figure 5. Sequence of events during the transftmm the MCA to LIA and linkage to potential
forcings. a) Hematite stained grains (HSG) relatibandance at site GS06-144-03; bj Nzord
from GISP2 (Meeker and Mayewski, 2002); c) AtlamMaltidecadal Oscillation (AMO) SST
anomaly (Mann et al., 2009); d) SE Greenland Aged ice concentration (Miettinen et al., 2015);
e) total IRD concentration at site GS06-144-0Rdronstruction of total solar irradiance based on
1%Be isotopes from ice cores (Steinhilber et al. B0f) Radiative forcing based on volcanic
eruption reconstructions (Sigl et al., 2015). Dgrihe interval shaded in red SPG circulation was
stronger, according to the interpretations of tinisk, whereas during the interval shaded in blue
SPG circulation was weaker. The letters in therdoladiance record indicate the minima of solar
irradiance named Oort (O), Wolf (W), Sporer (S),udder (M) and Dalton (D).
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Table I. Site GS06-144-03 MC-A chronology, based on 12 accelerator mass spectrometry (AMS) *C

dates performed on the calcareous shells of the planktonic foraminifera Neogloboquadrina

pachyderma sinistral.

Lab code® | Core Species® | Uncorrected Calibrated 1o age Remarks
depth ¢ age (yr) + Age (AD)¢ range
(cm) 1o error (median
probability)
KIA34239 | O Nps 145 + 20 BP* 1984 2006-1962 | Bomb *C
KIA41679 | 2 Nps 555 + 30 BP 1739 1701-1776
KIA43514 | 4.5 Nps 640 + 25 BP 1669 1647-1690
KIA43515 | 5.5 Nps 740 t 25 BP 1563 1526-1600
KIA41681 | 8 Nps 760 £ 25 BP 1540 1497-1582
KIA36383 | 10 Nps 815 + 25 BP 1490 1466-1514
KIA36384 | 12 Nps 890 * 25 BP 1447 1428-1465
KIA36385 | 18 Nps 1140 + 25 BP 1266 1241-1291
KIA36386 | 22 Nps 1225 + 35 BP 1192 1145-1238
KIA36387 | 28 Nps 1460 + 25 BP 948 910-986
KIA41682 | 32 Nps 1440 + 30 BP 968 926-1009
KIA34241 | 36 Nps 1600 + 25 BP 777 734-819

®KIA — Leibniz Labor fiir Altersbestimmung und Isotopenforschung, Kiel, Germany

® Nps — Neogloboquadrina pachyderma sinistral

< 1%C ages were converted into calendar ages with the CALIB Rev 6.1.0 software and the MARINEO9
calibration dataset, applying a standard 400a reservoir age correction.

*Sample marked with an asterisk had levels of more than 100% modern carbon (pMC) and is
assumed to be post-AD 1962 (relative to the increase in bomb radiocarbon levels in the North
Atlantic region). Core was collected in 2006.
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