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Abstract

Arctic freshwater discharges to the Labrador Semn fmelting glaciers and sea-ice can have a deep
impact on ocean circulation dynamics in the Nortttatic modifying climate and deep water
formation in this region. In this study, we presétthe first time a high resolution record of-ce
rafting in the Labrador Sea over the last millemmito assess the effects of freshwater discharges in
this region on ocean circulation and climate. Tleeuorence of ice-rafted debris (IRD) in the
Labrador Sea was studied using sediments fromG#@6-144-03 (57.29° N, 48.37° W, 3432 m
water depth). IRD from the fraction 63-150 um shiogher concentration during the intervals:
~1000-1100, ~1150-1250, ~1400-1450, ~1650-1700-4780-1800 yr AD. The first two intervals
occurred during the Medieval Climate Anomaly (MCAhereas the others took place within the
Little Ice Age (LIA). Mineralogical identificatiorindicates that the main IRD source during the
MCA was SE Greenland. In contrast, the concentraind relative abundance of hematite-stained
grains (HSG) reflects an increase in the contridsutif Arctic ice during the LIA.
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The comparison of our Labrador Sea IRD records wttier climate proxies from the subpolar
North Atlantic allowed us to propose a sequencprotesses that led to the cooling events during
the LIA, particularly in the Northern Hemispherehig study reveals that the warm climate of the
MCA may have enhanced iceberg calving along th&gtenland coast and, as a result, freshened
the subpolar gyre (SPG). Consequently, SPG ciiculaswitched to a weaker mode through
internal feedbacks that reduced convection in thbrador Sea decreasing its contribution to the
Atlantic Meridional overturning circulation and,u, the amount of heat transported to high
latitudes. This mechanism very likely preconditidribe North Atlantic inducing a state in which
external forcings (e.g. solar irradiance and valcamput) could easily drive periods of severe cold
conditions in Europe and the North Atlantic like thlA. The outcomes of this work indicate that a
freshening of the SPG may play a crucial role ia ttevelopment of cold events during the
Holocene, which may be of key importance for prédits about future climate.

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

1. Introduction

The last millennium is a primary target in paleodie studies since this interval allows us to
reconstruct the climate variability of our receigtbry and its impact on the development of our
society. Moreover, climatic reconstructions of tlast millennium combined with instrumental
records constitute a remarkable framework to obtirtomprehensive understanding of the
mechanisms that drive the Earth’s climate and iwg@roiture climate predictions. The climate of
the last millennium is characterized by a warm geércalled the Medieval Climate Anomaly
(MCA) or Medieval Warm Period (~800-1200 yr AD),cald interval called the Little Ice Age
(LIA, ~1350-1850 yr AD) and the #0century warming trend (e.g. Mann et al., 2009; Waret

al., 2011). According to historical records, thebmate oscillations affected human development in
Europe, in particular, the Norse expansion in theetiN Atlantic (Ogilvie et al., 2000). The warm
conditions of the MCA promoted the colonizationloéland and Greenland by the Norse and the
exploration of North America during the 9th to 12#nturies, whereas the deterioration of climatic
conditions at the beginning of the LIA forced therabandon the Greenland settlements by the end
of the 15th century (Kuijpers et al., 2014; Ogileieal., 2000).

Reconstructions of ocean and land temperature shewLIA cooling was neither spatially nor
temporally uniform (Bradley et al., 2003; PAGES Consortium, 2013; Wanner et al., 2015;
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Wanner et al., 2011) and, therefore, there is amagbate on the forcings that may have triggered
these climate oscillations. Reduced solar irradianod the occurrence of explosive volcanic
eruptions are the two most commonly examined fgi@.g. Bond et al., 2001; Miller et al., 2012)
due to the impact they may have on atmospheric rdigga Other forcings such as the internal
dynamics of the oceanic and atmospheric systenth (88 the North Atlantic Oscillation-NAO-,
Arctic Oscillation-AO-, Atlantic Multidecadal Osdiltion-AMO-, El Nifio-Southern Oscillation-
ENSO-, or the monsoonal regimes) have also beesidemed to play a major role driving climate
oscillations during the last century (see revieWManner et al., 2011). Freshwater discharges to the
North Atlantic may also be the drivers of climateange through their impact on sea surface
circulation and deep water convection, which inntunay slowdown the Atlantic Meridional
Overturning Circulation (AMOC) (Manabe and Stouff@©95). Particularly, the Labrador Sea is
very sensitive to increases in freshwater and seanput. Deep water formation in the Labrador
Sea contributes 30% of the volume transport ofdéep limb of the AMOC (Rhein et al., 2002;
Talley, 2003), and freshwater input to this regimduces deep convection and deep water
formation, slowing down the overturning circulatiand oceanic heat transport by up to 27 and 15
%, respectively (Born et al., 2010). The decreagseeat export from low to high latitudes modifies
regional climate by cooling the western North Atlanwhich, in turn, influences the climate of the
whole North Atlantic (Born et al., 2010). A recetample of this phenomenon may be the Great
Salinity Anomaly (Dickson et al., 1988). During ghévent, vast amounts of Arctic sea ice and
freshwater were delivered to the Labrador Sea, Ipaila the East Greenland Current (EGC),
freshening the subpolar gyre (SPG) and decreasimgmconvection and deep water production. A
recent study of the last 50 years also shows & clelationship between fresh water fluxes from the
Arctic and reductions in deep water formation ie tabrador Sea (Yang et al., 2016).

Recently, a lot of attention has been paid to theadhics of the SPG and its relationship with
climate (e.g. Born and Stocker, 2014). Instrumergabrds and modern observations show a close
link between decadal climate variability and SPGaiyics (e.g. Hakkinen and Rhines, 2004;
Sarafanov, 2009), and rapid climate change reaactgins throughout the last glacial cycle have
been interpreted as a consequence of changes BPtBedynamics (Moffa-Sanchez et al., 2014a;
Mokeddem and McManus, 2016; Mokeddem et al., 204dros et al., 2012; Thornalley et al.,
2009). Variations in the strength and shape ofSR& may also impact deep convection in the
Labrador Sea, therefore influencing deep waterystidn and AMOC (Béning et al., 2006; Hatun
et al., 2005), which eventually affects climateotigh the reduction of heat transported from low to
high latitudes. A shift to weak SPG circulation len inferred using deep-sea corals between the
MCA and the LIA (Copard et al., 2012) and model dations suggested this weakening of the
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SPG was the main driver of the LIA due to the daseein meridional heat transport to the subpolar
North Atlantic (Moreno-Chamarro et al., 2016). Maover, the occurrence of unusually cold winters
in Europe during the last 100 years has been agedcivith atmospheric blocking events in the
North Atlantic, which are high pressure systemg #ir the normal westerly wind circulation in
this region (Hakkinen et al., 2011). These eventgsassociated with negative NAO, may modify
surface circulation in the North Atlantic and amekéd to cold winter temperature in western
Europe (Shabbar et al., 2001). Periods of intensepersistent atmospheric blocking events very
likely developed during the LIA due to the influenof low solar irradiance and weak SPG

circulation, causing decadal intervals of severing in Europe (Moffa-Sanchez et al., 2014a).

In this work we used a sediment core from the Hbikt, in the Labrador Sea, to reconstruct the
ice-rafting occurrence during the last 1200 yr ardmine its impact on SPG dynamics and climate.
The presence of ice-rafted debris (IRD) is a préxyiceberg and sea ice discharges. Our IRD
record from the Eirik Drift indicates ice exportttte Labrador Sea and allows us to infer periods of
enhanced freshwater discharges. Previous Holoce-proxy records (including IRD records)
from the North Atlantic pointed to the linkage beem cooling events and low solar irradiance
values (Bond et al., 2001). However, this hypothésis been challenged by the fact that ice-rafting
reconstructions in the Northern North Atlantic shaolifferent trends between the eastern and
western regions during the Holocene (Moros et28l06). The combination of our IRD data with
other records from Eirik Drift as well as other palar North Atlantic sites allowed us to present a
comprehensive reconstruction of the transition frile MCA to the LIA. This study reveals the
importance of ice discharges in modifying surfaiceutation in the SPG, as a driver of oscillations

in climatic patterns and deep water productiorhengast, and perhaps again in the near future.

2. Geological and oceanographic setting

Site GS06-144-03 (57.29° N, 48.37° W, 3432 m wakepth) is located in the southern tip of
Greenland at the Eirik drift (Fig. 1). The sitepkced in the northwest part of the SPG, a very
sensitive area to climatic and oceanographic ctagiyen 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 currefi€), which is the western branch of the NAC
and flows towards Greenland, the East Greenlanceicu{EGC) and the Labrador Current (LC)
(Fig.1). The IC brings warm and high salinity waterthe Labrador Sea whereas the EGC and LC

transport colder and lower salinity water and uguzrry icebergs and sea ice from the Arctic area.
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Oscillations in the amount of ice transported by BEGC and LC may result in freshening of the
SPG affecting the strength of SPG circulation. flations in the SPG circulation have been
suggested as the driver of oscillations in decdéal water production and climate variability in
the North Atlantic and surrounding continents (Biinet al., 2006; Hakkinen and Rhines, 2004;
Hatun et al., 2005). Two states of equilibrium hbaeen described depending on the strength of the
SPG circulation (Born and Stocker, 2014), when dheulation is strong, more salty water is
advected to the center of the gyre favouring deafemformation in this area, whereas when the
circulation is weak more salty water is advectedheastward to the Nordic Seas and the SPG
water gets fresher, which prevents deep convedatidthe Labrador Sea. However, some increased
convection may occur in the Irminger Basin and Mor8eas, counterbalancing the lack of
Labrador Sea convection. Changes in the dynamitiseoS8PG are mainly driven by cyclonic winds
and buoyancy forcing (Born and Stocker, 2014),dfoee, freshwater input via iceberg discharges
may be a critical factor modifying the circulationthe SPG and the deep water formation in the
Labrador Sea.

3. Materials and methods

Sediments from Site GS06-144-03 were drilled usimgulticore device during a cruise on the R/V
G.O. Sars (Dokken and Ninnemann, 2006). A robustrailogy has been developed based on 12
AMS radiocarbon dates arfd®b measurements at the top of the core (Kleiveal.gt prep.).
Samples were taken every 0.5 cm and the high setitien rate at this site allows us to
reconstruct the ice-rafting history of the past Q2@ at a decadal-scale resolution (mean
sedimentation rate of 0.029 cm/yr, on average ~rlBeyween samples). Sediment samples were
sieved using a 63 um mesh with de-ionized watelitoinate clays and subsequently dried in an
oven. Then samples were dry sieved to extract @b fraction which was used in this study to
examine IRD content. This size fraction is coarseugh to be delivered to the open ocean
primarily by drifting ice rather than wind or cunts (Fillon et al., 1981; Ruddiman, 1977), yet
lends itself to detailed petrographic analysis @eand Lotti, 1995).

Each sample was split with a microsplitter to aftan aliquot with about 200 IRD grains. The
aliquots were placed in a transparent gridded @ay counted using a high magnification
stereomicroscope which incorporates a light sofrara the bottom, similar to the transmitted light,
and a light source from the top which emulatesecddld 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 mrsparent tray is a key factor to improve the

5
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identification of quartz and feldspar hematitestai grains (HSG) by the introduction of a white
paper below the tray which enhances the contrasielem the hematite-stained portion and the rest
of the grain. This technique is similar to thatatdsed in Bond et al. (1997), however, the use of
aliquots presents the advantage that IRD concéngain 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 caécuatrors for the replicated samples are below
3.2 %. The identification of different groups of marals such as HSG of quartz and feldspar,
unstained quartz and feldspar, and brown and wioiteanic glass (VG) allows us to calculate the
relative abundance of each type of IRD which maysbeful to identify the sources of the drifting
ice that transported the IRD (e.g. Alonso-Garcialet2013; Bailey et al., 2012).

SEM x-ray diffraction was performed on selectedirggawith an energy dispersive spectroscopy
(EDS) equipment at the facilities of the CollegeMdrine Science (University of South Florida).
The EDS equipment used is an EDAX x-ray microanslggstem with an Apollo 10 silicon drift
detector.

4., Results

The total concentration of IRD (Fig. 2) ranges fre@000 to 116,000 grains per gram of sediment
(grains/g) which means that icebergs and sea ashesl the studied area during the entire interval
examined in this work. The highest peak of IRD @mation was reached at the end of the MCA
(1169 yr AD) and the intervals with higher IRD centration occurred approximately at 1000-
1100, 1150-1250, 1400-1450, 1650-1700 and 1750-3808D with mean values above 50,000
grains/g. The first two of these five intervalshagh ice-rafting occurred during the MCA, whereas

the other three intervals of high IRD concentratimok place during the LIA.

Volcanic glass (VG) is one of the main componefithe IRD with relative abundances up to 59 %
(Fig. 2). This group includes brown VG fragmentsuyally not vesicular, and white VG fragments,
very light and often with vesicular aspect. Theamniration of the total VG shows a similar pattern
to the total IRD concentration with higher valuagidg the same intervals (Fig. 2). The relative
abundance of VG shows higher values during thenvate of higher total IRD concentration. The
relative abundance of white VG is generally lowmsart 20 % and does not show clear periods of

higher abundance that can be correlated to thed@dwolcanic eruptions (Gao et al., 2008).

HSG relative abundance ranges between 2 and 38&hing higher values than those observed at
MC52 in the Eastern North Atlantic (Fig. 3, Bondagt 2001). The record of HSG concentration
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shows a different pattern from the total IRD and ¥&Bords, with higher concentration from 1400
to 1900 yr AD (Fig. 2). The relative abundance &Glis also higher after 1400 yr AD, with mean
values increasing to over 15 % from near 5% befat®0 yr AD. This range of variability is
comparable to previous observations across then#dlén 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 fragmdiizse 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 origihfitom different areas. Volcanic rocks outcrop
mainly in Iceland and the Geikie Plateau area enBhast Greenland coast, surrounding Denmark
Strait (Bailey et al., 2012; Henriksen et al., 200@olcanic glass can also be atmospherically
transported after volcanic eruptions and be ultatyaihcorporated 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 countenite VG (Fig. 2) do not suggest the presence
of any discrete layer that could be associated wiith dated Icelandic eruption (Gao et al., 2008).
This type of IRD was probably deposited on the abmlaciers and sea-ice near Iceland and the
East Greenland coast and then transported in th¢hiough the EGC. Although some of those
volcanic shards ejected to the atmosphere could Fallen directly in the sea, the preferentially
eastward dispersal pattern of Icelandic tephrafalig the predominantly westerly winds in the
stratosphere (Lacasse, 2001) argues against tleehegis of volcanic glass transported by winds to
the study site. Moreover, previous studies sugdesfte significantly low amounts of tephra
transported towards Greenland prevent finding Eyleat can be associated with volcanic eruptions
(Jennings et al., 2014). After detailed geochenstadies Jennings et al. (2014) could not recognise
any specific layer that could be used as a tephooctiogical event in the SE Greenland coast
during the last millennium. Brown VG fragments generally solid and not vesicular, suggesting
that they are not windblown shards and were ma&ahito have been incorporated in the ice from
outcrops in Greenland and Iceland. Similar brown Mégments were described in
Kangerdlugssuag trough sediments and were integbr&t coming from the glaciers and sea ice

7
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from the Geikie Plateau area, based on mineralbgiué x-ray diffraction analysis data (Alonso-
Garcia et al., 2013).

The presence of HSG in Eirik Drift sediments inthsadrift-ice coming from NE Greenland and
the Arctic, where red sandstones outcrop (Bond.etl@97; Henriksen et al., 2009). Most of the
glaciers in NE Greenland and the Arctic develomtitoy ice tongues in the fjords where semi-
permanent fast-ice hinders the icebergs from dgftiAs a result, most of the IRD carried at the
base of the icebergs is deposited in the fijordeliRet al., 2001). Our HSG record from the Eirik
Drift shows a significant amount (up to 30%) ofsthype of IRD. Therefore, despite substantial
deposition of debris within the fjords, the remanaf the drifted ice still carries considerable
amounts of IRD. We suggest that some of that IRY heve been wind-blown to the top of the
glaciers and/or sea ice at the NE Greenland andicAcoasts and fjords, rather than directly
incorporated in the bottom layers of the glacigro3e grains were then ice-rafted southwards by
the EGC when the ice was released from the fjoAdsimilar origin was proposed for HSG
deposited at the SE Greenland coast based on apraxXy study (Alonso-Garcia et al., 2013). In
this study, periods of higher HSG abundance wesedated with strong ice export from the Arctic
via the EGC.

Variations in Arctic ice export show a significagnpositive correlation with the wintertime North
Atlantic/Arctic Oscillation (NAO/AO) during the laslecades (e.g. Dickson et al., 2000), although
it also depends on the meridional wind componentstae position of the atmospheric pressure
centers (Hilmer and Jung, 2000). Indeed, during‘@meat Salinity Anomaly” the freshwater and
ice input to the subpolar North Atlantic happenedirdg a NAO negative phase (Dickson et al.,
2000). Additionally, Darby et al. (2012) demostchtbat the sources of Arctic sea ice may change
following the AO and, therefore, we can observendes in the mineralogy transported by the ice
in sediment cores influenced by the EGC. During tiegative state of the AO a strong high
pressure system dominates the Beaufort Sea rewiritie Trans-Polar Drift to the Siberian side of
the Arctic Ocean (Mysak, 2001; Rigor et al., 20@®jch would bring drift-ice with HSG from the
areas of Severnaya Zemlya and Franz Josef Land.iriEhease in HSG relative abundance and
concentration at Eirik Drift after 1400 yr AD (Fi@) coincides with the shift from positive to
negative NAO conditions reconstructed using tragsi speleothems and lake records (Olsen et al.,
2012; Trouet et al., 2009). This switch in NAO citieehs may have intensified Arctic sea ice
export at the beginning of the LIA, leading to thleserved increase in HSG. The sedimentary
record of Feni Drift (Bond et al., 2001), in the M#Bantic, also shows an increase in HSG relative
abundance during the LIA (Fig. 3). Furthermore,thaoproxy, the sodium (Na+) concentration in
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the Greenland ice core GISP2 (Meeker and Maye26Ki2) indicates an increase in storminess at
~1400 yr AD. The amount of Na+ in Greenland iceesdnas been interpreted as controlled by the
Icelandic Low, and hence, the increase in Na+ nealriked to the NAO negative phase. Enhanced
storminess favours the transport of icebergs aadcgethrough the EGC as well as the deposition
of HSG in the sea ice and on top of glaciers, aoth Iprocesses increase the amount of HSG
transported to Eirik Drift. Greenland temperatusoahows a decreasing trend after ~1400 yr AD,
coinciding with the shift to predominantly negatiéAO (Kobashi et al., 2010). Colder
atmospheric temperatures and the increase in itteddifrom the Arctic may have contributed to
decrease subpolar sea surface temperature in tipolan area, favouring icebergs to reach areas
further south such as Feni Drift (Bond et al., 2001

Coal bearing sediments are present at many areasmdarthe Arctic such as Siberia, Northern
Canada, Greenland and Scandinavia (Polar Regi@s AtB74; Petersen et al., 2013) and contribute
to high-latitude IRD deposition (Bischof and Darti$97; 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 Seagitihe MCA may be related to an increase in
drift-ice from the Canadian Arctic during the pogtstate of NAO/AO. However, these fragments
might also indicate human-related activity whiclereased in the area during the MCA. Further

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

Regardless of the mineralogy of the grains, itaeeworthy the high number of lithics per gram of
sediment recorded in several samples during the NIgé 2). A recent comprehensive study of
the last 2 millennia (PAGES 2k Consortium, 2013)wve$ 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 sesjig that during the MCA either a substantial
amount of icebergs drifted to the study area ordiiiféing icebergs contained considerable amounts
of IRD, or a combination of both explanations. SaVletudies 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, brouby 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 icetle fjords and in front of the glacier, thus
increasing the calving rate by destabilizing thecgdr tongue (Andresen et al., 2012; Murray et al.,
2010). When tidewater glaciers are released froensima 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 ratesspanse to disequilibrium at the front (Joughin et
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al., 2008). At present, Kangerdlugssuaq and Hellgtawiers, 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 warmeathat present, the calving rates of these
glaciers may have been even higher than at predeivering vast amounts of icebergs to the EGC,
where they would release IRD as they melted. Magosiuring the MCA it is likely that other
fjords, such us Nansen and Scoresby Sund, werécalstee during the summer, allowing them to
contribute considerable numbers of icebergs toBBE. The massive diamicton found in Nansen
fiord sediments between 730 and 1100 yr AD dematestrthat there was continuous iceberg
rafting due to warmer conditions (Jennings and \&ii996). In this context, we postulate that
warm temperatures were the driver of the increassukrg 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 abuncccurred during the intervals 1400-1450 yr
AD, 1650-1700 and 1750-1800 yr AD (Fig. 2). Becatim®se intervals occurred within the LIA and
under cold conditions the trigger of iceberg prdaducmust have been slightly different from the
drivers proposed for the MCA ice-rafting events.e3& intervals of higher IRD accumulation
during the LIA are characterized by slightly lowetative abundance of HSG and higher relative
abundance of volcanic grains and other fragmethtis. goints to an intensification of SE Greenland
production of icebergs during the LIA intervals e@fhanced ice-rafting. Therefore, for the LIA
events, we advocate for the same mechanism thatpwiaforward to explain rapid releases of
icebergs in Denmark Strait during the last 150Aloiso-Garcia et al., 2013). During cold periods
sea ice becomes perennial along the Greenland blmeging 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 oakbrethe 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 thathigl IRD occurrence during the intervals
1350-1450 yr AD, 1650-1700 and 1750-1800 yr AD vigkgly corresponds to episodes of rapid
iceberg release from SE Greenland fjords. Interghti the timing of these intervals of high IRD
deposition coincides with the events of volcaniesaownturns described by the PAGES 2k
Consortium (2013).

5.2. Influence of ice-rafting on SPG conditions afichate during the last millennium

Our IRD records have been compared with other paklwographic and paleoclimatic records from

Eirik Drift and other subpolar North Atlantic sités obtain a better picture of subpolar conditions
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during the last millennium. The planktic foramini&°0 record ofGlobigerina bulloides and the
Neogloboguadrina pachyderma sin relative abundance from Eirik Drift (Moffa-Sdrez et al.,
2014a; Moffa-Sanchez et al., 2014b) suggest ampelpisode during late MCA (~1100 yr AD) and
a clear drop in temperature after 1200 yr AD (Hig.The coincidence of these temperature drops
with the increasing trend in total IRD concentratid site GS06-144-03, indicates that the growing
iceberg production at East Greenland fjords, dugaéoMCA warm conditions, started to cool and
freshen Labrador Sea several centuries before lthestarted. The quartz/plagioclase ratio, a bulk
measure of IRD (Moros et al., 2004), also showmareasing trend at the end of the MCA at sites
in Denmark Strait (Andrews et al., 2009a; see E)gand off northern Iceland (Moros et al., 2006)
providing further evidence for the intensificatiohiceberg calving at this time. Colder winter sea
surface conditions have also been recorded off ddahd after 1200 yr AD (Jiang et al., 2007)
although the sea ice index indicates the firstquef severe sea ice conditions only started at
~1300 yr AD (Massé et al., 2008) when annual SSEtauntially decreased (Sicre et al., 2008), in
agreement with the Denmark Strait data (Fig.4). Téduction in the relative abundance of the
benthic foraminiferCassidulina 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 kerdng in the northern branch of the Irminger
current which would have favoured the SST decreasksea ice formation in Denmark Strait and
North of Iceland (Blindheim and Malmberg, 2005).€6k authors associated the northern Irminger
current weakening with high pressure over Greentardinortherly winds. Moreover, other proxies
from Denmark Strait indicate the strengthening oimdl NW winds after ~1250 yr AD, which led
to progressive presence of sea ice exported fremAtitic during winter and spring (Andrews et
al., 2009a; Andrews et al., 2009b).

The remarkably high Atlantic temperatures recordedng the interval ~950-1100 yr AD (Mann et
al., 2009) may indicate SPG circulation was ingtreng mode during that time interval (Fig. 4 &
5). Strong SPG circulation enhances the supply afhwAtlantic 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 aitimr 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 méyger 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 Irmingerentr(Born et al., 2010). Specifically for this 8m
interval, it is important that the main freshwageurce was in SE Greenland and reached directly
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the Labrador Sea, because a freshwater input lietd\brdic Seas may have driven the opposite
effect (Born and Stocker, 2014). Our IRD recorddewices an increase in the amount of ice
transported by the EGC to the Labrador Sea fron® 100250 yr AD. This input of freshwater to
the SPG potentially drove a slowdown of deep cotimedn this area and weakened the SPG
circulation. A recent study also points to enhanicgulit 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 balantéabrador Sea water and deep convection in this
region. However, even though the freshwater inpaittesd at ~1000 yr AD, the SPG circulation
only started to weaken after ~1250 yr AD, as suggkRy a record of deep-sea corals from the NE
Atlantic (Copard et al., 2012). Moreover, our IRBta shows a lag between the first temperature
drops at Eirik Drift and the decrease in ice-raft{frig. 4), indicating a possible hysteresis betwee
SPG weakening and Irminger current slowdown. Itree¢he SPG entered in the weak mode,
because of the reduced convection, but warm inteiateswater remained in the fjords for several
years, allowing continued iceberg calving. Als@ thsponse of calving may be slower, particularly
if SST were relatively warm and the fjords were petennially covered by sea ice.

As the strength of Irminger current input declindggt areas of Denmark Strait and North of Iceland
cooled, and coastal sea ice became perennial1a2f&) yr AD, according to the sea ice indexs IP
(Massé et al., 2008). THeirborotalita quinqueloba 820 record from Eirik Drift (Moffa-Sanchez et
al., 2014b) indicates a shift to colder summer $&the SPG after 1400 yr AD (Fig. 4), which
coincides with the increase in Arctic ice expoftagted by the HSG, the storminess intensification
(Fig. 3), recorded by the Naontent in the Greenland ice core GISP (Meeker ldagewski,
2002), and the shift to negative NAO conditionso{fet et al., 2009). Plankt&'?0 and Mg/Ca
from sites in the Norwegian Sea display an initlatrease in temperature at 1200 yr AD and a
subsequent distinct downward shift at ~1400 yr AMich suggests not only SST cooling but also a
decline in the stratification of the water colunvery likely linked to changes in atmospheric
conditions (Nyland et al., 2006; Sejrup et al., @01t is clear that sea surface conditions in the
subpolar gyre were rather different before andrafie200 yr AD. The freshening of the SPG and
the increase in sea ice along the Greenland addntteoasts may have been associated with a
change in atmospheric conditions, deepening tHaride Low and intensifying winter circulation
over the North Atlantic, i.e. promoting NAO negaticonditions and storminess in the subpolar
area. Model simulations point to the developmentr@fuent and persistent atmospheric blocking
events, induced by low solar irradiance, as ond@fmain drivers to develop the consecutive cold

winters documented in Europe during the LIA (Mo8anchez et al., 2014a). Atmospheric blocking

12



Clim. Past Discuss., doi:10.5194/cp-2016-80, 2016 Climate
Manuscript under review for journal Clim. Past of the Past

Published: 2 August 2016
(© Author(s) 2016. CC-BY 3.0 License.

394
395
396
397
398

399
400

401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421

422
423
424
425
426

Discussions

events derive from instabilities of the jet streatmich divert or block the pathway of the westerly
winds (Hékkinen et al., 2011). These events typigaledominate during winter and occur linked
to negative NAO index. The cold SST recorded atghigpolar area during low solar irradiance
periods (Moffa-Sanchez et al., 2014a; Moffa-Sanated., 2014b; Sejrup et al., 2010), suggest that

atmospheric blocking events affected the entireliNAtlantic regional climate.

5.3. Implications for LIA origin and Norse colonies

It is worth noting that our IRD record shows tweég of ice-rafting events: ice-rafting related to
warm temperatures (during the MCA), and ice-raftilngked to rapid releases of the ice
accumulated in the fjords due to cold conditionsrifty the LIA). During the LIA, the events of
maximum ice-rafting are closely coupled with thenimum values of solar irradiance (Steinhilber
et al., 2009), particularly with the Wolf, SpérerdaMaunder minima (Fig. 5). The reconstruction of
radiative forcing based on solar irradiance andamic eruptions (Crowley, 2000) also shows low
values during the main events of high IRD occuree(feig. 5). Ice-rafting events tend to happen
during intervals of low solar irradiance and cokmperatures in the SPG, often with also
significantly cold summer SST (Fig. 4). Solar iieatte has been put forward as the main trigger
for the Holocene cold events because low soladierae induces an atmospheric reorganization
which produces a situation similar to the NAO negaphase (e.g. Bond et al., 2001). Several
records from the high latitude North Atlantic suppthis hypothesis, displaying cold temperatures
at times of solar irradiance minima during the fagtennium (Moffa-Sanchez et al., 2014a; Sejrup
et al., 2010). Precisely dated records of ice-aawth from Arctic Canada and Iceland show that
LIA summer cooling and ice growth began abruptlfween 1275 and 1300 yr AD, followed by a
substantial intensification at 1430-1455 yr AD (Wlil et al., 2012). Those authors pointed to the
high volcanic activity during this interval as theain driver for the atmospheric reorganization.
However, a comprehensive review on the topic pregdlat a combination of internal and external
forcings contributed to drive Holocene cold eveimsjuding the LIA (Wanner et al., 2011), and
recent modelling studies indicated that the wealgmf the SPG circulation was not related to

either solar or volcanic forcing (Moreno-Chamartale 2016).

According to our observations, the increase in @ calving during the MCA (Fig. 5) took
place before the ice caps started to grow, duringirgerval of high solar irradiance, high
temperatures in the Northern Hemisphere, and lolwawic forcing. This indicates that the ice-
rafting events of the MCA were not related to thectbiations driven by solar-volcanic forcing.

Alternatively, we interpret these events as resglfrom the acceleration of calving rates in SE
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Greenland glaciers, driven by warm temperatures.péd&tulate that the increase in calving rates
during the MCA induced a decrease in the Labradg &linity, which may have triggered the
weakening of SPG circulation and reduced convectirdecline in Labrador Sea convection
reduces deep water formation in one of the keysaofahe North Atlantic, which weakens the
AMOC, and in turn decreases oceanic heat trangpothis area (Born et al., 2010; Moreno-
Chamarro et al., 2016). Once the SPG entered invdak mode this area received less heat and
became more sensitive to external forcings whicty have generated further cooling. This
interpretation is in agreement with recent modelutations which suggest that a weakening of the
SPG circulation could have induced the LIA cooliagd this shift from strong to weak circulation
may have been triggered by freshwater input toLtitmador Sea (Moreno-Chamarro et al., 2016).
Subsequently, low solar irradiance intervals, gogsiombined with volcanic emissions, promoted
atmospheric reorganizations which gave rise to glieg negative NAO conditions and/or
atmospheric blocking events, enhancing cold tentpera in the subpolar area and promoting ice
sheet growth in the Arctic region during the LIAh& development of atmospheric blocking events
in the North Atlantic, as suggested by Moffa-Sacle¢ al. (2014a), probably propagated the
atmospheric cooling across Europe and the Nordis.Sadeed, the first strong minimum of solar
irradiance associated with the LIA (Wolf, ~1300 AD) occurred when the Labrador Sea was
already fresher and SPG circulation was weak (B)g.according to our interpretations and to
Copard et al. (2012) deep-sea corals record. Toenstruction of combined solar and volcanic
forcing (Fig. 5) shows a trend of lower values aftd50 yr AD with a first step of low values
during the Wolf minimum indicating that volcanicréing may also have played an important role
in modifying the atmospheric conditions. Howeveg gonsider that the decrease in Labrador Sea
salinity prior to the Wolf minimum was crucial toqouce changes in SPG circulation. Once the
SPG entered the weak mode, the effects of solavalednic forcing produced a deeper impact on
North Atlantic climate. It is likely that the LIA auld not have been such a cold and widespread

event if the SPG circulation was strong and deewection was active at the time.

The results of this study can be linked to the egmm and demise of the Norse colonies.
According to historical data the Norse expansion anlonization 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 Jonsson, 2001; see Fig. 3). Ou
study indicates that even though calving intendifiéter 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 evato SE Greenland coast. Therefore, the fjords

were not perennially covered by sea ice and iikkedy that a rather continuous calving may have
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helped hunting. However, after several decadesntnge calving and melting of Greenland
glaciers, the Labrador Sea got fresher and the GfeGation started to weaken triggering a change
in oceanic and atmospheric conditions. The rednatfodeep convection decreased the transport of
heat to the NW subpolar area and enhanced se@doerence in the fjords, which deteriorated the
living conditions in Greenland. The subsequentiogond increase in storminess brought by the
shift in atmospheric conditions (predominant NAOgaiive state and increase in atmospheric
blocking events) very likely prompted the abandontred the Greenland Norse settlements at the
beginning of the LIA (Ogilvie et al., 2000, Fig..3)

6. Conclusions

Sediments from Eirik Drift were studied in orderewamine the variations in ice-rafting during the
last millennium and its linkage to LIA developmetRD in the 63-150 pum fraction show higher
concentration during the intervals: ~1000-1100,56:1250, ~1400-1450, ~1650-1700 and ~1750-
1800 yr AD. The identification of different minesahllowed us to link the IRD with potential
sources and better interpret the ice-rafting evefmtee main IRD source was along the SE
Greenland coast, although during the LIA the greatmcentration and relative abundance HSG
supports an increase in the contribution of iceoetgal 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 beiglated to the acceleration of calving rates in
SE Greenland glaciers driven by warm oceanic ambspheric 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 Greemaast during cold periods.

The comparison of our IRD records with other Noftlantic reconstructions of ice-rafting, sea
surface and deep ocean conditions provides a hattere of the development of the LIA. We
postulate that the enhanced ice discharge durieg\iBA, decreased sea surface salinity in the
Labrador Sea, which in turn reduced Labrador Seaamion and weakened SPG circulation. The
reduction in convection in the Labrador Sea, onéhefkey areas of deep water formation in the
North Atlantic, potentially weakened the AMOC anecteased oceanic heat transport to the high
latitudes, particularly to the Labrador Sea regRaduced convection also diminished the arrival of
warm water from the NAC to SE Greenland coasts dimdy perennial sea ice occurrence and
cooling the atmosphere which and promoted ice gireetth in the Arctic. Cooling and freshening
of the SPG preconditioned the subpolar area to e reensitive to external forcings. Therefore,

the subsequent atmospheric and oceanographic répatians induced by solar and volcanic

15



Clim. Past Discuss., doi:10.5194/cp-2016-80, 2016 Climate
Manuscript under review for journal Clim. Past of the Past
Published: 2 August 2016

(© Author(s) 2016. CC-BY 3.0 License.

494
495
496
497
498
499

500
501
502
503
504

505
506

507
508
509
510
511
512

513
514
515
516

517
518
519

520

521
522
523
524

Discussions

forcing generated extremely cold conditions inKweth Atlantic during the LIA, through a shift to
predominantly NAO negative conditions and the depelent of atmospheric blocking events in the
North Atlantic. These events boosted further caplatross Europe and the Nordic Seas. The
combination of a fresher SPG with the solar-volcanduced atmospheric change generated harsh
conditions in the North Atlantic which caused thaadonment of the Norse colonies in Greenland
around 1400 yr AD.

This study puts forward the idea that the develagno the exceptionally cold conditions of the
LIA may be better explained by the previous freghgmf the Labrador Sea due to enhanced ice-
rafting during the MCA and the subsequent weakeninipe SPG circulation. This finding may be
fundamental to model future climate conditions giteat calving in the SE Greenland glaciers has

been increasing during the last decade.
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Figure Captions

Figure 1. A) Location of multicore GS06-144-03 (=stdr) and other sites in the Northern North
Atlantic whose records have been used to suppettyhothesis proposed in this work. General
North Atlantic circulation is shown according tohatz and McCartney (1993). The location of
Norse settlements in Greenland is shaded and tediceith ES (Eastern settlement) and WS
(Western settlement). B) Temperature and salinibfilps of the first 1000 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).
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738  Figure 2. Ice-rafted debris (IRD) records from §i#806-144-03. a) Coal grains relative abundance;
739  b) Hematite stained grains (HSG) relative abundaticetal volcanic glass (VG) relative

740  abundance (brown line) and white VG relative alaunoe (shaded area); d) total IRD concentration
741  in each sediment sample (black line), and IRD cotraéion not including the white volcanic glass
742  (shaded area); e) concentration of HSG; f) conaéotr of total VG (brown line) and white VG

743 (shaded area); g) Northern Hemisphere sulphatesaldrgection by volcanic eruptions (after Gao
744 et al. (2008), revised in 2012). Blue horizontaéh indicate mean values for the intervals they

745  encompass. The approximate standard duration dftite Ice Age (LIA) and Medieval Warm

746  Period (MWP) has been shaded in blue and red regplgc
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748  Figure 3. LIA shift at ~1400 yr AD (green vertidar) in several records compared to site GS06-
749  144-03 IRD records. a) Winter NAO index reconstiamts by Trouet et al. (2009, grey line) and
750  Olsen et al. (2012, black line); b) Greenland sigfemperature reconstruction of the last

751  millennium (Kobashi et al., 2010); c) Na+ recordnfr GISP2 (Meeker and Mayewski, 2002); d)
752  HSG record from Eirik Drift (red line)and from Febrift in the NE Atlantic (black dashed line,
753  Bond et al., 2001); e) total IRD concentrationH§G concentration. The main events in Norse
754  colonisation and abandonment of settlements arietéejpon the top of the figure , according to
755  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 sea)o&tlantic Multidecadal Oscillation (AMO) SST
anomaly (Mann et al., 2009); b) N. pachyderma &3O record from the Norwegian Sea (Sejrup
et al., 2010), ¢) T. quinquelolda80 record from site RAPID-35-25B at Eirik Drift) HISG

relative abundance from site GS06-144-03 (solid, lthis study) and from Feni Drift (dashed line,
Bond et al., 2001), e) Sea ice index (IP25) frotm BID99-2275, NW of Iceland (Massé et al.,
2008), f) Diatom-based winter SST from site MD9924Jiang et al., 2007), g) Relative
abundance of the Atlantic waters indicator Cassidteretis from Nansen Fjord (Jennings and
Weiner, 1996), h) Relative abundance of N. pachydesin from Eirik Drift (Moffa-Sanchez et al.,
2014b), i) G. bulloide8180 from Eirik Drift (Moffa-Sanchez et al., 2014@)Quartz vs
plagioclase ratio, a proxy for ice-rafting, from M®-2263 (Andrews et al., 2009), k) total IRD
concentration from site GS06-144-03 (this studykyGrertical bars indicate the periods in which
IRD concentration is higher at site GS06-144-03.
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771  Figure 5. Sequence of events during the transitmn the MCA to LIA and correlation to the

772 potential forcings. a) Winter NAO index reconstians by Trouet et al. (2009, grey line) and Olsen
773 etal. (2012, black line); b) Atlantic Multidecadascillation (AMO) SST anomaly (Mann et al.,

774 2009); c) total volcanic glass (VG) relative abumckaat site GS06-144-03 ; d) total IRD

775  concentration at site GS06-144-03; e) Reconstmictfdotal solar irradiance based on 10Be

776  isotopes from ice cores (Steinhilber et al., 20@9)\et radiative forcing based on solar irradiance
777  and volcanic eruption reconstructions (Crowley, @0@uring the interval shaded in red SPG

778  circulation was stronger, according to the intetadiens of this work, whereas during the interval
779  shaded in blue SPG circulation was weak. The kettethe solar irradiance record indicate the

780  minima of solar irradiance named Oort (O), Wolf (\8porer (S), Maunder (M) and Dalton (D).
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