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Abstract

The link between smectite composition in sediméram the northern North Atlantic and Labrador Saad

deep circulation is being further investigated thylo detailed studies of the X-ray pattern of sntestand cation
saturations. This allows clear distinction of doamhterrigenous sources associated to the main @oemps of
the modern Western Boundary Undercurrent. Timeatians of smectite characteristics in two pistoresdrom

the inlet and outlet of the Western Boundary Undeemt gyre in the Labrador Sea indicate: (1) aenvsmuthern
circulation of North East Atlantic Deep Water dgrithe Late Glacial; (2) a step by step transitmthe modern
pattern of deep circulation during the Late Gldtlalocene transition, with intensification of Northast
Atlantic Deep Water and Davis Strait Overflow; @) expansion of Davis Strait Overflow and Labra8ea
Water circulation in relation to ice surges andatgion of detrital layers; (4) an intensified citation of North

East Atlantic Deep Water during the Younger Dryag] (5) a very recent increased influence of DekrB#rait

Overflow Water beginning between 4.4 and <1 kyr.

Keywords: Clays; Smectite composition; Sediment; Deep pateolition; Late deglacial; Northern North
Atlantic

1. Introduction

In modern North Atlantic, deep circulation is driMey a contour-flowing bottom current, the WestBoundary
Undercurrent (WBUC), which carries the main wateasses involved in the formation of the North Atlant
Deep Water (NADW) along a counterclockwise gyreotigh the marginal North Atlantic basins. These wate
masses include: (a) the Northeast Atlantic DeepeWht(NEADW1) flowing from east to west and baththg
shallower parts of Reykjanes Ridge; (b) the dedpertheast Atlantic Deep Water 2 (NEADW2) whose
circulation is constrained by the morphology of Kapes Ridge, and flowing from the Northeast Atiant
through the Charlie-Gibbs Fracture Zone into tieiriger Basin where it forms a counterclockwise gglang
the ridge and the Greenland Margin; (c) the Denngiriait Overflow Water (DSOW) that consists of cold
surface waters from the Greenland and Norwegian & sink below 2700 m along the Eastern Greenlan
Margin to fill most of the deepest parts of the ilmger and Labrador basins; and (d) the Labrador\8ater
(LSW) characterized by cold water flowing from Dsw&trait (Davis Strait Overflow, DSO) southwardsra
the Eastern Labrador Margin (Fig. 1, e.g. McCartre892; Dickson and Brown, 1994; Lucotte and Hi#ai
Marcel, 1994). Clay mineralogical investigation sfrface sediments from the Northern North Atlartas
provided strong evidence for a link between the \WBpathway and the relative abundance of smectites i
associated deposits (Fagel et al., 1996).

Smectites derive from different sources and prazssseteoric weathering or pedogenesis of variabstsates,
hydrothermal or submarine alteration of basalticanic materials (e.g. Biscaye, 1965; Chamley, 1988aver,
1989). Their chemical and mineralogical charactiessdisplay a wide range of variation, in relatiantheir
origin and formation. Most trioctahedral smectitesainly saponites, form through meteoric weatherimg
hydrothermal alteration of basalts. Dioctahedraéstites vary from an Al end-member to a Fe end-nemb
Montmorillonite and beidellite (Al end-member) mgstresult from the chemical weathering of diverse
substrates under a wide spectrum of environmentaditions. Fe-beidellites and nontronites (Fe erantmer)
commonly derive from meteoric weathering or hydrertnal alteration of basalts; they are particulablyndant

in active areas of mid-oceanic ridges (Haggerty Ba#ler, 1967; McMurthy et al., 1983; Parra et 4885,
1986).

Due to the complexity of water masses of differ@mgins involved in the WBUC, smectites along itthpway
are likely to result from different sources and qasses. The aim of this study is: (a) to investigdue
composition of smectites in surface sediments taildirther the potential sources of particles émeir relation
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to the circulation of modern deep water massesvebin the NADW; and (b) to use time variationssafectite
composition as a tracer of deep water changesrtagthave occurred since the Late Glacial.

Fig. 1. Map of the study area, and location of surface et sampleDeep (solid arrows) and surface (dashed arrows)
circulation patterns are adapted from Dickson amowB (1994), and from Lucotte and Hillaire-Marc&904). In the Northern North
Atlantic, the Western Boundary Undercurrent (WBU2)ries along a counterclockwise gyre through ttedahd, the Irminger and the
Labrador basins, the main water masses involvaldrformation of the North Atlantic Deep Water (NXAD, i.e. the North East Atlantic
Water (NEADW) which is subdivided into an upper (NBW1) and a lower water mass (NEADW?2), the Denm@ntait Overflow Water
(DSOW) and the Davis Strait Overflow (DSO). Loweedp Water (LDW); Greenland Current (GC); West Glaah Current (WGC);
Labrador Current (LC); Iceland Sea Overflow Waté3QW); Norvegian Sea Overflow Water (NSOW); Wywillaompson Ridge
Overflow (WTRO); North-West Atlantic Mid-Ocean Chaei (NAMOC).
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Table 1: Location and mineralogical data of surface sedirseinbm the Northern North Atlantic basingtes under the influence of the WBUC are undedirottom water masses
according to Lucotte and Hillaire-Marcel (1994).WSLabrador Sea Water; see Fig. 1 for other abhtimvris. X-ray diffraction data obtained after eéimg-glycol solvation. Relative abundance of clayerals in the
<2 pum carbonate-free fraction. Smectites are cheniaed by: the position of the maximum intensigaf,d, in Angtroms, indicative of the global contributiofi the mixed-layers (Lansson and Besson, 1992); th
width at half-height of the (001) smectite reflectiin 1/20° B, l,5,, indicative of the degree of “crystallinity” (dre degree of homogeneity of cristallite populatiohjhe smectites; the vip ratio defined by theghei

of the (001) smectite peak above the backgrounadptize depth of the "valley" v on the low-angleesi{@iscaye, 1965), this ratio which allowed anraation of the amount of illite layers within thedgular illite-
smectite mixed-layers by referring to the referecuweves (Retke, 1981). The relative proportionbeiflellite and montmorillonite are estimated frorsaturated X-ray diffraction data

Sample Clay assemblage Smectites Er;eer(;tmc Beid.-Mont. Beidellites
Location Core Lat. Long. \é\éapttir Water C | K V  Sm.d001) Iy vp i (10-14,) po;oportlon et)l;undance
CN) o w) T mass (%) (%) (%) (%) (%) (A)  (1/20° ) (%) 0) 0)
Iceland Basin
91-045-071 58°56.42 28°44.44 2237 NEADW 18 10 5 0 67 16.7 10 0.70 80 50-50 34
Irminger Basin
91-045-063 59°40.61 30°21.46 1319 NEADW 16 12 7 0 65 16.7 10 0.62 77 36-64 23
SU90-28 63°52.20 28°56.20 1625 NEADW 16 13 9 0 65 167 12 0.78 85 41-59 27
91-045-056 59°38.07 36°07.53 3025 DSOW 14 16 9 0 61 166 16 0.00 <35 23-77 14
SU90-22  62°32.50 38°50.00 2180 DSOW 26 24 12 0 38 16.6 12 0.00 <35 37-63 14
Labrador Basin
Greenland margin 90-013-006 59°29.48 45°52.241 1105 LSW 25 33 10 0 32 164 16 0.76 75 15-85 5
Greenland margin 90-013-011 58°54.85 47°05.126 2805 DSOwW 15 21 13 0 51 164 12 0.50 70 27-73 14
Greenland margin90-013-017 58°12.51 48°21.61 3379 DSOW 14 26 8 0 52 164 13 0.00 <35 38-62 20
Davis Strait 87-033-008 62°38.91 53°53.07 2424 DSOW? 13 40 7 0 40 164 16 0.38 65 23-77 9
Davis Strait 87-033-007 64°24.01 57°25.20 823 WGC 16 57 7 0 20 165 14 0.00 <35 22-78 4
Canadian margin 90-013-020 58°21.55 57°27.38 2865 DSOW 21 32 12 0 35 166 16 0.50 70 20-80 7
Canadian margin 91-045-014 55°44.50 53°43.98 340 LC 29 36 8 27 0
Canadian margin 91-045-008 54°42..97 55°35.05 300 LC 28 39 8 35 0
Canadian margin 91-045-093 50°12.28 45°41.15 3448 DSOW 27 29 10 0 34 166 12 0.50 70 18-82 6
Arctic Basin
Laptev Sea PS2477-3 77°14.77 118°33.22 193 10 8 7 0 75 16.7 20 0.43 70 74-26 56
Kara Sea KS4405 78° 120° 44 8 6 5 0 81 168 14 0.72 85 60-40 49
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Table 2: Mineralogical data for Greenland Rise Piston Cor&/$0-013-013 (PC13)The stratigraphic framework is based on AMS C datesmalized to PDB and corrected by -400 yr for
reservoir effect (Hillaire-Marcel et al., 1994). égyreported for each sample depth were estimatdideayr interpolation of‘C dates, then interpolated ages were calibratedisigg the curve of Stoner et al. (1998).
YD, Younger Dryas; HE numbers refer to detrital it&h-like events, see Table 1 for explanation

Age Clay assemblage Smectites B ] . o

Sample Depth = Cali Smectitic layers Beid.-Mont. proportion Beidellites abundance

(cm) albrated C 1 K Sm. d(001) Iy vip N 10-14m(%) (%) (%)
(yr BP) (yr) (%) (%) (%) (%) (A) (1/20°20)

Surface

90-013-017 0-1 14 26 8 52 164 13.0 <35 38-62 20

Stage 1
8-10 1310 <1000 16 18 11 55 16.6 19.0 0.38 65 36-64 20
98-100 3980 4424 9 10 7 75 165 18.0 0.67 80 41-59 31
188-190 6810 8022 9 8 7 76 16.6 175 0.60 75 27-73 21
218-220 7650 8432 9 11 9 71 16.7 17.0 0.60 75 20-80 14
243-244 7837 8635 12 15 10 63 16.6 15.0 0.59 75 10-90 6
274-275 8164 8934 10 14 8 68 16.6 17.0 0.57 75 10-90 7
291-292 8341 9113 18 33 13 36 16,5 10.0 0.45 70 25-75 9
325-326 8689 9549 9 17 8 65 165 17.0 0.50 70 29-71 19
347-348 9020 9961 10 12 7 71 16.7 18.5 0.54 70 30-70 21
356-357 9200 10151 12 11 9 69 16.8 20.0 0.57 70 21-79 14
374-375 10157 11574 15 21 12 52 16.8 145 0.47 70 - -
382-383 10313 11819 9 14 9 68 17.0 19.0 0.50 72 20-80 14

YD 392-393 10546 11969 15 19 11 55 17.0 15.0 0.55 75 40-60 22
401-402 10910 12169 14 20 12 54 16.8 13.0 0.56 75 40-60 22
410-411 11482 12888 16 19 12 53 16.6 145 0.82 87 25-75 13
418-419 11990 13465 15 22 12 51 16.6 18.0 0.64 80 19-81 10
424-425 12266 13830 13 19 11 57 16.7 19.0 0.60 75 25-75 14
434-435 12516 14148 17 23 12 48 16.7 20.0 0.63 75 28-72 13

Stage 2

HE1 448-449 14150 16137 12 19 11 58 16.7 17.0 0.42 70 21-79 12
459-460 14824 17460 14 16 13 57 165 19.0 0.42 70 31-69 18
466-467 15254 18220 11 25 11 53 16.7 17.0 0.42 70 - -
480-481 17254 19928 14 24 13 49 16.8 15.0 0.75 85 24-76 12
497-498 19498 22395 12 24 10 54 16.6 20.0 0.43 70 26-74 14

HE2 513-514 21250 24322 13 33 10 44 166 16.0 0.57 75 7-93 3

529-530 22190 26064 16 34 13 37 164 155 0.42 70 23-77 9
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2. Material

In the Northern North Atlantic sediments along ltigh-velocity axis of the WBUC, i.e. at water deptif 2800-
3400 m, smectites represent up to 50% of the c¢kegtibn. In contrast, the clay assemblages of gpeuslope
and shelf off Greenland and Canada contain prignalite and chlorite with no or only low amounts o
smectites from adjacent continental areas. As steeaominate the clay assemblages in the Easteninder
and Iceland basins, their occurrence in the dedpddmr Sea sediments has been related to distplissifoy
deep currents through the WBUC (Fagel et al., 19B@jailed investigations have been conducted oface
sediments from areas where the highest abundansenettites is related to deep water transport. tEear
surface samples (Table 1) have been selected treland and Irminger Basins, Greenland and CandRiisas,
Davis Strait and Labrador Basin (cruises CSS Hud®dpi®33, 90-013 and 91-045 and Suroit 90, Fig. 1).
Samples from the shallow Russian Arctic basins {&ajand Kara seas) have been added to test thehegi®
of an Arctic contribution to the detrital supplyttte Irminger Basin (Nurnberg et al., 1994).

Clay mineral analysis of two piston cores from tieep Labrador Sea, both recovered at a water @é[@400
m just below the maximum velocity core of the WBQucotte and Hillaire-Marcel, 1994; Wu and Hillaire
Marcel, 1994), indicates that discrete but contirmusupply of smectites increases through the L#aei@ in
parallel with an intensification of the deep watéculation, ca. 14.3 kyr (Fagel et al., 1997). €80-013-013
(PC13) is located on the SW Greenland Rise, ainile¢ of the WBUC gyre into the deep Labrador Ba$iig.
1). Core 91-045-094 (PC94) was taken from the GanaRlise, at the foot of the Orphan Knoll neardh#et of
the deep current gyre into the North Atlantic (Fi. Their stratigraphic framework is based on bvedor mass
spectrometry (AMS)“C dates, normalized t6'°C=-250%0 (PDB) and corrected by -400 yr for theboar
reservoir effect (Hillaire-Marcel et al., 1994). Afsolute age (in years BP) was calculated for saatple by
direct linear interpolation between two adjack@t dates, assuming a constant sedimentation ragn fbin each
sample depth, a calibrated age was assigned frerodlibration curve by Stoner et al. (1998). Thisve was
derived by correlating oxygen isotope stratigraptifem individual geomagnetic paleointensities rdsao the
SPECMAP chronostratigraphy.

Sediments in core PC13 essentially consist of glajits, silty clays and clays (Hillaire-Marcel ak, 1994).
Twenty-three samples have been chosen, which tbedast 26 kyr interval. (Table 2). The samplinggival of
10-20 cm allows for a time resolution of ~400 yridg the deglacial stage, from 14 to 8 kyr. An &syer,

found between 350 and 400 cm, has been relatedetd/édde tephra level by H. Haflidason (University
Bergen). Dated at 10.6 kyr BP (Mangerud et al. 298 corresponds to the climatic cold Younger & \yevent
and is well-defined in PC13 in the oxygen isotopeord (Hillaire-Marcel et al., 1994). From 360 t02cm
(10.1-8.6 kyr), an increase in magnetite conceiptmaand grain-size matches a drop in the smedfie/atio

(with a minimum at 290 cm, 9.1 kyr; Stoner et 4895; Fagel et al., 1997). This layer (referreéhtthe text as
the 9 kyr event) results from erosion during iceestretreat on Greenland from the coastline intoctintinental
interior (Funder, 1989). Additional samples werdlemted from thin sandy layers at a depth betweéh @nd
450 cm (16.1 kyr) and ~505-515 cm (24.3 kyr). Blatyers resulted from ice-rafted deposition and hagen
correlated with North Atlantic Heinrich events HERAd HE2 (Bond et al., 1992).

In PC94, hemipelagic ooze alternates with abundi@m0 cm thick sandy layers. Fourteen samples (inora
the dominant muddy sediment and five from the sdaggrs) belonging to the last 20.4 kyr have bewalyaed
(Table 3). The time resolution is twice lower tharPC13, averaging ~900 yr between 14.7 and 6.9%gndy
layers (referred as LDC, DCO and DC1) are charaetérby a high detrital carbonate content and eliaged to
ice surges occurring on the Hudson Strait Shebr(&t et al., 1996). In particular, the DCO layer-&a80 cm
corresponds to the HEO event identified in DavisiS{Hillaire-Marcel et al., 1994) and was coewvath the
Younger Dryas based on AM&C dates (Stoner et al., 1996).

3. Methods

Clay mineral have been identified by X-ray diffiact analysis of both surface samples and pistoasc(ffagel
et al., 1996, 1997). Irregular smectite-illite mixkayers are assigned to the smectite group aedreef to in the
text as smectites. This study will focus on predstermination of these smectites sensu lato. ifisy i and
Mg saturations were conducted on the carbonatef(d/2@im) clay fraction previous X-ray diffractionalysis.
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Table 3: Mineralogical data for Canadian Rise Piston Core $1J045-094 (PC94). YD, Younger Dryas; BA, Boilintgewd; LDC, light detrital carbonate layer; DC
numbers refer to detrital carbonate layers ideptifiby Stoner et al. (1998). See Tables 1 and &xplanation

Depth Age Clay assemblage Smectites Smectitic layers Beid.-Mont. Beidellites
Sample (cm) 140 Calibrated C | K Sm. d(001) 1 I in 10-14,, proportion abundance
(yr BP) (yr) (%) (%) (%) (%) (A) (1/20°26) VP (%) (%) (%)
Surface
91-045-093 0-1 27 29 10 35 164 12.0 0.50 70 18-82 6
Stage 1
45-6.5 1656 1467 20 46 12 22 16.6 13.0 0.43 70 14-86 3
33.5-35.5 2200 3930 20 24 12 44 16.6 15.0 0.75 85 42-58 18
LDC 82-83 6542 6944 27 26 17 30 165 14.0 0.42 70 10-90 3
105-106 7622 8260 19 22 14 44 165 16.0 0.63 80 17-83 7
LDC 125-126 8500 9371 25 37 19 18 165 15.0 0.08 40 18-82 3
150-151 9486 10736 20 28 16 35 16.6 17.0 0.47 70 36-64 13
YD/DCO  179-180 11395 12314 28 26 22 25 16.6 14.0 0.31 60 60-40 15
YD/DCO  181-182 11525 12441 25 27 20 28 16.6 24.5 0.49 70 45-55 13
BA 206-207 12850 13797 17 24 13 46 165 21.0 0.46 70 34-66 16
DC1 222-223 13429 14687 20 27 17 35 16.8 26.0 0.34 65 26-74 9
Stage 2
259-260 14745 16782 14 26 13 46 16.8 22.0 0.67 80 - -
282-283 16296 18109 19 32 16 33 16.8 21.0 0.24 55 43-57 14
301-302 17110 19216 19 27 16 37 16.7 20.0 0.60 75 48-52 18

323-324 17640 20388 19 31 14 36 16.6 19.0 0.60 75 34-66 12
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3.1. Clay mineral preparation and identification

Aliquots of 1-2 g of dry bulk sediment were disptsin distilled water, then sieved on a 63 um mesh.
Carbonate was removed with 0.1 N HCI. Deflocculaid clays was completed through repeated washirtggs.
clay fraction was separated by decantation, thérgetime being calculated from Stoke's law. Otehmounts
were made according to the sedimentation-onto-ggéide method (Moore and Reynolds, 1989). A Siemens
diffractometer was used with a Caladiation & = 1.7890 A), at scanning speed of Z/rin. Identification of

the clay minerals was assessed according to thiigoo®f the (001) series of basal reflections dmee
diffractograms: (1) on the air-dried or natural péan(N scan); (2) after ethylene-glycol solvatianmridg 24 h
(EG scan); and (3) after heating to 500°C for Hts€an). Semi-quantitative estimations (£5%) ofrtiegn clay
species (illite, chlorite, smectites sensu latoplikite and vermiculite) were based on the aredhef (001)
diffraction peaks of each clay mineral in EG diffiagrams, i.e. at 10 A for illite and at 17 A fanectites.
Estimation of chlorite and kaolinite was based lom drea of the 7 A peak, where the (001) of kaeliand the
(002) chlorite reflections are surimposed, theispextive abundance being deduced by using the (004)
chlorite/(002) kaolinite peak intensity ratio a63.A (kaolinite) and 3.54 A (chlorite) on the aiiatl scan.
Minor contribution of illite-vermiculite mixed-layewas identified by the occurrence of a broad peshtered
around 12 A on the EG; this peak collapsed to Hitér heating. The intensities of the reflection al0, 12 (if
present) and 17 A were multiplied by their widthatf-height, and the areas then summed to 100%.

3.2. Characterization of the smectites

The clays here referred to as "smectites" includeerals of different origins and chemistry, andegular
smectite-illite mixed-layers. The smectites do cmtrespond to a single well-defined peak at 14 & thoves to
17 A after glycolation On the air-dried X-ray paite smectites were recorded by a broad (001) peak
encompassing most of the range between 10 and 14 A, reflecting a 10 A camepb in the mixed-layer
mineral. Sometimes, a single reflection defineth@utder that was surimposed onto the dominant (8061ctite
peak, or several small reflections were surimposetb the smectite peak, but with decreasing intiessi
towards higher angle values. Expansion of smedatii@er glycolation varies from one sample to angther
position of the peak ranging from 16.4 to 17 A. Gaterization of smectites has been achieved throug
measurements of three parameters on X-ray patteftes ethylene-glycol solvation: the position ofeth
maximum intensity of the smectite peak; tlp ratio; and the crystallinity,,, of the smectites (see Table 1
caption).

The X-ray patterns of the air-dried and the ethglglycol-treated smectites depend on the catiod hethe
exchange site (Moore and Reynolds, 1989). Postrtesats helped to further assess the compositiemefctites
(Schultz, 1969; Brindley and Brown, 1980; Thore898). Li-saturation tests have been conducted bn al
samples; additional Mg-saturation tests were omisfggmed on selected samples. Saturation with loiwad to
precise the composition of dioctahedral Al-Fe stitesti.e. to distinguish montmorillonite s.s. @did-member)
on the one hand and beidellite, Fe-beidellite amdtnonite (Fe end-member) on the other. The laparge of
the montmorillonite originates primarily in the abedral sheet whereas that of the beidellite iatat in the
tetrahedral sheet. The ¥eontent of the octahedral sheet of dioctahedraicsites contains an average of 0.15
octahedral Fe. Nontronite is the Fe analog of morithanite and beidellite, with a B&content in the octahedral
sheet higher than 1. When Fe values ranges frobt6.1, the clay is referred to as Fe-rich smegtiedinitions
from Weaver, 1989). Montmorillonite s.s. displayseversible collapse after Li saturation followey beat
treatment (300°C). Li ions neutralize the layerrgeaby migrating into the octahedral sites. Thega#ibrium

of charge deficit converts the montmorillonite irdopyrophyllite-like mineral that does not expangraore
with ethylene-glycol (Moore and Reynolds, 1989).

For the Li-saturation procedure (modified from Liamd Jackson, 1986), clay particles were washed with
aqueous LICPN overnight. Samples were then rinsed with deslilivater, and prepared as oriented mounts.
Analyzes were conducted on air-dried slide (Li Mrgc after 2 h heating at 330°C (Li 330°C scan}l Hren
after overnight ethylene-glycol solvation (Li 330EG scan). The relative abundance of the montrooitk and

the beidellite when in admixture was estimated ugtocomparison of the intensities of the 10 A jgeaik the
three Li-saturated X-ray scans, assuming that tensity of the illite (001) reflection remained nstant
(Thorez, 1998; see Fig. 2).
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Fig. 2. Estimation of the relative abundance of montmarite s.s. and beidellite from Li-saturation teg)
surface sample HU90-013-017, Greenland Rise, 3380ater depth; and (b) surface sample HU91-045-6&3kjanes Ridge, 1319 m
water depth. The relative abundance of montmoitkoand beidellite when in admixture in smectitessvestimated through comparison of
the intensities of the 10 A peaks on all threedtissated X-ray scans, assuming that intensity efiltihe (001) reflection remained constant
(Thorez, 1998). The peak height at 10 A on the Lsddn corresponds to the content of illite. Thekplegight on the Li 330°C scan
corresponds to the sum of illite and of the wholdlapsed smectites. After ethylene-glycol solvatithe decreased intensity of the 10 A
peak expresses further expansion for the beidééitsion from 14 to 17 A, whereas the (001) of tmoarillonite remains stabilized at 10 A
where it contributes to an increase of the 10 ifeilbeak. With Li treatments, beidellites and nonites preserve their expandability after
ethylene-glycol solvation.
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Among dioctahedral Fe-rich smectites, the Mg-sditumatest allows identification of beidellite andntronite.

Saturation procedure for Mg and Li are identicanfples are washed with aqueous M@N). Two tests are
critical: X-ray diffraction analysis of the air-éd Mg-saturated sample, and then glycerol solvafitve 14 A

reflection on the air-dried Mg sample expands udToA after glycerol solvation when nontronite iegent,

whereas beidellite (001) is stabilized at 14 A.

The intensity ratio of the (002)/(003) reflectioiss useful for differentiating dioctahedral and tti@hedral
smectites. However, the (002) and higher-orderectiftns are weak (Moore and Reynolds, 1989), aisl th
method is not valid for differentiating smectiteghin complex marine clay assemblages like thosenfihe
Northern North Atlantic. The spacing of the (066jlection also depends on the composition of thaledral
layer, and this character may distinguish the tabedral (peak at 1.54 A) from the dioctahedrahkpat 1.49 A)
smectites when quartz is absent. However: (1) tigtg is ubiquitous in the Northwest Atlantic seditts and
shows a peak at 1.54 A that interferes thus wighptossible 1.54 A reflection of trioctahedral stites (Robert,
1975); (2) saponite and nontronite have nearly tidahd(060) values (Moore and Reynolds, 1989); and (3)
nontronite and trioctahedral smectites are moshefime associated in weathering and hydrotheattatation
products of basalts where nontronite dominates (tea 989). As a consequence, occurrence or absEnce
nontronite is the clue for differentiating dominardlcanogenic from terrigenous smectites in compiay
fractions like those studied here.

Fig. 3. (a) Map showing the relative proportion of montnfioriite and beidellite within the smectites; sugac
sediments; and (b) bathymétrie distribution of tieédellite and montmorillonite abundance in theycteaction
along a SW-NE transect across the Labrador Sea.
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4. Results
4.1. Surface data
The highest content of smectites (67%) in surfacinsents has been evidenced in the Iceland and

Irminger Basins (Fagel et al, 1996), especiallyttenflanks of Reykjanes Ridge (071 and 063) andi®eoest of
Iceland (SU28). There, smectites show highest admrel of smectitic layers (70-85%), and a narrowl)00
reflection (crystallinity> 0.5° &) that peaks at 16.7-16.8 A after ethylene-glydalt{e 1). Sites 063 and SU28
are bathed by the NEADW1, whereas 071 is locatedarNEADW?2 (Fig. 1).

Smectites are slightly less abundant (61%) in #epdrminger Basin (Site 056), and significantlgsi@bundant
(38%) on the Greenland Slope (Site SU22). Therescites contain smaller abundance of smectitic riaye
(<35%) than on Reykjanes Ridge. Also, the expansfdhe smectites after ethylene-glycol is lesgiht d =
16.6 A), with a broader (001) reflection (crystaitty > 0.6-0.8° ). Site SU22 at 2180m water depth is located
on the path of the DSOW that plunges southwestearfrBark Strait, whereas Site 056, at 3025 m watpthge
corresponds to the deepest part of the IrmingemBfdked by the cold dense DSOW. Smectites in ltmeinger
Basin bathed by the DSOW do not show any significalationship to the two surface sediments samiple¢de
Russian Arctic basins (Table 1).

Fig. 4. Evolution of the clay mineral composition throughe: (a) piston core PC13, Greenland Rise; and (b)
piston core PC94, Canadian Rise.
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In the Eastern Labrador Sea, smectites increasedsjpth (1105-3379 m water depth) from 32 to 5286 @lthe
Greenland Slope. The abundance of smectitic lagdrgher, from 65 to 75% as observed in areascollbly the
NEADW masses, with the exception of the deepest Gif7 (<35%) which shows affinity with areas bathgd
the DSOW. However, the lowest expansion of smectfeer ethylene-glycol, and variable crystallgstido not
allow correlation with smectites from other aredsxing of water masses and lateral advection frormealand
may have resulted in a composite signal.
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In the Western Labrador Sea, the shallowest it&#,and 014 (at 300 m water depth), off Southelrador do
not contain any smectites but significant amoumt#lite-vermiculite mixed-layers (Table 1). The ejgest sites,
020 (2865 m water depth) to the north and 093 (3#48ater depth) at the outlet of the WBUC, contiibo of

smectites, among the lowest values of the wholdystmea. Smectites show affinities with samplemfitoeland,
Irminger and East Labrador Basins but again doatiotv any correlation with specific area. At Sit670in

Davis Strait (823 m water depth), on the path ef BI5O, relatively small contents (20%) of smectiestain

minor abundances of smectitic layers (<35%), witkerimediate crystallinity.

The Mg-saturation test does not allow identificatiof any major contribution of nontronite, as thé A
reflection after Mg-saturation does not expand uglyoerol. The Li-saturation test allows determioatof both
the montmorillonite s.s. and the beidellite. Montithonite dominantes the smectite composition ia gurface
samples (Table 1, Fig. 3), with the only exceptainwo samples recovered from the Russian ArctisiBa
where beidellite dominates. On the Reykjanes Ridgeectite compositions at Sites 063 and SU28 batlyed
NEADW1 contain up to 65% of montmorillonite, wheseat Site 071 in the NEADW?2 they contain about a
same amount of montmorillonite and beidellite. Stibes at Site SU22, on the path of the diving DS@Whg
Greenland Slope of Irminger Basin, are composedidmnut 65% of montmorillonite. This value is verpsg to
that found at locations bathed by NEADW1, but ckssociations in both areas are clearly separaté¢deat
standpoint of smectitic content in the mixed-lay@sSite 056, in the deep Irminger Basin filled ttpg DSOW,
a high proportion of montmorillonite (~80%) suggesbme mixing, or advection from other sources.

On the Greenland Slope of the Labrador Sea, the frigportion of montmorillonite (85% of the smeesi} at
the shallowest site, Site 006 (1105 m water depmtdgreases with depth to about 62% at the deejpesSge
017 (3379 m water depth), in an area under of tBOW. In the Western Labrador Sea at Site 020 (2865
water depth) to the North, and at Site 093 (344&ater depth) at the outlet of the WBUC, high prdjoms of
montmorillonite (80%) are observed. These valuedransitional between those at Site 007 (823 nemdepth)
in Davis Strait, bathed by the DSO, and those alim water depth on the Greenland Slope of therdaadx
Basin (85% at Site 006, 1105 m water depth), suggesome mixing of supplies from different wateasses
and/or a lateral advection of clay particles.

To summarize, the characteristics and the composiif the smectites in surface samples from thetHéon

North Atlantic allow a clear separation of clay mial assemblages depending on their location. Tgtekdition

of these characteristics does not depend on wafhddr on position of the sites relative to thige and the
continental margins. Rather, it seems relatedealifierent water-masses.

4.2. Core PC13, SW Greenland Rise

The clay mineral association of PC13 includeseillithlorite, kaolinite and smectites (Fig. 4). Stites
represent 36-76% of the association, their moderuev (site 017) being 52%. The lowest abundance of
smectites (<40%) occurs in the lower part of thguseice (24-26 kyr) and at about 9 kyr. It is asged with

the highest contents of illite and chlorite (duethe relative quantification approach and the mordess
constant kaolinite content through the core). Ahhigntent of smectites (>60%) is punctually measatel2

kyr. The smectite content remains higher than 6%t f10.1 to 8 kyr, with the exception of one sangil® kyr
(=290 cm). A high smectite content (75%) at 4.4 dnops close to the modern values in the upperrt3d0yr
sample (55% at 8 cm). There is no drastic minefalogange during the Heinrich events or the Yourysas.

As for surface sediments, smectites include irrguhixed-layers. The proportion of smectitic layéss
relatively high (65-87%, Table 2). Expansion of #meectites under glycolation varies from 16.4 toki(Table
2). The best expansion, which expresses the srhalesmidance of mixed-layers, is observed from 1@.20.1
kyr, encompassing the Younger Dryas. The lowedtalynity is observed around the Younger Dryasyel as
in surface sediments. No specific variation of tharacteristics of smectites is observed in thentitsi-like
layers.

The Mg and Li tests indicate the absence of noitgphut the presence of montmorillonite and bdiige{Table

2, Fig. 5). The smectites are usually composed®8d®%6 of montmorillonite and 20-30% of beidelliterh 26

to 8 kyr. In the uppermost samples (4.4 and 1 kigg,contribution of the montmorillonite remainswoant but
decreases close to modern value (with ~60% montimaite and 40% beidellite within the smectitesher
proportion of the montmorillonite reaches 90% dgrkteinrich event HE2 (up to 93%) and from 8.9 t6 Byr

(Table 2, Fig. 6). Such contributions of the montitfanite are higher than any recorded in moderrfasae

sediments (Table 1). A lower montmorillonite cobtiion within the smectites (60%) but close to thedern
value of 62% characterizes the Younger Dryas.
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Fig. 5. Evolution of the Li X-ray diffraction patterns (Witut background curve) through the late 24 kyr, BOGreenland Rise. The dashed area representsdtuellite

contribution.
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Fig. 6. Evolution of the relative contribution of beidedliand montmorillonite: (a) piston core PC13, Grear
Rise; and (b) piston core PC94, Canadian Rise.
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4.3. Core PC94, Canadian Rise

The clay mineral association in PC94 includeseillithlorite, kaolinite and smectites. Smectitegasgnt 18-
46% of the clay fraction, its modern abundance ¢p&5%. These values are lower than those of PCh8. T
sampling resolution does not allow to define ampperal trend, but the detrital carbonate (DC) layand the
Younger Dryas event are characterized by the loal@ghdance of smectites (Table 3, Fig. 4). The qgntam of
smectitic layers within the illite-smectite mixealykrs vary from 40 to 85%, the lowest values beiggin
systematically recorded in the detrital carbonatervvals. After glycolation the main peak of theestites varies
from 16.4 to 16.8 A, the highest expansion beirgraed prior to 14 kyr. The crystallinity of the satites is
very poor [y, > 1.0° 2), especially for the lower part of the sequence ughéoYounger Dryas.

As in PC13 and in surface sediments, nontronitenba®een observed in this core. The smectiteslynoshsist

of montmorillonite and beidellite. Montmorillonitesually dominates (Fig. 6) up to 90% of the smectit
composition at 6.9 kyr. The proportion of montmionite in PC94 is lower (rarely equal) than in eglént age
intervals of PC13, except at 8.2 kyr and in the esppst (1.5 kyr) and surface samples. In hemipelagi
sediments (DC excluded), smectite composition ftbenlower part of the sequence between 20.4 ard Kyo.
closely matches those from surface sediments sanapdeg the WBUC in the Iceland and Irminger ba¢8%
50% of beidellite within the smectites, Table 1rd&e detrital carbonate layers (LDC and DC1 — saiglel' 3)
show an increased in montmorillonite. In contrétss, detrital carbonate layer associated with thanger Dryas
event (DCO, see Table 3) is characterized by areased content of beidellite (up to 60%, i.e. tighdést
contribution of the past 20 kyr), at the expenseohtmorillonite (Fig. 6).
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5. Discussion
5.1. Origin of clay particles in the Northern Nowttlantic

More than 50% of the clay fraction of surface seatits consist of smectites in most areas of thehdantNorth
Atlantic (Biscaye, 1965; Grousset et al., 1982; BiRaumazeilles, 1995; Fagel et al., 1996); the é&dgh
abundances are recorded in the Eastern basins.cdighnts of smectites, proximity of active volcaareas and
mineralogical gradients have been used to infepmidant origin from Iceland, Reykjanes Ridge and th
Faeroes, through meteoric or submarine weatheringloanic terranes (Yeroshchev-Shak, 1964; Grdusse
al., 1982; Zimmerman, 1982; Bout-Roumazeilles et1899). The lack of any correlation between gktssrd
occurrence and smectite abundance suggests thaifpe smectites is derived from continental ar@iscaye,
1965; Berry and Johns, 1966).

Only beidellite and montmorillonite are identifiédr surface and Late Glacial to Holocene sedimeftse
absence of nontronite at all sites indicates tte=ate or minor contribution of clays derived froydtothermal
alteration and/or meteoric weathering of basaltaterials below 1300 m water depth in the NortheortiN
Atlantic, and at all depths of the Labrador Ba3iherefore, Iceland and the Mid-Atlantic Ridge da constitute

a major source for clays in the sediments batheithéyNEADW, and for sites located on the path ef\tiBUC.
Several observations support this interpretatid: sfnectites are minor components in Icelandicssathere
amorphous minerals (imogolite, allophane, ferrilitgdr dominate (Wada et al., 1992). No amorphous
components have been found at North Atlantic sitbere smectites are dominant (Fagel et al., 1985);
hydrothermal alteration of basalt to smectites ceanly locally in active areas of Iceland and lo¢ tMid-
Atlantic Ridge (Chamley, 1989), yielding formatioh nontronite and trioctahedral smectites (e.g.iRsin et
al., 1977); dioctahedral smectites in the studitgb glo not include nontronite; (3) in active areamid-oceanic
ridges, volcanogenic clays (smectites, celadonitgare observed in and above weathered basadts, tbut
rapidly decrease within a few tens of centimetarthe sedimentary column (e.g. Chamley, 1989);(@h&m-
Nd studies of the whole <2 um fraction of surfaedimients from the Reykjanes Ridge (site 063, Bigndicate

a dominant terrigenous contribution (60%) from ypumust components that may derive from Europeaand/
from the Arctic (Innocent et al., 1997).

All these characters suggest that the origin oftrsasectites in sediments bathed by the NEADW and B
masses must be searched in upstream areas ofdhesats. Smectites sensu lato are common claykein
Northern North Atlantic, but they include in regl&gpecies with diversified chemical compositiorssaxiated to
illite-smectite mixed-layers. The presence of blitdeand montmorillonite only indicates that smitet here
proceed mainly from chemical weathering of divessbstrates, and were eroded from soils and/or ssdén

5.2. Sources of terrigenous smectites

Terrigenous Al-Fe smectites may be supplied frowess potential source-areas, i.e. (1) Northwesbpge, (2)
Eastern Greenland coastal areas, (3) Arctic maayidg4) Northern Baffin Bay area.

1. Smectites are common clay constituents in nodeils from Western Europe where they are assatiat
to vermiculite (e.g. Pedro, 1968; Righi and Meuni&g95). Montmorillonite and beidellite are by fae
most abundant smectites in temperate soils on warsubstrates, where they are associated to illitic
mixed-layers (Gradusov, 1974; Weaver, 1989). Fetaimce, montmorillonite with illite interlayering i
common in soils of Ireland (Bain and Russell, 198®wever, the absence of vermiculite at the stlidie
sites suggests that modern West European soilearthe dominant source for the terrigenous load of
deep waters. The clay fraction of the late Jurassid Cretaceous sediments from Western Europe
contains 40-90% of smectites, most of them beingitmorillonite (Weaver, 1989). Late Jurassic and
Cretaceous sediments largely outcrop over largasacé the West European margins, especially in
Ireland and Great Britain. They may have been etag® transported to adjacent Northeast Atlantic
basins where smectites frequently constitute thempart of the clay fraction both in surface anddte
Quaternary sediments (Grousset et al., 1982; Zimrary 1982; Bout-Rouma-zeilles, 1995). Soils from
semi-arid European and Mediterranean areas arendtedi by smectites, which mostly consist of
beidellite (Pédro, 1968; Righi and Meunier, 1993¢avy rains in these areas ensure deep erosion and
transport to the ocean. Al-Fe smectites contribfote 30-40% of the clay assemblages of surface
sediments in the adjacent Bay of Biscaye (e.g. &tmdomt et al., 1979) and may have been carriedefurth
to the North by the water deep circulation. Tramspbsmectites from Western Europe to the deepoce
may have been ensured by the North Atlantic Ditifgt dives to the North and participates to deefemwa
formation, and by intermediate to deep waters ftbentemperate Atlantic, that include a Mediterramea
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Water component (McCartney, 1992; Dickson and Bral@94).

Part of the smectites may derive from erosibfiuvio-glacial sediments along the Eastern Graad|
coast (Petersen and Rasmussen, 1980) where wstkllized smectites formed by weathering of biotite
during warmer intervals have been reported. Thempmosition has not been assessed; according to
drainage conditions, biotite can evolve either iatmixed-layer clay and/or beidellite by transfotima
when hydrolysis is important enough, or into montittamite in confined conditions (e.g. Aoudjit ek ,a
1995).

. Smectites have been locally reported in Sibefigctic surface sediments, in particular in theplew Sea
shelf area (20-40% of smectites, Nurnberg et 8B4). A recent synthesis demonstrates the varigloifi
smectite content in surface sediments from the $tamashelf seas and the adjacent Central Arcti@a@ce
(Wahsner et al., 1999). Smectite contents are ¥®w20%) in Eurasian Arctic Ocean but increase &ifsh
areas, in the inner Laptev and Kara seas (meantiseneentent of 26 and 60%, respectively). Maximum
smectites content of up to 70% were being idewtifiear the river mouths. These areas represent the
main source of smectites out of the Arctic Oceane@&ites were supposed to be derived from the @mosi
and weathering of Mesozoic basalt complexes irSiberian Hinterland, then transported by riverthio
Kara and Laptev seas (see references in Wahsnal.,e1999). Smectite particles may have been
transported by cold currents to the North Atlanticsmectite maximum being evidenced along the
pathway of the Transpolar Drift (NUrnberg et a@94) which drives sea ice from the Siberian shethe
Fram Strait. From there, the East Greenland Curwanies cold waters and icebergs out of the Arctic
(Stein et al., 1994). Note here that the clay faacfrom the two samples collected in the Lapted Kara
seas, not representative of the Arctic Basin, ¢ont to 80% of smectites which largely consist of
beidellite (Table 1). 4. Smectites represent 5-3f%he clay assemblages (mean 20%) in Baffin Bay
sediments (Boyd and Piper, 1976; Piper and Sl8#71Andrews et al., 1993). Montmorillonite, thaasv
already reported by Piper and Slatt (1977), doremélhe two samples from the Northern Labrador Sea

(Table 1). The shallowest site (007) near the doti®avis Strait (Figs. 1 and 3) contains low e@nis of
smectites (20%), with less than 35% of smectitieta. Terrigenous particles including low amourfts o
smectites with a dominant montmorillonite may h&een supplied through DSO waters to the WBUC
gyre in the Labrador Sea.

To summarize, characteristics and composition efstinectites are consistent with a dominant teragsrorigin
in areas bathed by the NEADW and the WBUC. Thetivglamportance of the potential sources for sntesti
that include Western Europe, Greenland, Siberiactid\coasts and Baffin Bay, and their link to thedarn
circulation are discussed below.

5.3. Clay mineralogical imprint of modern deep wateasses

According to their origin, specific mineralogicdiaracteristics may be assigned to smectites dbiyethe main
water masses involved in the WBUC. The sites bathethe NEADW (all located on the flanks of Reylgan
Ridge between 1300 and 2250 m water depth) areactesized by smectite-rich and well-crystallizedkeai-
layers, characterized by a good expansion uponlezteyglycol. Beidellite is significantly more abwant in
smectite composition at Site 071, within NEADW?2.iS lkontrast most probably expresses differenceten
origin and pathways of both sub-water masses. ppenpart of the NEADW, i.e. NEADW1, mostly consisf
Norwegian Sea outflow that plunges over the sitiMeen Iceland and Scotland, and of North Atlantidace
waters that dive at the convergence (Mauritzen,619%his water mass is the most likely to contaiainty
montmorillonite (associated to beidellite), whicivke been eroded by run-off from Northwest Europeluding
Scotland and Ireland (e.g. Bain and Russell, 1988aver, 1989). In the NEADW?2, the main componeainfr
the Norwegian Sea outflow is mixed with warmer amore saline waters from the deep temperate Atlawiih
a small influx of Antarctic Bottom Water (McCartnel992; Dickson and Brown, 1994; Lucotte and Hi#ai
Marcel, 1994). This composite NEADW?2 contains glglly different clay association, characterizedhigher
proportions of beidellite within the smectites pably of a distant origin. This allows a clear distion of both
water masses from their mineralogical content.

Site SU22, within the core of the DSOW near itsrioev South of Denmark Strait, probably shows thesi
typical mineralogical imprint of this water massafile 1). Smectites are less abundant than in th&ONE

although their proportions of beidellite and montith@nite are quite similar. The surface sedimenSae SU22
also contains low smectitic layers, poorly crystald, with low expansion after glycola-tion. No sfo
correlation can be made actually with the two aredysediments from the Russian Arctic basins. Adiér
waters circulate at shallow water depth along thiee@land margin on their way to Denmark Straiteriait
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advection of particles may have progressively medithe clay mineral association. Most of the cbinastics
of the smectites, as defined at Site SU22 at tbepition of the DSOW in the Irminger Basin, are gisesent at
the other sites bathed by the DSOW (Table 1, FigH8wever, higher contents of smectites occur iwithe

DSOW South of Greenland at Sites 011 and 017, &i®ite 056, in the deep Irminger Basin, togethehai

better crystallinity and more smectitic layersha shallowest site (011) (2805 m water depth). &ttaristics of
these smectites are transitional between thosenaabé areas bathed by the NEADW and by the DS@hd,
probably express some mixing of both water mas$hkese transitional smectites, with greater infleeiod

DSOW supply with depth, also characterize the sitethe path of the WBUC in the Labrador Basin (Big

The clay association from the shallowest site atdhtlet of Davis Strait (007, Table 1) that maingflects
DSO-driven supplies, contains a smaller abundahcenectites and lower proportions of beidelliterttthose
from Site SU22 at the outlet of Denmark Strait. itluence southward along the Canadian marginitas s
within the WBUC is mostly reflected by a decreasmihtent in smectites, particularly of the beidellit
contribution, indicating inception of DSO watersthin the main current. Lateral advection of paetchvithin
the WBUC is not considered here, due to the absehsmectites and presence of significant amouhitite-
vermiculite mixed-layers at shallow water depthghaf Canadian margin (Table 1). The WBUC showslami
characteristics southward, at its outlet to thethNdéttlantic Basin. Comparable smectites are alss@nt in the
deep Irminger Basin (site 056), filled with deepteva with characteristics close to those of the DSthat
escapes from the main body of the WBUC North of @tmarlie-Gibbs Fracture Zone (CGFZ) to form a deep
cyclonic gyre (Lucotte and Hillaire-Marcel, 1994Jost of the modern DSO is not included within theeec of
the WBUC, but circulates at a shallow to intermezliaater depth (LSW) and forms a recirculating ldophe
Irminger and Labrador basins (Clarke and Gasc&@83;1Dickson and Brown, 1994). Site 006 off thethetn
tip of Greenland is located within this water mdssclay mineral content shows only small affieitiwith Site
007 at the outlet of Davis Strait (see contentaitiéllite, Table 1). This may be due to some mixivith other
water masses (NEADW1) or, more likely, due to titerdal advection of detritals from Greenland.

The modern deep water masses in the northern Ntémtic contain specific types of smectites magtifi
progressively in sites along the main path of tHBWAZ. This observation will be used to monitor tin@aiations
of the WBUC since the Late Glacial.

5.4. The Quaternary clay record of the past 26 keyolution of the deep oceanic circulation

Based on a high-resolution sampling, the evolutbrsmectite percentages and smectite/illite rabiosores
PC13 and PC94 provided evidence for gradual infieaibn of WBUC circulation from the Late Glacitd the
early Holocene (Fagel et al., 1997). In this stusiyly montmorillonite and beidellite have been evided at
both sites, suggesting that major sources of stesedi the deep Labrador Basin remained the santedgast
26 kyr.

During the Late Glacial interval of PC13, the irase of smectites (that takes place) between 1218 &2 kyr
(with an early peak at ca. 22.4 kyr) is associatéti changes in XRD characteristics. In particuthe better
expansion upon ethylene glycol solvatation, andhdrigproportion of beidellite (Table 2) may indicaamore
important contribution of NEADW (especially NEADW22yaters as the WBUC intensified. In contrast, the
intervals of low smectite content (<50%) show a merpansion upon ethylene-glycol solvation, likesh
found at shallower water depth of the modern GreewhRise bathed by the upper DSOW and the LSW €Babl
1 and 2). This is most probably related to a waedutation of the WBUC, with a greater importandettee re-
circulating gyres and of lateral advection of pdes than in the modern ocean. Fluctuations of the
characteristics of the smectites during the deglanterval from 14.4 to 8 kyr suggest some vatigbof the
regime of circulation. In the modern ocean, colechse waters from the Norwegian Sea dive acrossithe s
between Iceland and Scotland to reach the deemtitlavhere they mix with deep waters from the terape
Atlantic to form the NEADW?2 (Dickson and Brown, ¥39Mauritzen, 1996). Dense water formation in lielat

to an increased salinity probably started in thewWégian Sea as the surface temperature warmednéetfull
development of the NEADW during the Holocene (Bogled Keigwin, 1987; Duplessy et al., 1988). In the
uppermost part of the core, at least in the topn8(lto sample between 98 and 8 cm, i.e. betweemrd4d<l
kyr), the decreased percentage of smectites batiassd with an increased contribution of beidel(iTable 2),
also smaller percentages of smectitic layers amgiolp values suggest a higher influence of the DSOW en th
WBUC. The largely dominant influence of the DSOWHas$ depth (3380 m) of the Greenland Rise, mayerg
recent (less than 1 kyr), as evidenced from surdadéments (Table 2).

Late glacial proportions of beidellite (as wellthsir good expansion upon ethylene-glycol solvatitable 3) in
PC94 closely match these of the modern sedimetitethdy the NEADW, suggesting a greater influerfcinis
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water mass on the composition of the WBUC neaolittet to the North Atlantic than at PC13. This lep a
southward move of NEADW circulation at that timehi§ hypothesis is supported by oxygen isotope data
indicating circulation of deep waters originatimgrh the Central North Atlantic during glacial ispio stages 4-

2 (Duplessy et al., 1988; Labeyrie et al., 1992xoligh the deglacial interval, the upward increasmdribution

of the montmorillonite within the smectites mayleef an intensified contribution of DSO waters e WWBUC
through time (Table 3, Fig. 6).

The comparison of the smectite composition in botres also indicates: (1) a relative enrichment in
montmorillonite in detrital layers (LDC and DC1RC94; HE2 for PC13), and at about 9 kyr; (2) anchnent

in beidellite during the Younger Dryas. As thesaenalogical changes occur in cores located atrile¢ (PC13)
and outlet (PC94) of the WBUC gyre in the Labra8es, they may be of both regional and global Sicanitce.

5.5. Terrigenous discharges

The detrital carbonate layers of PC94 at the ouifethe WBUC, characterized by smaller percentagfes
smectites (Fagel et al., 1997), reflect a massvegenous input. Andrews et al. (1993) have suggethat
decreased contents of smectites resulted fromiatiluty strong pulses of carbonate-rich sedimerisfthe
Hudson Strait area, following local instabilitief the Laurentian ice-sheet (Andrews et al., 1998jth the
exception of the detrital layer DCO closely assmlao the Younger Dryas event, the smectites lidettital
carbonate layers from core PC94 show decreakedalues, lower percentages of smectitic layers agtien
proportions of montmorillonite. Comparison with tieodern clay associations (Table 2, Fig. 3) suggest
intensified contribution of DSO source areas durtilegosition of the detrital-rich layers. This igpported by
changes in the Sm-Nd ratios of the carbonate-fiseftaction (Fagel et al., 1999).

In contrast, in PC13 at the inlet of the WBUC gydetrital Heinrich-like layers HE2 and HE1 do nbbw any
significant decrease of the smectites (Fagel etl8097). Characteristics of the smectites do noy vetably,
with the exception of the proportion of montmornilite which increases in HE2 up to values similathiose
recorded in the detrital carbonate layers of P@@4surface samples indicate that the North Baffay Brea is
the only possible source for such amounts of montimoite, this implies significant contribution dfis source
area during the Heinrich-like event, HE2. This bagn most probably achieved through intensified 3@
LSW circulation. We suggest that during Heinricleets (at least HE2) the recirculation loop of tf&®A in the
Irminger Basin (Clarke and Gascard, 1983; Dicksnd Brown, 1994) expanded enough to ensure significa
transport of terrigenous load to Site PC13.

5.6. The Younger Dryas and the early Holocene svent

The Younger Dryas event is associated to a detr#dbonate layer (DCO) in PC94 (Canadian Rise) reds
only a minor increase of coarse fraction has bessheaced in coeval sediments from PC13 on the Gaedn
Rise (Hillaire-Marcel et al., 1994). The clay miakassociation of this interval on the CanadiareRisntains
higher percentages of chlorite, illite and kaoéniand lower contents of smectites, indicatingrisiféed erosion

of high-latitude substrates, while no significahainges are evidenced on the Greenland Rise (Faglel £997).
This also suggests persistent supply of smectitesith deep circulation during the Younger Dryaswidver,
the smectites of the Younger Dryas interval in baihes contain significantly increased proportiohbeidellite
(Tables 2 and 3, Fig. 6). Contribution of the Agchasins is not clearly expressed in the clay éatog.
Comparison to surface data (Table 1) rather suggest increased contribution of NEADW (especially
NEADW?2) to the deep current. The Younger Dryas éwagpears closely associated to very low values of
precession (the minimum being centered at abou@ Ryr) which correspond to maximum insolation awlo
latitudes and high meridional thermal gradients s{daa, 1990; Crowley and North, 1991). Associated
intensification of poleward heat transfer may heriggerred production of NEADW, which includes coomgnt
waters from the Norwegian Sea and from the tempehsiantic (Dickson and Brown, 1994). Poleward heat
transfer also fostered precipitation in high-lad#élareas and ice-growth (Sarnthein et al., 1995).

During the 9 kyr event, the beidellite contributiaiithin the smectites that drops to 10% is clos¢h® value
presently measured in shallow sediments off Greehlgsite 006,B/M ~ 15/85%, Table 1). At this time,
sedimentological features and Nd isotopic signatwe the clay-size fraction (Fagel et al., 1999)dexce
coarser sedimentary supplies from adjacent corttimesisses. As high proportions of montmorillonitee ar
characteristic of DSO source areas, the youngestgbathis interval (from <9.1 but >8.9 to 8.6 kymay
correspond to an expansion of the LSW re-circuipgiyre in the Irminger and Labrador basins, anthareased
contribution of its terrigenous load to the seditaéion. This interval corresponds to maximum meanual
insolation at northern high latitudes, top valuesnpg reached at 9.3 kyr (Laskar, 1990). We sugtfesit
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increased energy favored ice-sheet retreat, atdritr@ased availability of cold melting water ntagve forced
DSO production and LSW circulation.

6. Conclusions

Clay mineralogical study of surface and late Queter sediments from the Northern North Atlantic dhd
Labrador Sea provided evidence for a link betwdmmeéance of smectites and deep water circulatietail@d
investigation of smectites documents the dominamntigenous origin of clay particles and allows clea
distinction of the different component waters of theep ocean, and especially of the WBUC, front ttley
mineral signature.

High amounts of smectites, including important mmtijons of beidellite and smectitic layers with aod
crystallinity characterize the terrigenous loadref NEADW, especially that of NEADW2. Lower abundarof
smectites with proportions of beidellite and montitfanite similar to those carried by the NEADW, thmore
rich in illite layers, and poor crystallinity is smciated to the DSOW. The small abundance of stasdargely
dominated by montmorillonite rich in illite layeesxd poor crystallinity are typical of DSO-drivenpglies and
of LSW.

Time-variations of smectite characteristics alloacagnition of major changes that concerned the deep
circulation of the past 26 kyr, in relation to teeolving environment and climate. During late gihénterval,
close resemblance of smectites at the most sousliter(PC94) only with those from areas bathedheynhodern
NEADW indicates that the main body of deep watecudation flew southward of its modern pathway ainae

of restricted formation of dense waters in the Nemgian Sea. During the late glacial/deglacial tr#onsi
occurrences of beidellite and smectitic layers-nuixed-layers at the northern site (PC13) may tefaom
higher contribution of NEADW2 waters in relation tioe intensified circulation of the WBUC. This cdube
linked for a part to dense water production in Negwegian Sea as warming of high latitude areagnessed.
Upward increases of montmorillonite contributiorthim the smectites at Site PC94 are related tmgthened
contribution of DSO waters to the downstream péathe WBUC during ice-cap receding. Heinrich-likeeat

(at least HE2) in PC13 and detrital carbonate EyeiPC94 contain higher proportions of montmoniite and
more illitic layers, indicative of increased cobtition of DSO source areas. This implies an expansif
DSO/LSW circulation, including its re-circulating/rg in the Irminger Basin. The Younger Dryas ingrin
both cores is characterized by significant augntemtaf beidellite contribution within the smecsterelated to
increased contribution of NEADW (especially NEADWR®jpters to the deep circulation. Intensification of
poleward heat transfer during the minimum of preimes (centered at 11.6 kyr) may have triggered petdn

and circulation of NEADW2 components, mainly deeptavs from the temperate Atlantic and dense waters
from the Norwegian Sea. As suggested by decreasegtages of smectites containing higher propustiof
beidellite and more illitic layers, significant inénce of DSOW waters to the WBUC is perceptiblezat4.4 kyr

at Site PC13 off Greenland, where it may have imsed very recently (between 4.4 and <l kyr).
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