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Seawater rare earth element (REE) concentrations are in@singly applied to reconstruct
water mass histories by exploiting relative changes in theistinctive normalised patterns.
However, the mechanisms by which water masses gain their p&rns are yet to be
fully explained. To examine this, we collected water sampéealong the Extended Ellett
Line (EEL), an oceanographic transect between Iceland andcstland, and measured

dissolved REE by ofine automated chromatography (SeaFASTand ICP-MS. The
proximity to two continental boundaries, the incipient sgng bloom coincident with the

timing of the cruise, and the importance of deep water circ@tion in this climatically
sensitive gateway region make it an ideal location to invegiate sources of REE to
seawater and the effects of vertical cycling and lateral ag¢tion on their distribution. The
deep waters have REE concentrations closest to typical NontAtlantic seawater and are
dominated by lateral advection. Comparison to published sawater REE concentrations
of the same water masses in other locations provides a rst masure of the temporal
and spatial stability of the seawater REE signal. We demorrsite the REE pattern is
replicated for Iceland-Scotland Over ow Water (ISOW) in theeland Basin from adjacent
stations sampled 16 years previously. A recently publishetabrador Sea Water (LSW)
dissolved REE signal is reproduced in the Rockall Trough bihows greater light and
mid REE alteration in the Iceland Basin, possibly due to theaininant effect of ISOW
and/or continental inputs. An obvious concentration gradint from sea oor sediments to

the overlying water column in the Rockall Trough, but not théceland Basin, highlights
release of light and mid REE from resuspended sediments andqgue waters, possibly
a seasonal effect associated with the timing of the spring bbm in each basin. The
EEL dissolved oxygen minimum at the permanent pycnocline e¢eesponds to positive

heavy REE enrichment, indicating maximum rates of organic atter remineralisation
and associated REE release. We tentatively suggest a bactef role to account for the
observed heavy REE deviations. This study highlights the ed for fully constrained
REE sources and sinks, including the temporary nature of soeisources, to achieve
a balanced budget of seawater REE.

Keywords: rare earths, biogeochemical cycle, ocean circula tion, Northeast Atlantic, water mass tracer, chemical
tracer, Extended Ellett Line, Iceland-Scotland Over ow Wa ter
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INTRODUCTION from aeolian deposition Tachikawa et al., 1939 negligible
REE from hydrothermal ventingerman et al., 1990 and
The rare earth elements (REE) form a suite of 14 elements (i.&ariable contributions from sediments. This latter point indes
the lanthanides) with chemical properties that vary systécadly  diagenetic release of REE from pore watetdhbtt et al.,
across the group. The interpretation of relative changes i2015b; Haley et al., 20) 7partial dissolution of particulates
REE concentrations makes them a powerful tool to investigat@srenier et al., 2013; Pearce et al., Jafd release from river-
advection, cycling and inputs of trace metals in seawatereiVh borne particulates in estuarine environmenfousseau et al.,
normalised to the Post-Archaean Australian Shale (PARSIor  2019. These seawater-sediment interactions are described by
and McLennan, 19§5the balance of supply/removal processeshoundary exchange” and can result in release or scavenging
that fractionate seawater REE away from their lithogenigios  of REE (acan and Jeandel, 2005b; Jeandel et al., 2007, 2011;
is highlighted (e.g.Elder eld and Greaves, 1982; Bertram andJeandel and Oelkers, 2015; Jeandel, 20This incomplete
Elder eld, 1993. This fractionation is mainly attributed to the understanding of the marine REE budget is re ected most dgute
increasing strength of REE complexation to carbonate ions dsy the input de cit in the marine Nd budget of 11,000 tons per
mass number increaseBy(rne and Kim, 199)) described by the year (Arsouze et al., 200%nd serves to highlight the importance
lanthanide contraction e ect{hang and Nozaki, 1996While  of re ning our knowledge of these seawater-sediment prosesse
the heavy (H)REE are almost entirely bound by stable carl@onat Organic complexation of seawater REE likely plays a role
complexes, the light (L)REE are present with a greater proportioin the distribution of REE through their a nity for negative
of free metal ions that makes them more susceptible to removegharged sites on organic moleculeBy(ne and Kim, 1990
from solution through adsorption reaction€@ntrell and Byrne, However, it remains a relatively unconstrained quantity at
1987, Byrne and Kim, 1990; Sholkovitz et al., )9%his results present (e.g.Haley et al., 2014 with some identi cation
in the characteristic PAAS-normalised seawater REE pattérn of organic uptake associated with surface ocean productivity
HREE enrichment relative to LREE (e fglder eld and Greaves, (Stichel et al., 2015; Grasse et al., 20bidt no complete
1982; Bertram and Elder eld, 1993; Alibo and Nozaki, 1999 explanation of the process. Work on organic complexation has
One exception to this is Ce, whose microbially mediated redokienti ed strong HREE binding to bacterial phosphate functibna
chemistry results in substantially lower relative concationsto  groups (Ngwenya et al., 2010; Takahashi et al., }0did strong
neighbouring REENIo ett, 1990). organic ligand complexationSchijf et al., 2015 Uptake of
The relative changes in the distinctive pattern of dissolve@REE by biogenic silica has also been proposedagi, 201}
seawater REE are increasingly applied to reconstruct watgvhere present in su cient density, these functional groups may
mass histories, e.g., provenance, continental inputs, &ifen serve to further fractionate seawater REE and could represent
of biogeochemical cycling, and water mass isolation timene mechanism by which the nutrient-like vertical pro les of
(e.g.,Zhang et al., 2008; Grenier et al., 2013, 2018; Garcigissolved REE are attaine8dhijf et al., 2015As rather tenuous
Solsona et al., 2014; Haley et al., 2014; Molina-Kescher, et gupport of this, the often cited lack of a biological functia f
2014, 2018; Hathorne et al., 2015; Zheng et al., 2016; Graghe REE is starting to be countered by evidence for an active
et al., 201). Dominant processes controlling the distribution role of the REE in bacterial processés( and Franklin, 2004;
of open ocean REE are lateral advection by deep water masggsrtinez-Gomez et al., 201&nd references therein).
(e.g., Hathorne et al., 2015; Zheng et al., 2pland the Here we present the seawater REE concentrations collected
e ects of biogeochemical cycling (particle sorption/desaspti  on an annual oceanographic transect, the Extended Ellet Lin
remineralisation) on vertical proles of REE (e.gholkovitz  (EEL), which runs between Scotland and Icelandé@ N,
et al., 1994 Also important are the processes operating at the 20 E) and occupies a climatically sensitive gateway region in
continent-ocean interface, that dictate sources and stfkREE  the NE Atlantic. The EEL is ideally positioned to record theum
to seawater (e.gJeandel et al., 20),]and, gaining recognition, of North Atlantic upper waters into the Greenland-Iceland-
are the role of organics in altering the reactivity and tiere  Norwegian (GIN) Seas, the over ow of deep water massesgxiti
the fractionation of the REESchijf et al., 205 Demonstrating the GIN Seas across the Iceland-Scotland Ridge at depth, and
and ultimately quantifying the impact of these mechanismsheir recirculation within the Rockall Trough and Iceland $a
on seawater REE is essential for complete data interpretatioBamples collected at ve open ocean stations provide full water
Resolving seawater REE behaviour will also contribute teolumn REE pro les, and contribute to the growing resolutioh o
constraining the marine Nd budget (i.e., the “Nd paradox”;REE distributions in water masses in the NE Atlantic, previpus
Goldstein and Hemming, 2003the isotope compositions of sampled in the neighbouring Norwegian Sea¢an and Jeandel,
which are currently one of the most powerful chemical traagrs 20041l), Irminger Basin (acan and Jeandel, 2004keeland Basin
water masses in modern oceanography (&genier et al., 2014; (Lacan and Jeandel, 2005and Labrador Se&{lippova et al.,
Lambelet et al., 20)6and palaeoceanographic reconstruction2017. The comparison to data collected recently antl6 years
(e.g.Wilson et al., 2011 prior allows the rst evaluation of the temporal and spatial
Processes operating at continental margins and the seawatetability of the dissolved REE signature as chemical watssma
sediment interface are amongst the least resolved. Thegnger tracers. Samples were also collected from three coastairstati
picture of REE cycling in the ocean is one of dominantat the Icelandic and Scottish extremes of the EElgyre 1).
removal ( 70%) of riverine REE in estuarie§ldstein and The proximity of these two continental margins and the complex
Jacobsen, 1988; Sholkovitz, 199320% (Nd) contribution bathymetry crossed by the EEL make it an ideal location to
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investigate the impact of various REE sources on the seawatesmogenous body of water (3-@, 34.90-34.95 salinity, 27.70—
signatures of di erent water masses. In addition, the timafghe ~ 27.85 kg/ni; Holliday et al., 2016 Long-term observations
spring bloom, coincident with the EEL cruise, provides furthe highlight the consistently fresher and colder properties 0A\LS
insight into the e ects of vertical biogeochemical cycling®EE in the Iceland Basin compared to its signature in the Rockall
distributions. Trough (Holliday et al., 201 re ecting greater mixing along its
pathway to reach the northern Rockall Trough. Typical disstblve
oxygen concentrations associated with LSW in the Rockall

MATERIALS AND METHODS Trough are 260—27@mol/kg, and relatively high concentrations
of silica (10.7-14.imol/kg), phosphate (1.0-1r@mol/kg) and
Hydrography nitrate (11.7—19rmol/kg; Fogelqvist et al., 2003; McGrath et al.,

The EEL spans the Rockall Trough, the Rockall-Hatton Platea2012; Johnson et al., 2Q1®uring the 2015 EEL cruise, LSW
and the Iceland BasirHgure 1). The collection of oceanographic identi ed in both the Rockall Trough and the Iceland Basin had
data on at least an annual basis since 1975 in the Rockall Trouglissolved oxygen and nutrient concentrations within thessgges
and extended to the Iceland Basin from 1996 onwards makes ttf@able 1).
EEL an exceptional resourcedlliday and Cunningham, 2033 The deepest depths of the Iceland Basin are occupied by
with many publications detailing the circulation of water ss&s Iceland Scotland Over ow Water (ISOW<3.0C, >27.85
and their hydrographic and chemical properties. The overalkg/m?) from the Nordic Seas that enters mostly via the Faroe
circulation along the EEL is one of warm and salty Atlantic uppe Bank Channel and circulates along the western boundary of
waters owing in a north-easterly direction into the Nord®eas, the Iceland Basin. Cyclonic recirculation results in a deral
underlain by a permanent thermocline that separates the sarfa ow of ISOW along the eastern side of the Basikdafizow
from the generally cyclonic circulation of dense, cold watat and Zenk, 201} likely mixed to varying extent with the
depth Holliday et al., 2015Figures 2 3). Here, we summarise overlying LSW [olliday et al., 2016 ISOW is well ventilated
the salient points. (268—286rmol/kg), with elevated concentrations of silica (9—
The upper waters are dominated by the North Atlantic 12.6mmol/kg) and nitrate (10—16mol/kg; Fogelqvist et al.,
Current (NAC) that draws in subtropical Eastern North Atlamt  2003; McGrath et al., 20).2During the 2015 EEL cruise, ISOW
Water (ENAW) and subpolar Western North Atlantic Water had nutrient concentrations within range of typical values,
(WNAW). Upper waters in the Rockall Trough are warmer andalthough silica was low (9r@mol/kg) and total nitrogen was high
saltier £9.5 C, >35.4 salinity) compared to the Iceland Basin(15.3mmol/kg; Table 1). Table 1 also highlights comparison to
(> 7.0 C,>35.10 salinityFigure 3, Holliday et al., 2000; Johnson published values of ISOW_&can and Jeandel, 20Q4bollected
et al., 2018 These upper ocean waters have potential densitigas the Faroe Shetland Channel in 1999. Several di erencdsdo t
of 27.20-27.50 kg/fy and are overlain by a shallow layer properties of this ISOW (e.g., lower potential temperature and
of seasonally a ected surface waters27.20 kg/ni; Holliday  salinity, greater potential density and dissolved oxygem) lwa
et al., 201} although in 2015 water with these densities wasscribed to the e ects of mixing and dilution as ISOW travels
observed as a thin veneer over the surface of the Rockalirough the over ow channels and the shallower depths of the
Trough (<35m deep) and did not extend into the Iceland Iceland Basin, mixing with overlying NAC and LSW. This is
Basin Figure 2). Typically WNAW has higher concentrations of discussed in more detail in section Circulation E ects on REE
silica ( 7.3nmol/kg), phosphate (1.0-1rdmol/kg) and nitrate  Distribution.
(14.6-15.6mtmol/kg), whereas the ranges in ENAW tend to  Atthe pointthe EEL crosses the Rockall Trough, water masses
be lower (silica: 2.4-5mol/kg, phosphate: 0.6—Inimol/kg,  denser than LSWX27.85 kg/nd) are not consistently observed.
nitrate 10.0-12.8mol/kg; Fogelgvist et al., 2003; McGrath et al., When present, Lower Deep Water (LDW2.8 C, 34.95 salinity;
2012; Johnson et al., 2013 he values recorded during EEL Holliday et al., 200Dis a cold, dense water mass in uenced by
2015 cruise for both upper water masses fall at the lower end éntarctic Bottom Water flew and Smythe-Wright, 20011In
just below these range3gble 1), highlighting broader climate- 2015, only the deep eastern side of the Rockall Trough carried
induced changes in ocean circulation that in uence nuttien water denser than LSW (not sampled in this study), which
concentrations{ohnson et al., 20).3 has typical characteristics of elevated silica (B®Il/kg) and
The permanent thermocline forms a coherent density layenitrate (20.4mmol/kg; McGrath et al., 201)3
(27.50-27.70 kg/A) at  900—1,400 dbar in the Rockall Trough,
but becomes broader and less well de ned in the Iceland BasiMethods
where it rises to 400 dbar Figure 2). The oxygen depletion Samples were collected from nine stations during the EEL on
zone (ODZ) and maximal nutrient concentrations are wellthe RR®iscoverpetween 29 May and 17 June 20Ftg(re 1).
de ned in the Rockall Trough but more di use in the Iceland Of the open ocean stations, ve have full proles (6 depths
Basin. Minimum dissolved oxygen concentrations in the Rockakampled) and station P has two samples. Seawater was collected
Trough during the 2015 EEL cruise were 288o0l/kg, with  from Niskin bottles on a CTD rosette and immediately Itered
concomitant peaks in nutrients in silica (9%nol/kg), phosphate through 0.4mm polycarbonate Cyclopore Iter membranes into
(1.17mmol/kg) and total nitrogen (18.@mol/kg; Table 1). LDPE bottles, followed by acidi cation, double bagging and
Below the permanent pycnocline in both basins, circulation igefrigeration until analysis in the home laboratory. All égonent
dominated by Labrador Sea Water (LSW), present as a rekativeh contact with the sample seawater was rigorously acid cleaned
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FIGURE 1 | (A) Location map with the 2015 Extended Ellett Line (EEL) statis in black dots. Deep, ocean currents are indicated by blackarrows (below the
pycnocline). The cold over ow currents are shown by blue arravs. Dotted lines represent intermittent currents. Orange rad yellow lines re ect the warm surface
waters. The locations of the Faroe-Shetland Channel (FSGjaroe Bank Channel (FBC) and Wyville Thomson Ridge (WTR) ate®wn. For reference in the discussion,
also shown are the locations of Station 23 in the FSC (yellowgsiare; Lacan and Jeandel, 20045 and Stations 15.5 and 17.5 in the Labrador Sea (green squase
Filippova et al., 2017. (B) Detailed view of the 2015 EEL stations, with those sampled ithis study highlighted by large labelled symbols (blue, redjrey). Water
masses: DWBC, Deep Western Boundary Current; LSW, Labrador Sea WatglSOW, Iceland-Scotland Over ow Water; DSO, Denmark Strait @r ow; NA, North
Atlantic Current; WNAW, Western North Atlantic Water; ENAVEastern North Atlantic WaterOcean basins:LS, Labrador Sea; IB, Iceland Basin; IS, Irminger Sea;
RHP, Rockall-Hatton Plateau; RT, Rockall Trough; NS, Norvggan Sea. The gure was created using ODV software, availablat https://odv.awi.de/ (Schlitzer, 2016).
(For interpretation of the references to colour in this andtber gures herein, the reader is referred to the electronicersion of this article).

prior to use Buck and Paytan, 2012; Cutter et al., 20Btation for the majority of samples. The exceptions were two samples
9G and surface samples from Station O were not Itered. with a 156/140 ratio of 3%. These have not been included
The REE concentrations were determined on 20 ml seawatér the dataset. Barium concentrations in the puried sample
by ICP-MS (ThermoScientic Xseries 2) following o -line solutions were monitored for oxide interference on europium
preconcentration and removal of the salt matrix using a S&IFA 137Ba intensities were 20% of1°%Eu, and would require> 10%
system (ESI, USA), adapted from the on-line methodlathorne  BaO formation to generate signi cant interferences on it
et al. (2012) External standardisation was applied using a &i.e.,>2%) and so are not considered to be signi cant. All data
point calibration, the solutions of which were processed tlylo  are presented in Table S1.
the SeaFAST in the same manner as the samples. CalibrationExternal reproducibility was determined by repeat
standards, reference seawater aliquots, and samples warmind measurement of the GEOTRACES intercalibration seawater
doped to monitor and correct for instrumental drift. Oxide from the Bermuda Atlantic Time Series (BATS 2,000m) and
formation and interferences on the HREE were minimisedNRC NASS-6 coastal water. Over the course of this study,
during tuning, and monitored by measurement of mass 156/alues ranged from 6 to 16% (2RSD) for the BATS and 7-16%
(CeO). They were found to be& 1% of the 140 Ce intensity for the NASS-6 Table 2. Comparison of the BATS 2,000 m
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FIGURE 2 | Sections of: (A) temperature ( C), (B) salinity, (C) potential densitys+ (kg/m3), (D) dissolved oxygen gmol/kg), (E) silica grmol/kg), (F) phosphate

(mmol/kg). The potential density section has contours delindang the ranges identi ed by Holliday et al. (2015)s representative of different water masses, with

acronyms identifying the dominant water mass (se€&igure 1 caption for acronyms). The data are from 920 bottle samplesh{ack dots) collected from 85 stations over
1,300 km of cruise track during the 2015 EEL campaign. The gue was created using ODV software, available at https://odviai.de/ (Schlitzer, 2016).

FIGURE 3 | (A) Depth (m) vs. potential temperature (C), (B) depth (m) vs. salinity(C) potential temperature (C) vs. salinity with the isopycnals de ned by the grey
lines, for the open ocean stations in this study during the 205 EEL. The bottle data are indicated by symbols that correspnd to those on the location map (Figure
1), superimposed on the CTD data. Small discrepancies betwee€TD and bottle data arise due to CTD data collection on the dowcast and bottle data collection on
the up-cast. The depths of the deepest samples at IB16 are indated in (C) with reference to section Circulation Effects on REE Disuition. The gure was created
using ODV software, available at https://odv.awi.de/chlitzer, 2016).

concentrations to the consensus valuesrn( de Flierdt et al., dierences similar to the external reproducibility, and on
2019 reveal deviations ok 7%, with the exceptions of Ce a few occasions were larger. Total procedural blanks run
and Sm (both 14%). We report the deviation to publishedthrough the preconcentration system werel1% of the
values of NASS-6\(ang et al., 2004for information only average sample signal, with the exceptions of Ce and Sm
as no certied values existTéble2. Duplicate samples that represented 17 and 10% respectively of the smallest sample
(same Niskin vs. di erent Niskin/similar depth) have relativ signal.
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TABLE 1 | Water mass properties of selected stations and depths alonghe EEL 2015 cruise, with comparison to end-member water mases in published work.

Water mass Potential Salinity s" (kg/m3) Oxygen Silica Phosphate Total N MREE/MREE* (a) HREE/LREE (b) References
temp ( C) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg)

EEL 2015 STATIONS

ENAW (O, 149 m) 9.79 35.40 27.31 270.7 1.88 0.60 10.42 1.01 3.8

WNAW (IB16, 351 m) 7.56 35.20 27.50 279.4 6.58 0.89 14.00 0.99 351

LSW (F, 1,000-1,499 m) 4.22 34.98 27.77 261.0 11.20 1.13 16.9 0.89 4.15

LSW (1B9, 1,502 m) 3.84 34.92 27.76 269.3 11.76 1.08 17.09 0.87 3.93

ISOW (IB16, 1,550 m) 3.53 35.00 27.85 279.1 9.75 1.01 15.32 1.01 3.62

ISOW (IB16, 1,686 m) 3.10 35.00 27.89 280.4 10.17 1.03 15.67 1.6 3.34

PUBLISHED WORK

ISOW (Stn 23) 0.35 34.89 28.03 440.66* 1.05 3.45 1)
DLSW (Stns 15.5, 17.5) 3.49 34.92 27.77 264.4% 0.89 3.86 2)
BATS 2,000 m 0.92 4.11 3)

The PAAS normalised REE concentrations are presented as (a) the MREEoamaly (MREE/MREE D (GdCTbCDy)/[(L&CPrCNdCTmCYbCLu)/2]) and (b) the HREE/LREE ratio
([TmCYbC Lu]/[LaCPrCNd]).

References: (1) (acan and Jeandel, 20041); (2) Filippova et al., 2017; (3) ¢an de Flierdt et al., 2013.

*Conversion from 10.14 ml/l.

$Conversion from 6.09 ml/l.

TABLE 2 | Dissolved REE concentrations in reference samples measuteluring the course of this study: consensus values of the GEDRACES intercalibration seawater
from the Bermuda time series station (BATS) 2,000 nvén de Flierdt et al., 2013; published values of\(vang et al., 2014) for NASS-6 (National Research Council Canada)
coastal seawater.

Element La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y

BATS 2,000m (n D 19)
Mean concentration (pmol/kg)  23.76 4.41 4.31 18.48 3.93 0.93 5.07 0.82 6.00 1.54 5.23 0.76 5.07 0.84 153

2SD 2.05 0.55 0.31 1.14 0.62 0.13 0.55 0.09 0.58 0.14 0.50 0.08 0.52 0.09 14
2RSD (%) 9 12 7 6 16 14 11 10 10 9 10 10 10 10 9
Consensus values (pmol/kg) 23.61 5.12 4.03 17.33 3.45 0.91 84 0.79 5780 1.52 5.04 0.75 4.76 0.81

2SD of consensus values 2.79 2.27 0.35 1.22 0.354 0.10 0.53 08 0.38 0.09 0.25 0.05 0.25 0.04
Deviation to consensus (%) 1 14 7 7 14 2 5 4 3 1 4 2 6 4

NASS-6 (n D 12)
Mean concentration (pmol/kg) ~ 72.15  28.71  10.76 4550 805 159 974 1.39 9.81 239 801 112 7.74 126 229

2SD 769 456 075 370 080 015 084 013 084 021 066 01 06 01 23
2RSD (%) 11 16 7 8 10 10 9 10 9 9 8 12 7 8 10
Published values (pmol/kg) 75.20 31.25 11.72 45.90 8.79 1.76 8.30 1.46 9.77 2.34 7.81 1.07 7.42 1.17 264
2SD of published values 8.79 5.86 1.95 7.81 0.98 0.20 1.76 0.9 0.98 0.68 0.98 0.29 1.56 0.39 39
Deviation to published (%) 4 8 8 1 8 9 17 5 0 2 3 5 4 7 13
RESULTS small spread in REE concentrations is observed (e.g., 16221

pmol/kg Nd). The Iceland Basin stations (IB16, IB9) have a
The REE concentrations show relatively small increases wireater spread in REE concentrations with higher conceatnati
depth (Figure 4, Table S1) that are atypical of open ocearbelow 1,500m ( 25.1 pmol/kg Nd) than in the surface waters.
proles (e.g.,De Baar et al., 1985; Alibo and Nozaki, 1999 Station IB4 on the Rockall-Hatton Plateau has the reverse frend
Hathorne et al., 2005 The absence of pronounced increaseswith slightly lower concentrations at depth (6 pmol/kg Nd)
with depth most likely re ects the circulation of relatively compared to the surface (18 pmol/kg Nd). The variation in REE
young water masses, ISOW in the Iceland Basin, and LSW itoncentrations at each station is associated with clear gggn
both basins, and therefore the time limited accumulation ofin temperature, salinity, potential density, dissolved oxyge
remineralised loads of dissolved REE. In addition, the ie#&t  and nutrient concentrations (Table S2; see Discussionerhht
short water column depth (2,000 m) of the sampled stations advection).
reduces the remineralisation time of particulates and tfaee The exceptions to this pattern are the samples in the deep
the release of REE into solution. At the stations in the RockaRockall Trough (F, O, P) with high REE concentrations (e.g.,
Trough (F, O, P), excluding the deepest samples, a relative3—60 pmol/kg Nd), where samples were collected close to the
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FIGURE 4 | Concentration-depth pro les of selected REE to span the ligh(Nd), middle (Dy) and heavy (Yb) range. All concentratioase in pmol/kg. Error bars
represent 2s uncertainty from repeat measurement of the BATS 2000 m refence seawater during the study(Table 2). To note, surface waters from O and all 9G
samples were not ltered.

sediment surface(40 m above sea oor), and the coastal stationssolution onto particles relative to the greater stabilityagieous
(IB22/23, 9G) with exceptionally high REE concentrationg.(e. carbonate complexes of the HREEgntrell and Byrne, 1987;

90 pmol/kg). The coastal stations show a linear increase iByrne and Kim, 1990; Sholkovitz et al., 199 e use the PAAS
REE concentration with depth that does not correspond tovalues inTaylor and McLennan (1985{0 normalise the EEL
the variation in beam transmission intensity (Supplementarydata. This highlights: (i) reduced HREE enrichment in suefac
Figure 1). Furthermore, the deeper waters at 9G (un ltered)waters, (ii) enrichment of all REE in deeper water masses,iahd (
have lower concentrations than comparable depths at I1B22/28xceptional MREE (e.g., Gd, Tb, Dy) enrichment in sub-surface
which were Itered. Along this part of the UK shelf, open coastal watersHigure 5. The lack of HREE enrichment in
ocean North Atlantic water migrates onto the shelf at depthsurface waters relative to thermocline waters is more prowed
(Jones et al., 20),8supported by the high salinity (35.35), in the Rockall Trough than the Iceland Basin, with the largest
temperature ( 9.6 C) and density anomaly (27.27 kg/md) at  di erence noted in the data of both the coastal stations (122
depths below 75m. The low REE concentrations in these operfG). As noted above, all the REE show increases with depth (with
North Atlantic waters result in lower REE concentrations atthe exception of IB4), although the greatest spread from serfa
depth at 9G compared to 1B22/23. The productive shelf water® deep in LREE and MREE (excluding the large increases at
at 9G, collected in May/June, mean a component of planktonidepth at stations F, O, and P) is noted at station IB16. Thetabas
organisms is likely included in the sample. This is re ectgd b station data show the greatest increases in normalised REE
the trend towards average marine biogenic carbonate REE pro les with depth (Figure 5). The Iceland Slope (1B22/23) data
Figure 9C (see discussion in section Source of Elevated REfave a pronounced positive Eu anomaly in the deepest sample,
Concentrations in the Deep Rockall Trough Samples). re ecting the dominant ma c nature of Iceland's geologynfiiar

In contrast to the coastal stations, the REE increase at deptiositive Eu anomalies were identied in seawater following
in the Rockall Trough appears abruptly in the deepest samples s¢diment interaction experiments using Icelandic particelat
each station and is associated with collection from waténwi  material collected in rivers and estuari€eg@rce et al., 20)and
high particulate load as determined from the beam transroissi in seawater surrounding TahitMolina-Kescher et al., 20).8
data (Supplementary Figure 1). To note, IB4 has the strongest
decrease in beam transmission but no sample was collected fro@lSCUSSION
within this layer. These samples with high REE concentrations
are discussed in section Source of Elevated REE ConcensatidCirculation Effects on REE Distribution
in the Deep Rockall Trough Samples. Water masses along the EEL are to a certain extent related.

Normalisation to REE concentrations of Post-ArchaearHowever, the two most clearly di erentiated by source region
Australian Shale (PAAS) is used to demonstrate the extent @fre LSW and ISOW, originating in the North Atlantic subpolar
fractionation of seawater REE from REE in the typical contiaént gyre and the Nordic Seas respectively. They are identi edhén t
source materials. Patterns of normalised seawater REE liypica2015 EEL data on the basis of their T/S, density anomalies and
reveal HREE (e.g., Tm, Yb, Lu) enrichment and LREE (e.gdissolved oxygen concentrationBidure 2 Table S2). Here we
La, Pr, Nd) depletion, due to preferential LREE removal fromevaluate the ability of the REE to ngerprint these water magse
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FIGURE 5 | REE concentrations normalised to the Post-Archaean Austtian Shale (PAAS) values ofaylor and McLennan (1985as presented inFreslon et al. (2014)
The BATS 2000 m pattern (an de Flierdt et al., 2013 is shown for comparison in each panel (bold red line). To netsurface waters from O and all 9G samples were
not Itered.

the NE Atlantic and the stability of their REE signature overé  between Stn 23 and IB16 being relatively short &000 km. At
and distance by comparing to (1) a proximal record of ISOW REHEB9, ISOW lies at greater depth and the potential density gradie
collected 16 years prior to this studyegcan and Jeandel, 2004b with the overlying LSW is shallower indicating more di use
and (2) a distal record of deep Labrador Sea Water (DLSW) REtecirculation and some mixing with LSW. This is observable i
collected in 2013 at the site of formation in the Labrador Se&igure 3C by the greater deviation of the deep waters towards
(Filippova et al., 2097 LSW compared to IB16.

The HREE are reported in the literature as better tracers To test the similarity between ISOW collected in 1999
of water masses than LREE (edheng et al., 20)6within  and in 2015, we rst normalise REE concentrations at IB16
ocean basins due to their longer residence times arising fro (1,550 m), i.e., the sample with the strongest ISOW signal (i.e
their stronger aqueous complexation and thus reduced particls: 27.85 kg/ni), by the pISOW REE concentrations. This is
reactivity compared to the LREECéntrell and Byrne, 1987; presented inFigures 6A,F(inverted light green triangles) with
Byrne and Kim, 1990 However, the limited distances and a combined 2 external error envelope of the IB16 (1,550 m) and
correspondingly short timescales for the movement of thespISOW samples. The same data are also normalised to DLSW
young water masses (ISOW and LSW) in the NE Atlantic inin Figures 6G—Lfor comparison. Presenting the data in this
this study limits the extent to which particle reactivity wdu way emphasises similarities between samples that are pdigntia
in uence the distribution of the REE (with the exception of Ce) related to the origin of the water mass. The data match batwee
We therefore assume the REE behave conservatively and maifBA6 (1,550 m) and pISOW is surprisingly good, re ected by most
re ect the lateral advection of the water mass, with altenaiof  of the pISOW-normalised REE in the IB16 sample having a value
the REE signature chie y attributable to mixing with othert@a  close to unity.
masses and extraneous inputs. In this section, we focus on the The similarity raises the question of how discriminatoryeth
preformed nature of REE at depth in the water column (belowREE are at identifying ISOW along the EEL. For example, is the

the permanent pycnocline). REE data match between IB16 and pISOW simply fortuitous?
Normalisation of all intermediate and deep {00 m) EEL station
Temporal Record of ISOW data by pISOW reveals clear di erences between the Iceland

The ISOW data used for comparison to data in this studyBasin vs. the Rockall Trough and the Rockall-Hatton Plateau
expressed hereafter as pISOW, were collected from the Fardéigures 6A-B. As a rst broad appraisal, these di erences are
Shetland Channel (Stn 23 fRigure 1) in 1999 and represent a ascribed to the dominant presence of LSW in the Rockall Trough
mean of REE concentrations in waters sampled at three deptlad both LSW and ISOW in the Iceland Basin.

(599, 800, 988 nm;acan and Jeandel, 2004Based on potential A more detailed appraisal of the pISOW-normalised values
density Figures 2G 3C), station IB16 “sees” ISOW at depths within the Iceland Basin brings to attention sample depths tiea

of 1,500 m, while along the eastern Iceland Basin the deepesftove (IB16 1,686 m) and below (IB9 1,502 m) the error envelope
sample at IB9 (1,842 m) is in uenced by both ISOW and LSWThe higher LREE and MREE concentrations observed in IB16
(Figure 30). Of the two, IB16 has the strongest, least dilute sign&(l,686 m) suggest interaction with sedimerftgérce et al., 2013;
of ISOW because it lies immediately downstream of ISOW'ébbott et al., 2015b; Molina-Kescher et al., 2018ut this is
passage through the Faroe Bank Channel, with a path lengtipt supported by the beam transmission data, which do not
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FIGURE 6 | Normalisation by pISOW ofA-E) the 5 open ocean stations along the EEL andF) DLSW and BATS 2000 m. Normalisation by DLSW ofG—K) the 5
open ocean EEL stations and(L) pISOW and BATS 2000 m. The error bars shown iifA—F) represent the combined 2SD from normalisation of IB16 (1550 mshown
in F) by pISOW, and in(G-L) are based on the combined 2SD from normalisation of F (1000499 m) by DSLW. The REE concentrations are from the literater BATS
2000 m (van de Flierdt et al., 2013, pISOW [acan and Jeandel, 20041, and deep (D)LSWHKilippova et al., 2017.
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indicate signi cant suspended sediment (discussed in gecti two-component ISOW:DLSW mixing is an accurate re ection
Source of Elevated REE Concentrations in the Deep Rockalf the waters at IB9 (1,842 m), this pattern of excess LREE and
Trough Samples). Rather the excess dissolved LREE and MREIREE points to input of a sedimentary or pore water source to
point to sediment interaction prior to arriving at IB16, poskib the overlying water column, discussed in more detail in secti
during over ow through the Faroe Shetland and Faroe BankSource of Elevated REE Concentrations in the Deep Rockall
Channels. The sample that lies below the error envelope (IBBrough Samples. The beam transmission data (Supplementary
1,502 m) shows greater similarity to LSW. This is expectecksin Figure 1) also show evidence of suspended sediments over the
waters at this depth at IB9 are largely dominated by LSW (samplgottom 14 m. Another mechanism to increase the REE at IB9
s+ of 27.76 kg/m). (1,842 m), which is 36 m above the sediment surface, is through
The shallower samples (e.g., IB16 750 m, IB9 1,004 m) in tigarticulate desorption of REE in the low beam transmission
Iceland Basin also fall within the pISOW error envelope, despitzone and upward mixing. The impact of external inputs on the
the unlikely presence of ISOW at these depths. Some of the LREEStribution of seawater REE concentrations is discusseddre
and MREE are on the lower edge of the error envelope or below dtetail in section Source of Elevated REE Concentrations én th
(Nd, Sm, Eu, Gd). However, the HREE show greater similarity teep Rockall Trough Samples.
pISOW. These samples lie within the pycnocline, which is weaker
in the Iceland Basin than elsewhere on the EFigqre 20,
and have properties that are intermediate between surface amistal Record of LSW
deep currents (e.g., respectivaly of 27.61 and 27.70 kgfn  More generally the plISOW-normalised LREE of intermediate
6.4 and 4.7C, 35.11 and 34.97 salinity). As the northeasterlyand deep EEL station samples lie below tiseefror envelope
owing, shallower WNAW ultimately contributes to the retar (Figures 6A-B, except the deepest sample at each of IB16,
ow of underlying ISOW, we would expect similarity in the 1B9, F and O. The trend for the MREE is similar, with an
HREE but a reduced match in LREE and MREE since thadditional prominent Eu depletion relative to pISOW. Based
higher concentrations of these in ISOW are postulated to ben comparison of characteristic water mass propertieble J),
acquired through sediment interaction during its returratrsit  these intermediate to deep depths at all stations are doméhat
at depth through the Faroe-Shetland and Faroe Bank Channelsy LSW, and therefore the REE patterns would not be expected
The Iceland Basin is also an area of water recirculation antb show similarity to pISOW if they are indeed discriminatory
mixing, and these depths at IB16 and IB9 may re ect the mixingof di erent water masses. This is further reinforced when the
of WNAW with both LSW entering the Iceland Basin from the REE concentrations in DLSW collected at soureéfpova et al.,
south and ISOW as it emerges through the Faroe Bank ChanngD17 are normalized by pISOW REE (stations 15.5 and 17.5
at relatively shallow depths (sill depth of 840 m). in Figures 1A 6F). Both this DLSW and the LSW observed
The similarity of the pISOW-normalised REE at IB9 (1,842 m)along the EEL have shared features relative to pISOW &%
is problematic in that it shows values close to unity althotigh  lower LREE concentrations (with the exception of La, which is
potential density of the samples{ 27.80 kg/mi) does not fall similar in plISOW, DSLW and BATS 2,000 m), fairly prominent
in the range normally occupied by ISOW (i.e.27.85 kg/m).  depletions of 50% in Ce and 30% in Eu, and steadily rising MREE
This deepest IB9 sample also appears to lie within the potentitd HREE concentrations between Th and Lu.
temperature and salinity range of LSWidures 2 3). We can In Figures 6G—K we normalise the deep EEL data to DLSW
use mixing proportions to identify the percentage contributso to provide a comparison to the other dominant deep water mass
of each water mass in this sample, assuming two-componerincountered in the Iceland Basin and the Rockall Trough. The
mixing. The LREE and MREE are the most discriminatoryerror envelope in this case represents the combined external
based on the pISOW-normalised deep DLSW-dfppova et al.  error of deep waters at station F (1,000-1,499 m) and DSLW
(2017 Figures 6F,L. Table ). The DLSW signature is based (stations 15.5 and 17.5). There are clear di erences between t
on a mean of REE concentrations at stations 15.5 (1,700 ntwo basins. Stations F and O have normalised values close to
and 17.5 (2,000 m). Taking DLSW as unaltered LSW and IB1@nity (with the exceptions of the deepest samples), indicating
(1,550 m) as representative of ISOW, an average contribeion similarity to DLSW, and mostly fall within the error envelope
be calculated of 80% ISOW and 20% DLSW in the LREE (Figures 6F,K. Similarities to DLSW are also observed at IB4.
and MREE (Pr, Nd, Eu, Gd, Th, Dy) in the deep IB9 sampleAt this station, the circulation pattern and origin of the de
The calculation excludes La due to similarity in concentrat waters £ 800 m) are not well constrained, with possible in ow
between ISOW at IB16 and DLSW (s€&gure 6L), and Ce across the Rockall-Hatton Plateau from either the NE Atlantic
because removal through oxidation makes it less reliabléhfe  or from over ow across the Wyville Thomson Ridge (WTR;
purpose. This ratio of 80:20 ISOW:DLSW in the REE is at oddsFigure 1). The data presented here strongly suggest an origin in
with the mixing ratio of 20:80 ISOW:DLSW based on the morethe NE Atlantic and entry via the southern end of the Rockall-
conservative properties of potential temperature and salinityHatton Plateau. If the waters on the Rockall-Hatton Plateatewe
The disparity between the actual REE concentrations at IBSourced from ISOW, the LREE and MREE would be expected
(1,842 m) and the hypothetical concentrations based on angixi to have signi cantly higher concentrations than observétie
ratio of 20:80 ISOW:DLSW reveals the largest increases in C&glrong similarity between the average deep water at station
Sm and Eu (25-28%), with lesser increases in the other LREE(1,000-1,499 m) and BATS 2,000 rigure 6L) suggests a
and MREE ( 11%), and HREE (4%). On the assumption that common origin through mixing in the sub-polar gyre before
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divergence to the Rockall Trough and the subtropical gyreature of the Rockall Trough and its proximal location to the UK
respectively. shelf mean other processes are likely to dominase(del, 20)6
The clearest di erences in DLSW relative to pISOW are the To highlight both the abrupt nature of the concentration
lower LREE and MREE concentrations, de ned by the depletionshange in the deep Rockall Trough and the inuence of
in Ce and Eu, in DLSWKigures 6F,). We can explain these young water masses circulating in a relatively shallow wate
di erences by examining the origin of the water masses andolumn (e.g.,<2,300m) in the northern Rockall Trough,
their pathways to the point of sampling. From the location ofthe ratio of increases at depth relative to surface water Nd
formation in the Labrador Sea, LSW circulates in the NE Atilan  concentrations ([Ndjeptny/[Nd] surfacd from stations along the
and has less contact than ISOW with continental marginsEEL are compared to Southern Ocean datéHimthorne et al.
therefore with the marine sediments and pore waters thatycarr(2015 Figure 7). This reveals a divergence in trends below
elevated LREE and MREE in contrast to seawater REB({t 1,000 m depth, with low relative increases with depth at the
et al., 2015) before arriving in the Rockall Trough. The pISOW EEL stations and larger relative increases in the Southesgaf.
on the other hand, travels through narrow channels such a$he exceptions are the deepest samples in the Rockall Trough
the Faroe-Shetland and Faroe Bank Channels. This provides tthat show a steep concentration gradient and an increasedin N
opportunity to raise the LREE and MREE concentrations througltoncentration relative to the surface waters that is sinbdahose
contact with sedimentary sourceghang et al., 2008; Pearce observed in the Southern Ocean a4,500 m depth.
et al., 2013; Abbott et al., 20J)5leharacterised by the higher Ce  The most obvious reason for the elevated REE concentrations
concentrations and also the distinctly higher Eu from thgiomal is sample collection from depths where beam transmission is
ma c geology (i.e., Faroe Islands, Iceland). reduced (Supplementary Figure 1), inferring the presence of
a benthic nepheloid layer and high particulate concentrations
. . Based on beam attenuation data, this occurs as a lap&rm
Source of Elevated REE Concentrations in thick above the sediment surface along UK slope (stations
the Deep Rockall Trough Samples O and P), decreasing t& 14 m in mid-Rockall Trough (F),
The REE concentrations at depth in the coastal stations (IB22/ Rockall-Hatton Plateau (IB4) and Iceland Basin (IB9), before
9G) and the Rockall Trough (stations F, O, P) are higiy(res 4  disappearing completely in the NW Iceland Basin (IB16).
5). These latter open ocean samples also diverge the most
from pISOW and DLSW Figures 6D,E,J,i supporting an
extraneous REE contribution. No such anomaly is observed in
the Iceland Basin (IB9, IB16) or the Rockall Hatton Platead4(IB
although no samples were collected from within the zone of low
beam transmission). The discussion in the literature onrees
of REE to the deep marine water column describes vertical
scavenging by particulate REE capture in surface waters and
release atdepth (e.gachikawa et al., 1999; Siddall et al., 20A8
benthic ux from pore waters to the overlying water column may
also be important for the overall marine REE budgelder eld
and Sholkovitz, 1987; Haley et al., 2004, 2017; Lacan andelean
2005b; Abbott et al., 20153, where vertical scavenging alone
cannot account for deep water REE concentratioaki¢r eld
and Greaves, 1982Similar to the benthic ux are REE released
into solution during sediment resuspension, through proesss
of ne particle dissolution, dissolution of labile phases adid to
the particles, and pore water release through disturbanceef t
sediment Jeandel et al., 1998; Zhang and Nozaki, 1998; Lacan
and Jeandel, 2005b; Arsouze et al., 2009; Pearce et al., 2013;
Stichel et al., 2015; Grenier et al., 2018
The abrupt nature of the concentration change in the deep
Rockall Trough points to an upward ux rather than REE
desorption from sinking particulates, which generally shows a
steadier increase with depth (e.glathorne et al., 2005 In
addition the main deep water masses (LSW, ISOW) are yourg
and the water column is not especially deep at the selected
stations € 2,000 m), reducing the in uence of dissolved REE
(and nutrient) accumulation through remineralisation. Wi FIGURE 7 | The water column increase of Nd concentrations at depth relive
advective transport is the dominant process controlling REE tolt:e surface OCTan (I[:iiiptshtgt[zgfﬂﬁﬁg;c:)rut;ee rf; Ogcegaf:ie:;;tﬂzﬂestval
concentrations in the intermediate and deep oceBiti¢r eld, ‘(’gélgfmpanson 0se ‘
1988; Lambelet et al., 2016; Zheng et al., R0tb@ restricted
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Similarly elevated REE concentrations have been noted apparent in uence on the REE concentrations of the deepest
depth in the Sagami Trough, Japanh@ng and Nozaki, 1993 sample (985 m) that is located above the decreased transmissio
and on the Mauritanian slope Stichel et al., 20)5 and layer (top of layer is at 1,190 m). As a general observation, this
attributed to REE release from resuspended slope sedimenssiggests that the high REE concentrations observed in kenthi
Resuspension of sediments by currents has been noted in thepheloid layers do not “leak” signi cant REE into the overlyin
Rockall Trough, where currents are strong to moderate andvater column. We observe no correlation between the thiskne
ow parallel to bathymetric contoursl(onsdale and Hollister, of the benthic nepheloid layer (or low beam transmission) and
1979. the REE concentrations of those samples collected within the
Zhang and Nozaki (1998postulated that if the REE are layer. However, there is a correlation between the extebeam
chemical analogues to actinium, then the observed releaeef  attenuation and REE concentrations (Supplementary Figure 2).
than scavenging) of actinium from slope sedimenisofaki More detailed sampling is necessary to constrain the full extent
and Yang, 1987may also operate for the REE. In this study,of in uence of the turbid layer on dissolved REE concentratio
the decreased beam transmission close to the sea oor casirm On the basis that the pattern of PAAS-normalised REE
sediment suspension, probably driven by current action thatoncentrations is indicative of the phase or source, the€sst
would encourage desorption from resuspended sediments arREE component in the deepest samples can be isolated through
release of associated pore waters into the overlying watemeol ~ subtraction of the overlying water sample to rea rm the origafi
The typically higher LREE and MREE concentrations in porehe elevated deep water concentratioRrgg(re 9). The Iceland
waters, relative to seawateklbott et al., 2015}y would drive  Basin and Rockall-Hatton Plateau samples show no signi cant
those deep waters adjacent to the seaoor to acquire REiBcrease, with at proles and values close to zero, implying
pro les with higher LREE and MREE concentrations that deviateno extraneous inputs of REE at these depths and locations.
from typical seawater values. Release of REE from suspendBue Rockall Trough and both coastal stations have positive
particulates as the source of elevated LREE and MREE, ratHdREE anomalies, including a prominent positive Eu anomaly for
than pore waters, is also possible. Here we investigate thB22/23 derived from the predominantly volcanic origin ofeth
potential of pore waters and sediment resuspension to act assadiments. The “excess” component in the deep Rockall Trough
benthic source of dissolved REE to the overlying water columand coastal samples has concentrations not dissimilar toateaw

and evaluate the impact on seawater REE distribution. but the source of the excess REE is not discernible because
the potential sources examined here have very similar PAAS
Potential Sources normalised pro les Figure 9B). Examination of the Y/Ho ratio

We use the relative dierences in PAAS-normalised REEnNot shown) did not clarify the identi cation of the contrilstory
concentrations (see caption Edigure 8) and their concentrations phases. However, on the basis that pore waters are derived from
to constrain the potential source&igure 8. Each of the REE a combination of Fe-rich phases, dissolution of volcanic asil
sources inFigure 8 represents an average for clarity, and hidesliagenesis of organic matter, we attribute the excess REE 0 po
the range of MREE/MREEand HREE/LREE associated with water inputs for the purposes of establishing mixing proportions.
speci ¢ phases. Both desorption from sediments and pore
water release are potential candidates for the elevated REMHxing Proportions
concentrations observed in the deep water column sample€onsidering pore waters as the source of excess REE in
An indirect analogy is the observation of nutrient releasehe deepest water column samples, the REE composition
during sediment resuspension experiments, which identibd t (MREE/MREE and HREE/LREE) can be combined with
requirement of both desorption processes and pore water releasoncentration data to determine the proportional input of pore
to account for the observed nutrient increas€o(iceiro et al., waters Figure 10. Pore water concentrations can be highly
2013. The deepest samples with high REE concentrations showvariable, but are generally at least one order of magnitudatgr
greatest similarity in the MREE/MREEto labile Fe phases than seawater REE concentratiorisider eld and Sholkovitz,
and pore watersKigure 8B). The relationship is less clear cut 1987. In the absence of pore water REE data speci c to sediments
with the HREE/LREE ratio because the REE sources (labile ifrethe NE Atlantic at the time of sampling, we use the pore
phases, sedimentary organic matter, Icelandic ash) arevelss water concentrations from\bbott et al. (2015Q)which are from
di erentiated by this ratio Figure 80, although the data are a similar shelf to open ocean setting (Oregon margin, eastern
clearly closer to the composition of these sources than typic&orth Paci c). Mixing trends are calculated between pore wate
seawater (represented by BATS 2,000 m and 15 m). from shelf and deep ocean sediment samples, and BATS 15 and
Both the MREE/MREEand HREE/LREERigure 8 show a 2,000 m seawater respectively, representative of seawater th
prominent kink in the trend at 20% height above sea oor (we is una ected by pore water contributions in both coastal and
present relative depth in this gure to make the coastal statio open ocean water columns. The data are clearly di erentiated
data legible). This represents an artefact of the sampling deptlbetween the coastal station and deep Rockall Trough samples
and not the depth to which the benthic nepheloid layer in uenceswith high concentrations, and the rest that have little appare
the dissolved REE. The thickness of the decreased tranemissicontribution of pore water REE (e.g., 2% HREE from pore
layer ( 50m) is signi cantly less than 20% height above waters;Figure 10. In this instance a pore water contribution of
sea oor (i.e., 290-390m at F, O, P). Station IB4 has the greateshe order of 10% for both LREE and MREE is required, relative
decrease in beam transmission (80%) of all the stations, but rto the BATS seawater, to account for the observed increase in
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FIGURE 8 | (A) The PAAS normalised REE concentrations presented as the MBEanomaly (MREE/MREEPD (GdCTbhCDy)/[(L&CPrCNdCTmCYbCLu)/2]) vs. the
HREE/LREE ratio ([Tr@ YbCLu]/[LaCPrCNd]). Sample depth presented as height above sea oor as a % oftte water column depth vs.(B) MREE/MREE* and(C)
HREE/LREE. The REE source data (large circles) are collate@R concentrations representing different potential souss of REE in the marine environment, both solid
and aqueous phases: Bermuda Atlantic Time Series (BATS) ezénce seawater from 15 m and 2000 m water depths\(an de Flierdt et al., 2013, biogenic carbonate
from warm water corals in the North Atlantic§holkovitz and Shen, 1995, marine sedimentary pore waters collected in the Northea$aci c along the Oregon margin,
from cores in a depth transect Abbott et al., 2015b), labile Fe phasesHBayon et al., 2004; Gutjahr et al., 2007; Du et al., 201} sedimentary organic matterfreslon

et al., 2014), Icelandic ash {epe and Bau, 2014). Details of average values used in this study are in Table SBhe pore water data QAbbott et al., 2015b) represent the
average REE concentrations in pore waters of the top 5 cm of siment from cores HH200, HH500, HH1200, and HH3000, corresppnding to water column depths of
202, 500, 1,216, and 3,060 m respectively. The depth-relatd differences in pore water MREE/MREE* and HREE/LREE are mortearly seen inFigure 10. To note,
surface waters from O and all 9G samples were not ltered.

the deep Rockall Trough (F, O, P) and up to 25% at the coastaf REE from sediment sources to the overlying water column
stations (1B22/23, 9G), with the caveat that actual pore WREE  through bioturbation and bioirrigation. The start of the spg
concentrations from the sediments below the EEL may divergeloom in 2015, de ned here as the time at which chlorophgyll-
from those ofAbbott et al. (2015b)The higher contributions to  concentrations rst exceed 0.5 mg#yis identi ed as late April at
coastal station water columns are discussed below. stations F and O. This is based on satellite-reported chloytiph
The four water column depths represented by the pore watea concentrations (http://hermes.acri.fr/) over the peri@hdary
data ofAbbott et al. (2015bare 202, 500, 1,216, 3,060 m, and theyo July 2015, and by using mean Chlat the pixel closest to
display a depth-related range of REE compositions most cleartiie station plus the ve surrounding pixels on each sided(05
seen inFigure 10B The data from the deepest sites (F 1,825 m, Qatitude, 0.075 longitude). Particulate uxes associated with the
1,953 m) form a trend de ned by mixing between the deeper porespring bloom are pulsed and rapid, with observed particle ux
waters and BATS 2,000 m seawater, and not surface ocean wdtansit rates of the order of 4-6 weeksotchte et al., 1993
(BATS 15m) and the shallowest pore water (202 m). This trendhe sampling of stations F and O in June 2015 may therefore
towards the deep data supports the observed variation in poreave allowed su cient time for material to reach the sea oor
water composition reported b{bbott et al. (2015band suggests from a bloom initiated in late April 2015. Therefore the REE
similar depth-related di erences in pore water composition andconcentrations in the deep Rockall Trough observed in thidt
concentration are also present in the NE Atlantic. Thereafon  may represent a temporary or seasonal shift.
REE compositional gradients in pore waters are likely assmtiat A further consideration, as mentioned above, is the
with sediment composition, re ecting the input of both di erén resuspension of sediments by currents, which occurs along
particle types and di erent amounts and reactivities of organi the slopes of the Rockall Troughdnsdale and Hollister, 1979
matter to the sea oor to drive diagenetic reactions, as vasll Sediment resuspension experiments noted signi cant in@eas
current action and benthic activity that determines irrigan of  in nutrient release, especially silica, attributable to poetens,
the sediments and therefore contributes to the redox staftise ~ desorption and potentially microbial activity on particle sares
pore waters. (Couceiro et al., 20)3These features are notable in the silica
When estimating the sedimentary REE contribution to theconcentrations in the deep Rockall Trough, and to a lessemngxt
water column, the e ect of the spring bloom on the sea oor needsin phosphate Figure 11). They are possibly linked to the silica
to be considered. The samples in this study were collected ibiogeochemical cycle dominated by remineralisation ofaiia
late May/early June during the spring bloom. This represents &ustules that are hypothesised to have high REE contétsdi,
period of increased transfer of organic matter to the seaand 2013. Taken together, di usion, benthic activity and sediment
heightened benthic activity (e.g-lonjo and Manganini, 1993; resuspension may result in enhanced sedimentary REE uxes to
Lochte et al., 1993; Pfannkuche, 1993; Rice et al., 1994;gdugithe water column. The seasonal aspect of the sedimentargesour
and Gage, 2004This in itself could increase the rate of transferof REE to seawater, as a response to the spring bloom, cannot
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FIGURE 9 | (A) “Excess” RERy in the deepest seawater samples to identify
the phase contributing excess REE concentrations to the war column,
calculated by subtracting the PAAS normalised REE in the oviging sample
from the deepest sample at each of the EEL stations (REEdeepest
sample—RER overlying sample)(B) Potential sources of REE to seawater.
(C) The same asFigure 8, with the addition of the REE composition
(MREE/MREE* vs. HREE/LREE) of the “excess” REE at stations F,)9G,
1B22/23. References listed in caption ofFigure 8. To note, surface waters
from O and all 9G samples were not ltered.

FIGURE 10 | Mixing plots of (A) MREE/MREE* vs. 1/MREE, andB)
HREE/LREE vs. 1/HREE, to highlight the combined effects of REdmposition
and concentration. The MREE/MREE* and HREE/LREE are calcudatusing
PAAS normalised data, and the non-normalised concentratios are used for
1/MREE and 1/HREE (pmol/kg). Data for BATS seawater (15 and 2,00n) are
from van de Flierdt et al. (2012)The pore water data are fromAbbott et al.
(2015b)and represent the average REE concentrations in pore watersf the
top 5cm of sediment from cores HH200, HH500, HH1200, and HH3®@O,
corresponding to water column depths of 202, 500, 1,216, and3,060 m
respectively. The shallowest and deepest cores are labeliein the gures, with
the intervening cores between these in depth order. Mixingrles are
represented by dotted lines between BATS 15m and pore watersit 202 m
depth, and BATS 2000 m and pore waters at 3,060 m depth. The crgses on
the mixing lines represent pore water REE contributions of,2.0, and 25% to
BATS 15m (HH200) and BATS 2000 m (HH3000). The % contributienare
labelled for mixing between BATS 15m and HH200 in the top parenly for
clarity. To note, surface waters from O and all 9G samples wemot Itered.
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be evaluated in this study and requires further sampling eitheof the HREE Cantrell and Byrne, 1987; Byrne and Kim, 1990;
side of the spring bloom, when the di usive ux and sediment Sholkovitz et al., 1994 In this section, we examine the data
resuspension are likely to dominate. to determine how the pronounced decrease in dissolved oxygen
The conspicuous dierences between the water columracrossthe EEL relates to vertical cycling of dissolved REeba
pro les of REE concentrations at the two coastal stations anthe surface ocean and the permanent pycnocline, and if this can
the ve open ocean stations can be partly attributed to e ectselucidate on the “bio-reactive pool” of REE identi ed bialey
related to water depth, e.g: 200 mvs. 1,900 m, with the caveat etal. (2014)
for station 9G samples that were not Itered. The drivers of
diagenesis in the sediments are likely to be more intense o@xygen Depletion Zone (ODZ)
the shelf, for example the reactivity and quantity of organicThe Northeast Atlantic has an exceptionally productive arinua
matter input, the intensity of benthic activity, which showsa spring bloom that results in Fe limitation by the summer
inverse relationship with water depthHénderson et al., 1999 months (Nielsdottir et al., 2000 The impact of the spring
and sediment resuspension due to currents and benthic &gtivi bloom on the water column can be observed in the distribution
To establish a quantitative evaluation of the benthic uxe(j of dissolved oxygen concentrations, with a minimum at the
the cumulative e ects of diusion, benthic activity, sedimten permanent pycnocline Higures 2 12). This ODZ is caused
resuspension), combined Nd isotope and REE concentratioby particles rich in organic matter from the surface ocean
measurements are required under di erent seasonal conuiitio that linger and decay during their downward transit to the
sea oor. In the Rockall Trough, the ODZ is further enhanced
Implications for Water Mass Identi cation by winter mixing that typically reaches depths of 600 m, and
One last point to mention, based on inference from the RERherefore not as deep as the ODZ (i.e.800-1,200m in the
concentrations, is alteration of other deep water charigties Rockall Trough), although it may reach1,000m in severe
when located in the benthic nepheloid layer (or decreasediinters (Vieincke, 198§ Lateral advection at these depths in
beam transmission) and/or during heightened benthic attiv the Rockall Trough is low Holliday et al., 200)) implying
associated with the spring bloom. The REE concentrations ia minimal inherited component of dissolved REE but also
those samples that lie within nepheloid layers demonstraée tha longer residence time of the water that equates to greater
in uence of pore water release and/or release from suspendgsbtential to accumulate REE compared to elsewhere in the
particulates on elevated LREE and MREE concentrations water column. This is not the case in the Iceland Basin, where
particular. What of the other measured characteristics,, e.gthe ODZ is shallower and more diuse, and hence more
nutrient and dissolved oxygen concentrations, that may &le  susceptible to obliteration by annual winter mixing and btgetal
present in di erent concentrations in pore waters compared toadvection. Also, at the time of sampling the spring bloom was
seawater? The deep Rockall Trough REE data demonstrate gt as well developed in the Iceland Basin, with productivity
to  10% contribution to the seawater REE load. This impliesit least 4 times lower than in the Rockall Trough (details
other chemical characteristics of waters in the nepheloiéray below).
may also be shifted to higher or lower values, depending ointhe The combined eects in the Rockall Trough of
concentrations in pore waters, with no signi cant alteration  remineralisation of organic matter from the annual spring
the de ning properties of a water mass (i.e., temperaturenggli  bloom, restricted winter mixing depths ( 600m), and
potential density). All measured nutrients are present ingig  minimal lateral advection, likely explain most of the marked
concentrations in the very deepest parts of the eastern Rockalépletion of oxygen and/or maximal apparent oxygen utilisatio
Trough, especially silicd{gures 2 11). More detailed sampling (AOU) values Figure 12 and the local maxima of nutrient
of the lower water column and direct sampling and analysis o€oncentrations Figure 11). These have possibly accumulated
sediment pore waters is needed to identify the in uence othe over several years until obliterated by mixing during thesles

on deep water characteristics. frequent severe winters. These e ects are not observed in the
) _ ) Iceland Basin because the ODZ is shallower and within the
Biogeochemical Cycling of REE depth range of annual winter mixing. While the dissolved

Haley et al. (2014denti ed a “bio-reactive pool” of REE present oxygen concentrations in the ODZ are not particularly low
in the surface ocean, characterized by noticeably lower HREEinimum value of 209mmol/kg), they are superimposed
concentrations. They attributed this to the indirect e eat¢ on a background of much younger, well ventilated deep waters
microbial cycling of iron, possibly as a consequence of theiy ~ (ISOW, LSW with> 260mmol/kg) and the well mixed upper

of dissolved REE for organic molecules and ligands assdciateater column. These features highlight the cycling of rarits
with iron reduction (Christenson and Schijf, 20)..The presence along the EEL, with removal from the surface ocean during the
of a “bio-reactive pool” goes some way to accounting for thepring bloom and focused remineralisation of organic mager
frequently observed absence of HREE enrichment that is tiypicthe permanent pycnocline, possibly with limited annual retufn o
of surface ocean REE pro les (e.g., as observed in the tropictde remineralised products to the surface ocean. The in uesfce
South Atlantic; Zheng et al., 2006 when the expectation is these processes on dissolved REE in the Rockall Trough between
the opposite; i.e., that LREE are preferentially removed frorthe surface ocean and the permanent pycnocline is therefore
solution, compared to the HREE, due to the their greater paaticldominated by biogeochemical cycling, rather than advectio
reactivity and also the relatively stronger solution complén  extraneous inputs.
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FIGURE 11 | Depth variation of the nutrient concentrationsnimol/kg) at the 5 open ocean stations in this study. The lower paels show variation in Yb concentration
(pmol/kg) vs. each of the three nutrients (phosphate, totalitrogen, silica).

Differences in REE Between the Surface Ocean and Biogeochemical Cycling of HREE in the Rockall
the Permanent Pycnocline—Concentrations and Trough
Normalised Distribution Patterns The key feature of the (ODZ-surface) data at stations F and

At each of the ve open ocean stations, we took the REB is the nuanced increase in the HREE concentrations at the
sample with the lowest oxygen concentration in the prole ODZ relative to the surface oceaRigure 13B. The depletion
and subtracted the surface water REE to highlight inputs oin surface ocean HREE and the gain in HREE at the permanent
accumulations of REE due to remineralisation at the permanerftycnocline requires a mechanism that speci cally targetsamerf
pycnocline. The PAAS-normalised REE concentrations in th&vater HREE complexation and removal to the pycnocline. An
surface and ODZ samples at stations F and O are shown iincreasing body of work has identi ed the external complécat
Figure 13C To note, the surface samples at O were not lteredof HREE by functional groups on bacterial cell walls (e.g.,
The surface water REE are the very shallowest samples in thekahashi et al., 2005, 2007, 2010; Ngwenya et al., 2003, 201
dataset, i.e., within 12m of the surface. In the Rockall Trqugtthe partitioning behaviour of which is illustrated iRigure 13A
these correspond to the thin veneex §5m) of seasonally The HREE enrichment observed on bacteria cell walls is due
aected waters (10.5 C, s» <27.16 kg/md), whereas in the to the strong binding by multiple phosphate sitegakahashi
Iceland Basin colder and denser waters outcropped at theairfaet al., 201})) which is not as marked in the other REE. The
(8.3 C,s» 27.34-27.38 kg/A) at the time of sampling. relative increase in partitioning with increasing atomic sea
We restrict this comparison to stations F and O, because thean be interpreted as an indicator of bacterial activity. hist
Iceland Basin and Rockall-Hatton Plateau did not demonstratcase, the (ODZ-surface) data and the bacteria/water pamtiti
any signi cant trends. The (ODZ-surface) REE signal of theseoe cients have striking similarities Kigure 13, and suggest
stations show a depletion in Ce and fairly at normalised prsle biogeochemical cycling of HREE by bacteria in the water colum
withupto 10% higher REE concentrations atthe ODZ thanthe It is noted that sh milt accomplishes a very similar e ect
surface ocean. The absence of a strong remineralisatiomlsigiby an almost identical mechanism to bacteria, with prefesdnt
is attributed to the shallower depth of the ODZ in the IcelandHREE complexation to external phosphate functional groups
Basin and Rockall-Hatton Plateau and the greater frequenagon rmed in salmon milt (Takahashi et al., 20).4Fish miltis also
with which winter mixing obliterates the annual accumutatiof  likely to be present in the pelagic waters of the Rockall Trough
remineralised products. The accumulation of REE, therefisre, (e.9., blue whiting are known to spawn in this regiéféitin et al.,
less pronounced than in the Rockall Trough. 2009. We cannot di erentiate between these two possible agents
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FIGURE 12 | Depth variation of dissolved oxygen concentrationsnfmol/kg) at the 5 open ocean stations in this study(left column) . The apparent oxygen utilisation
(AOU; mmol/kg) is also shown for comparison(right column) . Lower panels show nutrient concentrations (phosphate, t@l nitrogen, silica) vs. dissolved oxygen and
AOU fmimol/kg) at the same stations. The open symbols represent wats below the permanent pycnocline.
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bloom (Ducklow et al., 1993 showing a ve-fold increase after
initiation of the bloom that constitutes 20—30% of the partate
organic carbon in the surface waters 30 m). We tentatively
propose that the (ODZ-surface) HREE signature observed in
this study re ects external sorption of HREE on bacteria in
the surface waters, removal of the bacteria to depth by sgkin
organic matter, and the release of the HREE at the ODZ due to
decay of the bacteria. The presence of ODZ bacteria wouldtresul
in further HREE sorption at these depths. However, in this case,
the bacteria would need to be smaller than the Iter membrane
pore size (0.4m) in order for the signal to be captured in the
measured ltrate.

In summary, the (ODZ-surface) HREE signal is visible in
the Rockall Trough by virtue of a combination of factors.
The intensity of the spring bloom provides the organic
matter that drives the increase in both the surface water and
pycnocline bacterial populations. Satellite-reported chlordiphy
concentrations (http://hermes.acri.fr/) in May 2015 denstrate
the di erence in productivity between the two basins, with hégh
concentrations in the surface of the Rockall Trough (2.4 arisd 1
mg/m?® at stations F and O) than on the Rockall-Hatton Plateau
(1.0 mg/n? at IB4) or in the Iceland Basin (0.4 and 0.2 mg/at
stations IB9 and IB16). The spring bloom also provides the sourc
of respirable material for oxygen consumption at the pycnogcline
resulting in a well-de ned ODZ and nutrient maximum. Added
to these features, the restricted winter mixing and minitastral
advection at the depths of the ODZ in the Rockall Trough
(described above) mean vertical cycling results in a “dagitilh”

e ect, preserving the signal of remineralisation of the REEi@ t
waters of the pycnocline.

The importance of bacteria as a proportion of total biomass
in the Rockall Trough during the spring bloom supports
the potential extent of this process in productive surface
waters. However, this needs further targeted investigatio

FIGURE 13| C i f(A) the REE titioning behavi f ter t . . L.
| Comparison of(&) the REE partitoning behaviour from water to |, - oo clysively demonstrate the role that bacterial attivi

bacteria, with (B) the PAAS-normalised difference between ODZ and surface

REE concentrations. For clarity, the 1SD propagated errorare shown for plays in REE cycling, and if preferential bgcterial HREE
station O data only.(C) The PAAS-normalised distribution pro les of F and O uptake/release can account for the proportionally greater
showing only the surface and ODZ data to highlight the lower RE increase in dissolved HREE accumulation with depth than the
concentrations in the surface waters. The REE partitionindata in (A) are from LREE. and uItimater the convex shape of that incre&}hi(f

Takahashi et al. (2005and Takahashi et al. (2007)from experiments carried

out at pH 4 and ID 0.01 M NaCl. To note, surface samples from O were not et al" 201)3 . . . .
ltered. As an addendum to this section about the biological e ects

on dissolved REE fractionation, we mention the growing
evidence for REE involvement in bacterial processé&sinez-
Gomez et al., 2016and references therein) and the recent
of HREE depletion, but the end result is likely to be the samb witobservations of seawater LREE depletion associated with
either process, i.e., the preferential complexation and reinovanethanotrophy following the Deepwater Horizon incident
from solution of dissolved HREE. Fish milt, if not convertetid  (Shiller et al.,, 2007 The role of LREE (particularly La)
sh spawn, is likely consumed, excreted and exported out of thén these biological processes is an active one, rather than
surface waters. Overall, the greater body of evidence éoraphid the apparently more passive complexation of HREE by
increases in the bacterial population during the spring bloonphosphate functional groups on bacterial cell or sh milt
(discussed below) and the similarities in ODZ HREE enrichtnensurfaces (e.g.Jakahashi et al., 2010, 2Q14Thus far, LREE
to seawater/bacteria REE partitioning behaviour sugges¢bat  depletions have been identied in bacteria associated with
cycling may be a signi cant process. methanotrophy, and appear to be essential or superior to
In support of a bacterioplanktonic origin of the relative HREE Ca in the catalysis of enzymes in methanotropR®I(et al.,
enrichment at the ODZ, previous studies of the North Atlantic2019. These and similar processes, while not signi cant in
spring bloom have identi ed a signi cant and highly variable the surface ocean along the EEL, may potentially be relevant
population of bacteria associated with the development of then the interpretation of REE variations in other locations
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that experience more extreme oxygen depletion or wherap dissolved HREE from the surface ocean and release the HREE
methanotrophs and similar bacteria are abundaRb( et al., into solution during focused remineralisation at the perneain

2019. pycnocline. This accounts for the HREE depletion in the highly
productive surface waters of the Rockall Trough that, at the
CONCLUSIONS time of sampling, were experiencing the spring bloom, and also

the relative increase in HREE at the permanent pycnocline.

The two main deep water masses along the EEL, i.e., LSWe recognise that the conditions in the Rockall Trough allow
and ISOW, are readily identi able and di erentiated through for a “distillation” e ect to be preserved in the waters of the
their LREE and MREE concentrations. The HREE are napycnocline, which may not be present elsewhere.
discriminatory in this instance. The REE prole of ISOW at
IB16 is remarkably similar to that of pISOW measured 16 yeardAUTHOR CONTRIBUTIONS
prior, although the physical properties of the water mass are
slightly di erent. The REE pro le of LSW across the EEL wasAll authors contributed to the design of the research and the
identi able, relative to ISOW, by its characteristicatiyler LREE ~ preparation and revising of the manuscript. All authors approved
and MREE concentrations, e.g.15% lower LREE, prominent the nal version. EH collected and processed the samples as part
depletion of Ce (50%) and Eu (30%). These discrepancies @i her nal year bachelor research project.
LREE and MREE concentrations most likely re ect their di erent
trajectories to arrive in the Iceland Basin and the Rockaluflo, FUNDING
with circulation of LSW in the North Atlantic relatively fee
of contact with continental margin sediments. By comparisonT his work was supported by the Scottish Association for Marine
ISOW experiences channelling through the Faroe-Shetlantd arScience (SAMS). NERC National Capability Funding for the
Faroe-Bank Channels that brings it into contact with comtmal ~ Extended Ellett Line (R8-H12-85) supported the participation
margin sediments and other terrigenous inputs. of EH, TB, and SG on the cruise. We acknowledge the MASTS

The elevated REE concentrations observed in the deefisiting Fellowship (VF41) received from the Marine Allice
Rockall Trough (but not the Iceland Basin) are attributegfor Science and Technology for Scotland (MASTS) that funded
to desorption from resuspended sediments and pore watdgCH's visit to SAMS and collaboration with KCC in summer 2014
release to the overlying water column. This is based on th Set up the techniques for the measurement of seawater REE.
similarity in REE composition between the “excess” componerfed and SG received funding from the European Union's Horizon
identi ed in the deep samples and typical compositions 0f2020 research and innovation programme under grant agreémen
pore water REE. In addition, the base of the water column ahl0 678760 (ATLAS). This output re ects only the authors’ veew
these stations is characterised by decreased beam traismis and the European Union cannot be held responsible for any use
typically associated with suspended particulates in benthiat may be made of the information contained therein.
nepheloid layers. The high REE concentrations are also possibly
a temporary feature as a result of enhanced bioirrigation anACKNOWLEDGMENTS
bioturbation in response to the heightened ux of organic rteait
from the surface ocean during the NE Atlantic spring bloom,We thank Dr. Tina van de Flierdt, Imperial College London, for
a|ready underway by the time of the cruise. An estimatedL0% providing the GEOTRACES reference seawater BATS 2,000 m for
contribution from pore waters to the overlying water column is Use in this study, and Catherine Jeandel for her editoriatiiag
based on mixing between typical pore water and open ocean RE¥the manuscript. We also thank the reviewers for their hellpfu
compositions (MREE/MREEvs. HREE/LREE). The presence ofand insightful comments. Notably we appreciate the assiduity
high dissolved REE concentrations in regions near the sea o®f Reviewer 1 whose comments and observations contributed to
in association with high suspended contents raises the muest greatly clarifying and improving the manuscript.
of how reliably these water masses can be characterised and
identi ed by these, or other, (geo)properties. SUPPLEMENTARY MATERIAL

A role for the vertical bacterial cycling of HREE is tentalyve
proposed based on clear similarities between the (ODZ-sejfacThe Supplementary Material for this article can be found
data and seawater/bacteria partitioning behaviour. Thetiplel ~ online at: https://www.frontiersin.org/articles/10.Z88nars.
phosphate binding sites on bacterial cell walls preferentiakgt 2018.00147/full#tsupplementary-material
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