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ARTICLE INFO ABSTRACT

Keywords: Nutrfients and nutrfientflfike dfissoflved trace metafls (dTMs) are essentfiafl for the functfionfing of marfine organfisms
Tracé metafls and therefore form an fimportant part of ocean bfiogeochemficafl cycfles. Here, we report on the seasonafl dfistrfi-
Nutrfients butfions of dfissoflved zfinc (dZn), nfickefl (dNfi), copper (dCu), cadmfium (dCd), aflumfinum (dAfl), and nutrfients on the
Contfinentafl margfins

Northeast Atflantfic contfinentafl margfin (Cefltfic Sea), whfich fis representatfive for temperate sheflf seas gflobaflfly.
Varfiatfions fin surface water dTM and nutrfient concentratfions were mafinfly reguflated by seasonafl changes fin
bfioflogficafl processes. The stofichfiometry of dTMs (especfiaflfly for dCu and dZn) and nutrfients on the contfinentafl
sheflf was addfitfionaflfly affected by ffnfiafl finputs. Nutrfients and dTMs at depth on the contfinentafl sflope were
determfined by water mass mfixfing drfiven by ocean cfircuflatfion, wfithout an fimportant rofle for flocafl remfineraflfi-
zatfion processes. The Medfiterranean Outfflow Waters are especfiaflfly fimportant for deflfiverfing Medfiterranean-
sourced dTMs to the Northeast Atflantfic Ocean and drfive dTM:nutrfient kfinks at a depth of ~1000 m. These re-suflts
hfighflfight the fimportance of rfiverfine finputs, seasonaflfity of prfimary productfion and ocean cfircuflatfion on the
dfistrfibutfions of nutrfients and nutrfientflfike dTMs fin temperate contfinentafl margfin seas. Future cflfimate reflated
changes fin the forcfing factors may fimpact the avafiflabfiflfity of nutrfients and dTMs to marfine organfisms fin hfighfly

productfive contfinentaf] sheflf regfions and consequentfly the regfionafl carbon cycfle.

Ocean cfircuflatfion
Seasonafl varfiatfions

1. Introduction

Dfissoflved (< 0.2 pum) bfioactfive trace metafls (dTMs) fincfludfing zfinc
(Zn), nfickefl (Nfi), copper (Cu) and perhaps cadmfium (Cd), are fimportant
mficronutrfients fin the ocean. Zfinc, Nfi, and Cu are finvoflved fin enzymatfic
processes requfired for phytopflankton functfionfing (La Fontafine et afl,
2002; Mahaffey et afl, 2014; Twfinfing and Bafines, 2013) and Cd fistaken
up as a dfivaflent metafl and may substfitute Zn fin carbonfic anhydrase
(Horner et afl,, 2013). Low suppfly of dTMs coufld potentfiaflfly affect ma-
1fine ecosystem structure and functfion (Lohan and Tagflfiabue, 2018;

Morefl and Prfice, 2003). Due to thefir bfioflogficafl uptake, the vertficafl
dfistrfibutfions of dfissoflved Zn (dZn), Nfi (dNfi), Cu (dCu), and Cd (dCd)
resembfle those of nutrfients (nfitrate+nfitrfite [TN], phosphate [P], and
Siffific acfid [Sfi]) (Brufland et afl, 2014). These dTMs typficaflfly exhfibfit
seasonaflfly depfleted concentratfions fin surface waters due to phyto-
pflankton uptake (Moore et afl, 2013; Morefl and Prfice, 2003) and
eflevated flevefls at depth due to remfineraflfizatfion of sfinkfing organfic
partficfles (Boyd et afl, 2017). Nutrfients and bfioactfive dTMs therefore
show sfignfifficant posfitfive correflatfions wfith for exampfle the dCd-P re-
flatfionshfips fin the gflobafl ocean (Boyfle et afl, 1976; Mfiddag et afl,, 2018;
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Wu and Roshan, 2015; Xfie et afl, 2015), and dZn-P, dNfi-P and dCu-Sfi
reflatfionshfips fin the South Atflantfic (Wyatt et afl, 2014) and Southern
Oceans (e.g., Janssen et afl, 2020; Safito et afl, 2010).

The flfinear reflatfionshfips between bfioactfive dTMs and nutrfients usu-
aflfly show pronounced changes finsflopes (kfinks), e.g., finthe case of P at
concentratfion of ~1.3 uM for the Cd-P correflatfion (Cuflflen, 2006; de
Baar et afl,, 1994). The orfigfin of such kfinks (especfiaflfly the Cd:P kfink) has
been debated over the flast decades. Some hypotheses pofint towards
deeper regeneratfion of Cd reflatfive to P (Boyfle, 1988; Roshan and DeV-
rfies, 2021), or enhanced Cd uptake due to the flfimfitatfion of bfio-essentfiafl
eflements fin surface waters (Cuflflen, 2006; Sunda and Huntsman, 2000).
Kfinks are aflso hypothesfized to be assocfiated wfith the chemficafl re-
pflacements between Co, Zn, and Cd fin carbonfic anhydrase fin phyto-
pflankton (Morefl et afl, 1994; Prfice and Morefl, 1990) or a changfing
bficavafiflabfiflfity of Cd through organfic compflexatfion (Brufland, 1992).
Recent studfies demonstrated that the mfixfing of water masses wfith
dfifferent Cd:P ratfios coufld be pfivotafl for the observed kfinks (Baars et afl,
2014; Mfiddag et afl, 2018; Xfie et afl., 2015). In addfitfion, externafl sources
of trace metafls such as contfinentaf] finputs and dust deposfitfion can aflso
affect bfioactfive dTM dfistrfibutfions fin the ocean, and these finputs can be
traced by dfissoflved aflumfinum (dAfl) (Han et afl, 2008; Measures and
Edmond, 1988; Menzefl Barraqueta et afl, 2018). The ongofing debate on
the drfivers underpfinnfing bfioactfive dTM dfistrfibutfions requfires further
finvestfigatfions finto co-occurrence of nutrfients and bfioactfive dTMs and
thefir reflatfionshfips. Resoflvfing thfis fissue woufld fimprove our under-
standfing of bfiogeochemficafl cycfles fin pafleo — and modern oceans.

Contfinentafl margfins wfith thefir sheflves and sflopes are gateways be-
tween terrestrfiafl systems and open oceans. The dfisproportfionatefly hfigh
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prfimary productfion and partficuflate organfic carbon export make contfi-
nentafl margfins fimportant transfitfion zones for the marfine carbon cycfle
(Muflfler-Karger et afl, 2005; Sfimpson and Sharpfles, 2012). Prfimary
productfion fin sheflf seas, partficuflarfly fin temperate sheflf seas, resuflts fina
net drawdown of atmospherfic CO,. The sheflf sea carbon pump subse-
quentfly transfers the captured carbon to the open ocean (Thomas et afl,
2004). The Northeast (NE) Atflantfic contfinentafl margfin (Cefltfic Sea) fisa
typficafl temperate sheflf sea and fi representatfive for such systems gflob-
aflfly because of fitsenhanced and seasonafl prfimary productfivfity, seasonafl
coflfimfitatfion of phytopflankton growth by nfitrate and Fe (Bfichfiflfl et afl,
2017), seasonafl stratfifficatfion, and occurrence of both fluvfiafl and benthfic
finputs of redox sensfitfive TMs (fincfludfing Fe and Mn) (Chen et afl,, 2023).
Here, we report the seasonafl dfistrfibutfions of dTMs (wfith focus on dCd,
dCu, dNfi, and dZn) and nutrfients on the NE Atflantfic contfinentafl margfin,
whfich fis characterfized by flarge seasonafl varfiatfions fin bfioflogficafl pro-
ductfivfity Bfichfiflfl et afl, 2017), compflex bathymetry and dynamfic water
cfircuflatfion (Ffig. 1a). A hfigh sampflfing resoflutfion over three seasons
(Ffig. 1b) offers a unfique opportunfity to determfine the finffluence of
terrestrfiafl finputs, bfiogeochemficafl processes, and ocean cfircuflatfion on
the seasonafl varfiatfions of bfio-essentfiafl dTMs and thefir reflatfionshfips
wfith nutrfients.

2. Methods

2.1. Sampfling

Sampfles were coflflected on crufises wfith RRS Discovery durfing three
dfifferent seasons: an autumn crufise finNovember 2014 (DY018), a sprfing
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Fig. 1. (a) The schematfic cfircuflatfion of water masses (NAC: North Atflantfic Current; LSW: Labrador Sea waters; SAIW: Sub-Arctfic Intermedfiate Waters; MOW:
Medfiterranean Outfflow Waters; NEADW: Northeast Atflantfic Deep Waters) finthe North Atflantfic Ocean; (b) Sampflfing transects and flocatfions on the Northeast Atflantfic

contfinentafl margfin (Cefltfic Sea). The red and bflue arrows deffine the sheflf and sflope sectfions, rt

ivefly, for Ffig. 2 and Ffig. 3. (c) Sectfion pflots of dfissoflved aflumfinum

(dAfl), phosphate (P), nfitrate+nfitrfite (TN), and difffific acfid (Sfi) aflong the sflope transect durfing expedfitfions fin November 2014 (DY018), Apififl 2015 (DY029), and Jufly
2015 (DY033) fin Cefltfic Sea. The dfirectfions of the canyon and spur transects are findficated by bflue arrows. The dashed bflack flfines separate the canyon and spur
transects. (For finterpretatfion of the references to coflour fin thfis ffigure flegend, the reader fis referred to the web versfion of thfis artficfle.)
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crufise fin Apififl 2015 (DY029), and a summer crufise fin Jufly 2015
(DY033). Each season we conducted one transect on the contfinentafl
sheflf of the Ceflfic Sea from statfion Sfite A near the Brfistofl channefl to
statfion CS2 near the sheflf break (Ffig. 1b). Two off-sheflf transects were
conducted aflong a canyon (statfions Fe0l - Fe07, Fel5) and a spur
(statfions Fe08 - Fel4) durfing each season.

Seawater sampfles for dTM anaflyses were coflflected foflflowfing GEO-
TRACES protocofls (Cutter et afl, 2017). Seawater sampfles were coflflected
usfing 24 x 10 L Tefflon coated trace metafl cflean Ocean Test Equfipment
(OTE) sampflers posfitfioned on a Tfitanfium rosette frame. AFIOTE bottfles
were pressurfized fina cflean room wfith ffifltered (0.2 pm PTFE, MfiflflexFG
50, Mfiflflfipore) compressed afir. Seawater sampfles were ffifltered finflfine
usfing ffiflter capsufles (0.2 um pore sfize; Sartorfius, Sartobran P) finto
acfid washed 125 mL flow-densfity poflyethyflene bottfles (Naflgene). A¥l
sampfles were acfidfiffied to pH of ~1.8 wfith ufltra-pure hydrochflorfic acfid
(UpA Romfif]) fina flamfinar fflow hood and stored doubfle-bagged finzfipflock
bags.

2.2. Anaflyses

Trace metaf]l sampfles were processed and anaflyzed at GEOMAR as
outflfined fin Rapp et afl. (2017). In detafifl, seawater sampfles were sub-
sampfled (15 mL) finto ffluorfinated ethyflene propyflene bottfles fin a
flamfinar fflow hood. Afflsampfle bottfles were spfiked wfith 100 pL of dfifluted
enrfiched fisotope spfike. Then, seawater sampfles were pre-concentrated
by an automated system (SC-4 DX SeaFast pfico; ESI) wfith onflfine pH
bufferfing and seawater matrfix removafl. Preconcentrated sampfles were
anaflyzed by hfigh-resoflutfion finductfivefly coupfled pflasma-mass spec-
trometry (HR-ICP-MS; Thermo Ffisher Eflement XR) fin flow resoflutfion (R
= 300) for110Cd, 111 Cd, 115In and fin medfium resoflutfion (R = 4000) for
60 Nfi,62 Nfj,63 Cu, 65 Cu, 66 Zn, and 68 Zn. Reference materfiafls, SAFe GEO-
TRACES S and D1 were used to check the accuracy and precfisfion of the
measurements and the resuflts were consfistent wfith consensus vaflues
(Tabfle 1).

Seawater sampfles for dAfl were sub-sampfled finto acfid washed 50 mL
pflastfic tubes. An aflumfinum spectroffluorometrfic compflex was obtafined
foflflowfing the addfitfion of flumogaflfifion (Hydes and Lfiss, 1976) at pH
5.0-5.5 adjusted by addfitfion of ammonfium acetate buffer and the
sampfles heated for 3 h at 55 "C. Sampfles were then anaflyzed by a
spectroffluorometer (Cary Ecflfipse Ffluorometer). The measured dAfl
concentratfions of a reference standard (GS) were consfistent wfith
consensus vaflues (Tabfle 1).

Large voflume sampfles for radfium (Ra) anaflysfis were coflflected from
Nfiskfin bottfles depfloyed on a stafinfless-steefl frame as per Bfidififlfl (2017).
The sampfles for Ra were transferred finto acfid-washed 20 L coflflapsfibfle

Table 1
GEOTRACES reference materfiafl resuflts for dfissoflved Cd (dCd), Nfi (dNfi), Cu
(dCu), Zn (dZn), and Afl (dAf]).

dCd (pM) dNfi (nM) dCu (nM) dZn (nM) dAfl (nM)
Reported 2.32+ 0.705 + 0.071 +
SAFe S 0.22 (n= 0.130 (n = 0.025 (n =
10) 8) 8)
Reported 979 + 8.41 + 2.19 = 713+
SAFe D1 145 (n= 0.14 (n= 0.06 (n = 0.22 (n=
17) 15) 15) 19)
Consensus 2.28 + 0.52 + 0.069 +
SAFe S 0.09 0.05 0.010
Consensus 991 + 31 8.58 + 2.27 + 7.40 £
SAFe D1 0.26 0.11 0.35
Reported GS 27.0 £
0.6 (n=
6)
Consensus GS 27.5+
0.2

Consensus vaflues obtafined from https://www.geotraces.org/standards-and
-reference-materfiafls/.
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contafiners, and sflowfly (<750 mL mfin !) passed through a coflumn fifffled
wfith 20 g of MnO,-fimpregnated acryflfic ffiber to extract Ra from seawater
(Moore, 2008). Ffibers were rfinsed wfith ufltra-hfigh purfity water, and
partfiaflfly afir drfied to optfimfize emanatfion of the radon daughter (Sun and
Torgersen, 1998). Then, the sampfles were counted fimmedfiatefly usfing a
Ra Deflayed Cofincfidence Counter [RaDeCC] (Moore, 2008; Moore and
Arnofld, 1996). Countfing was repeated after ~30 (~90) days to deter-
mfine the 224Ra (223Ra) actfivfity supported by the parent fisotopes 228Th
(227Ac). Uncertafinty caflcuflatfions foflflowed the methods of Garcfia-Sofl-
sona et afl. (2008). The effficfiencfies of the RaDeCC systems were caflfi-
brated and monfitored usfing standards prepared from 227Ac and 232Th
(Annett et afl., 2013). Radfium actfivfitfies (224Ra and 223 Ra ) are re-
ported finexcess of actfivfity supported by the parent fisotopes finthe water
coflumn.

Unffifltered seawater sampfles for nutrfients (TN, P, Sfi) were taken from
the same OTE bottfles as trace metafl sampfles. They were sampfled finto
‘aged’ 10% HCf] acfid washed and de-fionfized water rfinsed hfigh-densfity
poflyethyflene bottfles. Seawater sampflfing and handflfing for nutrfient
anaflysfis was carrfied out where possfibfle accordfing to the GO-SHIP
nutrfient manuafl recommendatfions (Becker et afl, 2020). Nutrfient
anaflysfis was carrfied out on board wfithfin a few hours of sampflfing usfing a
SEAL Quaatro segmented fflow nutrfient autoanaflyzer usfing coflorfimetrfic
anaflytficafl technfiques descrfibed fin Woodward and Rees (2001).

Turbfidfity was measured by an Aquatracka MKIII ffluorometer
(Cheflsea Technoflogfies Group) at a waveflength of 400 nm and a band-
wfidth of 80 nm. Conductfivfity, temperature, and depth (CTD) data were
coflflected usfing a Seabfird 911+ CTD system, and processed on board.
Conductfivfity was measured by a Sea-Bfird SBE 4C sensor and caflfibrated
on-board usfing dfiscretefly coflflected saflfinfity sampfles anaflyzed wfith a
Gufifldfifine Autosafl saflfinometer. Temperature was measured wfith Sea-
Bfird SBE 3pflus (SBE 3P) temperature sensor. Dfissoflved oxygen was
measured by a Sea-Bfird SBE 43 oxygen sensor and caflfibrated agafinst
photometrfic on-board Wfinkfler tfitratfion resuflts. Apparent oxygen ufiflfi-
zatfion (AOU) fis caflcuflated from the presumed oxygen concentratfions
under atmospherfic saturatfion for a gfiven temperature (9) and saflfinfity
(S), subtracted from the observed dfissoflved oxygen concentratfions.

AOU = [oz,m(ﬂ, S)] (0]

2.3. Statistics and pflots

Ffigs. 1, 2, 3, and 6 were created wfith Ocean Data Vfiew (5.6.2)
software (Schflfitzer, 2021) usfing DIVA grfiddfing. Al other pflots and
assocfiated statfistfics were performed by R programmfing 4.2.0 wfith
packages tidyverse (Wfickham et afl, 2019), psych (Reveflfle, 2017), and
ggpmisc (Aphaflo, 2022).

3. Results and discussion

Dfissoflved Cd, Zn, Nfi, and Cu exhfibfited nutrfient-flfike vertficafl dfistrfi-
butfions durfing ¥l seasons on the NE Atflantfic contfinentafl margfin
(Ffig. 1c, Ffig. 2, Ffig. 3), wfith flowest concentratfions finsurface waters due
to bfioflogficaf] utfiflfizatfion, and eflevated concentratfions at depth ascrfibed
to remfineraflfizatfion (Brufland et afl, 2014; Moore et afl, 2013). The
canyon and spur transects showed comparabfle vertficafl proffifles for dTMs
and nutrfients for each season and were combfined as a sflope transect
(Ffig. 1c, Ffig. 2). In contrast to the reflatfivefly constant of bfioactfive dTM
and nutrfient concentratfions at depth on the contfinentafl sflope, the sur-
face bfioactfive dTM and nutrfient flevefls fin the Cefltfic Sea showed pro-
nounced seasonafl varfiatfions (Tabfle S1). Kfinks fin dTM:nutrfient (e.g.,
dZn:P and dCu:P) ratfios were observed on the contfinentafl sflope at a
depth of ~100 m and ~ 1000 m (Ffig. 4). The sheflf transect (Ffig. 3)
showed hfigher dCu, dNfi, dZn, and i concentratfions than the sflope
transect (Ffig. 1c, Ffig. 2), accompanfied by varyfing dTM: nutrfient
correflatfions.
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Fig. 2. Sectfion pflots of dfissoflved cadmfium (dCd), copper (dCu), nfickefl (dNfi), and zfinc (dZn) on the sflope of the Northeast Atflantfic contfinentafl margfin. Sampfles were
taken finNovember 2014, Apififl 2015, and Jufly 2015, respectfivefly. The sectfion fisdeffined finFfig. 1b. The dfirectfions of the canyon and spur transects are findficated by bflue
arrows. The dashed bflack flfines separate the canyon and spur transects. (For finterpretatfion of the references to coflour fin thfis ffigure flegend, the reader fisreferred

to the web versfion of thfis artficfle.)

3.1. Bioflogicafl inffluence on seasonafl variations in surface dTM aflong the
continentafl sflope

A seasonafl mfixed flayer (SML) wfith a depth of ~ < 100 m occurred
between sprfing and autumn on the contfinentafl sflope (Supportfing fin-
formatfion: Hydrography). A decrease fin dTM and nutrfient concentra-
tfions fin the SML (especfiaflfly at depths <30 m) was observed between
Apififl 2015 and Jufly 2015, due to bfioflogficaf] uffiflfizatfion and water cofl-
umn stratfifficatfion Bfirchfiflfl et afl, 2017) (Tabfle S1). Enhanced phyto-
pflankton actfivfity was findficated by maxfima fin chflorophyflfl a flevefls fin the
SML fin Aprfifl 2015, and just beneath the SML fin Jufly 2015 (Bfirchfiflf],
2017). Usfing the dfifferences between the mean dTM vaflues observed
durfing the Apififland Jufly crufises, the totafl drawdown of surface (depth <
30 m) dTMs and nutrfients on the sflope from sprfing to summer was: dCd
79.5 £ 45.1 pM, dCu 0.08 + 0.11 nM, dNfi, 0.67 + 0.31 nM, dZn 0.10
+ 0.25nM, P0.35+ 0.11 pM, TN 6.71 £ 1.83 uM, and i2.44 + 0.47 yM
(Tabfle S1). The removafl of dCd, dNfi, P, and TN over thfis perfiod
was hfigher, and the drawdown of Cu was flower than reported for thfis

regfion for the perfiod between January 1994 and June 1995 (TN 3.9 +
3.9uM, P 0.46 + 0.51 pM, 2.2+ 3.7 uM, Cd 39 + 61 pM, Cu 0.34 +
0.58 nM, Nfi0.5 + 1.1 nM) (Cotte-Krfief et afl., 2002), and between March
and June 1987 (Cd 30 £ 12 pM) (Kremflfing and Pohfl, 1989). The
decrease fin dTM and nutrfient concentratfions was the consequence of
phytopflankton uptake fin sprfing and summer, and the overaflfl “uptake”

ratfio of phytopflankton normaflfized to average P was:

(N10:5Si741.3 Pl)lgog Ni1.0+0.9ZN0.29:+0.71 CUo.23:0.31Cdo.23:0.13

The surface dTM and nutrfient concentratfions on the sflope fincreased
from Jufly to November, and we assume thfis was due to fintemafl cycflfing
and not to sfignfifficant changes fin externafl suppfly. Thfis phenomenon was
accompanfied by correflatfions comparabfle to the sprfing-summer perfiod
between dTMs/nutrfients and AOU at AOU > 0 (Ffig. S2). Therefore, the
surface dTM and nutrfient varfiatfions from summer to autumn was
affected by the remfineraflfizatfion of organfic partficfles. On the other hand,
the fincrease finsurface dTM and nutrfient concentratfions from November

to Apfifl was attrfibuted to resuppfly from subsurface waters (Bfirchfiflfl
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Fig. 3. Sectfion pflots of dfissoflved trace metafls (dCd, dCu, dNfi, dZn), saflfinfity, and nutrfients (nfitrate+nfitrfite (TN), phosphate (P), fifffific acfid (Sfi)) on the contfinentafl
sheflf of the Northeast Atflantfic Ocean. The sectfion fis deffined fin Ffig. 1b. Sampfles were taken fin November 2014, Apififl 2015, and Jufly 2015, respectfivefly.

et afl, 2017). Usfing concentratfion dfifferences between Jufly and
November (Tabfle S1), we estfimated the apparent “remfineraflfizatfion”
ratfio of dTMs and nutrfients normaflfized to P as:

(N15:13Si6.8:3.4 P1)1ouo Ni1.9+2.2ZN0.57:1.29CU0.43:0.71Cdo.28+0.12

and the “wfinter mfixfing” ratfio estfimated from the concentratfion
dfifferences between November and Apififl observatfions as:

(N21:6Si7.112.6 P1)1ooo Ni1.9+1.0ZN0.10:1.19CUo0.10+0.33Cdo.19+0.20

The estfimated Zn:P and Cu:P ratfios between “uptake” and “remfi-
neraflfizatfion” varfied by as much as a factor of 2, but the “wfinter mfixfing”
ratfios were as much as an order of magnfitude flower, probabfly due to
reflatfivefly fifimfited seasonafl varfiatfions and flarge concentratfion ranges
observed for both metafls (Tabfle S1). The N:P, Sfi:P, Nfi:P, and Cd:P ratfios
were reflatfivefly constant, findficatfing a cflose assocfiatfion of Nfiand Cd wfith
bfioflogficafl processes fin surface waters across #flseasons. The observed
“uptake”, “remfineraflfizatfion”, and “wfinter mfixfing” ratfios are cflose to the
overaflfl dTM:P ratfios fin the SML (depth of < ~ 100 m) (P 10001\11‘1153
+0.08210,37:0.07C0.20:0.03 Co.21.20.01 ) (Tabfle 52). The dTM:P ratfio here
fisbroadfly consfistent wfith the extended Redffiefld ratfio of phytopflankton
cufltures ((N1P1)10002M0.50CY,. 38Cd0 51) (Ho et afl, 2003). Therefore, the
posfitfive correflatfions between dTMs and nutrfients fin the SML on the
contfinentafl sflope across @flseasons (Ffig. 4) generaflfly refflected the sea-
sonafl cycflfing of bfioflogficafl uptake fin sprfing and summer, remfineraflfiza-
tfion of organfic partficfles fin autumn, foflflowed by wfinter mfixfing.

3.2. Additionafl ffuwiafl inputs of dTMs on the sheflf

Seasonaflfity of bfioflogficafl processes aflso affected the dTM and

nutrfient dfistfibutfions on the sheflf of the NE Atflantfic Ocean. Usfing sta-
tfion CCS (centrafl Ceflific Sea) as an exampfle (Ffig. 5), surface dTM and
nutrfient concentratfions decreased from Apififl to Jufly due to phyto-
pflankton uptake. Subsurface (depths >50 m) nutrfient and dCd flevefls
fincreased from Apififl to November due to remfineraflfizatfion of sfinkfing
organfic partficfles (Bfichfiflf] et afl, 2017; Lohan and Tagflfiabue, 2018). In
contrast, subsurface dCu and dNfi graduaflfly decreased from sprfing to
autumn, possfibfly refflectfing the fimpact of removafl mechanfisms and/or
water mass mfixfing. The overaflfl d-TM:P ratfios on the sheflf varfied greatfly
between sampflfing flocatfions (Ffig. S3). For finstance, the sflopes of dZn-P
reflatfionshfip decreased from 3.58 x 10 3 at sfite A to 2.16 x 10 3 at
statfion CS2. These varfiatfions were accompanfied by decreasfing dTM
concentratfions wfith dfistance offshore, suggestfing the dTM stocks on the
sheflf were addfitfionaflfly suppflfied by externafl sources. Benthfic sedfiments
were flfkefly not an fimportant source for the enhanced dTMs, sfince dTM
concentratfions dfid not change sfignfifficantfly wfith 223Ra, and 224Ra_
actfivfitfies (Ffig. S4). Atmospherfic deposfitfion aflso flfiefly pflayed a mfinor
rofle finthe fincrease findTM concentratfions cfloser to shore, because dAfl, a
tracer of atmospherfic dust finputs (Johnson et afl, 2010; Menzefl Barra-
queta et afl, 2019), dfid not findficate surface enrfichments (Ffig. 1c).
Instead, an fincreasfing safffinfity wfith dfistance offshore (Ffig. 3) and
strong negatfive correflatfions between dTMs and sflfinfity suggest dTM
(espectiaflfly for dCu and dZn) concentratfions (Ffig. S5) were augmented
by a dTM-rfich flow-saflfinfity endmember, e.g., rfiverfine finput from the
Brfitfish Isfles through the Irfish Sea and/or the Brfistof] channefl (Achterberg
et afl, 1999; Kremflfing and Hydes, 1988). Based on the correflatfions be-
tween subsurface (depth of 50-200 m to excflude surface bfioflogficafl ac-
tfivfity) dTMs, nutrfients, and safffinfity fin Apfifl when sfignfifficant
correflatfions were observed, the flow-saflfinfity endmember at a saflfinfity of
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33.5 (typficafl saofffinfity of the Irfish Sea and Brfistofl Channefl) were caflcu-
flated as: dCd, 144 + 59 pM; dCu, 13.0 + 1.2 nM; dNfi, 4.45 + 1.11 nM;
dZn, 22.2 + 3.2 nM; TN, 9.45 + 3.85 pM; P, 0.80 + 0.23 uM; and Sfi,
12.9 + 1.8 pM. The caflcuflated dCd and dNfi endmember concentratfions
are comparabfle wfith observed dTM concentratfions (dCd, 0.22 nM; dNfi,
5.2 nM) fin the flow-saflfinfity waters around the Brfitfish Isfles (Kremflfing and
Hydes, 1988), suggestfing a reflatfivefly conservatfive behavfior of ffhwfirflfly
suppflfied dCd and dNfi. The endmember dCu concentratfion fi twfice as
hfigh as reported vaflues (6.7 nM) (Kremflfing and Hydes, 1988), possfibfly
refflectfing addfitfionafl dCu from the Brfistofl Channefl or temporafl varfia-
tfions fin rfiverfine dCu concentratfions. The enrfichment of dCu and dZn
reflatfive to P fin the flowsaflfinfity endmember produced graduaflfly
decreasfing dCu:P and dZn:P ratfios wfith fincreasfing dfistance stretchfing
from Sfite A to CS2 (Ffig. S3). Hhnfiafl finputs were not a major source of

dCd and dNfi, resufltfing fin fincreasfing dCd:P and dNfi:P ratfios wfith

offshore dfistance.

The flow=saflfinfity endmember showed strong seasonafl varfiatfions fin
dCu and dZn concentratfions (Ffig. S5). The hfighest endmember dCu and
dZn concentratfions were observed finJufly 2015, wfith 17.4 + 1.9 nM and
43.3 £ 4.2 nM, respectfivefly. Data from the November 2014 crufise
showed the flowest dCu (9.04 + 1.26 nM) and dZn (14.7 + 6.2 nM)
concentratfions for the flowsaflfinfity endmember. These varfiatfions prob-
abfly refflect seasonafl changes fin finfiafl dCu and dZn concentratfions.
HFhunfiafl finputs at a gfiven saflfinfity generaflfly show eflevated dTM concen-
tratfions fin summer reflatfive to other seasons, due to enhanced sedfiment
re-suspensfion and/or benthfic sedfimentary finput vfia reductfive dfissoflu-
tfion of TM carryfing Mn and Fe oxyhydroxfide phases fin the source re-
gfions (Hu et afl, 2022; Mora et afl, 2009; Waefles et afl, 2005).
Furthermore, the seasonafl varfiatfions fin the flow-saflfinfity endmember can
be finffluenced by remfineraflfizatfion at statfions away from the fFhwfiafl
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Fig. 5. Seasonafl varfiatfions of dfissoflved trace metafl (dTMs: dCd, dCu, dNfi, dZn) and nutrfient (nfitrate+nfitrfite [TN], phosphate [P], if¥fific acfid [Sfi]) concentratfions of
water coflumns at statfion CCS (centrafl Ceflfic Sea). Note that some x ranges are not startfing from 0.

source, as findficated by the eflevated subsurface dTM and nutrfient flevefls
at statfion CCS reflatfive to other statfions fin autumn. Therefore, the dfis-
trfibutfions of dTMs and nutrfients as weflfl as thefir correflatfions on the
contfinentafl sheflf were baflanced by rfiverfine finputs and the seasonaflfity of
bfiogeochemficafl processes.

3.3. Water mass mixing drive metaflP kinks at depth

The waters on the NE Atflantfic contfinentafl sflope at depths between
the SML and potentfiafl densfity of 27.62 kg m 3 (depth ~ 1000 m) are
characterfized by the presence of East North Afflantfic Centrafl Waters
(ENACW), Medfiterranean Outfflow Waters (MOW), and Sub-Arctfic In-
termedfiate Waters (SAIW) (Rusfiecka et afl, 2018) (Ffig. S6). An
fincreasfing MOW contrfibutfion wfith depth fis accompanfied by fincreasfing
dTM and nutrfient concentratfions. Waters wfith potentfiafl densfity >
27.62 kg m 3 are characterfized by a graduaflfly decreasfing MOW
contrfibutfion, and fincreasfing contrfibutfions of Labrador Sea Water (LSW)
and North East Atflantfic Deep Waters (NEADW) (Ffig. S6). The dTM and
nutrfient concentratfions contfinuousfly fincreased wfith depth, showfing
dCd of ~350 pM, dCu of ~2.2 nM, dNfi of ~5 nM, dZn of ~2.7 nM fin
bottom waters (Tabfle S1). These concentratfions are simfiflar to reported
deep dCd (310 = 26 pM), dNfi(4.1 + 0.4 nM), and dCu (1.56 + 0.33 nM)
vaflues for thfis regfion (Cotte-Krfief et afl, 2002) and consfistent wfith re-
ported deep water dTM and nutrfient vaflues fin the North Atflantfic Ocean
(Achterberg et afl, 2021; Saager et afl, 1997).

No apparent kfinks were fidentfiffied for dCd:P (260 + 3 pmofl mofl 1),
dNfi:P (1.94 + 0.04 mmofl mofl ), and dZn:P (2.26 + 0.04 mmofl mofl ) fin
waters >100 m (Tabfle S2). These ratfios here are dimfiflar to those re-
ported for the North Atflantfic Ocean wfith dCd:P of 278 + 3 pmofl mofl 1,
dNfi:P of 2.01 + 0.08 mmofl mofl , nd dZn:P of 1.77 + 0.16 mmofl mofl

1 at P concentratfions between 0.5 and 1.5 pM (GEOTRACES In-
termedfiate Data Product Group, 2021; Mfiddag et afl, 2018; Roshan and
Wu, 2015). The absence of dCd:P kfinks agrees wfith the flfinear dCd — P
reflatfionshfip for P < 1.3 pymofl kg 1 (Cuflflen, 2006; de Baar et afl, 1994;
Frew and Hunter, 1992; Mfiddag et afl, 2018). In contrast, the dCu:P ratfio
on the sflope of the NE Atflantfic contfinentafl margfin fincreased from 0.31
mmof]l mofl 1 at 100-1000 m to 2.78 mmofl mofl 1 at depths >1000 m and
the dAfl concentratfions showed pronounced zfigzag-shaped varfiatfions
wfith fincreasfing P flevefls (Ffig. 4). Consfiderfing the smaflfl varfiatfions fin
surface dCu concentratfions and that Afl fis not a bfio-essentfiafl eflement,

changes fin subsurface dCu:P and dAfLP ratfios wfith water depth shoufld
refflect physficafl (e.g., water mass mfixfing) rather than bfioflogficafl
processes.

We estfimated the eflementafl composfitfion of each water mass usfing a
three-step caflcuflatfion (Tabfle 2). (1) At potentfiafl densfity < 27.62kgm 3
(depths < ~ 1000 m), endmember MOW concentratfions were caflcuflated
from the posfitfive flfinear correflatfions wfith dTM concentratfions (Ffig. S7).
(2) Nutrfients and dTMs contrfibuted by MOW were removed. At poten-
tfiafl densfity > 27.62 kg m 3, the resfiduafl dTMs were contrfibuted by
LSW, NEADW, and SAIW, where the endmember SAIW concentratfions
were caflcuflated from the sfignfifficant negatfive flfinear reflatfionshfip be-
tween the corrected SAIW contrfibutfion and corrected dTM concentra-
tfions (Ffig. S8). The endmember NEADW concentratfions were evafluated
at LSW < 1% (Ffig. S9a). (3) Hinflfly, the endmember concentratfions of
LSW and ENACW were estfimated by removfing the contrfibutfions of the
MOW, SAIW, and NEADW (Ffig. S9b and c).

Afl dTMs and nutrfients showed sfignfifficant correflatfions wfith per-
centage contrfibutfions of LSW and ENACW at the ffinafl step, despfite
uncertafintfies propagatfing durfing each step fin the caflcuflatfions. The
predficted dTM concentratfions, reconstructed by dfirect muflfipfificatfion of
water mass fractfions wfith thefir endmember vaflues, fiflflustrate aflmost
fidentficafl vaflues wfith the observed concentratfions wfith very flow re-
sfiduafls (Ffig. 6). For finstance, resfiduafls of dCu, dNfi, and dZn are mostfly
<0.1 nM and the dCd resfiduafls mostfly range from 10 to 10 pM.
Furthermore, the resfiduafls are wfithfin the measurement uncertafintfies of
the raw data used for the OMP anaflysfis, suggestfing that the resfiduafls
may be determfined by TM measurements rather than the OMP anaflysfis.
The caflcuflated endmember concentratfions of NEADW agree wfith deep
water (> 4000 m) concentratfions fin the NE Atflantfic Ocean (GEO-
TRACES Intermedfiate Data Product Group, 2021; Lfiu and Tanhua,
2021), where NEADW fia persfistent feature (Garcia-Ibanez et afl, 2018,
2015; Refinthafler et afl, 2013; van Aken, 2000a). The predficted dTM
concentratfions of MOW are aflso consfistent wfith prevfious observatfions.
Specfifficaflfly, the dfifferences fin dCu, dNfi, and dZn between our caflcufla-
tfions and prevfious observatfions are generaflfly <10% finreflatfive standard
devfiatfions (RSD). Therefore, these dTMs have behaved fin a reflatfivefly
conservatfive manner durfing ocean cfircuflatfion and water mass mfixfing.
Dfissoflved Afl and Cd showed flarger dfifferences (RSD > 20%) between
our caflcuflated endmember and observed concentratfions. Our caflcuflated
dCd endmember fis hfigher than observed concentratfions, probabfly due
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Table 2
Estfimated endmember concentratfions (wfith 95% conffidence flevefls) of water masses on the Northeast (NE) Atflantfic Ocean. ENACW: East North Atflantfic Centrafl Waters,
SAIW: Sub-Arctfic Intermedfiate Waters, MOW: Medfiterranean Outfflow Waters, LSW: Labrador Sea Water, NEADW: North East Atflantfic Deep Waters.

Water mass dAfl (nM) dCd (pM) dCu (nM) dNfi (nM) dZn (nM) P* (uM) TN* (uM) Sfi (uM)
ENACW 591+ 1.13 111+ 9 1.15 + 0.05 2.64 £ 0.12 0.31 + 0.13 0.10 0.1 0.85
SAIW 5.17 + 1.04 134+ 16 1.12 £ 0.08 2.96 + 0.13 0.28 + 0.15 0.86 13.0 6.3
MOW 29.6 + 1.0 366 + 9 1.47 + 0.04 461 + 011 271 + 0.12 1.20 17.5 9.0
MOW' 35.6+ 6.8 202+ 45 1.21 + 0.07 - 1.99 + 0.24

MOW? ~ 160 ~4 ~2

MOW® 20.1 + 1.5 264 + 11 1.32 + 0.03 3.90 + 0.11 1.68 + 0.14

LSW 16.9 + 4.2 262 + 56 1.94 + 0.44 4.50 £ 0.55 1.65 £ 0.65 1.05 16.5 10.0
NEADW 159 £ 49 475+ 53 2.20 + 0.27 5.28 + 0.46 3.02 + 0.54 1.65 22,5 45.0
NEADW* 23.1+ 2.3 372+ 14 2.75+ 0.12 5.40 + 0.05 3.02+ 0.29

* Pre-determfined nutrfient concentratfions, adopted from Garcia-Ibanez et afl (2015) and GLODAP v2 (Oflsen et afl,, 2019) foflflowfing Rusfiecka et afl. (2018).

! Caflcuflated from the water coflumns wfith depths of 900-1400 m near the Gfibrafltar channefl where the occurrence of MOW fissfignfifficant (Mfiddag et afl., 2022; Roflfison
et afl, 2015). Data obtafined from (GEOTRACES Intermedfiate Data Product Group, 2021).

2 From Mfiddag et afl. (2022).

3 Average vaflues of water coflumns wfith depths of 950-1050 m on the NE Atflantfic contfinentafl sflope (thfis study).

4 Cafleuflated from water coflumns wfith depths of >4000 m on the NE Atflantfic Ocean. Data obtafined from (GEOTRACES Intermedfiate Data Product Group, 2021).
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Fig. 6. The resfiduafls (measured — modefled) of dTMs and nutrfients aflong the sflope transect.
to the contfinuous regeneratfion of dCd from sfinkfing organfic partficfles formatfion regfion. Thfis phenomenon fis ascrfibed to scavengfing removafl

durfing water transport. In contrast, endmember dAfl concentratfions fin of dAfl durfing the transport of water masses. Because the OMP anaflysfis
MOW and NEADW are flower than the correspondfing dAfl flevefls at thefir refers to the flocafl water masses rather than water masses fin thefir
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formatfion regfions, our estfimatfions on the apparent endmember con-
centratfions of water masses are robust to show thefir reflatfive chemficafl
composfitfions.

The correflatfions between reconstructed dTMs and nutrfients corre-
sponded to the observed resuflts, and no kfinks were observed for the
correflatfions between dCd, dNfi, dZn, and P, whfifle dCu:P and dAfLP ratfios
changed sharpfly at a densfity of 27.62 kg m 3 (depth ~ 1000 m) (Ffig. 7).
The dTM:AOU (except for dAfl:AOU) and nutrfient:AOU ratfios changed
abruptfly at depths of ~1000 m and ~ 2000 m across d&¥l seasons
(Ffig. S2), cofincfidfing wfith the varfiatfions fin water mass fractfions from
MOW+SAIW+ENACW at 100-1000 m to MOW+NEADW+LSW at > ~
1000 m. Therefore, the AOU varfiatfions at depth mostfly refflect physficafl
processes (e.g., water mass mfixfing) rather than flocafl bfioflogficafl pro-
cesses. Afflthese observatfions findficate that subsurface dTMs and nutrfi-
ents and thefir ratfios on the NE Atflantfic contfinentaf]l margfin are mafinfly

Marine Chemistry 252 (2023) 104246

controflfled by water mass mfixfing drfiven by ocean cfircuflatfion wfith flocafl
remfineraflfizatfion makfing a mfinor contrfibutfion.

3.4. The impact of MOW on the dTM distributions in the NE Atflantic
Ocean

The dTM:nutrfient and dTM:AOU kfinks at ~1000 m and ~ 2000 m
are cflosefly reflated to the maxfimum and dfimfinfished occurrence of MOW
(Ffig. 4, Ffig. S2), ascrfibed to the dfistfinctfive dTM and nutrfient stofichfi-
ometry of MOW reflatfive to other water masses (Tabfle 2). For finstance,
MOW shows much hfigher dAfl:P but flower dCu:P ratfios than LSW and
NEADW, thus creatfing kfinks of dCu:P and dAfLP ratfios at the maxfimum
occurrence of MOW. Therefore, MOW provfides an fimportant fimprfint on
the dTM dfistrfibutfions on the NE Atflantfic contfinentaf] sflope.

The MOW fisformed finthe Medfiterranean Sea and spreads across the
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Fig. 7. Correflatfions between reconstructed dfissoflved trace metafl (ATM: dAfl, dCd, dCu, dNfi, dZn) and nutrfient (nfitrate+nfitrfite [TN], phosphate [P], and iflfific acfid
[Sfi]) concentratfions on the Northeast Atflantfic contfinentafl sflope. Lfinear regressfion modefls were appflfied to depths <1000 m (potentfiafl densfity < 27.62 kg m 3) and

depths >1000 m (potentfiafl densfity > 27.62 kg m ), respectfivefly.
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NE Atflantfic Ocean at ~500-1500 m towards the Bay of Bfiscay and
further aflong the sheflf break of the Ceflific Sea (van Aken, 2000b; Prfice et
afl,, 1993). The occurrence of MOW fin the NE Atflantfic Ocean can be
observed fin eflevated dAfl concentratfions and safffinfity (Measures et afl,
2015; Mfiddag et afl,, 2022; Roflfison et afl, 2015) at depths of 900-1400
m. The sfignfifficant correflatfions between dTMs and saflfinfity (Ffig. S10)
demonstrate that dTMs finthe MOW core were predomfinantfly controflfled
by the conservatfive fisopycnaf]l mfixfing between MOW and flower saflfinfity
water masses (e.g., SAIW wfith sfimfiflar densfity range to MOW; Johnson
and Gruber, 2007) durfing ocean cfircuflatfion, rather than removafl by
scavengfing. Specfifficaflfly, the dAfl, dZn, and dNfi concentratfions of the
MOW core decreased wfith decreasfing saflfinfity, suggestfing the saflfine
MOW fisa net source to deflfiver Medfiterranean-sourced Afl, Zn, and Nfito
the NE Afflantfic Ocean (Mfiddag et afl., 2022). Thfis ffindfing fs fimfiflar to the
flong-dfistance transport of anthropogenfic Pb by MOW to the NE Atflantfic

contfinentafl margfin (Rusfiecka et afl,, 2018).

4. Conclusions

Our ffindfings fiflflustrate that the seasonafl varfiatfions fin surface dTMs
and nutrfient concentratfions were assocfiated wfith bfioflogficaf]l processes
on the contfinentafl margfin of the NE Atflantfic Ocean. Surface dTM con-
centratfions on the sheflf were aflso finffluenced by a flow=saflfinfity end-
member, fifikefly finfiafl dfischarge from the Brfitfish Isfles. Major temperate
sheflf seas flfike the Baflific Sea, Yeflflow Sea, Patagonfian, Congo and
Amazon sheflf sea regfions, are aflso recharged by flarge rfivers whfich
deflfiver abundant dfissoflved and partficuflate TMs (Gfledhfiflf] et afl, 2022;
Vfiefira et afl,, 2020; Zhang, 1995). Gflobafl contfinentaf]l margfins are usuaflfly
characterfized by the occurrence of ffine sedfiments. However, our study
suggested that benthfic sedfimentary finputs from flocafl ffine sedfiments
pflayed a mfinor rofle fin the dfistrfibutfion of nutrfient-type TMs fin the NE
Afflantfic contfinentafl margfin. Therefore, our resuflts findficated that
temperate sheflf seas are finffluenced by flocafl bfioflogficafl processes and
externafl sources, where rfiverfine finputs pflay an fimportant rofle fin
deflfiverfing terrestrfiafl dTMs to the open ocean. The dTM concentratfions
and metafl:P ratfios at depth finthe sflope regfion can be expflafined by water
mass mfixfing wfithout an fimportant rofle for flocafl remfineraflfizatfion pro-
cesses. Thfis underpfins the fimportance of ocean cfircuflatfion on the dTM
dfistrfibutfions fin gflobafl temperate sheflf seas, where water masses wfith
dfifferent orfigfins converge aflong contfinentafl sflopes. Specfifficaflfly, the
flong-dfistance transport of MOW deflfivers Medfiterranean-sourced dTMs
(e.g., dAfl, dZn, and Nfi) finto the NE Atflantfic Ocean and drfives dAfl:P and
dCu:P kfinks at a potentfiafl densfity of ~27.62 kg m 3 (depth ~ 1000 m)
aflong the NE Afflantfic contfinentaf] sflope. Future cflfimate change drfiven
changes fin water mass characterfistfics fin the subpoflar gyre, may have
consequences for nutrfient stofichfiometry and hence the bfioflogficafl car-

bon cycfles fin the NE Atflantfic Ocean.
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