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Abstract
Iron (Fe) is an essential trace elem ent for marine life. Extremely low Fe concentrations limit primary production and nitrogen 
fixation In large parts of the oceans and consequently  Influence ocean ecosystem  functioning. The Im portance of Fe for 
ocean ecosystem s makes Fe one of the core chemical trace elem ents In the International GEOTRACES program. Despite the 
recognized Im portance of Fe, our present knowledge of Its supply and blogeochemlcal cycle has been limited by mostly 
fragm entary datasets. Flere, we present highly accurate dissolved Fe (DFe) values m easured at an unprecedented  high 
Intensity (1407 samples) along th e  longest full ocean dep th  transect (17500 kilometers) covering the entire western Atlantic 
Ocean. DFe m easurem ents along this transect unveiled details about the supply and cycling of Fe. External sources of Fe 
Identified Included off-shelf and river supply, hydrothermal vents and aeollan dust. Nevertheless, vertical processes such as 
the recycling of Fe resulting from the remlnerallzatlon of sinking organic m atter and the removal of Fe by scavenging still 
dom inated the distribution of DFe. In the northern West Atlantic Ocean, Fe recycling and lateral transport from the eastern 
tropical North Atlantic Oxygen Minimum Zone (OMZ) dom inated the DFe-dlstrlbutlon. Finally, our m easurem ents show ed 
tha t the North Atlantic Deep Water (NADW), the major driver of the so-called ocean conveyor belt, contains excess DFe 
relative to  phosphate  after full biological utilization and Is therefore an Im portant source of Fe for biological production In 
the global ocean.
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Introduction

In  the ancient oxygen free an d  sulphidic ocean, high 
abundances o f first row  transition m etals led  to their im plem en­
tation  in  m any m etabolic functions during  biological evolution 
[1,2]. A m ong the six trace m etals M n, Fe, Co, Ni, C u  an d  Zn 
essential for every living cell an d  organism , Fe is by  far the most 
im portant. Prote in -bound  Fe acts as vital electron m ediator for 
several m etabolic processes like n itrogen assimilation, No-fixation, 
photosynthetic and  respiratory electron transport an d  the rem oval 
o f  reactive oxygen species [3]. How ever, the subsequent evolution 
o f biogenic oxygen ( 0 2) by  photosynthesis in the oceans [4,5] 
favored the Fe(III) redox state with a  very low solubility [6] leading 
to massive precip itation  o f iron-oxides, and  thus to the rem oval o f 
alm ost all dissolved Fe (DFe) from  the oceans [7,8], Consequently, 
low concentrations o f D Fe in the m odern  ocean affect m arine 
ecosystems and  the related carbon  cycle in large parts o f the 
w orld’s oceans [9,10,11,12].

M easurem ent o f  extrem ely low concentrations o f D Fe (DFe, <  
0.2 (Jin filter pore size), as found in the open ocean, has a  high risk 
o f  contam ination  an d  requires u ltraclean techniques th roughout

the com plete procedure  o f sampling, sam ple processing and  final 
analysis [13]. T herefore m easurem ents o f D Fe are relatively scarce 
and  fragm entary often m aking in terpreta tion  difficult and  
speculative, and  lim iting progress in our knowledge o f the 
biogeochem ical cycling o f D Fe. T h e  im portance o f Fe for m arine 
ecosystems makes Fe perhaps the m ost w anted  chem ical trace 
elem ent for study in the international G E O T R A C E S  program  
(www.geotraces.org) that aims to m easure the distribution o f 
im portan t trace elem ents and  isotopes in the global oceans [14], 

T h e  distribution o f D Fe depends on  its chem istry, sinks, and  
internal cycling, sources and  transport. T h e  chem istry o f Fe in 
m odern  oxygenated oceans is characterized  by  its very low 
solubility (0.1-0.2 liM) [6], How ever, com plexation o f Fe by 
organic Fe-binding ligands increases the solubility o f Fe [15,16], 
T h e  excess o f free organic Fe-binding ligands often present in the 
oceans plays an  essential role in the solubilization an d  stabilization 
o f Fe entering  the ocean from  external sources [17]. Fe-binding 
organic ligands exist in the colloidal (0.02-0.2 (tm) as well as the 
truly dissolved phase (< 0 .02  (tm) [18,19], Colloidal Fe(III) is 
vulnerable for rem oval by adsorption onto large settling (mostly 
biogenic) particles falling dow n from  surface waters. This
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scavenging o f Fe is the m ain  rem oval m echanism  o f Fe from  the 
oceans. Photo-reduction o f this colloidal Fe, an d  its interaction 
with organic Fe-binding ligands m ay therefore be  an  im portant 
process retain ing D Fe in the surface waters [20,21,22,23] and  in 
increasing its biological availability [24,25,26], T hus organic 
com plexation o f Fe plays an  essential role in determ ining the 
distribution o f D Fe [27].

Biological uptake o f Fe, as well as adsorption onto biological 
m atter in ocean surface waters, results in the transport o f  DFe 
from  the surface ocean to deeper waters (200-1000 m) by the 
settling o f biogenic debris an d  subsequent rem ineralization at 
depth. Below highly productive oceanic regions, the com bination 
o f enhanced  oxygen consum ption during  organic m atter respira­
tion and  weak ocean ventilation leads to the form ation o f O xygen 
M inim um  Zones (OM Z) at these interm ediate depths [28], In  an 
O M Z , D Fe concentrations are enhanced  and  stabilized due to the 
sim ultaneous release o f organic Fe-binding ligands [29,30,31] and  
enhanced  Fe(II) concentrations that m ay exist under low oxygen 
conditions [30,32,33].

T h e  m ost im portan t external source o f D Fe to the rem ote 
surface ocean is aeolian dust. T h e  w estern N orth  Atlantic O cean 
receives about 43%  o f global oceanic dust inputs. T his dust 
originates from  the Sahara  an d  Sahel regions [34,35]. T h e  western 
South A tlantic O cean  receives less dust, m ainly originating from 
Patagonia [36], R iver inpu t is ano ther im portan t source o f D Fe to 
the surface ocean. T h e  overall D Fe input from  rivers into the 
w orld’s oceans is estim ated to be 26 IO9 mol y -1  [37]. T he 
m ajority o f D Fe in river w ater exists as small colloid particles 
[38,39,40] w hich flocculate and  are rem oved from  solution upon 
m ixing w ith seawater [41], O nly the organically com plexed D Fe is 
flushed from  the estuary into the ocean [42,43].

Several studies have shown that continental shelves are also 
im portan t sources o f D Fe to the open ocean [44]. O xidation  of 
organic m aterial in shelf sediments m ay lead to suboxic o r anoxic 
conditions w ith reductive Fe-oxyhydroxide dissolution and  subse­
quent release o f D Fe to the overlying w ater colum n [45]. 
Alternatively, upwelling of deep waters enhanced  in DFe, or 
release o f Fe from  upwelled biogenic an d  lithogenic particles along 
a  shelf, m ay explain the gradient o f surface D Fe concentration

Atlantic

Amazon'

Figure 1. W ith 60 full depth stations over 17500 km the cruises 
64PE319, 64PE321 and 64PE358 on RV Pelagia and 74JC057 on 
the RRS James Cook covered the com plete West Atlantic Ocean 
GEOTRACES GA02 transect. Num bers show  th e  locations 1) 
Irminger Sea, 2) Labrador Sea, 3) th e  Grand Banks, and 4) Bermuda. 
doi:10.1371/journal.pone.0101323.g001

with distance from  the continental shelf [46]. Florizontal transport 
o f  dissolved and  particulate iron  derived from  continental shelf 
regions determ ined D Fe distributions off the Californian coast 
[44], in the subarctic N orth  Pacific [47,48], in the vicinity o f the 
C rozet and  K erguelen Islands [49,50], offshore o f the Antarctic 
Peninsula [51,52] and  in the polynyas o f  Pine Island Bay and  the 
A m undsen Sea in the Southern  O cean  [53].

R ecen t observations show that hydrotherm al vents a re  a  m ore 
significant source o f D Fe to the deep ocean th an  previously 
realized [54,55,56,57,58], M odel sim ulations show that deep 
hydrotherm al input enhances surface w ater concentrations o f DFe 
with an  estim ated 3% o f the global m ean  [59]. How ever, this 
m odeled estim ate m ay be an  underestim ation as hydrotherm al 
vents along the M id A tlantic R idge appear to contribute a 
significant hydrotherm al Fe flux to the South Atlantic Basin [60],

Revisiting the 1972 W est A tlantic G E O S E C S section, this study 
covers the D Fe distribution in the western A tlantic O cean 
following the southw ard transport o f  the N orth  A tlantic D eep 
W ater (NADW), w hich is the m ajor driver o f  the so-called ocean 
conveyor belt [61,62]. W e present in  this study the longest full 
ocean dep th  transect o f  highly accurate D Fe values m easured 
along the entire w estern A tlantic O cean. W e explain the 
distribution of D Fe with respect to Fe sources, sinks and  internal 
processes occurring in the W estern A tlantic O cean  (GEO- 
TRACIES GA02 section).

Materials and M ethods

T h e  60 stations (1407 D Fe values) covering the whole west 
A tlantic O cean  G E O T R A C E S  GA02 transect from  Iceland to the 
tip o f South A m erica were com pleted in four cruises. Leg 1 from 
Iceland to B erm uda on R V  Pelagia (64PE 319) was sailed in A p ril/ 
M ay 2010, leg 2 from  B erm uda to Fortaleza (Brazil) on  R V  Pelagia 
(64PE321) was sailed in Ju n e /Ju ly  2013, and  leg 3 from  Pun ta  
A renas (Chile) to Las Palm as (C anary Islands, Spain) on  the R R S  
James Cook (74JCI057) was sailed in M arch /A p ril 2011. An 
additional cruise w ith R V  Pelagia from  Iceland to Texel was sailed 
in Ju ly /A u g u st 2012 to sample five n o rthern  stations that were 
missed in 2010 due to severe storms (Fig. 1). M ost stations were in 
international waters thus no specific permissions were requ ired  for 
activities a t these stations. W e had  perm ission from  the D anish 
M inistry o f  Foreign Affairs to sam ple at station 3 (57"12.65'N , 
4 T 3 5 .9 5 'W ) during  cruise 64PE358.

Sam ples were taken using 24 ultra  trace-m etal clean PV D F 
samplers o f 24 L each m ounted  on an  all titan ium  fram e with a 
SEABIRD 911 CITD system and  deployed w ith a K evlar 
hydrow ire [13,63]. After deploym ent, the com plete “ultraclean 
CITD” was im m ediately p laced in an  IS O  Class 6 clean room  
container, w here samples for dissolved m etals were filtered directly 
from  the PV D F samplers o v er< 0 .2  jini Sartobran  300 cartridges 
(Sartorius) under pressure o f  filtered N 2 applied via the top- 
connector o f the PV D F sam pler. Samples for dissolved m etals 
were acidified to a  p H  o f 1.8 using a  final concentra tion  of 
0.024 M  ultraclean Seastar Base-line HCI1 (Seastar Chemicals).

DFe was m easured on bo ard  using flow injection analysis (FIA) 
based on lum inol chem ilum inescence [58], Briefly, to m easure 
DFe, 60 pL  o f 10 m M  H 20 2 (Suprapure, M erck 30%) was added  
to 60 ml sample to ensure the oxidation o f any Fe(II) in the sample 
at least 12 h  p rio r to analysis [64]. Next, the acidified sample was 
pre-concentrated  in-line onto a  colum n of im m obilized AF- 
Clhelate-650 M  resin (TosoHaas, Germ any). After rinsing w ith de­
ionized w ater (18.2 M fí cm, Millipore) to rem ove interfering salts, 
the Fe was eluted from  the colum n with 0.4 M  HCI1 (Suprapure, 
M erck 30%). C hem ilum inescence was induced by m ixing the
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T able 1 . The values of SAFe and GEOTRACES reference sam ples for DFe, DAI and DMn m easured during the cruises 64PE319, 
64PE321 & 64PE358 in the w estern North Atlantic Ocean and cruise 74JC057 in the w estern South Atlantic Ocean.

Measured Sample Bottle # elem ent Value n units

North Atlantic SAFe 02 389 Fe 0.97 ±0.07 7 nmol/L

North Atlantic SAFe 02 499 Fe 0.91 ±0.06 9 nmol/L

North Atlantic SAFe 02 504 Fe 0.90 ±0.05 5 nmol/L

South Atlantic SAFe 02 246 Fe 0.91 ±0.05 5 nmol/L

South Atlantic SAFe 02 449 Fe 0.99 ±0.01 3 nmol/L

North Atlantic GS 100 AI 28.04 ±0.38 9 nmol/L

North Atlantic GD 147 AI 18.04 ±0.44 11 nmol/L

North Atlantic SAFe S 91 AI 1.71 ±0.03 3 nmol/L

South Atlantic GS 54 AI 28.09±0.13 2 nmol/L

South Atlantic GS 100 AI 28.00 1 nmol/L

South Atlantic GD 38 AI 17.90±0.18 9 nmol/L

South Atlantic GD 146 AI 17.61 1 nmol/L

North Atlantic SAFe D2 404 Mn 0.34 ±0.01 9 nmol/L

North Atlantic SAFe D2 58 Mn 0.33 ±0.01 6 nmol/L

North Atlantic GS 52 Mn 1.50 ±0.02 2 nmol/L

North Atlantic GS 55 Mn 1.75 ±<0.01 2 nmol/L

North Atlantic GS 100 Mn 1.53 ±0.02 3 nmol/L

North Atlantic GD 146 Mn 0.17±<0.01 2 nmol/L

North Atlantic GD 147 Mn 0.18±<0.01 2 nmol/L

South Atlantic SAFe D2 58 Mn 0.34 ±<0.01 3 nmol/L

South Atlantic SAFe D2 575 Mn 0.35 ±0.01 6 nmol/L

South Atlantic GS 5 4 Mn 1.48 ±0.02 5 nmol/L

South Atlantic GD 38 Mn 0.18 1 nmol/L

Intercalibration consensus values as per May 2013:

May-2013 SAFe D2 Fe 0.933 ±0.023 nmol/Kg

May-2013 SAFe D2 Mn 0.35 ±0.05 nmol/Kg

May-2013 SAFe S AI 1.67±0.10 nmol/Kg

May-2013 GS AI 27.5 ±0.2 nmol/Kg

May-2013 GD AI 17.7±0.2 nmol/Kg

May-2013 GS Mn 1.50±0.11 nmol/Kg

May-2013 GD Mn 0.21 ±0.03 nmol/Kg

Also included are the SAFe and GEOTRACES intercalibration consensus values (http://www.geotraces.org/science/intercalibration). GS is a GEOTRACES surface reference 
sample and GD is a GEOTRACES deep reference sample. 
doi:10.1371 /journal.pone.0101323.t001

eluent with a  0.96 M  am m onium  hydroxide (Suprapur, 25% 
Merck), 0.3 M  hydrogen peroxide (Suprapure, M erck 30%), 
0.3 m M  lum inol (Aldrich), and  0.7 m M  triethylenetetram ine 
(Sigma). All solutions were p rep ared  w ith de-ionized w ater 
(18.2 M O  cm, Millipore). T h e  chem ilum inescence was detected 
with a  H am am atsu  H C 135 Photon counter. A five-point 
calibration and  blank determ ination  were m ade daily. T h e  blank 
was determ ined as the intercept o f the signals o f increasing pre- 
concentration  times (5, 10, 15 seconds) o f the seawater used for the 
calibration. T h e  analytical b lank was on average 0 .013± 0 .012  nM  
D Fe (n = 66) an d  the average detection lim it (defined as 3 a  o f the 
blank pre-concentrated  for 5 seconds) was 0.012 ±0 .012  nM  DFe 
(n = 66). T h e  Fe added  by the Seastar acid (m axim um  ~ 0 .4  pM) 
was neglected.

Dissolved A lum inium  (DAI) was m easured on b o a rd  using flow 
injection analysis (FIA) based on a  lum ogallion fluorom etric

m ethod  [65]. T h e  dissolved M anganese (DMn) was m easured on 
bo ard  using FIA  based on lum inol chem ilum inescence [66].

M easurem ents o f  samples from  the S A F e/G E O T R A C E S  
in tercom parison-program  ensured quality control (Table 1). T he 
high quality o f the da ta  was dem onstra ted  by  the good agreem ent 
betw een field m easurem ents and  S A F e/G E O T R A C E S  reference 
samples, by a good internal consistency (see figures with 
correlations) and  by the excellent agreem ent betw een the N IO Z  
G E O T R A C E S  da ta  and  the ETS G E O T R A C E S  da ta  on  the 
BATS cross over station (32"N, 64"W).

O xygen was m easured  using a  Seabird SBE 43 oxygen sensor 
on  the titanium  C T D  fram e. T h e  oxygen sensor was calibrated 
using W inkler titrations on  discretely collected samples from  bo th  
the titan ium  C T D  fram e, as well as the regular C T D  rosette. 
Salinities were determ ined using a  SBESplus therm om eter and  a 
SBE4 conductivity sensor on  the titan ium  fram e. T h e  salinity o f 
discrete seawater samples were analyzed on  bo ard  w ith a  Guildline
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Figure 2. Section plots o f A) the absolute salinity (SA), B) 
oxygen, C) silicate, D) phosphate, and E) nitrate as measured 
during the GEOTRACES cruise 64PE319, 64PE321, 64PE358 
and 74JC057 in the west Atlantic Ocean. W ater m asses indicated 
are Labrador Sea W ater (LSW), North East Atlantic Deep W ater (NEADW), 
Denmark Strait Overflow W ater (DSOW), North Atlantic Deep W ater 
(NADW), AntArctic Interm ediate W ater (AAIW), Upper Circumpolar Deep 
W ater (UCDW), and AntArctic Bottom W ater (AABW). Section plots of 
the  salinity, oxygen and nutrien ts from the  GEOTRACES GA02 transect 
w ithout th e  results o f 64PE358 have been published before [72,97], 
doi:10.1371/journal.pone.0101323.g002

8400B Autosal using an  O S IL  standard  w ater b a tch  P I 49 to 
calibrate the salinity m easurem ents o f the C T D  sensors. T he 
tem peratu re  sensor was calibrated against a  SBE-35 reference

therm om eter. N itrate, phosphate and  silicate were determ ined 
colorim etrically [67] on a B ran en Luebbe trAAcs 800 A uto­
analyzer. U nfiltered samples were taken from  each bottle o f  each 
C T D  and  analyzed on bo ard  w ithin 8 -12  hours.

Results and Discussion

Hydrography
Section plots o f  absolute salinity, oxygen and  nu trien t data  

provided a general overview o f the w ater masses encountered  in 
the W est Atlantic O cean  (Fig. 2). Close to the no rthern  end  o f our 
transect, the D enm ark  Strait betw een Iceland an d  G reen land  is an 
im portan t connection betw een the N ordic Seas and  the Atlantic 
O cean. N ear the sea surface, cold and  fresh polar waters flow into 
the Irm inger Sea (Fig. 1), in the East G reen land  curren t and  in the 
East G reen land  shelf current. In  the bo ttom  layer (>-—1800 m 
depth), the cold D enm ark  Strait Overflow W ater (DSOW ) flows 
across the topographic sill [62]. Between the surface and  1800 m, 
the salinity decreased towards the L abrador Sea indicating 
L abrador Sea W ater (LSW) betw een —600-1100  m  and  N orth  
East Atlantic D eep w ater (NEADW) betw een —1100-1800 m. 
T h e  N E A D W  originates from  the inflow o f cold Iceland-Scotland 
Overflow W ater (ISOW) flowing from  the N orw egian Sea, 
betw een Iceland and  Scotland, into the Iceland Basin. T he 
LSW , N EA D W , an d  D S O W  all contribute to the form ation of the 
N orth  A tlantic D eep W ater (NADW) that flows to the Southern 
O cean  [62].

In  the surface waters a round  the G ran d  Banks, relatively cold 
and  fresh waters from  the N orth  encounter the w arm er and  m ore 
saline waters o f the Gulfstream . At depth, the LSW  can  be divided 
in an  upper-L SW  (uLSW) betw een the seawater densities 27.68 
and  27.74 kg m -3  and  the LSW  betw een 27.74 and  27.80 kg m -3  
[68], T h e  uLW S varied in dep th  from  350-1200 m  at 54"N  to 
950-1300  m  at 44"N  and  the LSW  varied in dep th  from  1200— 
1950 m  at 54"N  and  1300-2300 m  a t 44"N . N ear bo ttom  oxygen 
m axim a in the oxygen profiles a round  the G ran d  Banks indicated 
a  near bottom  layer o f D S O W  topped by traces o f in truding 
A ntarctic Bottom  W ater (AABW), as indicated by  a  m axim um  in 
the concentrations o f silicate (Fig. 2B, C).

In  the upper 1200 m  betw een the G rand  Banks an d  the 
B erm uda Rise, we found the eastw ard flowing w ater o f the 
no rth ern  pa rt o f the subtropical gyre transporting  w ater from  the 
Gulfstream  to the Azores C urren t and  the N orth  A tlantic C urrent. 
O nly at a  station at 37.5"N  an d  a t a  dep th  of —1000 m  did a 
m axim um  in salinity and  DAI indicate the presence of a 
com ponent o f M ed iterranean  Sea Outflow  W ater (M SOW ). From  
about 40"N  southw ard below  2000 m  dep th  relative oxygen 
m axim a w ith a  m inim um  in betw een represented  the upper, 
m iddle and  lower N A D W  (NADW u (2000-2500 m), N A D W m  
(2500-3000 m), and  NADW1 (center —4000 m), respectively) 
together form ing the N A D W  complex. T h e  N A D W u, N A D W m  
and  NADW1 originated from  the LSW , NEA D W , and  D S O W  
respectively [62]. H igh silicate concentrations and  a lower salinity 
indicated AABW  below the NADW .

In  the southern ha lf o f the N orth  Atlantic O cean , the surface 
waters in  the upper 1200 m  of the subtropical gyre flow in a 
w estward direction feeding the Gulfstream . A t —900 m  dep th  a 
salinity m inim um  coincided w ith a  silicate m axim um  indicating 
A ntarctic In term ediate W ater (AAIW) (Fig. 2A, C). Below the 
AAIW , the vertical dissolved oxygen distribution showed the 
N A D W  complex. T h e  presence o f AABW  was indicated by a 
slight decrease in salinity an d  tem peratu re  that coincided w ith an 
increase in silicate in the deepest 1000 m.
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Outliers, defined as da ta  points m ore than  1.5 tim es the  interquartile range above the  third quartile and points m ore than  1.5 tim es the  interquartile 
range below  the  first quartile, are no t show n. 
doi:10.1371/journal.pone.0101323.g003

T o the South o f the subtropical gyre betw een 2.5" and  17.5"N 
we encountered  the A m azon plum e in the upper 50 m. N orth  o f 
10"N, we encountered  the w estw ard flowing N orth  E quatorial 
C u rren t (NEC) in the upper 1000 m  [69], T o  the South o f 7.5"N, 
we encountered  the north-w estw ard flowing N orth  Brazil C urren t 
(NBC) [70], H ere, in the therm ocline betw een 9 .5-18.5"N , the 
m ore saline N orth  A tlantic C entral W ater (NACW) was replaced 
by the less saline South A tlantic C entral W ater (SACW). Between 
750-1000 m, the AA IW  was characterized  by a  m inim um  in 
salinity an d  a  m axim um  in silicate concentration. Below the 
AA IW  lays the N A D W  complex, and  below 4500 m  a  lower

salinity coinciding with an  increase in silicate concentrations 
indicated the AABW.

In  the South Atlantic O cean , the surface SA CW  can be 
recognized in  a  property -property  plot o f potential tem perature  
against salinity as a  straight line betw een 5"C, 34.3 an d  20"C, 36.0 
[71]. T h e  AA IW  could be  recognized by low salinities o f a round  
34 an d  appeared  a round  50"S flowing at a  dep th  betw een about 
500-1000  m  northw ards (Fig. 2). T h e  N orth  A tlantic D eep W ater 
(NADW) with salinities a round  35 flows a t a  dep th  betw een 120 0— 
3900 m  southwards until 25"S after w hich it starts to flow 
eastwards [62], however, com ponents o f the N A D W  could still be 
found along our transect until 45"S [71]. Between the equator and
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n = 48 and with C) DMn; DFe = 3 .43x10~ 2 e 106 DMn, R2 = 0.78, p = 2.2 10~14, n = 48. DMn correlated linearly with D) DAI; DMn = 6 .26x10~ 2 DAI+0.52, 
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SO'S, low silicate concentrations and  a salinity m axim um  within 
the N A D W  indicated  the N A D W u while slight differences in 
oxygen still allowed the distinction o f the N A D W m  and  NADW I 
in this study. As we could not identify the separate layers of the 
N A D W  com plex betw een and  fid 'S  we therefore refer here 
to NA DW . T he  N A D W  penetra ted  the C ircum polar D eep W ater 
(CDW) entering  from  the D rake Passage dividing the C D W  in an 
U p p er and Low er C D W . T he  U p p er C ircum polar D eep W ater 
(UCDW ) flowed below the A A IW  northw ards (Fig. 2). Along our 
transect betw een dlTS and  the U C D W  was indicated by
an oxygen m inim um  while the U C D W  further north  was 
identified by high silicate and  phosphate m axim a (Fig. 2D). T he 
U C D W ’s most no rthern  reaches are found n ear the equato r [71].

T he  AABW, characterized  by low salinities and  high silicate 
concentrations, flowed below 4000 m  northw ards.

The distribution of DFe
T he systematic collection of 1407 highly accurate DFe 

m easurem ents distributed over the full ocean dep th  along a 
transect betw een 6d,:,N  and  dO'S in the W estern Atlantic O cean  
showed DFe concentrations ranging betw een 0.018 to 6.1 nM  
with an  overall m ean  o f 0 .5 5 ± 0 .3 6  n M  (n = 1407, s.d.) (Fig. 3A). 
At a first glance the distribution of DFe did not appear to follow 
the m ain  W est Atlantic w ater mass structure as for exam ple the 
nutrients nitrate, phosphate and  silicate (Fig. 2C, D, E) and  the 
trace m etal dissolved A lum inium  (DAI) [72]. T he  distribution of
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France). B) Fluorescence in the  upper 40 m of the  w ater colum n versus latitude. C) Section plot o f CTD dow ncast salinity including salinity con tour 
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D Fe was characterized  by external sources th a t increased, and  by 
o ther processes th a t either increased or decreased the DFe 
concentration  w ith respect to the background concentration. 
Nevertheless, taking all m easurem ents together, the m edian  DFe 
concentration  (Fig. 3B) show ed a hybrid-type dep th  distribution 
typical for DFe [72]. In  general, and  as found in our study, hybrid- 
type depth  distributions are nutrient-like in the upper 1000 m, 
w here biological uptake of Fe results in low concentrations in the 
surface, followed by an  increase in DFe w ith depth  clue to 
rem ineralization of sinking organic m atter resulting in the release

o f DFe. In  the W est Atlantic O cean, betw een 1000 and  2000 m, 
rem ineralization of organic m atter an d  the presence of additional 
sources of D Fe balanced the effect of D Fe scavenging. At greater 
depth  (> 2 0 0 0  m), scavenging of Fe was the m ain  process resulting 
in a scavenged type distribution, as shown by a slow decrease in 
D Fe concentra tion  w ith depth  (Fig. 3B). T he  relatively high 
m edian  D Fe concentra tion  of the m ost shallow samples was the 
result of high aeolian Fe input from  the S ahara  and  Sahel region 
into the w estern N orth  Atlantic O cean  [73], As a result of external 
sources an d  in ternal cycling, the highest natu ra l variability in DFe
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concentrations were found in the up p er 1000 m. Fig. 3C shows a 
boxplot o f the D Fe concentrations in the different w ater masses o f 
the western A tlantic O cean.

The distribution of DFe in the surface ocean
W indblow n dust is the m ain  external source of DFe to the 

surface of the open ocean [35] and  is often seen as the m ost 
im portan t direct source o f DFe sustaining prim ary  production. 
Indeed, we found a strong correlation betw een sea surface (10 m
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Figure 8. The DFe depth profiles in the subtropical shelf front between 30°S and 40°S. Full d ep th  profiles of DFe m easured  during cruise 
74JC057 with th e  RRS Jam es Cook a t sta tion 6 (39°58'05"S, 42°27'32"W), sta tion 7 (37°50'33"S, 41°07'57"W), sta tion 8 (35°00'36"S, 39°26'21"W) and 
station 9 (32°05'16"S, 37°27'41"W). FHigh DFe concentrations w ere found in th e  upper 400 m at station 7 and 8 indicating a lateral supply and partial 
dissolution of particulate Fe by th e  subtropical shelf front resulting in enhanced  concentrations of DFe. Error bars represen t standard  deviations, 
doi: 10.1371/journal, pone.0101323.g008
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represent standard  deviations. 
doi:10.1371/journal.pone.0101323.g009

depth) concentrations o f D Fe and  DAI, a proxy of dust input, for 
the whole western Atlantic transect. T hese observations confirm ed 
that dust is an  im portan t source o f DFe, especially to the 
subtropical surface ocean (Fig. 4A). In  addition, strong correlations 
betw een surface D Fe, DAI an d  D M n showed th at dust is also an  
im portan t source o f bio-essential D M n  to the Atlantic O cean  
(Fig. 4B-D).

O th e r m ajor sources o f D Fe to the upper ocean cam e from  off- 
shelf lateral transport and  the A m azon and  R io de la Plata rivers. 
T h e  A m azon R iver plum e extended over a large area from  the 
m outh  o f the A m azon at 0° to 20°N  (Fig. 5A) and  relatively low 
salinities were m easured down to depths o f 40 m  (Fig. 5G). W ithin 
the A m azon R iver plum e enhanced  D Fe concentrations of 
1.03 ±0 .11  nM  (n = 6, s.d.) were m easured  in the upper 40 m

around  5°N  (Fig. 5D). Significant linear relationships o f D Fe and  
D M n  with salinity, but not w ith DAI, indicated  that at these 
stations betw een 3° and  9°N, the A m azon was the m ain  source of 
D Fe and  D M n  instead o f dust (Fig. 6). Even lower salinities existed 
betw een 12° and  18°N. Surprisingly, D Fe concentrations here 
were w ith 0 .4 6 ± 0 .1 6  nM  lower th an  at 5°N  although still 
enhanced  com pared  to background concentrations. H igh surface 
fluorescence, i.e. chlorophyll, around  15°N explained that p a rt of 
the D Fe was rem oved by biological uptake (Fig. 5B). O u r study 
confirm ed that the A m azon is an  im portan t source of Fe available 
for biological uptake [74],

In  the Southwest Atlantic, high D Fe concentrations o f up to 
6.1 nM  were observed in the upper 800 m  betw een 35° an d  40°S. 
These were associated w ith the SubT ropical Shelf F ron t (STSF) 
that is form ed by the southw ard flowing Brazil C u rren t and  the 
northw ard  flowing M alvinas C u rren t [75] (Fig. 7 and  8). T he  
ST SF extends from  the shelf at 33°S in the direction o f this 
transect at 40°S and  is located in front o f  the R io de la Plata at 
35°S. T h e  high D Fe concentrations were not associated w ith a 
m inim um  in salinity indicating that the high D Fe concentrations 
were not p a rt o f the R io de la Plata river plum e. M ost likely these 
high D Fe concentrations were the result o f D Fe enrichm ent due to 
offshore export o f Brazilian shelf wa ters [75] or Fe dissolution from  
laterally supplied particulate iron  originating from  the Brazilian 
shelf a n d /o r  the R io de la Plata (Fig. 7). These results are sim ilar to 
findings from  the N orth  Pacific O cean  [47,48] an d  the A m undsen 
Sea [53] w here lateral transport o f particles released Fe to the 
dissolved phase fueling phytoplankton blooms in an  otherwise Fe- 
lim ited region. Lateral transport o f D Fe is also an  im portan t 
source o f DFe to open ocean environm ents [44,46,52]. It is 
unlikely that the high D Fe concentrations here were the result of 
Patagonian  dust input [76], T h e  D Fe concentrations in the surface 
ocean under the Saharan  dust plum e were a factor 3 lower than  
the high D Fe concentrations found in the STSF. In  addition, high 
D Fe concentrations u n der the atm ospheric S aharan  dust plum e 
showed m axim um  concentrations right at the surface while the 
D Fe m axim um  in the ST SF occurred  at a depth  o f 200 m. 
A lthough enhanced  concentrations o f the dust proxies 232T h , DAI 
and  dissolved T itan ium  (DTi) were found in the upper 500 m
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Figure 10. The DFe concentration as function of P 0 43“ . A) There is a strong linear correlation betw een  th e  DFe concentration and th e  P 043“ 
in th e  oxygen minimum zone betw een  th e  equato r and 20°N at a dep th  of 70-1100 m, and B) in com parison th e  correlation betw een  DFe and P 043“ 
over th e  w hole W est Atlantic betw een  50-1000 m dep th  w here remineralization of organic m atter is th e  dom inant source of DFe. The high DFe data 
in th e  STSF w ere left out. Error bars represent standard  deviations. 
doi:10.1371/journal.pone.0101323.g010
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betw een 30° and 40°S [77,78,79], their concentrations did not 
correlate with the enhanced D Fe concentrations. In  addition, the 
enhanced D Fe concentrations were m uch m ore localized com ­
p ared  to the distribution o f these dust proxies.

The distribution of DFe in the deep ocean
H igh concentrations o f up to 1.33 nM  D Fe were found in the 

subsurface waters o f the upper 70-1000 m  betw een 0° and  20°N. 
T h e  significant relationship betw een DFe and  A pparen t Oxygen 
U tilization (AOU) showed that rem ineralization o f sinking organic 
m atter was the source o f these high DFe concentrations (Fig. 9). 
Assum ing th a t the D Fe concentrations in the O M Z  related 
quantitatively to organic m atter rem ineralization w ithout being 
biased by scavenging, the Fe requirem ents o f the gross 
phytoplankton com m unity in surface waters above this O M Z  
expressed as an Fe:C ratio after conversion o f A O U  to 
rem ineralized carbon (C :A O U  o f 1.39 [80]), was 3 .4 x 1 0  5 Unol:- 
mol. T h e  average Fe:C ratio  in the western N orth  A tlantic O M Z  
was similar to the average Fe:C ratio o f 4 x 1 0  5 found in the 
eastern N orth  Atlantic O M Z  [46].

T h e  O M Z  in the western A tlantic O cean  is the likely result o f 
the com bination o f local p rim ary  production  followed by decay of 
the sinking organic m atter as well as w estward transport o f similar 
low-oxygen-high-DFe waters by the N orth  Equatorial C ounter 
C u rren t from  a well-known O M Z  south o f the C ape V erde Islands 
[81]. Similarly, high D Fe concentrations associated with low 
oxygen concentrations have been reported  in the upper 1000 m  of 
the N E A tlantic betw een 0° and 20°N  along 26-30°W  [46,82], 
and  now  even further west [83]. In  sum m ary, our observations in 
com bination with previous studies showed high rem ineralization 
o f D Fe in the O M Z  across the whole w idth o f the central A tlantic 
O cean.

E nhanced  D Fe concentrations o f up  to 0.99 nM  were 
encountered  betw een 32° and  52°N  in the 1000-2000 m  depth 
range around  the G ran d  Banks and  towards B erm uda (Fig. 3A). 
These enhanced D Fe concentrations were m easured in the FSW  
and  uFS W  around  the G ran d  Banks and in the N A D W u flowing 
southwards to Berm uda. T h e  FSW  flowing northw ards along

G reen land  did no t have enhanced D Fe concentrations. Possibly, 
the southwards flowing FSW  and  uFSW  m ay have picked up DFe 
and  Fe containing particles from  m elting sea ice a n d /o r  the 
C anad ian  or G reen land  shelf. T h e  N E A D W  also contained 
enhanced  DFe concentrations relative to surrounding waters 
betw een 57° and  65°N  over the 1000-3000 m  depth  range 
(Fig. 3A, C) and  forms therefore a source o f DFe to the NADW .

In  the deep ocean, high D Fe concentrations in the range 0.8— 
1.55 nM  coinciding with enhanced  D M n concentrations (0.13— 
0.56 nM ) were found betw een 2000 and  3000 m  in a region from  
18°S to ju st n o rth  o f the equator, a 2100 km  long section of the 
W est A tlantic transect (Fig. 3A). H igh D Fe coinciding with 
enhanced  D M n confirm ed that this p a rt o f the N orth  Atlantic 
D eep W ater (NADW) was influenced by hydrotherm al vents 
[56,57,58]. Such a large hydrotherm al plum e enhanced in DFe 
has recently also been discovered in the Ind ian  O cean  [55]. T he 
relatively low concentrations o f D M n com pared to DFe is the 
results o f a m ore rapid  loss o f M n com pared to Fe with increasing 
distance from  the hydrotherm al source as has been observed in a 
hydro therm al plum e in the Arctic O cean  [56] and  is explained by 
the presence o f D Fe in stabilized chem ical forms as organic 
complexes or as colloids [54,84,85].

W estw ard transport o f high concentrations o f prim ordial 3H e 
along 11°S from  the M id-Atlantic R idge (MAR) [86] suggests that 
the plum e we encountered  originated from  hydro therm al vents 
situated to the east o f our section a t the M A R  south o f the equator. 
Indeed, Saito et al. (2013) [60] described a hydro therm al plum e 
w ith enhanced D Fe betw een 2000—3000 m  from  the M A R  that 
crossed our transect ju st to the south (11°S) from  w here we 
m easured the highest values for DFe. How ever, from  11°S, the 
hydro therm al plum e that we described spreads about 1200 km 
further north  and  900 km  further south along the p a th  o f the 
NA DW . T here  are three known hydro therm al fields, the T urtle  
Pits field, the N ibelungen field and  the Filliput field [87,88,89] 
betw een 4° and  10°S along the M A R. Based on the depth  o f the 
different hydrotherm al fields and  the distance, Saito et al. (2013) 
reasoned th a t the hydrotherm al p lum e they encountered  origi­
na ted  from  the N ibelungen field 1700 km  to the east. T h e  closest
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discovered hydrotherm al field a t the M A R  n orth  o f  the equator is 
the A shadze field (12°58'N , 44°51 'W ) [90] a t 2000 km  n orth  o f 
w here we encountered  the hydrotherm al plum e. T h e  A shadze and  
the N ibelungen hydrotherm al fields are equally likely to be the 
origin o f the hydrotherm al plum e th a t we encountered . M oreover, 
the highest D Fe concentrations were m easured  a t the no rthern  
p a rt o f  the transect, close to the equator a t a  distance o f only 3 0 0 - 
400 km  from  the M A R . Undiscovered hydrotherm al vent fields 
could also be responsible for the hydrotherm al plum e th a t we 
encountered.

Fe as limiting nutrient
T o assess the surface areas and  deep w ater masses w here DFe 

concentrations potentially lim it phytoplankton grow th (when 
reaching the surface) we subtracted the contribution  o f organic 
m atter rem ineralization to the dissolved Fe pool using the tracer 
Fe*. Fe* is defined as F e*=  [DFe] —RFe:p x [ P 0 43_] [91], where 
Rpe.p is the average biological uptake ratio o f Fe over P 0 43 - . A 
large variation in Rpe:P exists depending on the m ethodology to 
determ ine Rpe:p b u t also depending on regional differences in DFe 
concentration  and  differences in phytoplankton com m unity 
structure and  m ay vary betw een different oceans [92]. A lthough 
an  average uptake ratio  o f 0.47 m m okm ol F e :P 0 43_ has been 
used before [91,93,94], we used an  average uptake ratio o f 
0.33 m m okm ol D F e :P 0 43 as found in the W est A dantic O M Z  
(Fig. 10A). This value was close to the D F e :P 0 43 stochiom etry of 
0.26 m m okm ol as m easured  betw een 50 and  1000 m  dep th  along 
the whole W est Atlantic transect. It is in this dep th  range where 
m ost Fe is released in the dissolved phase during  organic m atter 
rem ineralization (Fig. 10B). W e used the slope o f 0.33 m m okm ol 
F e :P 0 43 to calculate Fe* because i) the effect o f organic m atter 
rem ineralization is strongest in the O M Z , and  ii) the strong linear 
relationship suggests th a t th a t this slope represents the uptake 
stochiom etry of D Fe over P 0 43 by the phytoplankton com m u­
nity overlying this O M Z  w ithout being  strongly influenced by Fe 
scavenging. A n excess o f organic Fe-binding ligands of 0 .7 4 ± 0 .5 4  
nE  o f M  Fe (n = 23) in the O M Z  confirm ed th a t scavenging o f DFe 
was low due to its stabilization by organic Fe-binding ligands in the 
O M Z  [29,30,31],

P lotting D Fe versus P 0 43 - in  the O M Z  as well as along the 
W est Atlantic transect resulted in a  positive in tercept with the 
DFe-axis o f 0.28 nM  and  0.21 nM  DFe, respectively (Fig. 10). 
This excess o f D Fe after full biological utilization of P 0 43 is 
unrela ted  to the biological recycling o f D Fe and  is therefore the 
net result o f external inpu t an d  transport o f  Fe on the one h and  
and  scavenging o f Fe on the o ther hand.

Assum ing an  average uptake ratio Rpe:P o f 0.33, negative values 
o f  Fe* indicate potentially grow th lim iting concentrations o f DFe 
while positive values o f Fe* indicate an  excess o f D Fe relative to 
the uptake o f P 0 43 . A section plo t o f Fe* shows potentially 
lim iting concentrations o f Fe (Fe* < 0 ) south o f 47°S and  no rth  o f 
52°N  consisting of 15% o f the surface waters o f the western 
Atlantic transect (Fig. 11). Indeed, seasonal Fe stress o f 
phytoplankton has been  observed in the western Irm inger basin 
n o rth  o f 52°N  [95]. In  the deep ocean, negative values o f Fe* were 
found in the A ntarctic Bottom  W ater (AABW) and  the A ntarctic 
In term ediate W ater (AAIW). Positive Fe* was found in m ost o f  the 
NA DW . M odeling suggests th a t high concentrations o f Fe* enter 
the N A D W  after northw ard  transport o f aeolian derived Fe with
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Conclusions
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the 17500 km  long transect in the W est Atlantic O cean  was, as 
indicated by the hybrid  type dep th  distribution o f the m edian DFe 
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STSF an d  betw een 32 an d  52°N  in the uLSW , the LSW  and  
N A D W u. In  the deep W est Atlantic O cean, south of the equator, 
we found a large plum e o f enhanced  D Fe from  a hydrotherm al 
vent.

Finally, the section plo t o f  Fe* showed th a t the A dantic  O cean 
via the N A D W  as p a r t o f the ocean conveyor belt is an  im portan t 
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