
Old Dominion University
ODU Digital Commons

OEAS Faculty Publications Ocean, Earth & Atmospheric Sciences

2005

Iron in the Sargasso Sea (Bermuda Atlantic Time-
Series Study Region) During Summer: Eolian
Imprint, Spatiotemporal Variability, and Ecological
Implications
Peter N. Sedwick
Old Dominion University, Psedwick@odu.edu

T. M. Church

A. R. Bowie

C. M. Marsay

S. J. Ussher

See next page for additional authors

Follow this and additional works at: https://digitalcommons.odu.edu/oeas_fac_pubs

Part of the Biogeochemistry Commons, Climate Commons, Marine Biology Commons, and the
Oceanography Commons

This Article is brought to you for free and open access by the Ocean, Earth & Atmospheric Sciences at ODU Digital Commons. It has been accepted for
inclusion in OEAS Faculty Publications by an authorized administrator of ODU Digital Commons. For more information, please contact
digitalcommons@odu.edu.

Repository Citation
Sedwick, Peter N.; Church, T. M.; Bowie, A. R.; Marsay, C. M.; Ussher, S. J.; Achilles, K. M.; Lethaby, P. J.; Johnson, R. J.; Sarin, M. M.;
and McGillicuddy, D. J., "Iron in the Sargasso Sea (Bermuda Atlantic Time-Series Study Region) During Summer: Eolian Imprint,
Spatiotemporal Variability, and Ecological Implications" (2005). OEAS Faculty Publications. 89.
https://digitalcommons.odu.edu/oeas_fac_pubs/89

Original Publication Citation
Sedwick, P.N., Church, T.M., Bowie, A.R., Marsay, C.M., Ussher, S.J., Achilles, K.M., . . . McGillicuddy, D.J. (2005). Iron in the
Sargasso Sea (Bermuda Atlantic time-series study region) during summer: Eolian imprint, spatiotemporal variability, and ecological
implications. Global Biogeochemical Cycles, 19(GB4006), 1-11. doi: 10.1029/2004GB002445

https://digitalcommons.odu.edu?utm_source=digitalcommons.odu.edu%2Foeas_fac_pubs%2F89&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/oeas_fac_pubs?utm_source=digitalcommons.odu.edu%2Foeas_fac_pubs%2F89&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/oeas?utm_source=digitalcommons.odu.edu%2Foeas_fac_pubs%2F89&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/oeas_fac_pubs?utm_source=digitalcommons.odu.edu%2Foeas_fac_pubs%2F89&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/154?utm_source=digitalcommons.odu.edu%2Foeas_fac_pubs%2F89&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/188?utm_source=digitalcommons.odu.edu%2Foeas_fac_pubs%2F89&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1126?utm_source=digitalcommons.odu.edu%2Foeas_fac_pubs%2F89&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/191?utm_source=digitalcommons.odu.edu%2Foeas_fac_pubs%2F89&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/oeas_fac_pubs/89?utm_source=digitalcommons.odu.edu%2Foeas_fac_pubs%2F89&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@odu.edu


Authors
Peter N. Sedwick, T. M. Church, A. R. Bowie, C. M. Marsay, S. J. Ussher, K. M. Achilles, P. J. Lethaby, R. J.
Johnson, M. M. Sarin, and D. J. McGillicuddy

This article is available at ODU Digital Commons: https://digitalcommons.odu.edu/oeas_fac_pubs/89

https://digitalcommons.odu.edu/oeas_fac_pubs/89?utm_source=digitalcommons.odu.edu%2Foeas_fac_pubs%2F89&utm_medium=PDF&utm_campaign=PDFCoverPages


Iron in the Sargasso Sea (Bermuda Atlantic Time-series Study region)

during summer: Eolian imprint, spatiotemporal variability, and

ecological implications

P. N. Sedwick,1 T. M. Church,2 A. R. Bowie,3 C. M. Marsay,1 S. J. Ussher,4

K. M. Achilles,2,5 P. J. Lethaby,1,6 R. J. Johnson,1 M. M. Sarin,2 and D. J. McGillicuddy7

Received 31 December 2004; revised 13 July 2005; accepted 10 August 2005; published 13 October 2005.

[1] We report iron measurements for water column and aerosol samples collected in the
Sargasso Sea during July-August 2003 (summer 2003) and April-May 2004 (spring
2004). Our data reveal a large seasonal change in the dissolved iron (dFe) concentration
of surface waters in the Bermuda Atlantic Time-series Study region, from �1–2 nM in
summer 2003, when aerosol iron concentrations were high (mean 10 nmol m�3), to
�0.1–0.2 nM in spring 2004, when aerosol iron concentrations were low (mean
0.64 nmol m�3). During summer 2003, we observed an increase of �0.6 nM in surface
water dFe concentrations over 13 days, presumably due to eolian iron input; an
estimate of total iron deposition over this same period suggests an effective solubility of
3–30% for aerosol iron. Our summer 2003 water column profiles show potentially
growth-limiting dFe concentrations (0.02–0.19 nM) coinciding with a deep
chlorophyll maximum at 100–150 m depth, where phytoplankton biomass is typically
dominated by Prochlorococcus during late summer.

Citation: Sedwick, P. N., T. M. Church, A. R. Bowie, C. M. Marsay, S. J. Ussher, K. M. Achilles, P. J. Lethaby, R. J. Johnson,

M. M. Sarin, and D. J. McGillicuddy (2005), Iron in the Sargasso Sea (Bermuda Atlantic Time-series Study region) during

summer: Eolian imprint, spatiotemporal variability, and ecological implications, Global Biogeochem. Cycles, 19, GB4006,

doi:10.1029/2004GB002445.

1. Introduction

[2] The importance of iron in regulating marine primary
production has been firmly established in the last 15 years
[e.g., Martin et al., 1990; Coale et al., 1996; Falkowski et
al., 1998; Boyd et al., 2000; Jickells et al., 2005].
Mesoscale iron-fertilization experiments have shown that
iron deficiency limits phytoplankton growth in the high-
nitrate low-chlorophyll waters of the eastern equatorial
Pacific, the subarctic Pacific and the Southern Ocean
[Martin et al., 1994; Coale et al., 1996; Boyd et al.,
2004; Tsuda et al., 2003; Boyd et al., 2000; Gervais et al.,
2002; Coale et al., 2004], and shipboard experiments have
provided evidence of episodic iron limitation in several
continental-shelf environments [Martin et al., 1990;
Hutchins and Bruland, 1998; Fitzwater et al., 2000;
Sedwick et al., 2000; Hutchins et al., 2002]. In addition,

laboratory and field studies suggest that iron availability may
limit the growth of cyanobacteria, such as Trichodesmium,
Synechococcus and Prochlorococcus, in the oligotrophic
open ocean [Rueter, 1988; Behrenfeld and Kolber, 1999;
Mann and Chisholm, 2000; Berman-Frank et al., 2001].
There is thus a clear need to include iron in both conceptual
and numerical models of the marine ecosystem [Doney et
al., 2001]. At present, however, our poor understanding of
the spatial and temporal distribution of iron in the ocean
serves to limit the accuracy of such models [Archer and
Johnson, 2000; Fung et al., 2000; J. K. Moore et al.,
2002, 2004]. This largely reflects the difficulties involved
in sampling and measuring the low concentrations of iron
in open ocean waters [Johnson et al., 1997; Coale et al.,
1999; Johnson et al., 2002].
[3] The Sargasso Sea, in the western subtropical North

Atlantic, is among the most heavily studied areas in the
open ocean, with ongoing time series programs including
Hydrostation S, the Bermuda Atlantic Time-series Study
(BATS), the Oceanic Flux Program and the Bermuda
Testbed Mooring [Michaels and Knap, 1996; Steinberg et
al., 2001; Conte et al., 2001; Dickey et al., 2001]. Despite
the wealth of oceanographic and biogeochemical data
collected from this area, there are surprisingly few reported
measurements of iron in the Sargasso Sea. Surface waters in
this region have been generally regarded as ‘‘iron replete,’’
given the high eolian flux of soil dust that is carried over the
Atlantic from North Africa during summer months [J. K.
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Moore et al., 2002, 2004; Prospero et al., 2002]. However,
Wu and Boyle [2002] have recently presented iron data
from two stations in the Sargasso Sea, from which they
suggest that surface water dissolved iron concentrations
may increase from relatively low values (�0.2 nM) during
winter and spring to higher levels (�0.6 nM) in summer
and fall, owing to the seasonal deposition of soil dust.
[4] Here we report water column and aerosol iron mea-

surements for the BATS region, which we sampled over two
weeks in July–August 2003 (summer 2003), during a
period of high atmospheric dust loading, and over three
days in April–May 2004 (spring 2004), when dust loadings
were low. Our data provide new information concerning the
temporal and spatial variability of iron in the Sargasso Sea,
the effective solubility of aerosol iron in the subtropical
North Atlantic, and the possible role of iron in regulating
phytoplankton growth in subsurface waters of the subtrop-
ical gyres.

2. Methods

[5] Water column and aerosol samples for iron analysis
were collected from the research vessel Weatherbird II
during the periods 23 July to 6 August 2003 (summer
2003) and 29 April to 1 May 2004 (spring 2004).

2.1. Summer 2003 Cruise

[6] The summer 2003 cruise (22 July to 6 August 2003)
coincided with calm weather, occasional scattered rain
events, and high atmospheric loadings of soil dust, which

was observed in aerosol and rain samples collected during
the cruise, as well as in satellite images (e.g., see http://
www.nrlmry.navy.mil/aerosol/). A major goal of our cruise
was to examine the distribution of iron in the upper water
column during a period of significant mineral aerosol
deposition. Given the potential for lateral advection to
confound observations of temporal changes in the vertical
distribution of iron, we adopted a quasi-Lagrangian sam-
pling strategy, and attempted to follow a single ‘‘parcel’’ of
surface ocean water within a mesoscale eddy. A target
cyclonic eddy was located to the southwest of the BATS
site, using satellite altimetry measurements from the
TOPEX/Poseidon, Jason, Geosat Follow-On, and European
Remote Sensing platforms available through the Colorado
Center for Astrodynamics Research Northwestern Atlantic
Near Real-Time Altimeter Data Viewer [Leben et al., 2002]
(see http://www-ccar.colorado.edu/�realtime/nwatlantic-
real-time_ssh). After a preliminary CTD survey on 22–23
July 2003, we deployed a free-floating sediment-trap array
near the eddy center at 31�200N, 64�410W, with BATS-type
particle interceptor traps at 150 m depth.
[7] Concurrent sea level anomaly analyses indicate that

the floating array followed the core of the westward-
moving eddy feature from 23 July to 6 August 2003,
where it served as a reference point for our water column
sampling (Figure 1). Both the initial (Figure 1, left) and
final (Figure 1, right) positions of the drifting array lie
within the eddy core, and the consistent looping trajectory
indicates containment within the eddy. During this deploy-
ment, we carried out six trace-metal hydrocasts at stations

Figure 1. Objective analysis of sea level anomaly for (left) 20 July 2003 (just prior to summer 2003
cruise) and (right) 5 August 2003 (near end of summer 2003 cruise), showing location of target eddy
(negative sea level anomaly shown in blue) and BATS site. The track of the drifting array during the
cruise (red) is overlain on both panels, with initial (start) and final (end) points indicated. Real-time
altimetric data were obtained from http://www-ccar.colorado.edu/�realtime/nwatlantic-real-time_ssh;
altimeter ground tracks used in the analysis are identified in the legend. See color version of this figure at
back of this issue.
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located �1 km upwind of the drifting array. Five of these
trace-metal hydrocasts were made to a depth of 1000 m,
and were augmented by workboat sampling upwind of
Weatherbird II for the clean collection of near-surface
seawater (0–1 m and 10 m depth). Owing to rough
weather, the sixth trace-metal hydrocast was limited to
100 m depth, with surface waters collected using a pole
sampler (see below) from the ship’s stern. We obtained
daily CTD profiles adjacent to the drifting array, to
provide a hydrographic context for our water column
trace-metal sampling.

2.2. Spring 2004 Cruise

[8] The spring 2004 cruise (28 April to 1 May 2004) was
carried out prior to any large seasonal inputs of North
African soil dust, which typically occur between May and
September [Arimoto et al., 1995, 2003], although there had
already been significant warming and shoaling of the
surface mixed layer. For the purpose of comparison with
data from the summer 2003 cruise, we again chose to
sample the water column within a cyclonic eddy. As for
the summer 2003 cruise, satellite altimetry allowed us to
target a suitable cyclonic feature just east of the BATS site.
On the basis of a preliminary CTD survey of this area, the
eddy center was located near 31�250N, 63�250W, where we
carried out trace-metal hydrocasts to 1000 m depth and
CTD profiles on 29 and 30 April 2004. Seas were too rough
to allow near-surface sampling from the workboat, so
surface waters were collected from the ship’s stern using a
pole sampler (see below).

2.3. Sampling and Analysis

[9] Methods for the sampling and analysis of iron in the
water column were similar to those detailed by Sedwick et
al. [1997, 2000]. These methods were vetted during a recent
intercomparison exercise as part of the international project
Sampling and Analysis of Iron (SAFe), with results
comparing favorably against those of other participating
laboratories using a variety of analytical techniques for
dissolved iron concentrations of �0.1 nM and �1 nM
(K. S. Johnson et al., manuscript in preparation, 2005).
[10] All plastic ware used for sample collection, process-

ing and analysis was rigorously acid cleaned following
methods similar to those of Sedwick et al. [2000]. Water
column samples were collected in modified 5 LTeflon-lined,
external-closure Niskin-X samplers (General Oceanics Inc.)
suspended from a Kevlar line, using plastic-coated end
weights and solid PVC messengers. Surface water (0–1 m
depth) samples were collected using a pole sampler, two 1-L
wide-mouth low density polyethylene (LDPE, Nalgene)
bottles secured in a Plexiglas frame at the end of a 5-m
bamboo pole, which was extended from the work boat while
underway, or from the ship’s stern while slowly backing into
the wind. Seawater samples were immediately filtered
through acid-cleaned 0.4-mm pore size polycarbonate mem-
branes, then acidified to pH 2.3 (0.52 mL Seastar Baseline
quartz-distilled hydrochloric acid per liter of sample) in
125-mL Nalgene LDPE bottles, using trace-metal clean
protocols in a shipboard Class-100 container laboratory.

[11] Dissolved iron (dFe) was determined in the 0.4-mm-
filtered, acidified samples after >6 months storage, using
flow injection analysis with in-line preconcentration and
spectrophotometric detection modified after the method of
Measures et al. [1995]. In addition, the same method was
used to determine total-dissolvable iron (TDFe) in unfiltered
samples that had been acidified to pH 1.7 (2 mL Seastar
Baseline quartz-distilled hydrochloric acid per liter of
sample) and stored for >6 months; TDFe thus provides a
measure of dissolved iron plus particulate iron that is
solubilized after extended storage at pH 1.7. The latter is
assumed to include most of the particulate iron in seawa-
ter, with the exception of lattice-bound iron in refractory
aluminosilicate particles.
[12] A rigorous estimate of the overall precision for the

flow-analysis iron measurements is provided by multiple
determinations, made on different days, of the Fe concen-
tration in a single acidified seawater sample. For the method
used in this study, overall precision has been estimated at
±7.4% (one relative standard deviation, n = 8) using a
composite Southern Ocean seawater sample with a mean
dissolved Fe concentration of 0.39 nM [Bowie et al., 2004],
and ±20.5% (1 relative standard deviation, n = 8) using a
North Pacific surface seawater sample with a mean dis-
solved Fe concentration of 0.12 nM (P. N. Sedwick,
unpublished data from SAFe intercomparison cruise,
2004). As described by Bowie et al. [2004], there are two
components of the analytical blank for the flow-analysis
method used in this study: (1) the so-called ‘‘zero-loading
blank,’’ which is an absorbance signal due to matrix differ-
ences between sample and flow stream; and (2) the acid
reagent blank, which accounts for iron present in the
hydrochloric acid added to samples. For the seawater
analyses presented here, the zero-loading blank signal was
equivalent to iron concentrations ranging from 0.074 to
0.25 nM for dFe and 0 to 0.37 nM for TDFe, and the acid
reagent blank was determined to be 0.024 nM for dFe and
0.093 nM for TDFe. These blank values have been
subtracted from the seawater Fe concentrations presented
in this report. As described by Bowie et al. [2004], the
detection limit for this flow-analysis method is estimated
as the Fe concentration equivalent to a peak area that is
three times the standard deviation on the zero-loading
blank. On the basis of a typical peak-area reproducibility
of ±5% for our samples of lowest concentration, we
estimate detection limits below 0.04 nM for dFe and
below 0.06 nM for TDFe.
[13] Aerosol samples were collected and processed for

analysis of total iron using methods similar to those
described by Veron and Church [1997]. Low-volume
pumps (airflow �2 m3 h�1) were used to pull air through
acid-cleaned 47-mm-diameter Millipore HA (0.45 mm)
filters mounted on a 7-m-high tower at the bow of the
ship, while slowly steaming into the wind over extended
periods (�12 hours). Filter halves were treated with a
mixture of 48% hydrofluoric acid and 70% nitric acid,
then, after complete dissolution of aerosol particles, any
filter residue was removed and the solution was heated to
dryness. The aerosol digestion residue was redissolved in
1 N nitric acid, and total iron was subsequently determined
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by flameless atomic absorption spectrophotometry (Perkin
Elmer 3300) using multielement calibration standards. The
estimated analytical precision of this method is ±5%,
based on repeated determinations. We assume that total
iron determined in the digested aerosol material (as distinct
from the total-dissolvable iron determined in seawater
samples) accounts for all of the aerosol iron, including
lattice-bound iron in aluminosilicate particles. Rainwater
samples were collected using a polyethylene funnel and
collection bottle, using a method similar to Kim and
Church [2002]; these samples were immediately processed
in the same manner as the water column samples, for later
determination of iron by flow injection analysis.
[14] Subsamples of 0.4-mm-filtered seawater from the

trace-metal hydrocasts were frozen in acid-cleaned LDPE
bottles for the later analyses of macronutrients. Dissolved
inorganic nitrate+nitrite and dissolved inorganic phosphate
were determined using standard flow analysis methods at
the Marine Science Institute Analytical Laboratory, Univer-
sity of California, Santa Barbara. The limits of detection for
these analyses are around 0.05 mM for both nitrate+nitrite
and phosphate.

3. Results and Discussion

[15] All data shown in Figure 2 represent water column
measurements made or samples collected during daylight
hours. Figures 2a, 2b and 2c show water column profiles of
temperature (SeaBird SBE-911plus thermistor), salinity
(SeaBird SBE-911plus conductivity sensor) and fluores-
cence (Chelsea Instruments fluorometer), respectively, from
CTD deployments made immediately before or after the
trace-metal hydrocasts during the summer 2003 cruise.
Figure 2d shows concentration profiles of dissolved inor-
ganic nitrate+nitrite and phosphate, and Figures 2e and 2f
show dissolved iron (dFe) profiles from the summer 2003
and spring 2004 cruises, respectively. Figure 3 shows
vertical concentration profiles of both dissolved iron (dFe)
and total-dissolvable iron (TDFe), presented in chronologi-
cal order, from the six trace-metal hydrocasts made during
the summer 2003 cruise. Figure 4 shows total aerosol iron
concentrations calculated from analyses of samples collected
during the summer 2003 and spring 2004 cruises. The water
column dFe, TDFe and macronutrient data, and calculated
total aerosol iron concentrations, are provided as auxiliary
electronic data supplements1 to this paper.

3.1. Summer 2003

[16] The temperature (Figure 2a) and salinity (Figure 2b)
profiles reveal a shallow surface mixed layer ranging from
�10 to 25 m in depth, overlying a seasonal thermocline
extending to a depth of �100 to 150 m. There was little
vertical gradient in temperature and salinity between depths
of �150 m and 200 m, the relict mixed layer from the
preceding winter-spring period, below which the permanent
thermocline extended to a depth of �1200 m. This water
column structure is typical of the BATS region in late

summer [e.g., Steinberg et al., 2001]. The broad, well-
defined fluorescence maximum centered at �120 m depth
(Figure 2c), near the top of the nitracline (Figure 2d), is also
typical of the Sargasso Sea in late summer, when a deep
chlorophyll maximum forms as nutrients are depleted from
the upper euphotic zone [Steinberg et al., 2001]. We
observed relatively little change in the vertical structure of
the water column adjacent to the drifting array over the
period 23 July to 6 August, as evident from the six
temperature and salinity profiles shown in Figure 2. This
provides us with reasonable confidence in the success of our
Lagrangian sampling strategy; that is, we assume that we
sampled a single parcel of the upper ocean during the period
of the summer 2003 cruise.
[17] Our summer 2003 dissolved iron profiles (Figure 2e)

are remarkably consistent, with concentrations ranging
over two orders of magnitude (0.02–2.0 nM dFe) in the
upper water column. The general shape of these dFe
profiles is qualitatively similar to the profile reported by
Bruland et al. [1994] for a station in the central North
Pacific subtropical gyre during summer. Pronounced near-
surface maxima in dFe (0.89–2.0 nM, Figure 2e) and
TDFe (1.8–4.7 nM, Figure 3) presumably reflect mineral
aerosol input over the preceding summer months, when
dust fluxes to the Sargasso Sea are highest [Arimoto et al.,
1995, 2003; Jickells, 1999] and eolian iron can accumulate
in the shallow, oligotrophic surface mixed-layer [Boyle et
al., 1986, 2005; Bruland et al., 1994; Wu and Boyle,
2002]. This interpretation is wholly consistent with our
spring 2004 dFe profiles (Figure 2f), which display no
near-surface enrichment (see section 3.2) during a period
of relatively low aerosol iron loadings (<1 nmol m�3,
Figure 4). Satellite images reveal that our study region was
impacted by a large North African dust plume during the
summer 2003 cruise, and brown particles were clearly
visible in aerosol and rainwater samples collected over
the cruise period. Indeed, analysis of aerosol samples
collected during the summer 2003 cruise (Figure 4) indicate
high aerosol iron loadings, with an average concentration of
10 nmol m�3.
[18] Below the surface mixed layer, surprisingly low dFe

concentrations (0.02–0.19 nM) were measured in the 75–
150 m depth range. The coincidence of these dissolved
iron minima with the subsurface fluorescence maximum
(Figures 2c and 2e) suggests removal of dissolved iron
from the water column via particle scavenging and/or
active uptake by phytoplankton [Bruland et al., 1994;
Sedwick and DiTullio, 1997; Boyle et al., 2005]. Alter-
nately, this dissolved iron minimum may have been a relict
feature, reflecting low dissolved iron concentrations in the
deeper mixed layer of the preceding winter-spring period,
an explanation that is consistent with our spring 2004 iron
data (see section 3.2 and Figure 2f). Subsurface minima
also appear in our profiles of total-dissolvable iron (TDFe,
Figure 3), which implies that both dissolved and particu-
late iron have been removed from the water column in the
75–150 m depth range; that is, vertical export of iron has
occurred. Thus these subsurface iron minima do not
simply reflect the repartitioning of iron between dissolved
and suspended-particulate pools.

1Auxiliary material is available at ftp://ftp.agu.org/apend/gb/
2004GB002445.
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[19] Several of the summer dissolved iron profiles display
a second concentration maximum at 300 m, while others
show a gradual increase in concentration between 150 m and
500 m (Figure 2e). All of our dFe profiles show concentra-

tion increases with depth in the lower thermocline, from
0.30–0.51 nM dFe at 500 m depth to 0.73–0.97 nM dFe at
1000 m depth. The mean dissolved iron concentration at
1000 m is 0.85 ± 0.09 nM (n = 5), which is significantly

Figure 2. Water column profiles of (a) temperature, (b) salinity, (c) fluorescence, (d) dissolved
nitrate+nitite (NO3 + NO2) and dissolved inorganic phosphate (PO4), and (e) dissolved iron during the
summer 2003 cruise; and (f) dissolved iron during the spring 2004 cruise. The color of data points in
Figures 2a, 2b and 2c correspond to the legend in Figure 2e. See color version of this figure at back of
this issue.
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higher than the value of�0.65 nM reported byWu and Boyle
[2002] for a station near the BATS site in March 1998.
However, a dissolved iron concentration of �0.8 nM at
1000 m depth is reported by Wu and Luther [1996] for a
station at the western edge of the Sargasso Sea [see Bell et
al., 2002, Figure 5]. Some of this discrepancy may reflect
inter-method analytical differences: Wu and Luther [1996]

used cathodic stripping voltammetry, Wu and Boyle
[2002] used inductively-coupled plasma mass spectrome-
try (ICP-MS), and in this study we used flow-injection
analysis. However, initial results from the SAFe inter-
comparison exercise suggest that there is little difference
(<0.1 nM) between dissolved iron concentrations measured
by our flow injection method and the ICP-MS method

Figure 3. Time series of dissolved iron (dFe) and total-dissolvable iron (TDFe) water column profiles
during the summer 2003 cruise.
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used by Wu and Boyle [2002] for North Pacific deep
water (K. S. Johnson et al., manuscript in preparation,
2005). Our measured deep-water dFe concentrations of
0.73–0.97 nM are significantly higher than the 0.6-nM
concentration maintained in the numerical models of
Archer and Johnson [2000] and Moore et al. [2004],
although our measured values can be reproduced by the
parameterizations used in the recent iron-cycle model of
Parekh et al. [2004].

3.2. Spring 2004

[20] Seasonal warming and stratification of the upper
water column was well advanced at the time of our spring
2004 cruise. The CTD profiles from this cruise (data not
shown) reveal a thermally-stratified upper water column
capped by a surface mixed layer �25 m deep, similar to
that observed during the summer 2003 cruise. Surface
water nitrate+nitrite concentrations were low (�0.1 mM),
with the top of the nitracline located between 75 m and
100 m depth (data not shown). In contrast to the summer
2003 data, the spring 2004 profiles display no surface
enrichment in dFe and TDFe, with uniformly low concen-
trations (0.09–0.26 nM dFe, 0.06–0.31 nM TDFe) over
the upper 100 m of the water column (Figure 2f; TDFe
data not shown). We surmise that the combined effects of
deep convective mixing, biological uptake, particle scav-
enging and vertical export had removed dissolved iron
from the upper water column during the preceding fall,

winter and early spring [Wu and Boyle, 2002]. Satellite
observations and aerosol transport models (see http://
www.nrlmry.navy.mil/aerosol/) indicate no significant
transport of soil dust to the BATS region in the months
leading up to the spring 2004 cruise, and uniformly low
aerosol iron concentrations of 0.54–0.74 nmol m�3 are
estimated from analysis of total iron in our spring 2004
aerosol samples (Figure 4). Thus the dissolved iron pro-
files obtained in spring 2004 are likely to be representative
of the BATS region before the major seasonal input of soil
dust from North Africa. Our results from the summer 2003
and spring 2004 cruises are qualitatively consistent with
the seasonal changes in iron distribution inferred by Wu
and Boyle [2002]. However, the seasonal range in surface
water dissolved iron concentrations that we have docu-
mented, from �0.1 nM in spring to �2 nM in late
summer, is more than twice that reported by Wu and
Boyle [2002] (�0.2–0.6 nM), and is significantly larger
than the 0.3–0.7 nM range used in a recent model of iron
cycling at the BATS site [Weber et al., 2005].
[21] Below the euphotic zone, the spring 2004 iron data

fall within the range of values observed in summer 2003,
except at 150 m depth, where the spring 2004 profiles show
dFe concentration maxima of 0.53–0.65 nM. This feature
may reflect remineralization of iron-bearing particles
exported from overlying surface waters during the spring
‘‘bloom’’ period in the BATS region [Steinberg et al.,
2001], and/or isopycnal advection, as has been suggested

Figure 4. Total aerosol iron concentrations calculated from analysis of samples collected during (left)
summer 2003 and (right) spring 2004 cruises. Data points are plotted with dates corresponding to the start
of �12-hour air sampling periods. For the summer 2003 cruise, dry deposition is calculated for the period
24 July to 6 August using aerosol Fe concentrations equal to the height of the shaded bars (note
extrapolation of 28 July values to the period 29 July to 1 August, which was not sampled).
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for particulate organic carbon in our study area during
spring [Kim et al., 2003].

3.3. Temporal and Spatial Variability in Summer 2003

[22] For the summer 2003 data, there are no analytically-
significant differences between the dFe profiles at water
depths of 100, 500 and 1000 m (Figure 2e), although the
vertical concentration trends discussed in sections 3.1 and
3.2 are robust. However, there are significant differences
between the individual dFe profiles at water depths of
150 m and 300 m, and for all depths shallower than 100 m.
With particle traps at 150 m depth tethered to surface floats,
we assume that our drifting array followed the uppermost
water column during the cruise period; that is, we expect
our observations to be most Lagrangian above 150 m depth.
This implies that differences in the dissolved iron profiles
below �150 m depth reflect spatial (lateral) variations in
dissolved iron distribution. Indeed, the highest dFe concen-
trations at 150 m and 300 m depth are observed in the
profile from 24 July (Figure 2e); corresponding temperature
and salinity profiles (Figures 2a and 2b) show significant
cold and fresh anomalies at �250 m depth.
[23] For water depths shallower than 100 m, it is more

difficult to ascribe inter-profile differences in iron concen-
trations to either spatial or temporal variability; more likely,
our data reflect a combination of both lateral and temporal
variations in iron distribution. Differences in the tempera-
ture and salinity profiles of the upper 100 m (Figures 2a and
2b), particularly for the 24 July profiles, suggest that we
may have observed some small-scale lateral variations in the
distribution of iron. However, the clear imprint of atmo-
spheric deposition on the vertical distribution of iron impli-
cates temporal variations in eolian input, given that our
sampling coincided with the onset of high atmospheric
dust loadings (Figure 4). Consistent with this interpreta-
tion, we observed a general increase in the iron concen-
trations of surface waters during the cruise period, with dFe
increasing from 1.2 nM to 1.8 nM, and TDFe increasing
from 2.2 nM to 4.7 nM (Figure 3). We note, however, that
the surface water TDFe concentration on 4 August (2.7 nM)
was significantly less than that on 2 August (4.6 nM) and
6 August (4.7 nM), suggesting some lateral variability in
the distribution of particulate iron over distances on the
order of kilometers.
[24] Such small-scale lateral variations in the surface

water iron distribution could reflect wet deposition, which
may be of comparable importance to dry deposition in
delivering iron to the surface ocean [Kim and Church,
2001; Gao et al., 2003; Sarthou et al., 2003]. Wet deposi-
tion would be expected to result in patchy, episodic iron
deposition during the summer months, when short-lived,
isolated rain showers are common in the Bermuda region.
We observed seven highly-localized rain events during
the summer 2003 cruise, and collected rainwater samples
that were visibly loaded with soil dust. Total-dissolvable
iron concentrations in these rainwater samples range from
137 nM to as high as 12.3 mM (P. N. Sedwick, unpub-
lished data, 2005).
[25] The temporal evolution of dFe and TDFe concen-

trations in the 10–25 m depth range is less clear. Our iron

concentration profiles from 24 and 26 July (Figure 3) show
subsurface maxima in dFe and TDFe at 10 m depth, in the
middle to lower portion of the surface mixed layer. Given
that dust-derived iron (dissolved and particulate) may have
a residence time as short as days to weeks in surface waters
of the North Atlantic [Jickells, 1999; Sarthou et al., 2003;
Croot et al., 2004], we speculate that these transient maxima
may reflect eolian iron deposition prior to the summer 2003
cruise period.
[26] The possibility of significant lateral variations in iron

concentrations over scales of kilometers to tens of kilo-
meters must be given serious consideration in the context of
Eulerian time series observations of the ocean, such as the
BATS and Hawaii Ocean Time-series programs. For obser-
vations collected at a fixed site or group of sites, it will be
difficult to distinguish between temporal and spatial vari-
ability. Such spatial variations, as well as temporal changes
due to episodic eolian inputs, must also be considered in
high-resolution numerical models. We note that our obser-
vations, made within cyclonic eddies, may not be represen-
tative of the ‘‘mean’’ vertical distribution of iron in the
Sargasso Sea. Given the strong vertical gradients in iron
described here, it is possible that isopycnal displacements
associated with eddies could generate significant mesoscale
structure in the iron distribution. Additional field observa-
tions are required to obtain a sufficiently synoptic iron
distribution and a demonstrably reliable mean iron profile
for the BATS region.

3.4. Implications for Aerosol Iron Solubility

[27] Our CTD profiles from the summer 2003 cruise
(Figure 2) show strong density stratification in the upper
100 m of the water column, with only minor changes in the
temperature and salinity profiles over the 14-day sampling
period. This would suggest that the vertical redistribution of
iron due to turbulent diffusion, convective mixing and/or
wind shear was negligible, except within the shallow upper
mixed layer. We can then use the observed increases in
surface dFe and TDFe concentrations during the summer
2003 cruise to infer the effective solubility of aerosol iron
added to the surface mixed layer over that period, assuming
(1) no loss of iron from the surface mixed layer, and (2) no
scavenging or biological uptake of dissolved iron. The
measured concentration increases of �0.6 nM dFe and
�2.5 nM TDFe between 24 July and 6 August (Figure 3)
imply that the added aerosol iron has a solubility (= dFe
increase/TDFe increase) of around 24%. It should be noted,
however, that this estimate represents a likely upper limit,
because TDFe does not include all of the particulate iron in
the water column (see section 2.3), and because larger
aerosol particles may have settled out of the surface mixed
layer soon after deposition.
[28] Another way to estimate the effective solubility of

aerosol iron is to compare the increase in the dFe inventory
of the surface mixed layer with the total eolian iron
deposition over the summer 2003 cruise period. For this
calculation we assume that the eolian iron flux was domi-
nated by dry deposition, since only isolated rain showers
were observed during the cruise period, and that scavenging
and biological uptake of dissolved iron was negligible. We
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use the height of the shaded bars in Figure 4 to approximate
the time-variation of aerosol iron concentrations over the
period 24 July to 6 August 2003 (aerosol concentrations for
29 July to 1 August, when no samples were collected, are
extrapolated from the 28 July value). Total dry deposition of
iron is estimated from the product of the area of these bars
(1.3 � 107 nmol m�3 s) and the deposition velocity of the
mineral aerosol particles, for which we use a range of 0.3–
3 cm s�1 assuming a modal size of 1–10 mm [Arimoto et
al., 2003; Maring et al., 2003; Reid et al., 2003]. This
yields a total dry deposition of 4–40 mmol Fe m�2 over the
13-day period ending on 6 August, which equates to an
addition of 2–20 nM of total iron over a surface mixed
layer of 20 m depth. Notably, this estimate is consistent
with the �2.5 nM increase in the TDFe concentration of
surface water samples collected during the cruise. If the
�0.6-nM increase in surface dFe concentrations is repre-
sentative of the dissolved iron added to the surface mixed
layer, an assumption that is not inconsistent with the data
shown in Figure 3, then we arrive at an effective solubility
of 3–30% for the aerosol iron.
[29] This estimated solubility range is at the high end of

estimates derived from dissolution experiments using North
Atlantic aerosols [Zhu et al., 1997; Chen and Siefert, 2004;
Hand et al., 2004; Baker et al., 2005], and is higher than the
1–2% solubility that has been prescribed in recent global-
scale biogeochemical models [Aumont et al., 2003; Moore
et al., 2004; Parekh et al., 2004]. We note, however, that
Boyle et al. [2005] have recently estimated a solubility of
30–40% for aerosol iron in the subtropical North Pacific,
based on repeated measurements of iron in surface waters at
the Hawaii Ocean Time-series site.

3.5. Implications for Phytoplankton Ecology

[30] The coincidence of an iron concentration minimum
with the deep chlorophyll maximum (DCM) during the
summer 2003 cruise may have important implications for
phytoplankton ecology in the Sargasso Sea. Our results
suggest that phytoplankton growing at the depth of the
DCM must contend with low iron availability. The mini-
mum dissolved iron concentrations (0.02–0.19 nM) at
100–150 m depth are comparable to surface waters in the
eastern equatorial Pacific and the Southern Ocean, where
phytoplankton community growth rates are known to be
limited by iron deficiency [Martin et al., 1990; Gordon et
al., 1997; Coale et al., 2004].
[31] During late summer in the BATS region, algal

biomass in the DCM is typically dominated by the prolific
cyanobacterium Prochlorococcus [Olson et al., 1990;
DuRand et al., 2001; Steinberg et al., 2001]. Within the
DCM, Prochlorococcus ecotypes are believed to maintain
a competitive advantage over other phytoplankton through
their ability to grow under conditions of very low irradi-
ance [Ting et al., 2002; Rocap et al., 2003]. Our geo-
chemical data imply that adaptation to very low iron
availability, in addition to low-light adaptation, may allow
these Prochlorococcus ecotypes to exploit this niche in the
lower euphotic zone, where the growth of other phyto-
plankton is co-limited by availability of iron and light
[Sunda and Huntsman, 1997]. This idea is consistent with

the proposed evolution of Prochlorococcus under iron-
deficient conditions [Ting et al., 2002], and with the
identification of several genes in the Prochlorococcus
genome that are associated with the acquisition, use and
storage of iron [Rocap et al., 2003].
[32] Even so, Mann and Chisholm [2000] have argued

that dissolved iron concentrations of �0.02 nM were
limiting the growth rate of Prochlorococcus in the eastern
equatorial Pacific. Thus a similar situation, iron limitation of
Prochlorococcus, may develop in the lower euphotic zone
of the Sargasso Sea during late summer. In this regard, it is
important to note that algal iron requirements are expected
to increase under low irradiance [Raven, 1990; Sunda and
Huntsman, 1997]; that is, growth limitation due to low iron
availability is likely to be exacerbated under the low-light
conditions in the DCM.
[33] A comparison of the relative concentrations of dis-

solved iron and macronutrients may provide some indica-
tion of the proximate limiting nutrient within the DCM,
which coincides with the top of the nitracline. Unfortu-
nately, we are only able to make this comparison for iron
and nitrate+nitrite at 150 m depth, since our measurements
are close to the analytical detection limits for dissolved
inorganic phosphate at 100–150 m depth, and for dis-
solved nitrate+nitrite at 100 m depth. We assume that the
concentrations of dissolved Fe and dissolved nitrate+nitrite
represent the major pools of iron and nitrogen, respec-
tively, that are directly available to phytoplankton within
the DCM. If we take �6 mmol/mol as an optimum cellular
Fe:C ratio for small phytoplankton [Moore et al., 2004],
recognizing that this value is poorly constrained, then we
obtain �40 mmol/mol as an optimum cellular Fe:N ratio,
assuming a Redfield C:N ratio. The data from our summer
2003 cruise (Figures 2d and 2e) yield dissolved Fe:nitra-
te+nitrite ratios of 34–370 mmol/mol at 150 m depth,
suggesting that the lowest dissolved Fe concentrations
may indeed approach values that are sub-optimal for algal
growth. However, this calculation does not provide con-
vincing evidence for iron limitation of low-light Prochlor-
ococcus ecotypes, which are able to utilize nitrite but not
nitrate [L. R. Moore et al., 2002; Rocap et al., 2003].
[34] Importantly, we note that subsurface minima in

dissolved iron have also been reported in the subtropical
North Pacific [Bruland et al., 1994; Boyle et al., 2005];
hence such features may be typical of the subtropical gyres
during late summer. This leads us to propose that wide-
spread iron limitation may develop in subsurface waters of
the subtropical gyres during late summer, where tiny
Prochlorococcus are often the most abundant autotrophic
organism [Partensky et al., 1999].
[35] The relatively low dFe concentrations (0.09–

0.26 nM) measured in the upper-ocean samples from the
spring 2004 cruise (late April) also suggest that iron
availability might regulate the growth of larger phyto-
plankton in the BATS region during the spring bloom
period (January–March), when surface waters contain
elevated concentrations of macronutrients and the export
of particulate organic matter is relatively high [Steinberg et
al., 2001]. If dissolved iron concentrations are this low
during the spring bloom period, then iron supply may
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significantly impact the assimilation and export of carbon
and nutrient elements in the Sargasso Sea. Measurements
of iron in the surface mixed layer before and during the
spring bloom period (i.e., in winter and early spring) are
required to test this hypothesis.

3.6. Concluding Remarks

[36] The results presented in this paper provide strong
evidence for the existence of a seasonal iron cycle in surface
waters of the Sargasso Sea, as proposed by Wu and Boyle
[2002]. The seasonal changes in iron concentrations are
attributed to the temporal decoupling of sources and sinks of
iron in surface waters in this region, whereby eolian iron
input (source) dominates during summer and fall, and
biological uptake, scavenging, vertical particle export
and convective mixing (sinks) dominate during winter
and spring. Hence the distribution of iron in surface waters
of the Sargasso Sea, and the ecological and biogeochemical
consequences of this distribution, should be sensitive to the
magnitude of dust inputs in summer, primary production in
winter-spring, and convective mixing in winter, all of
which are known to vary on interannual and longer-term
timescales [Bates and Hansell, 2004; Lomas and Bates,
2004; Prospero and Lamb, 2003]. Further time series
observations are required to test this hypothesis.
[37] Our results also provide new boundary conditions for

the inclusion of iron in biogeochemical models of the
Sargasso Sea, and perhaps other oceanic regions that
receive high eolian iron inputs during periods of seasonal
stratification. Moreover, our conclusions regarding the
effective solubility of aerosol iron, and the potential role
of iron in limiting the growth of phytoplankton (particu-
larly Prochlorococcus) in subsurface waters, may be
broadly applicable to the subtropical gyres. However, our
conclusions are based on a very limited data set. Further
measurements, both time series and synoptic, are needed
to define and understand the range of temporal and spatial
variability of iron in the Sargasso Sea, and to evaluate the
role of iron in regulating ecological and biogeochemical
processes in this oceanic region.
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Figure 1. Objective analysis of sea level anomaly for (left) 20 July 2003 (just prior to summer 2003
cruise) and (right) 5 August 2003 (near end of summer 2003 cruise), showing location of target eddy
(negative sea level anomaly shown in blue) and BATS site. The track of the drifting array during the
cruise (red) is overlain on both panels, with initial (start) and final (end) points indicated. Real-time
altimetric data were obtained from http://www-ccar.colorado.edu/�realtime/nwatlantic-real-time_ssh;
altimeter ground tracks used in the analysis are identified in the legend.
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Figure 2. Water column profiles of (a) temperature, (b) salinity, (c) fluorescence, (d) dissolved
nitrate+nitite (NO3 + NO2) and dissolved inorganic phosphate (PO4), and (e) dissolved iron during the
summer 2003 cruise; and (f ) dissolved iron during the spring 2004 cruise. The color of data points in
Figures 2a, 2b and 2c correspond to the legend in Figure 2e.
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