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[1] The Ross Sea polynya is among the most productive regions in the Southern Ocean
and may constitute a significant oceanic CO2 sink. Based on results from several field
studies, this region has been considered seasonally iron limited, whereby a “winter reserve”
of dissolved iron (dFe) is progressively depleted during the growing season to low
concentrations (�0.1 nM) that limit phytoplankton growth in the austral summer
(December–February). Here we report new iron data for the Ross Sea polynya during
austral summer 2005–2006 (27 December–22 January) and the following austral spring
2006 (16 November–3 December). The summer 2005–2006 data show generally low dFe
concentrations in polynya surface waters (0.10 � 0.05 nM in upper 40 m, n = 175),
consistent with previous observations. Surprisingly, our spring 2006 data reveal similar
low surface dFe concentrations in the polynya (0.06 � 0.04 nM in upper 40 m, n = 69), in
association with relatively high rates of primary production (�170–260 mmol C m−2 d−1).
These results indicate that the winter reserve dFe may be consumed relatively early in the
growing season, such that polynya surface waters can become “iron limited” as early as
November; i.e., the seasonal depletion of dFe is not necessarily gradual. Satellite
observations reveal significant biomass accumulation in the polynya during summer
2006–2007, implying significant sources of “new” dFe to surface waters during this period.
Possible sources of this new dFe include episodic vertical exchange, lateral advection,
aerosol input, and reductive dissolution of particulate iron.

Citation: Sedwick, P. N., et al. (2011), Early season depletion of dissolved iron in the Ross Sea polynya: Implications for iron
dynamics on the Antarctic continental shelf, J. Geophys. Res., 116, C12019, doi:10.1029/2010JC006553.

1. Introduction

[2] Primary production that occurs in waters upwelled
south of the Antarctic Polar Front is thought to play a crit-
ical role in regulating the air-sea flux of carbon dioxide. In

essence, the magnitude of the Southern Ocean CO2 sink
depends on the biological drawdown of nutrients from these
waters prior to the formation and subduction of deep waters
around the Antarctic continent [Marinov et al., 2006]. In this
context, the Antarctic continental margin is of critical
importance, being the most productive region in the Southern
Ocean [Arrigo et al., 2008a; Smith and Comiso, 2008] and a
primary area of oceanic deep water formation [Orsi et al.,
2002; Orsi and Wiederwohl, 2009]. The Ross Sea continen-
tal shelf is among the most productive areas on the Antarctic
margin [Arrigo et al., 2008a; Smith and Comiso, 2008] and
likely represents an important but unquantified oceanic CO2

sink. Indeed, a modeling study by Arrigo et al. [2008b]
suggests that the net air-sea CO2 flux on the Ross Sea Shelf
may account for as much as 27% of a recent estimate of the
total Southern Ocean CO2 sink, which does not include the
Antarctic continental margin [Takahashi et al., 2009]. An
essential component of the Ross Sea CO2 sink is provided
by the regional phytoplankton production, which draws
down pCO2 in surface waters and drives the export of organic
carbon to depth.
[3] The factors that control primary production in the Ross

Sea are not completely understood, but are almost certain to
include the availability of dissolved iron (dFe), at least during
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the latter part of the growing season [Martin et al., 1991;
Sedwick et al., 2000; Boyd, 2002; Coale et al., 2005]. In the
highly productive polynya region of the southern Ross Sea,
shipboard bioassay experiments have demonstrated that low
dFe concentrations can limit phytoplankton growth rates
during the austral summer [Martin et al., 1990; Sedwick and
DiTullio, 1997; Sedwick et al., 2000, Coale et al., 2003;
Bertrand et al., 2007]. When considered together, the limited
iron data from the southern Ross Sea suggest that near-
surface dFe concentrations decrease from �0.2–1 nM in
austral spring (September–November) to �0.1–0.2 nM in
austral summer (December–February) [Fitzwater et al., 2000;
Sedwick et al., 2000; Coale et al., 2005]. Over this same
period, the surface concentrations of nitrate and silicic acid
typically decrease from �30 to �15 mM and from �80 to
�60 mM, respectively [Smith et al., 2003].
[4] Based on these observations, it has been argued that

the southern Ross Sea exhibits “seasonal iron limitation,”
whereby vertical resupply from convective mixing and sur-
face inputs from melting sea ice result in relatively high dFe
concentrations in surface waters during the spring, followed
by a progressive decrease in dFe concentrations during
the course of the growing season, because of the combined
effects of phytoplankton uptake, particle export, and scav-
enging [Sedwick et al., 2000; Coale et al., 2005]. With these
assumptions, numerical modeling has simulated the sea-
sonal drawdown in dissolved iron and macronutrients, and
the associated onset of “iron limitation” of phytoplankton
growth rates and biomass, with model solutions indicat-
ing that the total supply of dissolved iron to waters in the
euphotic zone sets an upper limit on the magnitude of annual
primary production on the Ross Sea shelf [Arrigo et al.,
2003; Tagliabue and Arrigo, 2005].
[5] In this paper we report new measurements that reveal

surprisingly low dFe concentrations (�0.1 nM) in the euphotic
zone of the Ross Sea polynya in late spring (November), thus
challenging the conceptual model of gradual dFe depletion
during the growing season and raising questions concerning
the source of “new” dissolved iron that sustains phyto-
plankton production over the ensuing summer months. As
discussed by Boyd and Ellwood [2010], iron exhibits both

“nutrient-type” and “scavenged-type” behavior in the oce-
anic water column. In remote regions of the open ocean,
such as the Antarctic Circumpolar Current, this hybrid
behavior results in chronic iron deficiency whereby upwel-
led subsurface waters contain an excess of macronutrients
over dissolved iron, relative to the nutritional requirements
of phytoplankton. A critical difference between iron and
macronutrients is the clear importance of aeolian and benthic
sources of iron to the surface ocean [Moore and Braucher,
2008; Boyd and Ellwood, 2010]. In the Ross Sea, benthic
inputs are likely to be particularly important, both in terms of
the vertical resupply of iron during winter mixing and in the
potential for episodic vertical and lateral inputs of iron to
surface waters of the polynya during summer. Bearing this
in mind, we examine our new data with particular attention
to potential sources of dissolved iron to both surface and
subsurface waters of the southern Ross Sea.

2. Methods

[6] The data presented in this paper pertain to samples
collected during two cruises aboard the research vessel ice
breaker (RVIB) Nathaniel B. Palmer, as part of the Controls
on Ross Sea Algal Community Structure (CORSACS) pro-
gram. Water samples discussed here were collected in the
austral summer of 2005–2006 (27 December 2005–22 January
2006, during cruise NBP06–01) and during the following
austral spring of 2006 (8 November 2006–3 December 2006,
during cruise NBP06–08). Figures 1a and 1b show the cruise
tracks and trace-metal water column sampling stations (except
station NX12, which was located north of the Ross Sea)
overlain on satellite-derived estimates of ice-free time during
each cruise, which were obtained using the method ofMarkus
and Burns [1995].
[7] Hydrographic data and samples for ancillary chemical

and biological measurements (salinity, dissolved oxygen,
macronutrients, phytoplankton pigments, primary produc-
tivity) were collected using a rosette sampler fitted with
24 10 L Niskin bottles (General Oceanics), an SBE 911 plus
conductivity, temperature, and depth (CTD) sensor (SeaBird
Electronics), an SBE 43 dissolved oxygen sensor, and a

Figure 1. Cruise tracks and locations of trace-metal water column sampling stations during the CORSACS
program, overlain on satellite-derived estimates of percentages of ice-free time during each cruise for
(a) summer 2005–2006 and (b) spring 2006 (not shown is station NX12, located north of map area). The
red line indicates the 1000 m isobath.
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WETStar flow-through profiling fluorometer (WET Labs).
The dissolved oxygen sensor was calibrated based on dis-
crete dissolved oxygen measurements, as described by Long
et al. [2011a]. The profiling fluorometer was not calibrated
at sea; thus the raw signal output provides only a qualitative
measure of water column chlorophyll levels. Further details
and data for these ancillary measurements are provided
by Long et al. [2011a] and archived at the U.S. Biolog-
ical and Chemical Oceanography Data Management Office
(see section 3).
[8] Seawater samples for the analysis of trace metals were

collected using two methods: (1) Near-surface seawater
samples were collected from �3 m depth while underway at
a speed of �5 knots, using a towed, trace-metal-clean
pumping system [Bruland et al., 2005]; and (2) water column
samples were collected in custom-modified 5 L Teflon-lined,
external-closure Niskin-X samplers (General Oceanics) or in
10 L Teflon-lined GO-FLO samplers (General Oceanics;
>300 m depth samples only), all of which were deployed on
a nonmetal line [Sedwick et al., 2005; Saito et al., 2010].
Figures 2a and 2b show the location of the near-surface
underway samples and the water column trace-metal sam-
pling stations, overlain on ETOPO1 bathymetry [Amante and
Eakins, 2008]. The extensive sea ice cover during the spring
2006 cruise restricted the underway and water column
sampling to a much smaller area of the Ross Sea than that
sampled during the summer 2005–2006 cruise.
[9] All seawater samples were filtered within 4 h of col-

lection using 0.2 mm pore Supor Acropak filter capsules
(Pall Corp.), except for the GO-FLO samples, which were
filtered through 0.4 mm pore, 144 mm diameter polycar-
bonate filter membranes (GE Osmonics). All filtered sea-
water samples were acidified to pH 1.7 with Seastar Baseline
ultrapure hydrochloric acid and then stored for at least
24 h prior to the analysis of dissolved iron. Dissolved iron
(dFe) was determined by flow injection analysis with col-
orimetric detection after an in-line preconcentration on resin-
immobilized 8-hydroxyquinoline [Sedwick et al., 2005,
2008], using a method modified fromMeasures et al. [1995].
The efficacy of our sample collection, processing, and
analytical methods for dFe have been verified through par-
ticipation in the Sampling and Analysis of Iron (SAFe)
intercomparison exercise for the sampling and analysis of
iron in seawater [Johnson et al., 2007]. For the SAFe sea-
water reference materials, we determined mean dFe con-
centrations of 0.11 � 0.01 nM (for surface seawater S1,
n = 15) and 0.97� 0.06 nM (for deep seawater D2, n = 14),
compared with the SAFe community consensus values of
0.097 � 0.043 nM (for seawater S1) 0.91 � 0.17 nM (for
seawater D2).
[10] In addition, unfiltered aliquots of the water column

samples were acidified to pH 1.7 with Seastar Baseline
ultrapure hydrochloric acid and then stored for at least
6 months, prior to determination of “total-dissolvable iron”
(TDFe) by flow injection analysis using the same method
as for dFe. TDFe is equal to the concentration of dFe plus
acid-labile particulate iron (ALPFe). The latter is assumed
to include most of the particulate iron in seawater, with the
exception of lattice-bound iron in refractory aluminosilicate
particles, which likely does not participate in the marine
iron cycle over seasonal to annual time scales. Thus ALPFe
(=TDFe – dFe) provides a conservative estimate of particulate

iron in the water column. Dissolved inorganic nitrate plus
nitrite (N + N), phosphate (DIP), and silicic acid (Si) were
determined in filtered seawater samples with a shipboard
Lachat Quickchem FIA+ series 8000 autoanalyzer follow-
ing a method modified from standard World Ocean Circu-
lation Experiment (WOCE) protocols [Gordon et al., 1993].

3. Results

[11] Iron data from the two CORSACS cruises are pre-
sented in Figures 2–5. Figures 2a and 2b show dFe con-
centrations in near-surface underway samples from the
summer 2005–2006 and spring 2006 cruises, respectively.
Figures 3 and 4 show water column dFe concentration pro-
files from the summer 2005–2006 and spring 2006 cruises,
respectively. Figure 5 presents quasi-zonal sections of dFe,
dissolved nitrate plus nitrite (N + N), and total-dissolvable
iron (TDFe) that were constructed by interpolating between
vertical profiles from sampling stations located within the
latitudinal band of 76°S–77°S. The corresponding hydro-
graphic data (temperature, salinity, dissolved oxygen) from
CTD stations along this quasi-zonal section are presented in
Figure 6. The zonal plots shown in Figures 5 and 6 were
prepared using the Ocean Data View graphical analysis and
display package [Schlitzer, 2002], with interpolation per-
formed using horizontal scale settings of 30 (for Figure 5)
and 70 (for Figure 6), and a vertical scale setting of 70. A
lower horizontal scale setting was chosen for Figure 5 in
order to limit the extent of lateral interpolation, given that
the trace-metal sampling stations were widely spaced rela-
tive to the CTD stations that provided the data shown in
Figure 6.
[12] Table 1 presents the sampling dates, station locations,

estimated mixed-layer depths, and iron (dFe, TDFe, calcu-
lated ALPFe) and macronutrient (N + N, DIP, Si) data for
the trace-metal water column sampling stations. In addition,
these and ancillary data discussed in this paper (hydrogra-
phy, nutrients, iron, pigments) are archived at and freely
available from the U.S. Biological and Chemical Oceanog-
raphy Data Management Office (see http://osprey.bcodmo.
org/project.cfm under project acronym CORSACS). The
water masses discussed in this paper follow the classification
scheme of Orsi and Wiederwohl [2009], who describe six
distinct water masses over the Ross Sea continental shelf:
the low-salinity Antarctic Surface Water (AASW); the rela-
tively warm, oxygen-poor Modified Circumpolar Deep
Water (MCDW); the relatively cold Shelf Water (SW),
which includes both Low-Salinity Shelf Water (LSSW) and
High-Salinity Shelf Water (HSSW); the transitional Modi-
fied Shelf Water (MSW); and the very cold Ice Shelf Water
(ISW).

3.1. Summer 2005–2006 Cruise

[13] The summer 2005–2006 cruise was characterized by
largely ice-free conditions (<10% sea ice coverage) over
most of the southern Ross Sea (Figure 1a). Shipboard
observations revealed significant lateral gradients in mixed-
layer depth, surface macronutrient concentrations, phyto-
plankton biomass, and primary productivity, with the
greatest macronutrient drawdown observed in the shallow
mixed layers adjacent to sea ice along the western edge
of our study area [Long et al., 2011a]. Waters in the surface
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mixed layer were generally replete in macronutrients, with
N + N concentrations of �10–25 mM measured at most
stations. Phytoplankton assemblages were typically domi-
nated by mixtures of Phaeocystis antarctica and diatoms
[Long et al., 2011a; Tortell et al., 2011].

[14] Iron data from the summer 2005–2006 cruise are
consistent with previous observations from the southern
Ross Sea, in that dFe concentrations were generally low in
the surface mixed layer. Our underway samples reveal near-
surface dFe concentrations of less than 0.2 nM over most of

Figure 2. Maps of study area showing dissolved iron (dFe) concentrations of near-surface underway sea-
water samples from (a) summer 2005–2006 and (b) spring 2006, along with the locations of trace-metal
water column sampling stations (NX12 not shown) and ETOPO1 seafloor bathymetry.
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the polynya (Figure 2a). Corresponding water column pro-
files show similarly low dFe concentrations to depths of
�100 m in the central polynya, with slightly elevated con-
centrations (0.2–0.3 nM) in near-surface waters toward the
eastern and western edges of the polynya (Figures 2a, 3,
and 5c). The zonal distribution of dFe in the euphotic zone
along 76°S–77°S (Figure 5c) is qualitatively similar to that
observed for N + N (Figure 5e), implying that surface dFe
concentrations are strongly influenced by algal iron uptake.
This conclusion is further supported by the vertical profiles
of dFe and chlorophyll fluorescence (Figure 3), which dis-
play opposing trends in the upper water column (Figure 3),
assuming that chlorophyll fluorescence provides a rough
gauge of phytoplankton biomass. Further, the clear depletion
of TDFe, hence acid-labile particulate Fe, in the upper water
column relative to deeper waters (Figure 5g and Table 1)
indicates that both dissolved and particulate iron had been
exported from the euphotic zone prior to our sampling. The
presence of subtle surface maxima in dFe, particularly toward
the western and eastern edges of the polynya (Figures 2a, 3,
and 5c), suggests surface iron inputs from melting sea ice,
consistent with the lower salinity of surface waters west of
170°E and east of 180° (Figure 6e).
[15] Along 76°S–77°S, the vertical profiles from stations

NX3, NX4, and NX5 reveal subsurface dFe maxima of
�0.3–0.5 nM at depths of 150–300 m (Figures 3 and 5c). A
comparison of the zonal dFe section in Figure 5c with cor-
responding sections for N + N (Figure 5e), TDFe (Figure 5g),
temperature (Figure 6c), and salinity (Figure 6e) suggests
that these three dFe maxima may reflect inputs from three
distinct sources of iron to subsurface waters of the Ross
Sea. The subsurface dFe maximum at station NX3 appears
to be associated with the core of relatively cold, salty,

oxygen- and nitrate-rich water, which notably lacks a cor-
responding maximum in TDFe (Figure 5g) and hence
ALPFe (Table 1). These hydrographic characteristics and
location are indicative of SW, which is believed to form in
coastal polynyas along the western Ross Ice Shelf and in
Terra Nova Bay [Orsi and Wiederwohl, 2009]. The rela-
tively high dFe and nitrate concentrations in this water mass
will likely reflect the conditions in surface waters of the
coastal polynyas where the SW forms. We observed simi-
larly high dFe concentrations below 300 m depth at station
NX10 in Terra Nova Bay (Figure 3), where hydrographic
data (not shown) also reveal the presence of SW, although
we did not collect deep-water samples for TDFe analysis at
this location. These observations suggest that Ross Sea SW,
which is thought to be an important contributor to Antarctic
Bottom Water [Orsi and Wiederwohl, 2009], is character-
ized by relatively high dFe concentrations (�0.5–0.7 nM).
[16] The subsurface dFe maximum at station NX4 is

located over Ross Bank, which shoals to a water depth of
�300 m (Figure 2a). Here the dFe maximum lies within the
MSW, although it is not clearly associated with any regional
hydrographic features (Figures 6c and 6e). Instead, this dFe
maximum is distinguished by a pronounced associated
maximum in TDFe (11–24 nM), relative to the subsurface
TDFe concentrations of �2–5 nM at other stations sampled
during the cruise (Figure 5g). These elevated concentrations
of TDFe, and hence ALPFe (Table 1), implicate seafloor
sediments as the likely source of the subsurface dFe maxi-
mum at station NX4. A number of studies suggest that
onshore flow is concentrated along the western flanks of
submarine banks on the Ross Sea Shelf [Hofmann and
Klinck, 1998; Dinniman et al., 2003, 2011; Reddy and
Arrigo, 2006], which provides a potential mechanism for

Figure 3. Vertical profiles of dissolved iron (dFe) concentrations and in situ chlorophyll fluorescence
(uncalibrated fluorometer signal) at trace-metal sampling stations from the summer 2005–2006 cruise.
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mobilizing iron-bearing sediments from the Ross Bank into
the overlying water column.
[17] Such onshore transport may serve to entrain MCDW

[Dinniman et al., 2003, 2011; Orsi and Wiederwohl, 2009],
which has been proposed as a source of iron for surface
waters on the Antarctic continental margins [Prézelin et al.,
2000, 2004; Sambrotto et al., 2003; Dinniman et al., 2011].
For MCDW to serve as a source of dFe to the inner shelf
would require that the circumpolar deep water (CDW) end-
member be inherently rich in dFe relative to Antarctic sur-
face waters, or that MCDW intrusions mobilize iron-rich
sediments and bottom waters through interactions with the
seafloor on the continental slope or shelf. Our hydrographic
data provide no evidence of MCDW at station NX4, where
we see evidence of benthic inputs of dissolved and particulate
iron. However, the subsurface dFe maximum at station NX5
(Figure 5c) is located at the edge of relatively warm, low-

oxygen waters, which appear to reflect an intrusion of
MCDW at �300 m depth (Figures 6c and 6g). This inter-
pretation would certainly be consistent with the Ross Sea
climatology presented by Orsi and Wiederwohl [2009], who
document frequent intrusions of MCDW in this depth range
between longitudes 170°W and 175°W, as well as the recent
model simulations reported by Dinniman et al. [2011]. The
lack of a corresponding maximum in TDFe, and hence in
ALPFe, in subsurface waters at station NX5 (Figure 5g)
might then imply that CDW contributes dFe to the MCDW
that impinges on the Ross Sea Shelf; i.e., the water column
data from station NX5 suggest that MCDW derives dissolved
iron (but not particulate iron) from CDW. Further support
for this hypothesis is provided by the samples obtained at
deep-ocean station NX12 (65°13′S, 174°44′W; location not
shown in Figures 1 and 2) during the spring 2006 cruise (see
below). These water column samples reveal a maximum dFe

Figure 4. Vertical profiles of dissolved iron (dFe) concentrations and in situ chlorophyll fluorescence
(uncalibrated fluorometer signal) at trace-metal sampling stations from the spring 2006 cruise.

Figure 5. (a, b) Locations of water column sampling stations used to construct quasi-zonal sections of dissolved iron (dFe)
in (c) summer 2005–2006 and (d) spring 2006, nitrate plus nitrite (N + N) in (e) summer 2005–2006 and (f) spring 2006, and
total-dissolvable iron (TDFe) in (g) summer 2005–2006 and (h) spring 2006. Gray triangles indicate approximate depth of
seafloor; red frames in Figures 5c, 5g, and 5e indicate the lateral extent of the spring 2006 zonal section.
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concentration of �0.5 nM within the salinity maximum that
defines the core of the CDW north of the continental shelf
(Figure 4), implying that CDW could contribute dFe to
MCDW in the Ross Sea.

3.2. Spring 2006 Cruise

[18] The spring 2006 cruise was marked by extensive pack
ice cover, with only a relatively small area of the southern
Ross Sea having less than 10% sea ice coverage. This heavy
sea ice cover confined the cruise track to a much smaller area
compared with the preceding summer (Figure 1b). Satellite
data show that the polynya opened more gradually than
usual during spring, primarily driven by advection of sea ice
rather than melting [Long et al., 2011a, 2011b]. Surface
properties were generally more homogeneous than during
the preceding summer cruise, with a west-to-east decrease in
surface salinity (Figure 6f), leading to greater stratification in
the east of our study area. Macronutrients were replete at all
stations sampled, with water column N + N concentrations
generally in excess of 20 mM. Phytoplankton assemblages
were dominated by colonial Phaeocystis antarctica, which
appears to be a typical situation for the Ross Sea polynya
during spring [Long et al., 2011a; Tortell et al., 2011; Arrigo
and van Dijken, 2004; Garrison et al., 2004].
[19] Our iron data from the spring 2006 cruise reveal dFe

concentrations in surface waters of the polynya that were
similar to or lower than values measured during the pre-
ceding summer, with dFe concentrations near or below
0.1 nM in most samples (Figure 2b). Moreover, the iron-
deficient waters extended to depths below 100 m within
the polynya (Figures 4 and 5d), which in some cases was
deeper than the surface mixed layer at the time of sampling
(Table 1). These observations are surprising, given that
Sedwick et al. [2000] measured dFe concentrations of �0.5–
1 nM in surface waters of this region during November–
December 1994, and Coale et al. [2005] report near-surface
dFe levels of �0.2–0.6 nM during October–November
1996. However, it is important to note that the data reported
by Sedwick et al. [2000] are for samples collected at stations
with �50%–80% sea ice cover and that the data of Coale
et al. [2005] are from a cruise when the sea surface was
nearly completely ice covered. Because of the iron that is
contained in both sea ice and overlying snow, sea ice melt-
water may provide a significant input of dFe to surface waters
of the Ross Sea [Sedwick and DiTullio, 1997; Edwards and
Sedwick, 2001; Grotti et al., 2005; Lannuzel et al., 2007;
Lancelot et al., 2009]. Hence, near-surface waters sampled
adjacent to sea ice, such as those described by Sedwick et al.
[2000] and Coale et al. [2005], might be expected to display
significantly elevated dFe concentrations. In contrast, our
near-surface samples from the spring 2006 cruise were
largely collected in ice-free waters of the polynya or during
periods when sea ice was forming rather than melting. The
only exceptions were at the deep-ocean station NX12 and
the polynya station NX17, where some pack ice was
present; at both stations, low surface salinities provide

evidence of recent meltwater inputs and the near-surface dFe
concentrations were slightly elevated relative to other sta-
tions (Figure 4 and Table 1).
[20] The southern Ross Sea is subject to deep convective

mixing during the winter months [Gordon et al., 2000], so it
seems reasonable to assume that the dFe concentrations of
�0.3 nM observed at 400 m depth (Figure 5d) represent a
likely minimum value for the “winter reserve” dFe concen-
tration of surface waters at the start of the growing season in
September–October. This assumption is consistent with the
near-surface dFe values of 0.2–0.6 nM reported by Coale et
al. [2005] for the southern Ross Sea in October–November
1996, which represent the only published iron data for this
region during early spring. On this basis, the data shown in
Figure 5d suggest that a substantial drawdown in dFe had
occurred to depths of �150–300 m in the central polynya,
between 172°E and 180°E, by mid-November–early Decem-
ber. In comparison, the apparent biological drawdown in
N + N was largely confined to the upper 100 m of the water
column (Figure 5f). This apparent decoupling between the
drawdown of dFe and nitrogen might reflect the elevated iron
requirements of phytoplankton growing under low irradiance
[Raven, 1990; Sunda and Huntsman, 1997; Garcia et al.,
2009], such that algal growth had depleted dFe relative to
nitrate (i.e., high Fe/N assimilation ratio) in the deeper sur-
face mixed layer of the early spring, prior to our sampling. An
alternative hypothesis is that dFe, which is strongly particle
reactive, had been scavenged by sinking particles (e.g.,
Phaeocystis aggregates) over the 100–300 m depth range
[Johnson et al., 1997; DiTullio et al., 2000; Moore et al.,
2004; Boyd and Ellwood, 2010].
[21] A comparison of the zonal sections from the summer

2005–2006 (Figure 5c) and spring 2006 (Figure 5d) cruises
suggests that dFe was depleted to greater depths in the central
polynya during spring 2006 relative to the preceding sum-
mer. However, this conclusion must be considered as tenta-
tive, given the relatively wide spacing between sampling
stations during the summer 2005–2006 cruise (Figure 5c).
Bearing in mind the higher lateral resolution and greater
sampling depths along this zonal section during spring 2006,
our data reveal no major differences in the subsurface dFe
distribution relative to the preceding summer cruise. Stations
NX17 and NX20, located over Ross Bank, show maxima in
dFe, TDFe, and ALPFe at �250–300 m depth (Figures 4,
5d, and 5h and Table 1), suggesting benthic inputs of dis-
solved and particulate iron, as was suggested for station
NX4. Similarly, deep maxima in dFe, TDFe and ALPFe at
stations NX13 and NX19 (Figures 4, 5d, and 5h and Table 1)
suggest iron inputs from seafloor sediments at these sites.
Thus the water column data from both cruises provides
evidence of benthic inputs of both dissolved and particulate
iron close to the seafloor, although we find no evidence that
these inputs are associated with intrusions of MCDW.
Rather, our data suggest that MCDW may carry elevated
concentrations of dissolved iron (but not particulate iron)
that is derived from the CDW.

Figure 6. (a, b) Locations of water column sampling stations used to construct quasi-zonal sections of temperature (T) in
(c) summer 2005–2006 and (d) spring 2006, salinity (S) in (e) summer 2005–2006 and (f) spring 2006, and dissolved oxygen
(O2, from CTD sensor) in (g) summer 2005–2006 and (h) spring 2006. Bathymetry shown (gray) is interpolated between
bottom depths for CTD stations; the red frames shown in Figures 6c, 6g, and 6e indicate the lateral extent of the spring
2006 zonal section.
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Table 1. Data From Trace-Metal Water Column Sampling Stationsa

Station Name Sampling Date
Latitude
(°S)

Longitude
(°E)

MLDb

(m)
Depth
(m)

dFe
(nM)

TDFe
(nM)

ALPFec

(nM)
N + N
(mM)

DIP
(mM)

Si
(mM)

CORSACS-1 NX1 29 Dec 2005 77.67 179.94 ND 6 0.34 1.03 0.69 16.7 1.4 79.8
CORSACS-1 NX1 29 Dec 2005 77.67 179.94 ND 16 0.12 0.73 0.61 18.4 1.7 83.1
CORSACS-1 NX1 29 Dec 2005 77.67 179.94 ND 36 0.07 0.73 0.66 20.1 1.6 71.6
CORSACS-1 NX1 29 Dec 2005 77.67 179.94 ND 56 0.11 1.07 0.96 14.1 1.7 50.0
CORSACS-1 NX1 29 Dec 2005 77.67 179.94 ND 76 0.30 2.01 1.71 22.9 2.0 80.0
CORSACS-1 NX1 29 Dec 2005 77.67 179.94 ND 96 0.21 2.81 2.60 26.5 2.2 82.1
CORSACS-1 NX1 29 Dec 2005 77.67 179.94 ND 296 0.18 3.62 3.44 24.3 2.0 70.0
CORSACS-1 NX2 30 Dec 2005 76.82 170.76 56 6 0.17 1.75 1.59 15.2 1.4 79.4
CORSACS-1 NX2 30 Dec 2005 76.82 170.76 56 16 0.09 1.85 1.76 16.4 1.4 79.6
CORSACS-1 NX2 30 Dec 2005 76.82 170.76 56 36 0.16 2.19 2.03 19.3 1.6 79.7
CORSACS-1 NX2 30 Dec 2005 76.82 170.76 56 56 0.17 2.27 2.10 17.2 1.6 69.1
CORSACS-1 NX2 30 Dec 2005 76.82 170.76 56 76 0.27 3.32 3.05 24.0 1.9 81.4
CORSACS-1 NX2 30 Dec 2005 76.82 170.76 56 96 0.21 3.47 3.26 25.3 1.9 81.5
CORSACS-1 NX2 30 Dec 2005 76.82 170.76 56 146 0.22 4.00 3.78 27.4 2.0 81.6
CORSACS-1 NX2 30 Dec 2005 76.82 170.76 56 196 0.36 3.86 3.50 30.3 2.2 81.8
CORSACS-1 NX2 30 Dec 2005 76.82 170.76 56 296 0.28 2.85 2.58 29.9 2.1 78.2
CORSACS-1 NX3 1 Jan 2006 76.49 166.33 6 6 0.31 0.91 0.60 20.0 1.5 68.9
CORSACS-1 NX3 1 Jan 2006 76.49 166.33 6 16 0.13 0.78 0.66 25.0 2.0 74.1
CORSACS-1 NX3 1 Jan 2006 76.49 166.33 6 36 0.17 1.33 1.16 30.1 2.3 78.1
CORSACS-1 NX3 1 Jan 2006 76.49 166.33 6 56 0.22 1.55 1.33 31.4 2.2 78.7
CORSACS-1 NX3 1 Jan 2006 76.49 166.33 6 76 0.38 2.21 1.83 31.0 2.2 78.9
CORSACS-1 NX3 1 Jan 2006 76.49 166.33 6 96 0.32 1.81 1.50 31.0 2.3 79.6
CORSACS-1 NX3 1 Jan 2006 76.49 166.33 6 146 0.45 1.91 1.46 31.6 2.3 79.7
CORSACS-1 NX3 1 Jan 2006 76.49 166.33 6 196 0.53 2.36 1.83 32.2 2.3 80.6
CORSACS-1 NX3 1 Jan 2006 76.49 166.33 6 296 0.51 3.62 3.11 32.1 2.3 81.6
CORSACS-1 NX4 3 Jan 2006 76.50 179.17 60 6 0.12 0.85 0.73 17.8 1.4 74.9
CORSACS-1 NX4 3 Jan 2006 76.50 179.17 60 16 0.06 0.76 0.70 18.8 1.4 79.7
CORSACS-1 NX4 3 Jan 2006 76.50 179.17 60 36 0.08 0.67 0.59 17.5 1.4 74.5
CORSACS-1 NX4 3 Jan 2006 76.50 179.17 60 56 0.06 0.78 0.72 17.6 1.4 74.1
CORSACS-1 NX4 3 Jan 2006 76.50 179.17 60 76 0.08 0.87 0.79 17.6 1.4 74.0
CORSACS-1 NX4 3 Jan 2006 76.50 179.17 60 96 0.14 1.35 1.21 24.4 1.9 77.4
CORSACS-1 NX4 3 Jan 2006 76.50 179.17 60 146 0.22 2.80 2.58 29.2 2.2 79.5
CORSACS-1 NX4 3 Jan 2006 76.50 179.17 60 196 0.31 11.10 10.79 30.9 2.2 80.2
CORSACS-1 NX4 3 Jan 2006 76.50 179.17 60 231 0.31 24.26 23.95 31.2 2.2 81.2
CORSACS-1 NX5 5 Jan 2006 76.50 −170.00 54 6 0.17 0.43 0.26 21.2 1.5 81.0
CORSACS-1 NX5 5 Jan 2006 76.50 −170.00 54 16 0.14 0.40 0.27 22.5 1.6 82.2
CORSACS-1 NX5 5 Jan 2006 76.50 −170.00 54 36 0.12 0.47 0.36 24.1 1.8 81.9
CORSACS-1 NX5 5 Jan 2006 76.50 −170.00 54 56 0.13 0.49 0.36 26.3 2.0 82.8
CORSACS-1 NX5 5 Jan 2006 76.50 −170.00 54 76 0.15 0.94 0.78 28.2 2.0 84.5
CORSACS-1 NX5 5 Jan 2006 76.50 −170.00 54 96 0.13 0.79 0.66 28.8 2.1 83.8
CORSACS-1 NX5 5 Jan 2006 76.50 −170.00 54 146 0.18 1.70 1.52 30.0 2.2 85.8
CORSACS-1 NX5 5 Jan 2006 76.50 −170.00 54 196 0.29 2.81 2.53 30.7 2.2 87.4
CORSACS-1 NX5 5 Jan 2006 76.50 −170.00 54 296 0.30 4.90 4.59 30.7 2.2 87.3
CORSACS-1 NX6 7 Jan 2006 76.00 −176.62 31 6 0.22 0.28 0.06 20.6 1.4 71.2
CORSACS-1 NX6 7 Jan 2006 76.00 −176.62 31 16 0.10 0.31 0.21 20.5 1.5 71.1
CORSACS-1 NX6 7 Jan 2006 76.00 −176.62 31 36 0.11 0.64 0.54 27.7 2.0 82.3
CORSACS-1 NX6 7 Jan 2006 76.00 −176.62 31 56 0.13 0.96 0.83 28.8 2.0 82.5
CORSACS-1 NX6 7 Jan 2006 76.00 −176.62 31 76 0.15 1.30 1.16 28.1 2.1 82.9
CORSACS-1 NX6 7 Jan 2006 76.00 −176.62 31 96 0.24 6.41 6.16 31.4 2.3 90.0
CORSACS-1 NX6 7 Jan 2006 76.00 −176.62 31 146 0.16 2.83 2.68 30.1 2.2 89.5
CORSACS-1 NX6 7 Jan 2006 76.00 −176.62 31 196 0.15 1.71 1.57 29.4 2.1 91.3
CORSACS-1 NX6 7 Jan 2006 76.00 −176.62 31 296 0.20 3.33 3.13 31.2 2.2 84.7
CORSACS-1 NX7 9 Jan 2006 76.00 170.98 46 6 0.22 0.37 0.15 18.0 1.1 58.4
CORSACS-1 NX7 9 Jan 2006 76.00 170.98 46 16 0.07 0.41 0.34 18.0 1.1 58.7
CORSACS-1 NX7 9 Jan 2006 76.00 170.98 46 36 0.07 0.36 0.30 17.9 1.2 58.7
CORSACS-1 NX7 9 Jan 2006 76.00 170.98 46 56 0.08 0.49 0.42 17.6 1.2 62.8
CORSACS-1 NX7 9 Jan 2006 76.00 170.98 46 76 0.12 0.81 0.69 26.9 2.1 77.6
CORSACS-1 NX7 9 Jan 2006 76.00 170.98 46 96 0.09 1.45 1.37 27.6 2.1 80.3
CORSACS-1 NX7 9 Jan 2006 76.00 170.98 46 146 0.14 3.10 2.96 30.8 2.2 87.5
CORSACS-1 NX7 9 Jan 2006 76.00 170.98 46 196 0.15 2.90 2.76 30.9 2.3 81.9
CORSACS-1 NX7 9 Jan 2006 76.00 170.98 46 296 0.20 7.45 7.25 31.1 2.3 81.8
CORSACS-1 NX8 12 Jan 2006 77.50 −175.75 31 6 0.17 0.62 0.45 18.2 1.3 68.0
CORSACS-1 NX8 12 Jan 2006 77.50 −175.75 31 16 0.09 0.25 0.17 16.5 1.4 68.5
CORSACS-1 NX8 12 Jan 2006 77.50 −175.75 31 36 0.07 0.29 0.22 23.9 2.1 79.1
CORSACS-1 NX8 12 Jan 2006 77.50 −175.75 31 56 0.08 0.42 0.35 29.2 2.1 79.9
CORSACS-1 NX8 12 Jan 2006 77.50 −175.75 31 76 0.13 0.79 0.66 29.1 2.3 86.6
CORSACS-1 NX8 12 Jan 2006 77.50 −175.75 31 96 0.10 0.97 0.87 28.7 2.3 81.8
CORSACS-1 NX8 12 Jan 2006 77.50 −175.75 31 146 0.15 1.65 1.50 30.0 2.3 83.5
CORSACS-1 NX8 12 Jan 2006 77.50 −175.75 31 196 0.19 2.69 2.50 31.0 2.4 85.5
CORSACS-1 NX8 12 Jan 2006 77.50 −175.75 31 296 0.24 5.32 5.08 30.2 2.3 90.2
CORSACS-1 NX9 14 Jan 2006 78.65 −164.71 13 6 0.16 1.71 1.55 21.3 1.6 87.3
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Table 1. (continued)

Station Name Sampling Date
Latitude
(°S)

Longitude
(°E)

MLDb

(m)
Depth
(m)

dFe
(nM)

TDFe
(nM)

ALPFec

(nM)
N + N
(mM)

DIP
(mM)

Si
(mM)

CORSACS-1 NX9 14 Jan 2006 78.65 −164.71 13 16 0.13 1.81 1.68 21.7 1.6 87.5
CORSACS-1 NX9 14 Jan 2006 78.65 −164.71 13 36 0.15 1.47 1.32 23.1 1.7 88.1
CORSACS-1 NX9 14 Jan 2006 78.65 −164.71 13 56 0.13 1.50 1.38 24.1 1.8 82.3
CORSACS-1 NX9 14 Jan 2006 78.65 −164.71 13 76 0.21 2.00 1.79 24.8 1.9 89.9
CORSACS-1 NX9 14 Jan 2006 78.65 −164.71 13 96 0.21 1.89 1.69 25.3 1.8 90.6
CORSACS-1 NX9 14 Jan 2006 78.65 −164.71 13 146 0.33 10.79 10.46 26.3 1.9 91.1
CORSACS-1 NX9 14 Jan 2006 78.65 −164.71 13 196 0.19 1.90 1.71 27.8 2.0 83.3
CORSACS-1 NX9 14 Jan 2006 78.65 −164.71 13 296 0.11 2.43 2.32 29.6 2.1 88.4
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 6 0.28 1.10 0.82 20.8 1.3 62.1
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 16 0.18 1.11 0.93 29.2 1.2 61.6
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 36 0.19 1.02 0.83 23.6 1.7 67.4
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 56 0.19 1.26 1.07 28.1 2.2 76.1
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 76 0.30 1.64 1.34 28.2 2.2 75.5
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 96 0.35 1.74 1.39 28.4 2.3 74.9
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 146 0.40 1.92 1.52 28.3 2.2 74.7
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 196 0.28 1.68 1.40 26.8 2.1 69.0
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 296 0.34 1.76 1.42 27.8 2.2 73.1
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 496 0.69 ND ND 35.0 2.0 78.4
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 596 0.64 ND ND 34.0 2.0 80.3
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 696 0.68 ND ND 34.1 2.0 77.8
CORSACS-1 NX10 19 Jan 2006 75.00 164.99 29 796 0.64 ND ND 33.9 2.0 77.6
CORSACS-1 NX11 21 Jan 2006 75.00 171.43 43 6 0.27 0.35 0.08 19.4 1.2 56.1
CORSACS-1 NX11 21 Jan 2006 75.00 171.43 43 16 0.08 0.21 0.13 19.4 1.2 55.6
CORSACS-1 NX11 21 Jan 2006 75.00 171.43 43 36 0.08 0.28 0.19 19.5 1.3 56.2
CORSACS-1 NX11 21 Jan 2006 75.00 171.43 43 56 0.09 0.41 0.33 26.2 2.1 77.0
CORSACS-1 NX11 21 Jan 2006 75.00 171.43 43 76 0.12 0.70 0.58 29.1 2.3 81.5
CORSACS-1 NX11 21 Jan 2006 75.00 171.43 43 96 0.20 1.97 1.77 30.9 2.3 85.5
CORSACS-1 NX11 21 Jan 2006 75.00 171.43 43 146 0.18 3.03 2.85 29.8 2.6 81.7
CORSACS-1 NX11 21 Jan 2006 75.00 171.43 43 196 0.21 3.55 3.34 30.5 2.3 83.5
CORSACS-1 NX11 21 Jan 2006 75.00 171.43 43 296 0.33 3.74 3.41 30.7 2.3 82.3
CORSACS-1 NX11 21 Jan 2006 75.00 171.43 43 396 0.42 ND ND 30.7 2.4 87.3
CORSACS-1 NX11 21 Jan 2006 75.00 171.43 43 496 1.31 ND ND 30.3 2.3 83.9
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 6 0.15 0.22 0.08 30.6 2.2 64.0
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 16 0.08 0.18 0.11 30.6 2.2 64.2
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 36 0.07 0.19 0.12 30.7 2.2 68.8
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 56 0.06 0.20 0.14 30.8 2.2 63.7
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 76 0.10 0.19 0.08 31.0 2.3 64.0
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 96 0.08 0.29 0.21 31.2 2.2 66.1
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 146 0.18 0.34 0.16 34.6 2.5 78.4
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 196 0.21 0.34 0.13 34.2 2.4 86.1
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 296 0.27 0.39 0.12 33.6 2.3 88.1
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 600 0.47 ND ND 33.0 2.3 94.0
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 900 0.45 ND ND 32.6 2.3 102.9
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 965 0.34 ND ND 32.6 2.3 104.9
CORSACS-2 NX12 8 Nov 2006 65.21 −174.73 27 1265 0.38 ND ND 32.9 2.3 104.9
CORSACS-2 NX13 16 Nov 2006 76.05 171.39 23 6 0.12 1.07 0.95 25.3 1.9 82.0
CORSACS-2 NX13 16 Nov 2006 76.05 171.39 23 16 0.07 1.33 1.26 27.7 2.1 81.9
CORSACS-2 NX13 16 Nov 2006 76.05 171.39 23 36 0.23 3.18 2.95 30.7 2.3 83.1
CORSACS-2 NX13 16 Nov 2006 76.05 171.39 23 56 0.21 3.24 3.04 30.5 2.3 81.7
CORSACS-2 NX13 16 Nov 2006 76.05 171.39 23 76 0.13 1.30 1.17 30.1 2.3 80.8
CORSACS-2 NX13 16 Nov 2006 76.05 171.39 23 96 0.19 2.16 1.97 31.1 2.3 82.2
CORSACS-2 NX13 16 Nov 2006 76.05 171.39 23 146 0.18 2.13 1.95 31.6 2.3 83.0
CORSACS-2 NX13 16 Nov 2006 76.05 171.39 23 196 0.17 1.66 1.49 31.1 2.3 84.1
CORSACS-2 NX13 16 Nov 2006 76.05 171.39 23 296 0.23 2.46 2.23 31.0 2.3 83.1
CORSACS-2 NX13 16 Nov 2006 76.05 171.39 23 400 0.30 10.92 10.61 31.1 2.4 83.5
CORSACS-2 NX13 16 Nov 2006 76.05 171.39 23 500 0.45 13.88 13.43 30.9 2.3 82.1
CORSACS-2 NX14 18 Nov 2006 75.93 178.36 131 6 0.10 0.55 0.45 27.7 2.2 73.4
CORSACS-2 NX14 18 Nov 2006 75.93 178.36 131 16 0.05 0.54 0.49 27.5 2.3 72.8
CORSACS-2 NX14 18 Nov 2006 75.93 178.36 131 36 0.06 0.54 0.48 27.5 2.2 75.9
CORSACS-2 NX14 18 Nov 2006 75.93 178.36 131 56 0.05 0.58 0.53 28.2 2.3 77.7
CORSACS-2 NX14 18 Nov 2006 75.93 178.36 131 76 0.07 0.62 0.55 28.8 2.3 79.8
CORSACS-2 NX14 18 Nov 2006 75.93 178.36 131 96 0.06 0.57 0.51 29.1 2.3 79.0
CORSACS-2 NX14 18 Nov 2006 75.93 178.36 131 146 0.12 1.13 1.01 29.5 2.4 81.2
CORSACS-2 NX14 18 Nov 2006 75.93 178.36 131 196 0.16 1.86 1.70 29.9 2.4 82.4
CORSACS-2 NX14 18 Nov 2006 75.93 178.36 131 296 0.19 1.62 1.43 30.1 2.5 82.6
CORSACS-2 NX14 18 Nov 2006 75.93 178.36 131 375 0.30 0.31 0.02 29.7 2.5 79.6
CORSACS-2 NX14 18 Nov 2006 75.93 178.36 131 450 0.37 0.41 0.04 29.7 2.5 79.0
CORSACS-2 NX15 20 Nov 2006 76.94 173.96 N/A 6 0.09 1.95 1.87 29.8 2.0 86.3
CORSACS-2 NX15 20 Nov 2006 76.94 173.96 N/A 16 0.11 1.99 1.88 29.5 2.0 86.0
CORSACS-2 NX15 20 Nov 2006 76.94 173.96 N/A 36 0.08 1.95 1.87 29.0 2.0 84.1
CORSACS-2 NX15 20 Nov 2006 76.94 173.96 N/A 56 0.08 2.00 1.93 28.8 1.9 82.8

SEDWICK ET AL.: SPRING IRON DEPLETION IN THE ROSS SEA C12019C12019

11 of 19



[22] Within this conceptual framework, the spring 2006
water column data reveal two puzzling features with regard
to subsurface sources of dissolved iron. The first is at station
NX14, in the trough between the Pennell and Ross banks,

where deep samples were characterized by high dFe con-
centrations but no significant enrichment in TDFe or ALPFe
(Figures 5d and 5h and Table 1). Similar features were
observed in deep waters at station NX5 (Figures 5c and 5g),

Table 1. (continued)

Station Name Sampling Date
Latitude
(°S)

Longitude
(°E)

MLDb

(m)
Depth
(m)

dFe
(nM)

TDFe
(nM)

ALPFec

(nM)
N + N
(mM)

DIP
(mM)

Si
(mM)

CORSACS-2 NX15 20 Nov 2006 76.94 173.96 N/A 76 0.09 2.12 2.03 28.8 1.9 82.9
CORSACS-2 NX15 20 Nov 2006 76.94 173.96 N/A 96 0.09 2.30 2.21 29.0 2.0 82.8
CORSACS-2 NX15 20 Nov 2006 76.94 173.96 N/A 146 0.16 3.54 3.39 31.3 2.1 87.0
CORSACS-2 NX15 20 Nov 2006 76.94 173.96 N/A 196 0.14 1.28 1.13 31.5 2.1 84.0
CORSACS-2 NX15 20 Nov 2006 76.94 173.96 N/A 296 0.20 3.05 2.85 31.1 2.1 82.1
CORSACS-2 NX15 20 Nov 2006 76.94 173.96 N/A 375 0.22 0.44 0.22 30.9 2.1 84.4
CORSACS-2 NX16 24 Nov 2006 76.50 169.99 80 6 0.12 1.38 1.26 25.6 1.8 82.5
CORSACS-2 NX16 24 Nov 2006 76.50 169.99 80 16 0.08 1.47 1.39 25.8 1.9 82.2
CORSACS-2 NX16 24 Nov 2006 76.50 169.99 80 56 0.10 1.40 1.30 25.7 1.8 81.2
CORSACS-2 NX16 24 Nov 2006 76.50 169.99 80 76 0.04 1.75 1.70 27.0 2.1 81.1
CORSACS-2 NX16 24 Nov 2006 76.50 169.99 80 96 0.16 3.57 3.41 30.5 2.3 81.1
CORSACS-2 NX16 24 Nov 2006 76.50 169.99 80 146 0.19 2.47 2.29 30.4 2.4 80.9
CORSACS-2 NX16 24 Nov 2006 76.50 169.99 80 196 0.15 2.24 2.09 30.4 2.2 82.2
CORSACS-2 NX16 24 Nov 2006 76.50 169.99 80 296 0.20 4.96 4.76 30.9 2.2 77.0
CORSACS-2 NX16 24 Nov 2006 76.50 169.99 80 400 0.27 3.86 3.59 30.6 2.2 77.1
CORSACS-2 NX16 24 Nov 2006 76.50 169.99 80 500 0.33 8.16 7.83 30.5 2.3 81.2
CORSACS-2 NX17 26 Nov 2006 76.50 178.55 70 6 0.23 1.05 0.82 25.9 1.8 81.0
CORSACS-2 NX17 26 Nov 2006 76.50 178.55 70 16 0.09 0.60 0.51 28.0 2.0 79.2
CORSACS-2 NX17 26 Nov 2006 76.50 178.55 70 36 0.06 0.76 0.69 26.7 1.8 81.3
CORSACS-2 NX17 26 Nov 2006 76.50 178.55 70 56 0.07 0.66 0.59 27.1 1.9 80.9
CORSACS-2 NX17 26 Nov 2006 76.50 178.55 70 76 0.09 0.83 0.73 28.6 2.0 80.6
CORSACS-2 NX17 26 Nov 2006 76.50 178.55 70 96 0.05 0.85 0.79 28.8 2.2 79.9
CORSACS-2 NX17 26 Nov 2006 76.50 178.55 70 146 0.07 0.84 0.77 30.2 2.1 81.0
CORSACS-2 NX17 26 Nov 2006 76.50 178.55 70 196 0.17 1.73 1.56 31.0 2.1 81.9
CORSACS-2 NX17 26 Nov 2006 76.50 178.55 70 246 0.33 18.98 18.65 31.1 2.1 82.0
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 6 0.05 1.25 1.19 24.9 2.0 83.1
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 16 0.04 1.06 1.01 24.9 2.0 82.8
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 36 0.05 1.28 1.24 27.2 2.2 84.4
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 56 0.05 1.16 1.11 28.4 2.2 84.6
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 76 0.06 1.77 1.71 29.9 2.4 83.4
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 96 0.05 1.98 1.94 29.6 2.3 83.9
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 146 0.06 1.70 1.64 29.8 2.4 84.6
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 196 0.11 2.37 2.26 30.5 2.4 83.3
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 296 0.10 1.71 1.62 30.6 2.4 84.3
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 400 0.21 2.58 2.37 31.1 2.5 81.4
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 500 0.25 2.85 2.60 31.4 2.5 80.5
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 600 0.34 24.52 24.18 31.6 2.5 83.5
CORSACS-2 NX18 28 Nov 2006 77.76 178.49 156 700 0.43 68.40 67.98 31.5 2.5 81.6
CORSACS-2 NX19 30 Nov 2006 76.50 174.28 123 6 0.08 0.70 0.62 25.6 1.6 75.7
CORSACS-2 NX19 30 Nov 2006 76.50 174.28 123 16 0.04 0.68 0.65 27.0 1.8 79.2
CORSACS-2 NX19 30 Nov 2006 76.50 174.28 123 36 0.06 1.07 1.01 29.9 1.8 77.3
CORSACS-2 NX19 30 Nov 2006 76.50 174.28 123 56 0.10 1.25 1.15 30.5 2.1 78.2
CORSACS-2 NX19 30 Nov 2006 76.50 174.28 123 76 0.07 1.17 1.10 29.5 2.0 78.8
CORSACS-2 NX19 30 Nov 2006 76.50 174.28 123 96 0.09 1.22 1.14 30.0 2.0 78.3
CORSACS-2 NX19 30 Nov 2006 76.50 174.28 123 146 0.11 1.84 1.73 30.9 2.1 81.7
CORSACS-2 NX19 30 Nov 2006 76.50 174.28 123 196 0.12 2.21 2.09 30.6 2.1 80.9
CORSACS-2 NX19 30 Nov 2006 76.50 174.28 123 296 0.09 1.12 1.03 30.3 2.1 80.1
CORSACS-2 NX19 30 Nov 2006 76.50 174.28 123 375 0.30 6.80 6.50 31.0 2.1 79.7
CORSACS-2 NX19 30 Nov 2006 76.50 174.28 123 475 0.43 16.66 16.23 31.2 2.1 79.4
CORSACS-2 NX20 3 Dec 2006 76.50 −180.00 11 6 0.04 0.40 0.37 24.2 1.7 79.9
CORSACS-2 NX20 3 Dec 2006 76.50 −180.00 11 16 0.06 0.47 0.41 26.6 2.0 77.8
CORSACS-2 NX20 3 Dec 2006 76.50 −180.00 11 36 0.05 0.92 0.86 25.3 2.0 82.7
CORSACS-2 NX20 3 Dec 2006 76.50 −180.00 11 56 0.05 0.81 0.76 27.5 2.1 78.7
CORSACS-2 NX20 3 Dec 2006 76.50 −180.00 11 76 0.06 0.75 0.69 28.3 2.2 78.7
CORSACS-2 NX20 3 Dec 2006 76.50 −180.00 11 96 0.05 0.86 0.81 28.7 2.2 79.3
CORSACS-2 NX20 3 Dec 2006 76.50 −180.00 11 146 0.06 0.91 0.85 30.4 2.3 80.0
CORSACS-2 NX20 3 Dec 2006 76.50 −180.00 11 196 0.11 2.31 2.20 30.6 2.3 79.9
CORSACS-2 NX20 (0.2 mm)d 3 Dec 2006 76.50 −180.00 11 296 0.32 12.08 11.76 31.0 2.3 80.3
CORSACS-2 NX20 (0.4 mm)d 3 Dec 2006 76.50 −180.00 11 296 0.34 ND ND ND ND ND

aND, not determined.
bMixed layer depth determined based on Dst = 0.05.
cALPFe = TDFe − dFe.
dFor comparison of dFe measured in water sample filtered using 0.2 mm pore Acropak capsule filter (0.2 mm) and 0.4 mm pore polycarbonate membrane

filter (0.4 mm).
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where we have suggested that elevated dFe concentrations
were associated with an intrusion of MCDW. However, our
hydrographic data provide no evidence of MCDW intrusion
near station NX14 (Figures 6d and 6h); thus the source of
the deep dFe maximum at this location is not clear. A second
perplexing feature is the bolus of relatively warm, oxygen-
poor water observed at �150–250 m depth near 175°E
(Figures 6d and 6h), which likely reflects an intrusion of
MCDW. As discussed above, we suggest that MCDW
intrusions may carry elevated concentrations of dFe derived
from the CDW. This hydrographic feature, however, shows
no associated dFe enrichment (see Figure 5d, stations NX15
and NX19), implying that this MCDW intrusion did not
carry elevated levels of dissolved iron. In this case, it is
conceivable that dFe carried by this MCDW intrusion had
already been lost by means of biological uptake and/or
particle scavenging, given that low dFe concentrations
extend to�200 m depth along this zonal section; i.e., there is
evidence of dFe depletion to depths of �200 m along this
section (see Figure 5d).

4. Discussion

[23] We propose that the low euphotic zone dFe con-
centrations in the Ross Sea polynya during spring 2006
reflect the rapid biological uptake of iron that occurred in the
absence of significant iron inputs from melting sea ice.
Along the quasi-zonal section shown in Figure 5d, which we
sampled between 16 November and 3 December, phyto-
plankton biomass and production were relatively high:
Measured chlorophyll concentrations in the upper 25 m were

1.8–6.0 mg L−1, and column-integrated 14C-based net pri-
mary productivity rates ranged from �170 to 260 mmol C
m−2 d−1 [Long et al., 2011a]. This level of primary produc-
tion does not appear to be unusual in the southern Ross Sea
during spring, as similarly high values were measured in
mid-November–early December 1994 [Smith and Gordon,
1997]. Furthermore, a Sea-viewing Wide Field-of-view
Sensor (SeaWiFS)-based estimate of regional primary pro-
ductivity [Arrigo et al., 2008a] during the 2006–2007 growing
season indicates that productivity in the polynya increased
from �20 mmol C m−2 d−1 to �200 mmol C m−2 d−1 over a
period of �1 week in mid-November 2006 (Figure 7).
[24] It is difficult to estimate the corresponding biological

drawdown in dFe, given the large uncertainty in the C/Fe
assimilation ratio of the phytoplankton community, for which
estimates range from �10,000 to �450,000 on a molar basis
[Twining et al., 2004; Coale et al., 2005; Tagliabue and
Arrigo, 2005]. However, we can make a rough estimate of
the time period required for these levels of primary produc-
tion to draw down surface dissolved iron from a likely winter
reserve concentration of �0.3 nM (based on measured
subsurface dFe concentrations) to concentrations of around
0.1 nM, as observed during spring 2006. For this calcu-
lation we assume a sustained net community production of
�100 mmol C m−2 d−1, which is based on measured net
primary production rates of �200 mmol C m−2 d−1 and an
estimated f ratio of around 0.5 for our study region [Asper
and Smith, 1999; Long et al., 2011a]. Given algal C/Fe
uptake ratios in the range of 10,000–450,000, this net
community production could consume 0.2 nM dFe from
the upper 100 m of the water column over a period of

Figure 7. Time series of satellite-derived estimates of primary productivity and open-water (ice-free)
area for Ross Sea Shelf over growing seasons in (a) 2005–2006 and (b) 2006–2007, using methods
described by Arrigo et al. [2008a]; gray bars indicate the durations of CORSACS cruises. (c, d) Corre-
sponding maps of the study region with seasonally integrated primary productivity estimates derived from
SeaWiFS ocean-color data; red line indicates the 1000 m isobath.
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2–90 days. Based on this estimate, there is clearly the
potential for phytoplankton to effect a rapid drawdown in
dissolved iron in surface waters of the Ross Sea polynya
during the spring.
[25] Our results from the spring 2006 cruise are inconsis-

tent with the conceptual model of gradual depletion of dFe in
the Ross Sea polynya during the course of the growing
season [e.g., Sedwick et al., 2000; Arrigo et al., 2003].
Rather, our field observations suggest that when irradiance-
mixing conditions are favorable for net primary production,
dFe can be drawn down to growth-limiting concentrations of
�0.1 nM over a period of less than a month, barring sig-
nificant iron inputs to surface waters during that time. This
scenario implies that iron availability may exert a first-order
control on primary production rates in the Ross Sea polynya
during both spring and summer, when the algal community
is typically dominated by colonial Phaeocystis antarctica
and by a mixed assemblage of P. antarctica and diatoms,
respectively [DiTullio and Smith, 1996; Smith et al., 2000;
Arrigo and van Dijken, 2004; Garrison et al., 2004]. This
hypothesis is supported by the results of shipboard iron-
addition experiments, which indicate that phytoplankton
growth was limited by iron deficiency during both the
summer 2005–2006 and spring 2006 cruises [Bertrand et al.,
2007, 2011; Feng et al., 2010; Rose et al., 2009]. Consid-
ered together, these findings imply that the typical seasonal
succession of phytoplankton taxa in the southern Ross Sea
does not reflect taxon-specific differences in cellular iron
requirements, given that ambient dFe concentrations of
less than �0.1 nM are likely to limit the growth of both
P. antarctica and diatoms [Timmermans et al., 2001, 2004;
Garcia et al., 2009].
[26] Alternate interpretations of the CORSACS iron data

are that spring 2006 represented an unusually early phyto-
plankton bloom in the southern Ross Sea, or that the winter
reserve of dFe was unusually low at the start of the 2006–
2007 growing season, either of which might be expected to
result in the early depletion of dFe from surface waters of the
polynya. However, these scenarios are not supported by
other biological and biogeochemical data from the spring
2006 cruise [Long et al., 2011a; Tortell et al., 2011], which
show that primary productivity, chlorophyll concentrations,
nutrient drawdown, and pCO2 were similar to values reported
from previous spring cruises in the region [Smith and
Gordon, 1997; Bates et al., 1998; Bender et al., 2000;
Gordon et al., 2000; Smith et al., 2000]. Moreover, an
unusually early spring bloom or a low initial inventory of
dFe might be expected to result in truncation of the annual
bloom, owing to the early depletion of dFe in the polynya.
Contrary to this suggestion, the satellite-derived primary
productivity estimates shown in Figure 7 [Arrigo et al.,
2008a] yield similar values for total primary production on
the Ross Sea Shelf during the 2005–2006 (�31 Tg C) and
2006–2007 (�26 Tg C) growing seasons, with higher pro-
duction in the central polynya during the 2006–2007 season
(�20–25 mol C m−2 yr−1) compared with the 2005–2006
season (�10–15 mol C m−2 yr−1).
[27] Interestingly, the satellite-based productivity esti-

mate for the 2006–2007 growing season (Figure 7b) sug-
gests that the bulk of the annual primary production
occurred after mid-November within the area surveyed

during our cruise (�170°E–180°E, 76°S–78°S), even allow-
ing for the inherent uncertainties in such satellite-derived
productivity estimates. This begs the question as to the
source of the iron that sustained phytoplankton produc-
tion in the polynya from late November 2006 through
late January 2007, given that we have documented likely
growth-limiting dFe concentrations of�0.1 nM in the euphotic
zone of the polynya during the period mid-November–early
December 2006 (Figures 2, 4, and 5d).
[28] Luxury uptake of dFe provides one possible source of

iron to fuel primary production over the summer months,
given that colonial P. antarctica are thought to accumulate
iron in their extracellular mucus [Schoemann et al., 2005]
and that some pennate diatoms are known to use ferritin for
intracellular iron storage [Marchetti et al., 2009]. If we
assume a minimum cellular iron requirement of �2.2 mmol
per mole of carbon (i.e., C/Fe = 450,000 mol mol−1), then
the drawdown of �0.2 nM dFe over a 100 m deep surface
mixed layer (=20 mmol Fe m−2) could support a total sea-
sonal new production of �9 mol C m−2 yr−1. This value is
nearly half of the total production estimated for the central
polynya during the 2006–2007 season (Figure 7b) and sug-
gests that luxury uptake of Fe could support most of the
estimated seasonal production in this region, assuming an
f ratio (= new production/total net production) of �0.5
[Asper and Smith, 1999; Sweeney et al., 2000; Long et al.,
2011a]. However, Coale et al. [2005] have used seasonal
changes in particulate Fe/Al ratios in the Ross Sea to estimate
a net biological utilization of 450–633 mmol Fe m−2 along
76°30′S during the 1996–1997 growth season. These values
are more than 20-fold higher than our estimate of biological
dFe drawdown during spring and imply an effective algal
C/Fe assimilation ratio that is more than an order of mag-
nitude less than 450,000 mol mol−1, given that satellite-
derived estimates suggest a net primary production on the
order of 10 mol C m−2 yr−1 in the Ross Sea polynya.
Clearly, the much larger seasonal iron utilization estimated
by Coale et al. [2005] would require a significant input of
biologically available “new” iron to surface waters of the
Ross Sea polynya during the growing season.
[29] We can suggest four likely sources of new dFe in the

upper water column during the growing season. The first is
the relatively large pool of particulate iron in surface waters
over the inner shelf, where we estimate that ALPFe con-
centrations often exceed 0.5 nM (Table 1). In this respect,
the inner-shelf surface waters contrast strongly with the
deep-ocean station NX12, where near-surface ALPFe con-
centrations were only �0.1 nM (Table 1). In surface waters
of the polynya, this particulate iron is likely to be associated
not only with biogenic material, from which dFe may be
regenerated (thus “recycled” dFe), but also with inorganic
phases (e.g., aluminosilicates, oxyhydroxides) and alloch-
tonous organic particles derived from sea ice, nearshore
sediments, and atmospheric deposition. These latter materi-
als are potential sources of new iron, which may be rendered
biologically available by means of dissolution, photoreduc-
tion, and/or biological processing in surface waters during
the growing season [Barbeau et al., 2001; Boyd et al., 2005;
Boyd and Ellwood, 2010]. It is interesting to note that our
iron data from both cruises indicate elevated concentrations
of ALPFe in surface waters over the inner shelf (Table 1),
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where the satellite-derived estimates of seasonal primary
production were highest (Figure 7). This perhaps reflects
the role of particulate iron in fuelling this high primary
production.
[30] A second potential source of new dFe to surface

waters of the polynya during summer months is by means of
vertical exchange with iron-rich deeper waters. Our summer
2005–2006 data show that dFe concentrations can reach
�0.3–0.5 nM at depths of 100–200 m in some areas of the
polynya (Figures 3 and 5c). These dFe-enriched waters lie
below the depth of the surface mixed layer during summer;
however, mesoscale eddies and fronts, which can uplift
isopycnal surfaces by tens to hundreds of meters, could
facilitate the episodic injection of these iron-rich waters into
the euphotic zone, in the same manner as has been suggested
for macronutrients in the oligotrophic ocean [McGillicuddy
et al., 2003, 2007]. Although biogeochemical observations
in the Ross Sea have largely been made over spatial and
temporal scales that do not allow the resolution of such
transient mesoscale features, the results of underway sam-
pling have revealed significant variability at the mesoscale
and submesoscale [Hales and Takahashi, 2004; Tortell
and Long, 2009], as have satellite ocean-color images and
numerical simulations of regional circulation [Dinniman et al.,
2003, 2011; Reddy and Arrigo, 2006]. One potential prob-
lem with vertical exchange as a mechanism to supply new
iron during the summer is that this process would also
introduce macronutrients to the euphotic zone, which would
tend to counter the progressive drawdown in surface nutri-
ents that is observed during the summer months [e.g., see
Smith et al., 2003]. However, it is difficult to evaluate this
issue quantitatively, given the uncertainties in the algal
assimilation of dFe relative to macronutrients and in the
relative concentrations of dFe and macronutrients that
may be supplied from subsurface waters.
[31] Horizontal advection provides a third possible

mechanism to supply iron to surface waters of the polynya,
by redistributing dFe that is released from melting sea ice on

the margins of the polynya and/or from shallow benthic
sources in the southwestern Ross Sea. In addition, any dFe
that is introduced to surface waters in localized areas of
enhanced vertical exchange (e.g., over shallow bottom fea-
tures) may be further distributed to the polynya by means of
lateral transport and mixing. Mean surface circulation over
the Ross Sea Shelf is generally toward the west and north
(Figure 8), following the southwest limb of the Ross Sea
gyre, although there is likely some smaller-scale transport to
the east and south that occurs within this regional circulation
pattern [Assmann et al., 2003; Dinniman et al., 2003; Reddy
and Arrigo, 2006]. This lateral circulation provides the
potential for the transport of iron-enriched waters into the
central polynya from melting sea ice in the east and from sea
ice and/or benthic iron sources in the south and west. Reddy
and Arrigo [2006] have further argued that the intrusion of
iron-poor surface waters from north of the shelf break
restricts phytoplankton blooms to the southwestern Ross Sea,
where there is a greater supply of biologically available iron.
Mesoscale eddies may also provide an important mechanism
for the horizontal transport of dFe into the polynya, in a
manner similar to that described for the Haida, Sitka, and
Yakutat eddies that transport dFe into surface waters of the
central Gulf of Alaska [Johnson et al., 2005; Ladd et al.,
2009].
[32] A fourth potential source of new iron to the Ross Sea

is from the deposition of aerosol iron, some fraction of
which will dissolve in surface waters of the polynya, as
documented in other oceanic regions [e.g., Sedwick et al.,
2005; Bonnet and Guieu, 2006]. Much of the iron-bearing
dust deposited during the winter will accumulate in snow on
the sea ice and then enter the water column when the sea ice
melts in spring and summer [Sedwick and DiTullio, 1997;
Edwards and Sedwick, 2001]. In the context of iron inputs to
the ice-free waters of the polynya during summer, the dust
released from sea ice could arguably be considered as a
potential input by means of horizontal advection, along with
iron that is contained in the sea ice itself [Lannuzel et al.,
2007; Lancelot et al., 2009]. However, some aerosol iron
will also be deposited to the polynya during the growing
season, providing a direct input of dFe to these surface
waters. In either case, the primary production that is fuelled
by aeolian iron input is likely to be small, based on regional-
scale estimates of mineral dust deposition to the Southern
Ocean [Duce and Tindale, 1991; Edwards and Sedwick, 2001;
Wagener et al., 2008; Lancelot et al., 2009]. For example, an
estimated aeolian iron flux to the Ross Sea of �2 mmol m−2

yr−1 [Edwards and Sedwick, 2001] could support less than
1 mol C m−2 yr−1 of new production, assuming a rela-
tively high algal C/Fe assimilation ratio of 450,000 mol
mol−1 [Tagliabue and Arrigo, 2005]. It is of course possible
that the southern Ross Sea might receive larger, episodic
inputs of Fe-bearing dust carried by katabatic winds from
local sources, such as the McMurdo Dry Valleys and Ross
Island, although so far there are no data that document such
inputs or their potential to add dissolved iron to the polynya.
[33] Our present data set does not allow us to confidently

exclude any of these four potential sources of new iron to the
Ross Sea polynya during summer, given the short duration
of our cruise observations relative to the longer period over
which these iron inputs might occur (see Figure 7). We
suggest that some combination of targeted process studies

Figure 8. Schematic diagram of surface circulation in the
Ross Sea, based on the works of Locarnini [1994], Jacobs
and Giulivi [1998], Dinniman et al. [2003], and Smith et al.
[2007].
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and seasonal-scale time series observations would be
required in order to critically evaluate these proposed iron
sources. To this end, there is a clear need for information
regarding (1) the reactivity and biological availability of
particulate Fe in the Ross Sea, (2) the potential for lateral
and vertical transport of dFe into the polynya during sum-
mer, (3) the effective iron/macronutrient assimilation ratios
of native phytoplankton, and (4) the magnitude and vari-
ability of aerosol iron deposition in our study region. The
results of our study highlight the need to better understand
the role of MCDW in delivering iron to subsurface waters,
which may provide a source of dissolved iron to the euphotic
zone. Also of potential importance in this regard are sub-
surface intrusions of ISW from the Ross Ice Shelf [Jacobs
et al., 1970; Smethie and Jacobs, 2005], which might be
expected to carry iron derived from glacial ice and subgla-
cial debris [Fitzwater et al., 2000; Sedwick et al., 2000].
Hydrographic data from the spring 2006 cruise suggest an
intrusion of ISW near the 180° meridian at a depth of
�400 m (Figures 6d and 6f), although no samples for iron
analysis were collected within this depth range. Hence the
targeted sampling of both MCDW and ISW for iron analysis
is an obvious direction for future research in the Ross Sea.
[34] Despite the elevated concentrations of dFe in sub-

surface waters of the Ross Sea, a comparison with corre-
sponding macronutrient concentrations suggests that there is
an insufficient inventory of dFe in the water column to
support complete biological utilization of macronutrients
if vertical resupply constitutes the major source of dFe to
the euphotic zone. Here a quantitative assessment is provided
by the diagnostic tracer Fe* [Parekh et al., 2005], which
estimates the concentration of dFe present in excess of that
required to consume all dissolved macronutrients in phyto-
plankton biomass. Here we calculate Fe* based on nitrate
plus nitrite (rather than phosphate, as was used by Parekh
et al., [2005]): Fe* = [dFe] − RFe[N + N], where [dFe]
and [N +N] are the concentrations of dFe (nM) and nitrate plus
nitrite (mM), respectively, and RFe is the Fe/N assimilation
ratio for phytoplankton in nmol mmol−1. Choosing a rela-
tively low Fe/C assimilation ratio of 2.22 mmol mol−1 (i.e.,
C/Fe = 450,000 mol mol−1 [Tagliabue and Arrigo, 2005])
and a C/N assimilation ratio of 7.81 mol mol−1 [Arrigo et al.,
1999] for Phaeocystis-dominated waters yields an RFe value
of 0.0174 nmol mmol−1. Figure 9 shows quasi-zonal sections

constructed from thus calculated Fe* values for stations
between 76°S and 77°S. These Fe* values are generally less
than zero for both the summer 2005–2006 and spring 2006
cruises, suggesting a general deficiency in dissolved iron
relative to dissolved inorganic nitrogen in terms of the con-
centrations required to support phytoplankton growth.
[35] There is of course considerable uncertainty in the

algal Fe/N assimilation ratio, with 2.22 mmol mol−1 repre-
senting a conservatively low estimate; i.e., a relatively high
estimate for the C/Fe assimilation ratio [Twining et al., 2004;
Coale et al., 2005, Tagliabue and Arrigo, 2005]. Choosing a
higher Fe/N ratio, and hence a higher RFe value, will result in
even larger negative values for Fe* (that is, a greater defi-
ciency of dissolved iron relative to nitrogen) than the values
shown in Figure 9. These calculations demonstrate the gen-
eral propensity for iron limitation of primary production in
the southern Ross Sea if dFe is primarily supplied by means
of vertical exchange processes and underscore the potential
importance of any new dFe that may be provided by other
sources. In this context we note that a small number of sta-
tions sampled during the summer 2005–2006 cruise were
unusual in showing a near-complete drawdown of nitrate
and phosphate in surface waters [Long et al., 2011a]. These
stations were all located along the western edge of the study
region, adjacent to sea ice, which may provide a source of
new iron that allowed phytoplankton to consume more
macronutrients in these waters.

5. Concluding Remarks

[36] The results from the CORSACS cruises suggest that
surface waters in the Ross Sea polynya can become iron
depleted during an early stage of the seasonal phytoplankton
bloom. Thus the conceptual model of the southern Ross Sea
as a region where dFe is gradually depleted during the
growing season [e.g., Sedwick et al., 2000] must be modified
to allow that the polynya may become iron limited during
spring, such that dFe availability regulates primary production
during much of the period when there is sufficient light to
sustain net phytoplankton growth. Moreover, the fact that
field and satellite observations have documented a signifi-
cant accumulation of phytoplankton biomass in the Ross
Sea polynya during the summer months, despite low surface
dFe concentrations, suggests that there is a significant

Figure 9. Quasi-zonal sections of Fe* (see text for definition) for (a) summer 2005–2006 and (b) spring
2006 cruises. Calculated using data from stations at locations shown in Figures 5a and 5b.
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supply of “new” dFe to surface waters of the polynya over
this period. This further implies that the supply of dFe to the
euphotic zone during the growing season may exert a sig-
nificant control on the magnitude of annual primary produc-
tion in the Ross Sea polynya and hence on the magnitude of
biological CO2 uptake on the Ross Sea shelf.
[37] Given the potentially large CO2 sink associated with

primary production on the Ross Sea shelf [Arrigo et al.,
2008b] and the likely importance of iron in regulating this
production, it is clearly of interest to better understand the
processes that supply iron to these waters and the potential
impacts of climatic variability and climate change on these
processes. In the Ross Sea, future climate warming may be
expected to eventually reduce seasonal sea ice cover while
increasing vertical stratification and the input of glacial
meltwaters [Jacobs et al., 2002; Sarmiento et al., 2004;
Boyd et al., 2008]. However, these changes may be tem-
pered by an enhanced ventilation of the Southern Ocean as a
result of an intensification and poleward shift in the westerly
winds [Le Quere et al., 2007; Lenton et al., 2009]. Each of
these climatic forcings may be expected to have an impact
on the supply of iron to surface waters of the Ross Sea
polynya, as well as the mean irradiance within these waters,
which will in turn alter phytoplankton iron requirements
[Sunda and Huntsman, 1997; Boyd, 2002; Galbraith et al.,
2010]. At present, the net result of these impacts cannot be
reliably estimated, given our still-limited understanding of
the sources, sinks, and cycling of iron on the Antarctic
continental margins.
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