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We present high-accuracy isotope dilution mass spectrometry data on dissolved Fe (DFe), total dissolvable Fe
(TD-Fe) and refractory particulate Fe (REF-Fe) concentrations in snow, land-fast ice andunder-ice seawater, sam-
pled at six sites from 14 to 22 January 2003 in Erebus Bay, McMurdo Sound.We also report refractory particulate
Fe/Al ratios to help identify Fe sources. Iron concentrations in land-fast ice and snowwere two to three orders of
magnitude higher than the underlying seawater. Seawater Fe increased in all fractions over the sampling period
(8 days), likely caused by sediment resuspension induced by spring tides, which occur twice a month. We pro-
pose that entrainment of wind-blown material and sediment-derived Fe is the most important pathway for
high Fe concentrations in land-fast ice in McMurdo Sound. Iron fluxes from the sediment were estimated and
could fully account for the Fe inventory of the land-fast ice. Wind-blown lithogenic material in the snow on
the land-fast ice makes up for 14–68% of the total Fe inventory of the sea ice. It does not appear to penetrate
into the sea ice proper as snow-ice forming conditions were not present. The sources of these wind-blown par-
ticles are, in decreasing order of strength, theMcMurdo Ice Shelf, the Dry Valleys, Ross Island and Erebus volcanic
emissions. The data suggest that the usual spring breakup of sediment-laden land-fast ice to the Ross Sea may
have a significant potential fertilizing effect on thewaters of the Ross Sea Polynya. This is illustrated by the strong
diminution of primary production in the Ross Sea Polynya due to the blockade of the annual sea ice breakout by
the giant icebergs B-15 and C-19 during the austral summer of 2003.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The surface of Antarctic sea ice varies seasonally between
3.8 × 106 km2 (summer) and 19 × 106 km2 (winter) (Comiso, 2003).
As an ocean–atmosphere interface, sea ice has a considerable impact
on the polar environment. Its influence ranges from the formation of
polar deep water masses involved in the global thermohaline circula-
tion, the global radiation budget via albedo effects on the lower atmo-
sphere as well as via the heat and light distribution in the water
column, to an important ecological role as provider of a stable habitat
for diverse communities of (micro)-organisms (Garrison et al., 1986;
Legendre et al., 1992).

The role that sea ice could play in themarine biogeochemical cycle of
iron (Fe) has long been neglected due to the challenging sampling
ghts reserved.
environment. Iron plays an essential role as micronutrient for phyto-
plankton growth in the regulation of the marine carbon pump (Boyd
et al., 2007). The assessment of sea ice as a Fe fertilizing factor for the
polar oceans is likely to have consequences for paleo-climatological re-
constructions and the prediction of future climate change. A number of
recent studies (Grotti et al., 2005; Lannuzel et al., 2007, 2008, 2010;
van derMerwe et al., 2009, 2011a,2011b) have highlighted the capability
of Antarctic sea ice to accumulate Fe, with observed dissolved and partic-
ulate Fe concentrations one to two orders of magnitude higher than the
underlying seawater. The mechanism by which the Fe is accumulated is
unclear to date, but may involve scavenging during sea ice formation of
biogenic (Ackley and Sullivan, 1994) and lithogenic particles (Grotti
et al., 2005; van der Merwe et al., 2011a), Fe sequestration by sea ice
algae (Lannuzel et al., 2010) and accumulation of atmospheric dust on
the ice (Sedwick et al., 2000; Fitzwater et al., 2000; Sedwick and
DiTullio, 1997). During the seasonal melting of sea ice, this Fe is released
in the surface waters (Lannuzel et al., 2008) andmay be a triggering fac-
tor for phytoplankton blooms (Sedwick andDiTullio, 1997; Goffart et al.,
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2000) at the retreating ice edge or in polynyas (Arrigo and van Dijken,
2003).

In this paperwewill discuss results from a survey in January 2003 of
Fe concentrations in snow, sea ice and seawater in Erebus Bay
(McMurdo Sound). We hypothesize that land-fast ice from McMurdo
Sound is an important vector of natural Fe fertilization of the Ross Sea,
thanks to atmospherically (McMurdo Ice Shelf, Dry Valleys, Ross Island,
Erebus volcano) and sedimentary (sea floor sediment resuspension and
ice shelf basal debris) derived Fe.
2. Geological, hydrographical and glaciological setting

2.1. Geology

McMurdo Sound is a small marginal basin surrounded by the
Transantarctic Mountains of Victoria Land to the west, the McMurdo
Ice Shelf (MIS) to the south, Ross Island to the east and the Ross Sea to
the north (Fig. 1A). Ross Island is the site of the most active volcano in
Antarctica: Mount Erebus (Del Carlo et al., 2009) (Fig. 1A and B). The
bulk of exposed lava flows on the Erebus volcano cone is distinctively
phonolitic, contrasting with the surrounding areas on Ross Island
forming the broad platform shield of the Mount Erebus edifice and
consisting predominantly of basanitic lavas (Kyle, 1976). The volcanic
bedrock to the south and the west of McMurdo Sound is also basanitic
in nature (Kyle, 1976). Phonolitic and basanitic lavas exhibit character-
istic Fe/Al ratios, which can be useful to trace sources of Fe, e.g., basanite
median molar Fe/Al = 0.60 ± 0.03 (n = 91) (Table 1) and phonolite
median molar Fe/Al = 0.18 ± 0.02 (n = 55) (Table 1).

Victoria Land is the scene of one of theworld'smost extremedeserts,
the McMurdo Dry Valleys, a large 4000 km2 ice-free area (Bockheim,
2002) with very low humidity and precipitation. High katabatic winds
blow dust and gravel into the coastal zone (Ayling and McGowan,
2006) with intermediate molar Fe/Al compositions (median 0.41 ±
0.06, n = 269, Table 1).

On the MIS, glacial debris bands lie openly exposed on the ice shelf
surface (Atkins and Dunbar, 2009; Dunbar et al., 2009), which with
the prevailing southerly wind direction are subject to wind erosion
and transport of wind-blown dust into McMurdo Sound. This wind-
blown dust has a median Fe/Al of 0.45 ± 0.03 (n = 24) (Table 1).
2.2. Hydrography

The western shelf of McMurdo Sound has water depths of about
200 m, which slowly increases towards the east to 900 m depth near-
shore of Ross Island, where the shelf slope is very steep (Fig. 1C). A
cyclonic oceanic circulation pattern brings relatively warm and salty
Antarctic Surface Water (AASW) from the Ross Sea along the west
coast of Ross Island in southerly direction where it returns north along
the coast of Victoria Land and by doing so entrains Ice Shelf Water
(ISW) from underneath the MIS (Barry and Dayton, 1988).
Fig. 1. (A) Composite of satellite images of Ross Island, McMurdo Sound and Victoria Land
with geographic abbreviations: BI (Black Island), DI (Dellbridge Islands), MiB (Minna
Bluff), MDV (McMurdo Dry Valleys), ME (Mount Erebus), MIS (McMurdo Ice Shelf), RIS
(Ross Ice Shelf), TAM (Transantarctic Mountains), WB (Windless Bight), WI (White
Island). Also indicated are giant iceberg B-15 and smaller iceberg C-16. Giant iceberg C-19
was further to the north (see Arrigo andvanDijken, 2003). (B) Blown up section of research
area comprising Erebus Bay and western Ross Island with station positions. Green circles
represent stations with first-year sea ice, while red circles are stations with multi-year sea
ice. Satellite imagery (Terra-MODIS) is courtesy of NASA. (C) General bathymetry of
McMurdo Sound, with the ice stations represented as red dots (see also B). Courtesy of
Ocean Data View.
2.3. Glaciology

Land-fast ice is formed in the Sound during winter, between late
March and early December (Jeffries et al., 1993), and reaches an average



Table 1
Molar Fe/Al ratios in exposed lithogenic and marine materials from the McMurdo Sound
area.

Region Material type Mediana MADa n References

South of Erebus
Bay

Basanite rock 0.59 0.03 58 b

Phonolite rock 0.15 0.04 13
Intermediate rock 0.29 0.08 8
Soil/wind-blown material 0.45 0.03 24
All 0.54 0.08 103

East of Erebus Bay Basanite rock 0.59 0.06 12 c

Phonolite rock 0.19 0.02 42
Intermediate rock 0.34 0.06 28
Aerosol Erebus 0.63 0.03 3
All 0.25 0.08 85

West of Erebus
Bay

Basanite rock 0.62 0.02 21 d

Phonolite rock – – –

Intermediate rock 0.26 0.04 11
Soil/wind-blown material 0.41 0.06 269
All 0.41 0.07 301

All data Basanite rock 0.60 0.03 91
All data Phonolite rock 0.18 0.02 55

Marine sedimentMcMurdo
Sound

0.32 0.04 289 e

This study:
Erebus Bay

Snow 0.38 0.05 4
Sea ice Chl a b 0.5 μg/L 0.29 0.09 17
Sea ice Chl a N 0.5 μg/L 0.51 0.11 11
Under-ice seawater 0.12 0.04 3

a Median ± MAD: MAD is the median absolute deviation, meaning the median of the
absolute deviations from the data's median (Hampel, 1974).

b Atkins and Dunbar (2009), Del Carlo et al. (2009), Cooper et al. (2007), Crockett
(1998), and Kyle (1976).

c Kelly et al. (2008), Kyle et al. (1990), and Kyle (1976).
d Mahaney et al. (2009), Bull (2009), Williamson et al. (2007), Bertler et al. (2004),

Sleewaegen et al. (2002), Bishop et al. (2001), and Kyle (1976).
e Damiani and Giorgetti (2008), Krissek andKyle (2001), andHiekeMerlin et al. (1991).
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thickness of 1.5 to 2 m (Atkins and Dunbar, 2009; Rémy et al., 2008).
When the sea freezes, frazil ice forms as small needles, spicules or plate-
lets (Eicken, 2003) that rise to the sea surfacewhere it consolidates into
granular ice. Frazil ice on its way to the surface scavenges suspended
particulate matter (Ackley and Sullivan, 1994), such as algae, organic
detritus and lithogenic sedimentary or terrestrial material. Columnar
crystals form beneath this (Jeffries et al., 1993; Gow et al., 1998; Smith
et al., 2001; Leonard et al., 2006), and are characteristic of sea ice growth
in quiescent conditions. During this phase of ice formation, impurities
such as sea salt are rejected from the crystalline matrix and become
trapped in a network of brine pockets and brine channels. The interface
between the sea ice and the underlying seawater is porous, and it is in
this lowermost layer that growth of sea ice algae is mostly occurring.
Near ice-shelves, platelet ice may be present at the base of the sea ice
as a distinct feature of land-fast ice. Basal ice shelf melting produces
ISW, which is colder and fresher than the surrounding seawater. Its
higher buoyancy causes it to rise to the surface, duringwhich it becomes
supercooled and forms frazil ice (e.g., Smedsrud and Jenkins, 2004).
Platelet ice is the name given to this ice when it is observed underneath
sea ice. The formation of platelet ice in the sea ice cover has been linked
to the time-history of the appearance of ice crystals in the supercooled
water column (e.g., Leonard et al., 2006; Mahoney et al., 2011). Under
these circumstances the ocean acts as a heat sink, contributing to the
thickness of sea ice (e.g., Trodahl et al., 2000; Purdie et al., 2006). The ob-
servations of Leonard et al. (2006) and Purdie et al. (2006) were made
between February and September 2003, immediately following those
described here and in similar iceberg-affected conditions (Rémy et al.,
2008).

In summer, melting of the sea ice by the incoming warmer Ross Sea
water provokes the breakup of the ice cover by ocean swells and the ice
floes are transported out into the Ross Sea. The period 2000–2003 was
exceptional in that McMurdo Sound was partially blocked by the giant
iceberg B-15. It perturbed the usual advection of AASW from the Ross
Sea to the north (Robinson et al., 2010; Dinniman et al., 2007) and
restricted the first-year spring breakout of sea ice. This led to the heavi-
est pack ice conditions ever registered inMcMurdo Soundwith an accu-
mulation of land-fast ice to an average thickness of more than 3 m due
to the formation of multi-year ice (Rémy et al., 2008). The combined
perturbation by the giant icebergs B-15 and C-19 in 2003 also caused
the late seasonal opening of the Terra Nova Bay and Ross Sea Polynyas
(Dinniman et al., 2007). The unusual high sea ice cover in the Ross Sea
led to a dramatic decrease of primary productivity with repercussions
for higher trophic levels (Arrigo and van Dijken, 2003; Arrigo et al.,
2002).

3. Material and methods

3.1. Sampling and sample processing

In January 2003, sea ice cores were extracted on six sites in Erebus
Bay in southeastern McMurdo Sound (see Fig. 1B and Table 2 for a sta-
tion overview). We largely followed the methods described in
Lannuzel et al. (2006). We did not yet use an electro-polished core bar-
rel (as in Lannuzel et al., 2006), but a Teflon coated stainless steel core
barrel with a length of 1 m and a diameter of 7.5 cm. The drill was elec-
trically driven with the power generator placed several tens of meters
downwind of the sampling site. The trace metal ice core was drilled
after drilling cores for other parameters, in order to decontaminate the
core barrel. Cores were packed in multiple acid-cleaned plastic bags.
Seawater samples were taken in 2 L LDPE bottles by pumping the
water from40 to 100 cmunderneath the ice cover using a portable peri-
staltic pump (Masterflex E/S) with silicon pump tubing. Snow samples
were taken immediately after arrival on the sampling site by scooping
up snow with plastic ice scoops into 2 L LDPE bottles. All samples
were stored deep-frozen until further processing at ULB. All plastic ma-
terials coming in contact with the samples were previously acid cleaned
and copiously rinsed with ultrahigh purity (UHP) water from a
Millipore Element water purification system. Prior to use, metallic sam-
pling gear, such as the core barrel, decontamination chisel and ice saw
were cleaned with methanol, rinsed with copious amounts of UHP
water, dried with clean room tissue and kept in plastic bags. Personnel
working on the sampling site were wearing Tyvek clean room apparel,
nitrile gloves and plastic bags around boots.

For all of the Chlorophyll a data from the same survey (Rémy et al.,
2008) corresponding Fe samples were analyzed in a different ice core
taken within a 1 m distance, parallel with the ice core for Chl a analysis.
For those stations where this led to less than six depths, additional
depths were selected (station 3/194–210 cm, station 4/265–279 cm,
station 5/164–175 cm, station 5/175–186 cm, station 6/186–200 cm).
Slices of 10 to 14 cm thick were cut with a stainless steel hand saw,
upon which each slice was decontaminated with a titanium chisel and
placed in a large Savillex PFA pot with closure to melt. Snow and unfil-
tered seawater samples, which had been stored frozen, were thawed in
their sample bottles. From the sea ice, snow and seawater samples, un-
filtered and filtered splits of 250 mL were taken for determination of
total dissolvable Fe (TD-Fe) and dissolved Fe (DFe), respectively.

Samples were filtered using polycarbonate filtration devices
(Sartorius) with polycarbonate membrane filters (Nuclepore, 0.2 μm
pore size, 47 mm diameter). Gentle vacuum (b0.5 bar) was applied
with a Masterflex hand pump. The samples were acidified to pH 1.9
with 250 μL concentrated subboiled HNO3 to 250 mL of sample.

3.2. Sample preparation and Fe analysis

Full details on sample preparation and Fe analysis can be found in de
Jong et al. (2008). Briefly, TD-Fe and DFe in snow, icemelt and seawater
were analyzed by isotope dilution multiple collector inductively
coupled plasma mass spectrometry (ID-MC-ICP-MS) using a 54Fe
spike. Inmost cases 25 μL of a 500 μg/L 54Fewas added (final concentra-
tion 4.4 nM 54Fe) to a volume of 50 mL of sample. In some cases, such as



Table 2
Station data. Air temperatures (24 h periods) monitored at Scott Base (NZ).

Station # Locality Latitude
° dec S

Longitude
° dec E

Sampling date
dd-mm-yyyy

Water depth
m

Distance to shore
m

Air temp. max.
°C

Air temp. min.
°C

Air temp. avg.
°C

1 First-year Scott's Hut −77.632 166.406 16-01-2003 50 180 1.6 −5.4 −1.9
2 First-year Barne Glacier −77.587 166.136 17-01-2003 400 720 0.9 −5.6 −2.4
3 Multi-year Tent Island −77.677 166.429 18-01-2003 190 240 −3.7 −7.4 −5.6
4 Multi-year Arrival Heights −77.835 166.611 14-01-2003 100 120 −3.1 −6.8 −5.0
5 First-year Ice Edge −77.619 166.060 22-01-2003 450 1320 2.8 −1.6 0.6
6 Multi-year Erebus Ice Tongue −77.704 166.465 19-01-2003 310 720 −0.3 −6.9 −3.6
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for unfiltered snow samples or bottom ice we deviated from this to
prevent under- or overspiking, for instance by decreasing the sample
volume or increasing the spiking volume. Sample preparation consisted
of a pre-concentration step on micro-columns filled with NTA
Superflow resin (Qiagen). Measurements were done at ULB using a Nu
Plasma MC-ICP-MS (Nu Instruments, Wrexham, UK) operated in low
resolution, and in dry plasma mode using an Aridus II desolvating
sample inlet system (Cetac Technologies, Omaha, NE, USA). Dry plasma
mode greatly reduces the formation of argon based polyatomic infer-
ences (de Jong et al., 2008). Procedural blanks were obtained for the
three analytical sessions during which the samples were extracted:
0.051 ± 0.027 (n = 2), 0.064 ± 0.010 nmol/L (n = 3) and 0.171 ±
0.044 nmol/L (n = 2). Simultaneous with the analytical work we ana-
lyzed SAFe reference seawater (Johnson et al., 2007) for quality control.
Consensus values are as follows: Surface-1 (0.094 ± 0.008 nmol/L, 1
SD) and Deep-2 (0.923 ± 0.029 nmol/L, 1 SD). Our average values for
Surface-1 (0.073 ± 0.013 nmol/L, 1 SD, n = 7) and Deep-2 (0.946 ±
0.032 nmol/L, 1 SD, n = 9) are in good agreement with the consensus
values.

Total dissolvable Fe consists of the sumof DFe and a dilute nitric acid
(0.014 mol/L, pH 1.9) dissolvable portion of the particulate Fe, with
some refractory Fe possibly escaping dissolution and detection. To ob-
tain total Fe concentrations (TOT-Fe), the refractory particulate Fe
(REF-Fe) concentrations have been measured. This was determined by
filtering (as described above) 100 mLof the unfiltered acidified samples
that had been taken for TD-Fe. The filterswere digested by following the
method of de Jong et al. (2007)with amixture of HNO3/H2O2/HF (2000/
500/250 μL) in Savillex screw cap beakers towhichwas added 50 μL of a
500 μg/L 54Fe spike. They were heated for 24 h on a Teflon coated
hotplate at 100 °C in a clean air chemical work station. Subsequently,
the samples were dried down, and the residues were re-digested in
HNO3/H2O2 (2000/500 μL) to assure breakdown of organic matter.
The samples were dried down again and re-dissolved in 0.05 M
HNO3 for analysis. Filter digestion blanks amounted to 8.3 ± 1.7 ng
Fe (1 SD, n = 12), resulting in a detection limit (3 SD of the blank)
of 5.1 ng. We chose to measure the filter digests without further pu-
rification to minimize the blank. To demonstrate the fitness for pur-
pose of the acid-digestion method for biological and lithogenic
sample types, we tested the reference materials IAEA-392 (green
algae) and IAEA-405 (estuarine sediment) from the International Atomic
EnergyAgency aswell as DC-75301 (offshoremarine sediment) from the
China National Analysis Centre. Results were as follows: IAEA-392 =
504 ± 3 μg/g (2 SD, n = 2, certified value IAEA-392: 497 ± 13 μg/g, re-
covery 101%), IAEA-405 = 3.80 ± 0.08% (2 SD, n = 2, certified value
IAEA-405: 3.74 ± 0.07%, recovery 102%), DC-75301 = 3.59 ± 0.22%
Fe (2 SD, n = 3, certified value DC-75301: 3.75 ± 0.16%, recovery
96%). The excellent agreement with the certified values demonstrates
the absenceof significant interference and completeness of the digestion.

To determine Fe/Al ratios, wemeasuredREF-Al concentrations in the
same filter digests as for the REF-Fe analysis using the VG Elemental
PlasmaQuad-2 (PQ2+) ICP-MS at ULB, equipped with a Cetac Aridus
desolvating sample introduction system, which was upgraded with a
PFA microconcentric nebulizer (100 μL/min) and PFA spray chamber.
External calibration was done with standards in 0.05 M HNO3 and
Sc as internal standard. Filter digestion blanks amounted to 17.4 ±
4.0 ng Al (1 SD, n = 3) resulting in a detection limit (3 SD of filter
blank) of 12 ng. To validate the digestion method for Al, we analyzed
DC-75301 and found 6.78 ± 0.42% (2 SD, n = 3, certified value DC-
75301 6.92 ± 0.22%, recovery 98%).

Thefilter blanks for REF-Fe andREF-Al contributed between b1% and
30% to the measured concentrations.

In the followingwewill present the Fe data as themeasured param-
eters TD-Fe, DFe and REF-Fe, as well as the derived parameters total Fe
(TOT-Fe = TD-Fe + REF-Fe) and particulate labile Fe (PL-Fe = TD-
Fe − DFe). It should be noted that PL-Fe is a highly operationally de-
fined parameter, which depends on the strength and type of acid, the
length of time and temperature of storage, and the type of particles in
the unfiltered sample (Berger et al., 2008). It serves here to illustrate
trends in labile and refractory Fe. DFe represents a size cut-off of
0.2 μm and may also contain, apart from free ionic Fe, (in)organic
colloidal Fe, nanoparticulate Fe as well as truly soluble (in)organic Fe
complexes. REF-Al data serve as an indicator of lithogenic input, with
REF-Fe/REF-Al ratios as a useful tool to identify sources and sinks of
the refractory particulate phase.

3.3. Additional parameters

Bulk sea ice salinity, temperature and Chl a were determined by
standard techniques described in Rémy et al. (2008). Water depths at
the sea ice stations were estimated from a bathymetric map provided
by Land Information New Zealand (LINZ).

4. Results

4.1. Sea ice physics

Two types of sea ice could be discerned: first-year land-fast ice at
Stations 1, 2 and 5, and multi-year land-fast ice at Stations 3, 4 and 6
(Fig. 2). The ice texture of the first-year ice is characteristic for land-
fast ice near an ice shelf (Gow et al., 1998), with granular ice near the
surface, followed by columnar ice and finally platelet ice. Station 1
near Cape Evans did not exhibit platelet ice, probably because of a sub-
marine ridge between Cape Evans and Inaccessible Island (Dellbridge
Islands) inhibiting supercooled ISW to enter this zone (Smith et al.,
2001). Multi-year ice is thicker and the sequence of columnar ice and
platelet ice is repeated. Also, layers containing a mix of columnar and
platelet ice are observed at Stations 5 and 6 (Fig. 2).

The temperature profiles ranged between −1.5 °C and −3.8 °C
(Fig. 3A, B). Bulk salinities varied between 0 and 12 (Fig. 3C, D). The rel-
ative brine volumes, calculated cf. Cox and Weeks (1983), ranged be-
tween 0 and 30% (Fig. 3E, F). First-year sea ice and multi-year sea ice
exhibit different physical characteristics in terms of thickness, tempera-
ture, bulk salinity and porosity (Rémy et al., 2008) and shapes of the
profiles of these parameters. As expected the first-year sea ice is thinner
thanmulti-year sea ice (i.e., 198 ± 11 cm(n = 3) versus 326 ± 30 cm
(n = 3)) and warmer, with a difference of about 1 °C (Fig. 3A, B). The
minimum temperatures are found just below the top layer, all stations
showing signs of warming at the very surface, which may be an effect
of sampling at the warmest part of the day. The temperature in the
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bottom ice (defined as the ice at the bottom of the sea ice cover) is ap-
proaching that of the seawater freezing temperature.

Multi-year sea ice appears to be less porous and less saline, particu-
larly in the upper part of the cores (Fig. 3D, F). This is due to desalination
of the sea ice by brine drainage, causing a departure from the typical
C-shaped profiles of first-year sea ice (Fig. 3C). Relative brine volumes
in the first-year sea ice cores amounted to 12.0 ± 3.9%. Relative brine
volumes higher than 5% are indicative of the development of a well-
connected brine channel network (Golden et al., 1998). The thicker
multi-year ice had lower relative brine volumes (7.6 ± 4.9%), with
stations 3 and 6 having brine volumes well below the 5% threshold
in the upper meter of the cores, meaning that the brine channel sys-
tem can be considered impermeable and less prone to exchange pro-
cesses. The bottom ice at all stations is very porous with brine
volumes of 20–30% (Fig. 3E, F).

It should be noted thatmulti-year sea ice is not typical for this part of
McMurdo Sound, and that its occurrence is likely to have been caused
by a subtle interplay between storm events and location of the blockad-
ing iceberg B-15 (Brunt et al., 2006).

4.2. Biology

In the upper parts of the cores dinoflagellates (notably Polarella
glacialis) were predominantly found, while in the bottom ice pennate
diatoms (Amphiprora sp. andNitzschia stellata) dominated themicrobial
community (Rémy et al., 2008). Maximum Chl a abundance was ob-
served in the bottom ice (Table 3) with the highest value of 42 μg/L at
Station 1. First-year sea ice exhibited on average higher maximum Chl
a concentrations (29 ± 12 μg/L) than the multi-year sea ice (17 ±
11 μg/L), likely due to light limitation caused by the thicker ice (Rémy
et al., 2008). The multi-year sea ice exhibited maximum values near
the bottom ice but Chl a strongly decreased in the last centimeters of
ice (Table 3). We surmise that this was due to new growth of platelet
ice, which may have been responsible for isolating the original bottom
ice community to be replaced with a secondary community whose
growth was light-limited due to self-shading.

4.3. Iron distributions

4.3.1. Snow
Snowwas thin or absent due to strongwind ablation. At the stations

where snow samples could be collected (Stations 1, 2, 4 and 6), high Fe
concentrations were found (Table 4). By far the highest concentrations
were found at Station 4 in the close vicinity of McMurdo Station, the
next highest concentrations were found at near-shore station 1.
Concentration ranges were 112–2410 nmol/L DFe, 198–7282 nmol/L
PL-Fe, 45–3624 nmol/L REF-Fe, and 151–5829 nmol/L REF-Al. Micro-
scopic examination of the particulate matter on the polycarbonate
membrane filters after filtration of the melted snow revealed a mix of
quartz sand and gray and red gravel (not shown). Molar Fe/Al ratios in
the refractory particulate material decreased linearly with distance
from McMurdo station (Fig. 4), from 0.61 at Station 4 to 0.29 at Station
2, 30 km away to the north–northwest.

4.3.2. Land-fast ice
The Fe profiles in the sea ice generally had a C-shape (Fig. 5, Table 4),

with the highest concentrations at the top and at the bottom of the ice
core. Intermediate depths were generally the lowest in concentration.
First-year sea ice (Stations 1, 2 and 5) exhibited 2.2–109 nmol/L DFe,
7.6–586 nmol/L PL-Fe, 1.3–116 nmol/L REF-Fe and 8.6–470 nmol/L
REF-Al, while for multi-year sea ice (Stations 3, 4 and 6) this was 2.9–
72 nmol/L DFe, 6.6–1106 nmol/L PL-Fe, 2.0–749 nmol/L REF-Fe and
10–1462 nmol/L REF-Al.

The average depth integrated inventories (Table 5) for whole cores
follow generally similar tendencies with equal inventories for DFe, a
twice larger inventory for PL-Fe and a four times larger inventory for
REF-Fe in multi-year ice, compared to first-year ice.

Median refractory Fe/Al ratios and their median absolute deviations
(MAD: median of absolute deviations from the data's median (Hampel,
1974)) were 0.29 ± 0.09 (n = 17) for sea ice with Chl a b0.5 μg/L and
0.51 ± 0.11 (n = 11) for sea ice with Chl a N0.5 μg/L (Table 1). Median
andMADwere used as they provide typical values and robust estimates
of data dispersion (i.e., relatively insensitive to outliers).

4.3.3. Under-ice seawater
The under-ice Fe concentrations at the different stations ranged be-

tween 0.3–3.6 nmol/L DFe, 0.5–15 nmol/L PL-Fe and bDL–5.4 nmol/L
REF-Fe (Table 4). Irrespective of station positionwe observed a linear in-
crease of all concentrations with time (Fig. 6). We estimated increases of
DFe by 0.52 nmol/L/d (R2 = 0.78, p = 0.044), of PL-Fe by 2.4 nmol/L/d
(R2 = 0.96, p = 0.003) and of REF-Fe by 0.89 nmol/L/d (R2 = 0.85,
p = 0.027). REF-Al did not show a significant correlation with time
(R2 = 0.19, p = 0.55). However, a linear trend was observed for the
refractory Fe/Al ratio, which increased from around 0.14 until 0.30 with-
in a week's time (Fig. 6), resulting in a rate of 0.042 per day (R2 = 0.97,
p = 0.11).

5. Discussion

5.1. Iron concentrations in snow, sea ice and under-ice seawater

Antarctic pack ice and land-fast ice exhibit Fe concentrations one to
two orders ofmagnitude higher than the underlying seawater (Table 6).
Iron inputs to Antarctic sea ice are generally low (Lannuzel et al., 2007,
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2008, 2010) due to the fact that Antarctica is very isolated from other
landmasses, has no river runoff, has very little exposed rock and soil
as well as a relatively deep continental shelf. Atmospheric dust inputs
are generally very small (except McMurdo Sound), and the pathways
of loading sea ice with Fe are thus mainly limited to lateral diffusion/
advection from benthic fluxes in coastal areas and vertical diffusion/
advection of Fe rich deep waters (de Jong et al., 2012).

The snow Fe concentrations that we have found inMcMurdo Sound,
are exceptionally high when compared with other Antarctic studies
(Table 6). This is due to a combination of local sources of atmospheric
dust, notably the snow-free McMurdo Dry Valleys, wind-blownmateri-
al from theMIS, soil perturbation atMcMurdo Station and Erebus volca-
no. The only other study reporting very high Fe concentrations in
Antarctica is by Ikegawa et al. (1997). They observed concentrations
in the range of this study at Asuka station near the Sør Rondane Moun-
tains during austral spring 1991, which were attributed to two simulta-
neous huge volcanic eruptions, notablyMt. Pinatubo and Cerro Hudson,
although a more local crustal source like the Sør Rondane Mountains
should not be excluded (see Section 5.3 for a further treatment of atmo-
spheric inputs).

Iron distributions in land-fast ice and seawater that we report here
for the McMurdo Sound, can be compared with studies by Grotti et al.
(2005) in nearby Terra Nova Bay (Ross Sea) and by van der Merwe
et al. (2011a, 2011b) in East-Antarctic waters (Table 6). van der
Merwe et al. (2011a) sampled one land-fast ice site at a water depth
of 380 m and 75 km offshore, and found Fe concentrations in all frac-
tions that were on the whole lower than observed in our study as well
as in studies by van der Merwe et al. (2011b) and Grotti et al. (2005).
The sampling sites of our study and the studies by van der Merwe
et al. (2011b) and Grotti et al. (2005) can be directly compared, as
they consist both of land-fast ice, are within 2 km of the coast and
have similar shallow water depths of less than 500 m.

The under-ice seawater DFe concentrations of all studies exhibit
similar ranges of concentrations (0.1–4.5 nmol/L). However, comparing
the particulate Fe concentrations in seawater with those in land-fast sea
ice and open ocean pack ice suggests a link with the proximity of the
coast (Table 6), indicating that the particulate Fe distribution in land-
fast ice is influenced by lithogenic sources, such as the sediment and/
or wind-blown dust.

Comparison ofmedian concentrations between first-year andmulti-
year sea ice (Table 7) allows us to look in more detail at the Fe distribu-
tion as a function of sea ice type (i.e., granular, columnar, non-bottom
platelet and bottom (platelet or columnar)). From top to bottom of
the ice cores, the following can be observed (Table 7).

Iron concentrations in granular ice are relatively high in all fractions,
compared to the columnar ice further down-core. No significant differ-
ence was observed between first-year and multi-year ice. Granular sea
ice Fe shows high variability, thismay be due to the possible percolation
of high Fe snowmelt into the granular ice at the top of the ice which for
instance may have been the case at Station 6. Columnar ice and (non-



Table 3
Chlorophyll a concentrations.

Depth (cm) Chl a (μg/L)

First-year sea ice
ST1: Scott's hut 11 0.05

82 0.11
95 0.36

134 0.26
143 0.29
194 41.74

ST2: Barne Glacier 11 0.02
102 0.02
110 0.03
118 0.03
180 7.33
187 26.71

ST5: Ice Edge 4 0.17
113 0.50
116 0.29
206 17.92

Multi-year sea ice
ST3: Tent Island 4 0.20

12 0.08
158 1.06
278 28.54
286 2.61

ST4: Arrival Heights 11 0.10
107 0.40
114 2.12
322 5.30
345 0.10

ST6: Erebus Ice Tongue 3 0.10
143 0.25
291 1.86
337 21.86
344 10.41
351 2.79
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bottom) platelet ice exhibit the lowest Fe concentrations of all ice types.
Columnar ice DFe and PL-Fe are significantly lower in multi-year ice as
compared with first-year ice (t-test, 95% confidence level), probably
for reasons of brine drainage that drives desalination in multi-year ice.
REF-Fe was not significantly different between multi-year ice and
first-year ice, suggesting that refractory material may have been more
incorporated into the sea ice lattice and therefore less sensitive to
brine drainage. PL-Fe is likely associated with biofilm gel (Becquevort
et al., 2009) in brine pockets and brine channels, as well as the walls
thereof, while DFe is to be found in the brine liquid (van der Merwe
et al., 2011a). This makes both fractions sensitive to changes in relative
brine volume, but due to greater mobility of DFe a decoupling in the re-
lease of PL-Fe and DFe may occur during sea ice melt (van der Merwe
et al., 2011a). Contrastingly, non-bottom platelet ice in multi-year ice
is significantly higher (t-test, 95% confidence level) in DFe, PL-Fe and
REF-Fe values than in first-year ice. All the non-bottom platelet ice
layers in the multi-year ice belong to the second-year new growth
phase (the exception is station 6/135–149 cm, not further taken into ac-
count here. This layer consists probably of remnant bottom platelet ice
from the first year ice growth. Its concentrations resemble those of co-
lumnar ice also due to brine drainage). As themulti-year sea ice stations
are located in generally shallower waters, the observed difference may
be due to stronger scavenging by buoyant platelet ice of suspended par-
ticulatematter derived from sediment resuspension in these higher tur-
bidity waters.

The highest Fe concentrations in all fractions are generally associat-
ed with the bottom ice, whether columnar bottom ice (station 1) or
platelet bottom ice (all other stations). Bottom ice PL-Fe in multi-year
ice is 12× higher than in first-year ice, while bottom ice REF-Fe is 6×
higher than in first-year ice (Table 7). PL-Fe is higher not only because
sea ice algae in multi-year bottom ice had more time to scavenge DFe
from a generally shallower water column, but they probably also scav-
enged DFe that came down from the upper layers of the ice during
brine drainage. A part of this biologically scavenged Femay subsequent-
ly be transformed in more refractory Fe phases (see Section 5.4).

With respect to the relative contribution of PL-Fe to total particulate
Fe, given as PL-Fe/(PL-Fe + REF-Fe), we find that first-year ice (83 ±
7%, n = 18) and multi-year ice (67 ± 12%, n = 17) are significantly
different (t-test, 95% confidence level). This suggests not only that
more PL-Fe has been transformed into refractory Fe species in multi-
year ice, but also that more suspended sedimentary material has been
incorporated into the ice due to the shallower waters in which the
multi-year ice was present. Overall, these PL-Fe percentages are high
formarine suspended particulatematter.We find similar values for sea-
water (68 ± 16%, n = 5) and for snow (74 ± 7%, n = 4). If we com-
pare these with data from the open Ross Sea by Coale et al. (2005),
who used an acetic acid leaching technique of filtered suspended partic-
ulate material, PL-Fe represents only 8 ± 7% (n = 188). One reason for
this difference may be the operationally defined nature of determining
PL-Fe. Berger et al. (2008) presented evidence that the acetic acid
leaching technique of collected particles is too weak, but that the dis-
solvable method, which was applied here, may be too harsh, i.e. it
would also attack a part of the residual fraction and would thus
overestimate the potentially bioavailable exchangeable Fe fraction. It
could also be argued that the PL-Fe percentages presented here are real-
istic and that they are high in the sea ice due to the strong cycling of Fe
by the biota present in the sea ice, and high in wind-blown dust in the
snow because of the low degree of Fe oxidation of the bedrock source
material. This is due to very slow chemical weathering (Mahaney
et al., 2009) in the region, leading to relatively high proportions of Fe
bearingminerals to be in the ferrous form. Once into contact with aque-
ous media (snowmelt, seawater) this reduced Fe rapidly dissolves, but
also rapidly oxidizes to secondary Fe oxyhydroxide phases that may be
easily exchangeable. Suspended particulate matter of McMurdo Sound
would probably have high PL-Fe due to the biogenic nature of the sur-
face sediment (Dunbar et al., 1989).

5.2. Under-ice sources of Fe

The observation of the under-ice seawater Fe concentrations in-
creasing linearly during the sampling period (Fig. 6) could be explained
by several mechanisms. A first possibility is sea ice melting. This would
mean that despite the physical differences between the stations and the
variable Fe concentrations at the different stations, the drainage of Fe
from the melting sea ice would steadily increase independent of site
and/or becoming rapidly mixed within the upper mixed layer of the
whole of Erebus Bay. At the rates by which Fe concentrations were in-
creasing in the seawater, and given the sea ice Fe inventories, the sea
icewould be completely depleted of all Fewithin 5 days, if sea ice drain-
age was the only source of Fe to the water column. Iron depletion is not
what we observe in the sea ice and we therefore have to consider addi-
tional sources.

A second possibility is that a sediment resuspension event was tak-
ing place, affecting the eastern slopes of SouthernMcMurdo Sound. Sed-
iment resuspension is a well-known phenomenon in McMurdo Sound
(Leventer and Dunbar, 1987), resulting in a pervasive near-bottom
nepheloid layer of 25 to 250 m thick (Dunbar et al., 1989) and usually
more common in winter (Dunbar et al., 1989; Berkman et al., 1986).
In order to explain the observed increases of 0.52 nmol/L/d DFe,
2.4 nmol/L/d PL-Fe and 0.89 nmol/L/d REF-Fe in an ~400 m water col-
umn, fluxes across the sediment–water interface are required of
208 μmol/m2/d DFe, 960 μmol/m2/d PL-Fe and 356 μmol/m2/d REF-Fe.
For DFe, similar sediment flux ranges have been reported in literature,
for instance for the Pacific continental margin by Elrod et al. (2004)
(range 1.3–10.8 μmol/m2/d) and Severmann et al. (2010) (range
6–568 μmol/m2/d), while Blain et al. (2008) report a value for the sub-
antarctic Kerguelen island shelf of 136 μmol/m2/d. Other values for



Table 4
Fe and Al concentrations in land-fast ice of McMurdo Sound.

Layer
cm

Ice type DFe
nmol/L

TD-Fe
nmol/L

PL-Fe
nmol/L

REF-Fe
nmol/L

TOT-Fe
nmol/L

REF-Al
nmol/L

REF Fe/Al

ST1
16-01-2003
First-year

Snow 295 2192 1897 675 2866 1888 0.36
38–52 G/C 23 147 125 28 176 153 0.19
62–76 C 20 82 63 12 94 55 0.21
76–90 C 10 55 44 6 61 32 0.20
125–139 C 24 130 107 17 147 44 0.38
139–153 C 20 68 48 5 73 20 0.27
181–195 C 107 168 61 32 201 57 0.58
Seawater 0.26 0.80 0.54 bDL 1.5 9 –

ST2
17-01-2003
First-year

Snow 155 354 198 45 399 153 0.30
2–17 G/C 34 119 85 11 130 23 0.48
92–102 C 9.3 63 53 17 79 59 0.30
102–116 C 7.0 29 22 4.3 33 15 0.30
117–131 P 2.2 13 11 3.6 16 27 0.14
161–175 P 2.8 10 7.6 1.5 12 10 0.15
175–189 P 29 108 79 25 133 63 0.43
seawater 0.91 2.2 1.3 bDL 2.4 bDL –

ST3
18-01-2003
Multi-year

Snow – – – – – – –

0–10 G 16 79 63 27 106 96 0.29
11–20 C 3.7 12 8.4 5.3 17 11 0.54
150–163 C 5.6 17.1 11 4.4 21 bDL –

194–210 C 9.2 27.1 18 8.1 35 56 0.16
262–275 P 58 131 73 28 159 52 0.59
276–291 P 72 1178 1106 749 1927 1602 0.51
Seawater 1.2 7.9 6.7 3.0 11 25 0.14

ST4
14-01-2003
Multi-year

Snow 2410 9692 7282 3624 13316 5948 0.62
2.5–16.5 C 2.9 20 17 7.8 28 33 0.25
93–107 C 4.1 33 29 20 53 23 0.95
109–123 C 10 137 126 68 205 127 0.58
265–279 P 20 106 86 32 138 121 0.29
308–322 P 13 148 135 49 197 222 0.25
329–341 P 62 1058 996 197 1255 386 0.58
Seawater – – – – – – –

ST5
22-01-2003
First-year

Snow – – – – – – –

0–11 G 83 542 459 116 658 481 0.25
102–114 C 22 81 59 12 93 20 0.63
114–125 C/P 14 96 82 10 107 17 0.70
164–175 P 11 80 69 9.6 89 16 0.69
175–186 P 27 80 53 7.7 88 18 0.50
199–211 P 109 695 586 53 748 90 0.67
Seawater 3.7 18 15 5.2 23 22 0.30

ST6
19-01-2003
Multi-year

Snow 112 742 630 206 948 568 0.40
0–13 G/C 52 477 425 – – – –

135–149 P 8.2 23 15 1.8 25 14 0.20
186–200 C 4.8 11 6.6 4.3 16 32 0.20
275–289 P 20 61 41 26 87 97 0.40
324–335 P 24 288 264 89 377 377 0.37
335–346 P 62 150 88 174 323 844 0.34
Seawater 0.54 8.1 7.6 4.0 12 51 0.15

G: granular ice.
P: platelet ice.
C: columnar ice.
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coastal marine sediments are not much different, e.g., Pakhomova et al.
(2007) measured fluxes in the Gulf of Finland between 5 and
1000 μmol/m2/d while Epping et al. (1998) measured between 20 and
1440 μmol/m2/d in an intertidal area of the coastal North Sea. Sedi-
ments have thus a clear potential to explain the inferred fluxes. These
fluxes are alsomore than sufficiently large to fuel the observed Fe inven-
tory of the sea ice. The increase in Fe/Al ratios in the under-ice seawater
supports the sea ice–sediment link for Fe supply. These ratios increased
from 0.14, a low value in the range of those for biogenic opal (Table 8)
suggesting the presence of diatom frustules, to 0.30, which is close to
local marine sediment values (Table 1). This suggests a shift from bio-
genic suspended particulate material in the water column to more
lithogenic suspended particulate material. Moreover, there is a good
linear correlation between water depth at the stations and the internal
sea ice inventories of REF-Fe and REF-Al, with highest inventories in the
shallowest waters (Fig. 7). The exception of Station 1 as the only station
without platelet ice underscores the importance of platelet ice
scavenging of lithogenic material. The absence of correlations of
DFe and PL-Fe inventories in sea ice versus water depth (not
shown) could indicate that these fractions in sea ice undergo internal
transformations resulting in a balance struck between production
and loss terms. Dissolved Fe production results from dissolution of
particulate Fe by photoreduction, organic complexation, viral lysis, bac-
terial remineralization, zooplankton grazing, and protozoa ingestion
(Hassler and Schoemann, 2009). Loss of DFe occurs through brine drain-
age and biological uptake/particle scavenging (i.e., conversion to PL-Fe
or REF-Fe) (Lannuzel et al., 2007, 2008). An indication of DFe loss
through brine drainage can be found in the observation that the salinity
and relative brine volumes are about a factor two to three lower in the
upper half of the cores of multi-year ice, as compared with first-year
ice (Fig. 3). This desalination leads to similar DFe concentrations and in-
ventories in both first-year ice and multi-year ice.

A sediment resuspension event could have been triggered by tidal
forcing in McMurdo Sound. Tides in McMurdo Sound have a diurnal
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Table 5
Depth integrated Fe and Al inventories of McMurdo sea ice.

Station # DFe
μmol/m2

PL-Fe
μmol/m2

REF-Fe
μmol/m2

TOT-Fe
μmol/m2

TOT-Fe
μmol/m2

% DFe of TOT-Fe % of TOT-Fe REF-Al
μmol/m2

SI S SI S SI S SI S SI + S SI + S S SI S

First-year
1 63 29 161 190 36 67 260 287 546 17% 52% 141 188
2 30 16 91 20 19 5 140 40 180 25% 22% 59 16
5 64 – 275 – 42 – 382 – – – – 97 –

Multi-year
3 49 – 234 – 143 – 426 – – – – 307 –

4 47 241 427 728 154 362 627 1332 1959 15% 68% 356 583
6 77 11 446 63 69 21 591 95 686 13% 14% 204 51

First-year
Average 52 176 32 260 99
SD 20 93 12 121 41

Multi-year
Average 58 369 122 548 289
SD 17 117 46 107 78

SI: sea ice.
S: snow.
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cycle with a period between spring and neap tide of 13.66 days (Goring
and Pyne, 2003). The sampling period of this study coincided with a
spring tide phase (Robinson et al., 2010), which may have induced
resuspension of the sediments due to strong bottom currents
(Leventer and Dunbar, 1987; Berkman et al., 1986).

Rising platelet ice may assist in upward transport of biogenic and
terrigenous debris (Dunbar et al., 1989). A sub-surface layer of platelet
ice may have been present during our sampling period in summer
2003, provoked by the unique condition of iceberg B-15 blocking
McMurdo Sound since 2000. At the time of sampling, waters under-
neath theMISwere below the surface freezing temperature of seawater
along the whole water column (Robinson et al., 2010). Robinson et al.
(2010) also observed a tongue with the coldest waters at decreasing
depths (350 m to 250 m), in function of upward sloping of the under-
side of the ice shelf, which may have extended into McMurdo Sound
as a source of platelet ice formation. Suspended platelet ice was collect-
ed under the eastern MIS (Robinson et al., 2010), as well as under a sea
ice station in front of the MIS, not far from our Station 4 (Robinson,
2004). Moreover, the multi-year sea ice stations show indications of
slop
R  = 0.9

0

2

4

6

8

10

12

14

16

18

20

15-01 17-01 19-01

Fe
 (

nm
ol

/L
)

Date (dd-m

DFe 

PL-Fe 

REF-Fe 

Fe/Al 

ST1 

ST2 

ST3 
ST6

Fig. 6. Increases with time in under-ice seawater of DFe, PL-Fe, R
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5.3. Atmospheric input

McMurdo Sound is subject to various sources of atmospheric input,
leading to high Fe concentrations in snow (Table 4). The Fe inventories
in snow (Table 5) are 11–241 μmol/m2 DFe, 20–728 μmol/m2 PL-Fe
and 5–362 μmol/m2 REF-Fe. The total snow Fe inventory of 40–
1332 μmol/m2 TOT-Fe represents between 14% and 68% of the total sea
ice Fe inventorywith the lowest contributions at the stations the furthest
offshore fromRoss Island (18 ± 6%, Stations 2 and 5) and the highest for
the stations closest to shore (60 ± 11%, Stations 1 and 4). We will
further discuss flux estimates in the following sub-sections.

5.3.1. McMurdo Dry Valleys
Dust and gravel are blown into the coastal zone by westerly foehn

winds from the McMurdo Dry Valleys. Lancaster (2002) reported aver-
age values of total wind-blown dust fluxes in the Dry Valleys to vary
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Table 6
Overview of reported Fe concentrations (nmol/L) in snow, pack ice, land-fast ice and under-ice seawater.

Sample type DFe TD-Fe PFe Region Reference

Snow 112–2410 354–9692 243–10906 a Ross Sea, McMurdo Sound This study
– – 11–7831 East-Antarctica, Asuka Station Ikegawa et al. (1997)
– – 20.1 East-Antarctica, Dome C Boutron and Martin (1980)
0.2–1.1 0.7–6.9 1.1–12 East-Antarctica van der Merwe et al. (2011a)
0.9–7.1 9.6–47 2.3–101 East-Antarctica van der Merwe et al. (2011b)
1.0–6.5 1.8–24 2.1–15 East-Antarctica Lannuzel et al. (2007)
– 0.8–21 – East-Antarctica Edwards and Sedwick (2001)
0.7–3.2 7.8–22 7.8–14 Weddell Sea Lannuzel et al. (2008)
– 31–53 – Weddell Sea Löscher et al. (1997)
– 4.5–16 – Weddell Sea Westerlund and Öhman (1991)
0.3–1.0 1.0–5.9 – Bellingshausen Sea Lannuzel et al. (2010)

Pack ice 0.2–14 1.2–104 0.9–78 East-Antarctica van der Merwe et al. (2011a)
2.6–26 3.3–112 bDL–97 East-Antarctica Lannuzel et al. (2007)
0.7–37 2.3–98 2.3–141 Weddell Sea Lannuzel et al. (2008)
2.8–25 95 – Weddell Sea Boyé et al. (2001), de Baar and de Jong (2001)
– 11–99 – Weddell Sea Löscher et al. (1997)
0.4–30 1.7–78 – Bellingshausen Sea Lannuzel et al. (2010)

Land-fast ice 2.2–109 10–1178 9.0–1854 a Ross Sea, McMurdo Sound This study
1.1–6.0 – 26–1162 Ross Sea, Terra Nova Bay Grotti et al. (2005)
0.8–2.1 17–378 7.5–215 East-Antarctica van der Merwe et al. (2011a)
2.1–81 34–4240 40–6830 East-Antarctica van der Merwe et al. (2011b)

Seawater 0.3–3.7 0.8–18 1.1–20a Ross Sea, McMurdo Sound This study
0.7–1.5 – 28–45 Ross Sea, Terra Nova Bay Grotti et al. (2005)
0.4–4.2 – 1.1–59 Ross Sea, Terra Nova Bay Grotti et al. (2001)
0.1–2.6 0.4–7.4 0.1–2.9 East-Antarctica van der Merwe et al. (2011a)
1.5–3.7 12–48 11–60 East-Antarctica van der Merwe et al. (2011b)
1.1–4.5 1.3–3.8 bDL–4.4 East-Antarctica Lannuzel et al. (2007)
0.7–1.7 0.5–4.1 0.4–4.0 Weddell Sea Lannuzel et al. (2008)
0.1–0.6 0.3–1.6 – Bellingshausen Sea Lannuzel et al. (2010)

a For comparability derived from PL-Fe + REF-Fe.
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from a sand-dominated maximum of 442 g/m2/yr at valley floors to a
minimum of silt/clay-dominated 0.26 g/m2/yr on glaciers at higher ele-
vations, with a median value of 3.7 g/m2/yr. Wind-blown dust deposi-
tion to the coastal zone of the Dry Valleys has been estimated to be as
high as 6.5 g/m2/yr (Ayling and McGowan, 2006).
Table 8
Refractory and bulk Fe/Al ratios in biogenic marine material.

Sample
type

Location Depth Median MAD n Reference

Refractory
SPMa

Ross Sea,
spring

b100 m 0.41 0.06 22 Coale et al.
(2005)N100 m 0.30 0.05 29

Refractory
SPM

Ross Sea,
summer

b100 m 0.56 0.18 28
N100 m 0.35 0.07 34

Refractory ACCb, spring b100 m 0.41 0.04 10
5.3.2. McMurdo Ice Shelf
TheMIS is characterized by the presence of dirty ice bands consisting

of boulders, clay, sand and gravel, which have been incorporated into
the basal ice by adfreezing and transported upward by ablation
(Atkins and Dunbar, 2009). The Southern McMurdo Sound facing the
MIS experiences fall-out from thiswind-blownmaterial,which is visible
as an elongate dirty lobe on the sea ice downwind of the MIS (Atkins
and Dunbar, 2009). A remarkably high load of wind-blown material of
24.5 g/m2/yr directly in front of the MIS was estimated, decreasing to
7.8 g/m2/yr at a 20 km distance (Atkins and Dunbar, 2009). Smaller
aerosol sources to McMurdo Sound consist of exposed surface
sediments at Black Island, White Island and Minna Bluff, located
Table 7
Typical Fe concentrations per sea ice type.a

Sea ice type DFe
nmol/L

PL-Fe
nmol/L

REF-Fe
nmol/L

REF-Al
nmol/L

n

First-year ice
Granular 34 ± 12 125 ± 39 28 ± 18 152 ± 129 3
Columnar 17 ± 6 56 ± 10 11 ± 5 25 ± 11 8
Non-bottom platelet 7 ± 4 32 ± 23 6 ± 3 15 ± 4 4
Bottom (platelet or
columnar)

107 ± 1 79 ± 18 32 ± 7 58 ± 3 3

Multi-year ice
Granular 34 ± 18 244 ± 181 27 94 2 (1)
Columnar 5 ± 1 17 ± 9 8 ± 3 27 ± 17 7
Non-bottom platelet 20 ± 4 86 ± 45 32 ± 6 109 ± 61 5
Bottom (platelet) 62 ± 1 996 ± 109 196 ± 23 510 ± 173 3

a Median ± MAD. MAD is the median absolute deviation, meaning the median of the
absolute deviations from the data's median.
30–70 km south of Ross Island. Accumulation of wind-blown material
from these sources in Windless Bight directly south of Ross Island was
estimated at 0.80 g/m2/yr (Dunbar et al., 2009).

5.3.3. Mount Erebus volcano
Volcanic activity consisted during the last decades of degassing of an

active lava lake in the summit's crater and frequent low-intensity
Strombolian eruptions (up to 6 per day) (Kelly et al., 2008) from the
lava lake or subsidiary vents, from which a persistent volcanic plume
SPM N100 m 0.52 0.08 25
Refractory
SPM

ACC, summer b100 m 0.64 0.19 24
N100 m 0.55 0.18 22

Refractory
SPM

South of Crozet
Islands

30–340 m 1.07 0.11 5 Planquette
et al. (2009)

Refractory
SPM

Near Crozet
Islands

0.52 0.01 3

Refractory
SPM

North of Crozet
Islands

0.66 0.13 13

Sample
type

Location Material Median MAD n Reference

Sediment ACC Biogenic
opal

0.08 0.04 32 Ellwood and
Hunter (2000)

Sediment
core-top

ACC, NW
Pacific Ocean

Biogenic
opal

0.07 0.02 6 Shemesh et al.
(1988)

Plankton
net tows

NE Pacific Ocean Diatom
frustules

0.13 0.05 14 Martin and
Knauer (1973)

a SPM: suspended particulate matter.
b ACC: Antarctic Circumpolar Current.
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Fig. 7. Sea ice inventories of REF-Fe and REF-Al, as a function of seafloor depth. Between brackets is Station 1, the only station without platelet ice (see text).

35J. de Jong et al. / Marine Chemistry 157 (2013) 24–40
emanates, which disperses widely across the Ross Sea and Ross Ice Shelf
(Kyle et al., 1990; Chuan et al., 1986). Airborne measurements
conducted by Chuan et al. (1986) in December 1983 led to a particle
flux estimation of 21.3 ± 3 metric ton/d. Alternatively, using SO2 fluxes
as obtained by Kyle et al. (1990) in December 1984 as well as reported
Al/S ratios in particles collected on the crater rim, and the Al abundance
(10.6%) of the magma, we calculated a particle flux of 7.7 ± 4.7 metric
ton/d. It is probable that the bulk of the volcanic ash is transported out to
the open Ross Sea as a result of the predominantly southerly winds,
without so much as affecting the direct surroundings of the volcano,
also given the fact that the ash is injected into the atmosphere at a
3800 m altitude (Chuan et al., 1986). Assuming that 50% of the ejected
volcanic particles are larger than 20 μm and will fall out within a
semi-circular area with a radius of 300 km as in Chuan et al. (1986),
small deposition rates of only 0.010–0.028 g/m2/yr could be deduced.
Only atmospheric fall-out from large eruptionswould have a noticeable
effect on the marine biogeochemistry of the region.

5.3.4. Ross Island
The total Fe concentrations in the snow particulate matter together

with refractory Fe/Al ratios (assuming that these are the same for total
Fe/Al ratios) and the total Al abundance in the source material from
McMurdo soil (7.5 ± 0.1%, value used for Stations 4 and 6) (Crockett,
1998) and from western Ross Island volcanic rock (9.5 ± 1.3%, value
used for Stations 1 and 2) (Kyle, 1976), allowed us to approximate the
accumulation rate of wind-blown material in Erebus Bay. Assumptions
were made for snow deposition rate (0.69 kg/m2/d) (Braaten, 1997)
and snow density (500 kg/m3) (Braaten, 1997), as well as snow wind
erosion and snow sublimation (5% and 9%, respectively) (van Lipzig
et al., 2004). The wind-blown dust fluxes amounted in descending
order to 3.4 g/m2/yr (Station 4), 1.0 g/m2/yr (Station 1), 0.30 g/m2/yr
(Station 6) and 0.17 g/m2/yr (Station 2).

It is likely that the particulate matter accumulated on the snow at
Station 4 was derived from soil perturbation by human activity at
McMurdo Station (Crockett, 1998), blown there by the predominantly
easterly winds at this site (Mazzera et al., 2001). When considering a
PM10 aerosol concentration (atmospheric particulate matter b 10 μm)
of 4 μg/m3 at McMurdo Station (Mazzera et al., 2001) and a deposition
velocity of 2 cm/s formineral dust in a coastal environment (Duce et al.,
1991), a dust deposition rate of 2.5 g/m2/yr can be deduced. Despite
large uncertainties in the deposition velocity, this is in reasonable agree-
mentwith our findings for nearby Station 4, giving confidence in the re-
sult we obtained. The high value at Station 4 corresponds less well with
the 0.80 g/m2/yr reported by Dunbar et al. (2009) for nearby Windless
Bight on the other side of Hut Point Peninsula, which is understandable
as this area lies upwind fromHut Point Peninsula and receives dust from
sources further away (such as Minna Bluff, Black Island and White
Island).

The provenance of particles accumulated in the snow at Station 1 is
likely exposed soil and rock from the western shore of Ross Island and
its adjacent small islands (Fig. 1B). This is supported by a trend in the re-
fractory Fe/Al ratios versus distance from McMurdo Station (Fig. 4). It
shows a linearly decreasing trend, which can be interpreted as amixing
line between a basanitic signature from the south of Erebus Bay (medi-
an Fe/Al = 0.54, Table 1) to lower Fe/Al further north derived from
wind-blown material of more phonolitic compositions of Ross Island
(median Fe/Al = 0.25) (Table 1). A similar mixing line as discussed
above can also be seen in the Fe/Al descending trend of the wind-
blown dust on the sea ice in central Southern McMurdo Sound (data
in supplementary material in Atkins and Dunbar (2009)), which is lo-
cated to the west of Erebus Bay. Fe/Al in particles N30 μm descends
within the first 15 km northward of the dirty ice of the MIS from 0.6
to 0.4 along a similar slope as our data. Fe/Al in particles b30 μm re-
mains constant at a ratio of about 0.44. As of 15 km away and beyond,
Fe/Al b30 μm and N30 μm converge and remain constant at levels of
Fe/Al = 0.41. This leveling-off suggests a particle size sorting effect on
Fe/Al with increasing distance from the source andmay indicate the in-
creased presence of fine wind-blown dust with Fe/Al = 0.41, typical of
sources in the Dry Valleyswest ofMcMurdo Sound (Table 1), brought in
by westerly foehn winds. Summarizing, these results suggest a dust
mixing in Erebus Bay between sources to the south and to the east, con-
trasting with dust mixing in Southern McMurdo Sound involving
sources to the south and to the west. Dust from the Dry Valleys thus
seems not to be deposited in significant amounts at our sampling sites
in Erebus Bay, but would probably be deposited further to the west.

In conclusion, the estimated atmospheric fluxes for Erebus Bay are
high compared with those found elsewhere in Antarctica (in the range
of only 0.004–0.2 g/m2/yr) (e.g., Wagener et al., 2008; McConnell
et al., 2007; Planquette et al., 2007). The atmospheric dust sources in
our study area appear to be predominantly local and can be associated
with areas where rock and soil lie exposed to the wind and/or human
soil perturbation occurs on the western shores of Ross Island. The mag-
nitude of these dust sources (0.17–3.4 g/m2/yr) is significantly higher
compared to an estimated 0.010–0.028 g/m2/yr from Erebus volcano,
but lower compared to wind-blown dust fluxes into the western
McMurdo Sound from the Dry Valleys (3.7–6.5 g/m2/yr) (Ayling and
McGowan, 2006; Lancaster, 2002) and the MIS (7.8–24.5 g/m2/yr)
(Atkins and Dunbar, 2009). These dust fluxes, while taking into account
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the specific Fe abundances of the different source areas, translate into
TOT-Fe deposition rates of 30–93 μmol/m2/d (MIS, 7.8% Fe), 11–
19 μmol/m2/d (western McMurdo Sound, 5.9% Fe), 0.48–9.5 μmol/m2/d
(Erebus Bay, 5.7% Fe) and 0.019–0.053 μmol/m2/d (Erebus volcano,
3.9% Fe). Assuming a dissolution rate of 5% in seawater, atmospheric
DFe fluxes to open waters in McMurdo Sound would amount to 1.5–
4.7 μmol/m2/d (MIS), 0.54–0.94 μmol/m2/d (western and central
McMurdo Sound), 0.024–0.48 μmol/m2/d (Erebus Bay) and 0.0010–
0.0027 μmol/m2/d (Erebus volcano). These fluxes can be compared
with the benthic Fe fluxes as derived from our water column data,
which during spring tide can be as high as ~200 μmol/m2/d DFe or
~1500 μmol/m2/d TOT-Fe. This comparison suggests that the sediment
could be by far the most important Fe source to the sea ice in McMurdo
Sound. However, this is not taking into account the efficiency by which
this Fe supplywill be associatedwith the sea ice cover. The TOT-Fe inven-
tory in snow in Erebus Bay varies between 40 and 1332 μmol/m2

(Table 5). Assuming a 9 month ice cover, this inventory would require
a flux of 0.15–4.9 μmol/m2/d to be built up. The actual atmospheric Fe
fluxes are in the range of 0.48–9.5 μmol/m2/d, implying that 30–50% of
the atmospheric Fe supply to the snow remains on the ice, while the
rest is further dispersed with the prevailing winds towards the Ross
Sea by wind ablation of snow and saltation of particles. In the case of
sediment incorporation into the sea ice, the TOT-Fe inventory in sea ice
in Erebus Bay is on average 260 ± 121 μmol/m2 for first-year ice
(Table 5). If we take an initial rapid sea ice growth phase of 1 week at
growth rates exceeding 10 cm per day (Leonard et al., 2006) during
which most of the particulate matter becomes trapped in the ice
(Garrison et al., 1986), a flux of about 40 μmol/m2/d TOT-Fewould be re-
quired to build up the sea ice inventory. The actual benthic TOT-Fe flux
was as large as 1500 μmol/m2/d, suggesting that 2.5% of the benthic Fe
supply to the sea ice from below should become retained in the ice.
This estimate does not take into account an unknown amount of Fe,
which is lost due to spring melt, so the actual winter inventory is proba-
bly higher and scavenging efficiency as well. Also, this estimate is calcu-
lated with a benthic Fe flux which was at its highest during a spring tide
sediment resuspension event. In between these tidal events, the benthic
Fe flux is probably much lower and therefore the scavenging efficiency
may be higher. This estimate may however represent an upper limit, be-
cause the land-fast ice cover continues to thicken at reduced growth
rates of less than 1 cm per day for the duration of several months longer
(Leonard et al., 2006; Purdie et al., 2006). This further growth is likely to
allow for further scavenging of resuspended benthic particulate matter
during phases of platelet ice formation inmid-winter, but towhat extent
remains unknown. Also unknown is the amount of DFe sequestered by
the biota dwelling in the sea ice, and transferred to PL-Fe and/or REF-
Fe phases, which contributes as well to the built-up of the Fe inventory
of the sea ice.

Comparison of the Fe concentrations in snow and in the top layers of
the land-fast ice, shows that the high snow signal does not become in-
corporated into the sea ice or at least not very deeply, as snow-ice
formation conditions (such as seawater flooding due to a thick snow
cover followed by refreezing) were absent in the McMurdo area. En-
hanced Fe concentrations were found in the top layers of the sea ice
only at Stations 5 and 6 (Fig. 5). Higher temperatures were registered
on the sampling dates of Stations 5 and 6 (Table 2), which could have
induced some snowmelt and percolation of the Fe enriched melt
water into the surface layers of the sea ice. Unfortunately, we neither
have snow Fe/Al at Station 5 nor top layer Fe/Al at Station 6 to establish
a direct atmospheric link between high Fe concentrations in snow and
the top layer of the ice cores at Stations 5 and 6.

5.4. Particulate Fe/Al ratios in bottom ice

The variation of refractory Fe/Al with depth in sea ice cores shows
distinct signatures between layers with high and layers with low Chl a
present (Tables 1, 3 and 4). Median values of 0.29 ± 0.09 (n = 17)
for sea ice with Chl a b0.5 μg/L may reflect the signature of sediment-
derived material as sediments in McMurdo Sound and the western
Ross Sea exhibit a median value of around 0.32 (Table 1). Significantly
higher median values of 0.51 ± 0.11 (n = 11) for sea ice with Chl a
N0.5 μg/L (t-test, 95% confidence level) were typically found in bottom
ice, but also in some intermediate layers with remnant Chl a at multi-
year sea ice Stations 3 and 4, and cannot be explainedwith the sediment
Fe/Al signature. These high Fe/Al ratios could be caused by two process-
es. A first possibility is linkage with the abundance of sea ice algae
(pennate diatoms) in the bottom ice. The REF-Fe enrichment relative to
REF-Al may be due to biological Fe uptake and/or passive Fe adsorption
by the diatoms. Biological uptake involves incorporation of Fe in metal
activated proteins and enzymes as well as refractory metalloproteins
and storage products, which may resist chemical attack (Collier and
Edmond, 1984). Adsorption of Fe is likely to occur on diatom cell surfaces
(Sunda, 2001; Collier and Edmond, 1984) in the form of poorly crystal-
line hydrous ferric oxide (HFO). The adsorbed HFOmay upon aging con-
vert into more crystalline and refractory Fe oxyhydroxides such as
hematite, α-FeOOH and γ-FeOOH (Sunda, 2001).

An alternative explanation for the higher observed refractory Fe/Al in
bottom ice is a linkage to a source to the south of lithogenicmaterial with
a suitably high Fe/Al ratio, such as could be derived from melting of the
base of the MIS cavity, and transported to our research area further
north in supercooled ISW. This lithogenic material may be scavenged
into the bottom ice during platelet ice formation. Contradicting this ex-
planation is however the observation that high Fe/Al is not limited to bot-
tom platelet ice only, but also occurs in columnar bottom ice (Station 1)
and intermediate columnar ice layers with remnant Chl a (Stations 3 and
4). As described above,we observed a significant correlation between sea
ice inventories of REF-Fe or REF-Al and water depth suggesting that the
local sediments are the dominating source rather than a more remote
source from under the MIS. Enhanced terrigenous suspended particulate
matter associated with mid-water cold tongues of melt water from a
small glacier terminus has indeed been observed to penetrate only
about 1 km into the adjacent ocean (Domack et al., 1994), making it un-
likely that sedimentary particles from basalmelting could be transported
several tens of kilometers away from the ice shelf terminus without
sedimenting out again. An alternative source of lithogenic material
from basal melting of ice shelves or glaciers could be the nearby Erebus
Ice Tongue (Dunbar et al., 1989) in Erebus Bay. However, the lithogenic
material from the east side of McMurdo Sound has a low Fe/Al ratio of
0.25 (Table 1), which makes it an unlikely candidate.

High refractory Fe/Al ratios in biogenic suspended particulatematter
have been observed before. Refractory Fe and Al data from Coale et al.
(2005) for suspended particulatematter from the Ross Sea and the Ant-
arctic Circumpolar Current revealed for both contrasting marine set-
tings (i.e., continental shelf sea versus open ocean) an increase of the
refractory Fe/Al ratio in the upper 100 m from spring to summer
(Table 8), while deep water (N100 m) Fe/Al remained constant. This is
consistentwith the notion of biological uptake during the ongoing sum-
mer blooms and transfer into a refractory biogenic Fe pool. Refractory Fe
and Al data reported by Planquette et al. (2009) indicated terrigenous
refractory Fe/Al ratios of 0.52 in suspended particulate matter close to
the Crozet Islands in the Southern Ocean, typical of their bedrock com-
position of about 0.51, and more biogenic values upstream (1.07) and
downstream (0.66) of the islands (Table 8). However, not all kinds of
biogenic particulate matter will show high refractory Fe/Al ratios, as is
the case for diatomaceous opal. Published Fe/Al ratios in opal from care-
fullywashed sediments and plankton net tows (Table 8) indicate a Fe/Al
ratio of biogenic opal of 0.13 and lower. The refractory particulate mat-
ter in bottom ice in McMurdo Sound likely contains a mix of biogenic
and sediment-derived lithogenic material. The biogenic refractory ma-
terial probably consists of diatomaceous opal and a ‘soft-tissue’ related
refractory fraction (organics such as metalloproteins and storage prod-
ucts, as well as authigenic oxyhydroxides either as precipitates or as
coatings).



Table 9
Fe budget for the Ross Sea.

DFe flux
μmol/m2/d

%
contribution
new DFe

Reference

New DFe flux
Vertical upwelling/diffusion 0.027 3–7% Coale et al. (2005)
Horizontal advection/diffusion 0.010–0.10 3–12% de Jong et al. (2012)
Melting land-fast ice McMurdo 0.050–0.32 13–38% This study
Melting open ocean pack ice 0.30–0.38 77–45% Lannuzel et al.

(2007, 2008)
Sum of melting sea ice 0.35–0.70 90–84%
Blown snow McMurdo Sound 0.0002–0.006 0.1–0.7% This study
Mount Erebus volcano 0.001–0.003 0.3–0.4% This study
Total 0.39–0.84

Regenerative DFe flux
Microbial loop, avg. fe = 0.33 0.79–1.7 Boyd et al. (2005),

Sarthou et al. (2008)
Krill grazing 0.006–0.076 Schmidt et al. (2011)
Higher trophic level recycling 0.039 Nicol et al. (2010)
Total 0.83–1.8

Grand total 1.2–2.7
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5.5. Biogeochemical importance of McMurdo Sound sea ice for primary
productivity in the Ross Sea

The sea ice from McMurdo Sound, Fe-rich from sedimentary inputs
and loaded with wind-blown dust in its snow, may provide an impor-
tant source of Fe to the Ross Sea when the usual sea ice breakout occurs
in Spring.With the combined sea ice + snow cover inventory of TOT-Fe
in McMurdo Sound at the various stations ranging between 180 and
1959 μmol/m2 (Table 5), and taking an area of 55 × 55 km for sea ice
covered McMurdo Sound at the end of winter, the sea ice contains 30–
331 metric tons of Fe. If we consider the fraction of DFe in snow and
sea ice (average 17 ± 5%; Table 5) as representative for its solubility,
then McMurdo Sound land-fast ice has a potential of bringing 5.2–
56 metric tons of soluble Fe into the Ross Sea when it breaks out and
melts in spring. Indeed, observations have confirmed enrichment with
dissolved and particulate Fe to various degrees of the upper mixed
layer of the Ross Sea in sea ice covered waters (e.g., Rivaro et al., 2011,
2012; Grotti et al., 2001; Sedwick et al., 2000). Iron release frommelting
sea ice takes place gradually, but this happens over a relatively short
time period without necessarily complete meltdown of the sea ice
(Lannuzel et al., 2008). Taken over a period of 30 days (Lannuzel et al.,
2008), the release of the snow + sea ice DFe inventory of 45–
288 μmol/m2 (Table 5) would lead to fluxes of 1.5–9.6 μmol/m2/d DFe.
This is higher than previous estimates for open ocean pack ice by
Lannuzel et al. (2007, 2008) for East-Antarctic waters (0.30 μmol/m2/d)
and the Weddell Sea (0.38 μmol/m2/d). However, the dispersion of the
sea ice from McMurdo Sound into the larger Ross Sea would diminish
the flux. Based on the surface circulation in the western Ross Sea (see
Sedwick et al., 2011), we may assume that the land-fast ice from
McMurdo Sound spreads out in spring to the north along the western
shore of the Ross Sea. The McMurdo Sound DFe inventory would thus
give rise to a flux of approximately 0.050–0.32 μmol/m2/d DFe if we as-
sume that the spreading area covers 20% of the entire surface of the
Ross Sea (450,000 km2). This comes on top of a melting flux of the al-
ready present open ocean pack ice, which is likely to exhibit DFe fluxes
of around 0.3 μmol/m2/d (Lannuzel et al., 2007, 2008). Thus melting
land-fast ice from McMurdo Sound could potentially double the DFe
flux ofmelting sea ice to thewestern Ross Sea. This underlines the impor-
tance of sedimentary and atmospheric inputs to land-fast ice from
McMurdo Sound as a vector for natural Fe fertilization to the Ross Sea.

In the following paragraph we compare the DFe flux from land-fast
and pack ice melt with other DFe sources to the Ross Sea. Sedwick
et al. (2011) measured in spring and summer depleted concentrations
of DFe in the western Ross Sea. They suggested significant sources of
new DFe to reconcile low DFe with the observation of significant bio-
mass accumulation in the Ross Sea Polynya, namely 1) particulate Fe,
which is rendered bioavailable through dissolution, photoreduction
and biological processing; 2) vertical exchange with iron-rich deep
waters; 3) horizontal advection and lateral redistribution of DFe derived
from sea ice melt and shallow benthic sources; and 4) aerosol deposi-
tion and dissolution. The role of particulate Fe as a source of DFe
for primary productivity remains largely unknown. Photochemically-
mediated dissolution is not well constrained. Regenerative dissolution
of particulate Fe by ingestion of biogenic or lithogenic particles by pro-
tozoa (Barbeau et al., 1996) and zooplankton (such as copepods and
krill) (Tovar-Sanchez et al., 2007; Sarthou et al., 2008; Schmidt et al.,
2011) has been shown to play an important role in the oceanic Fe
cycle (e.g., Boyd et al., 2005). Also recycling at higher trophic levels
(sea birds, seamammals) (Nicol et al., 2010) has beenproposed. The fol-
lowing recycling flux estimates of DFe have been reported: 0.006–
0.076 μmol/m2/d (krill, Schmidt et al., 2011) and 0.039 μmol/m2/d
(whales, de Jong et al., 2012, using Nicol et al., 2010). Regarding vertical
exchange, Coale et al. (2005) have estimated vertical upwelling of
0.027 μmol/m2/d. Horizontal advective/diffusive DFe flux from shallow
benthic sources may range between 0.010 and 0.10 μmol/m2/d DFe on
a scale of 1000 km, if we take a recent estimate for the Antarctic
Peninsula into account (de Jong et al., 2012). As seen above, the
dispersion of McMurdo Sound land-fast ice to the Ross Sea could
attribute 0.050–0.32 μmol/m2/d to an already present flux of 0.30–
0.38 μmol/m2/d from melting open ocean pack ice. In the close vicinity
of individualmeltingMcMurdo Sound ice floes, this flux could be consid-
erably higher. As for aerosol DFe deposition to the Ross Sea, if the dust
load in the snow on the sea ice in McMurdo Sound represents only 50%
of what has been blown across McMurdo Sound (see Section 5.3), then
the fraction blown away across the Ross Sea would bring a flux of
0.0002–0.006 μmol/m2/d DFe. Volcanic activity from Mount Erebus
would attribute 0.001–0.003 μmol/m2/d (Erebus volcano). Aerosol DFe
deposition to the southern central Ross Sea was estimated by Edwards
and Sedwick (2001) at 0.0016 μmol/m2/d, which is in the range of
what we report here. Icebergs were not taken into consideration here
as a source of DFe, as the melting rate would be vanishingly small in
the subzero waters of the Ross Sea.

A DFe budget for the western Ross Sea (Table 9) shows that melting
sea ice (land-fast and pack ice) could contribute 84–90% of the supply of
new DFe. The DFe released into the surface ocean by sea ice melting is
likely to be bioavailable due to the high concentrations of saccharides
in sea ice (Dumont et al., 2009). Saccharides form highly bioavailable
organic associations with iron, which increase Fe solubility, mainly as
colloidal Fe (Hassler et al., 2011), and render Fe more bioavailable
than other naturally occurring organic ligands (Hassler et al., 2011;
Hassler and Schoemann, 2009).

The sum of new DFe sources was used to estimate the regenerative
DFe flux from the microbial loop (Table 9) using an average fe ratio of
0.33, based on values of 0.17 by Boyd et al. (2005) and 0.49 by
Sarthou et al. (2008). To this was added krill grazing (Schmidt et al.,
2011) and higher trophic level recycling by whales (Nicol et al., 2010).
The total DFe flux consisting of new DFe and recycled DFe fluxes,
which is thus estimated at 1.2–2.7 μmol/m2/d (Table 9), could be used
to calculate the potentially sustainable primary productivity. The out-
come depends on the choice of Fe/C ratio to convert Fe supply into pri-
mary productivity. Applying a range of between 10 μmol/mol and
40 μmol/mol (cf. Hassler and Schoemann, 2009; de Baar et al., 2008;
Sarthou et al., 2005) would yield primary production rates of 1.5–3.2
and 0.37–0.79 gC/m2/d, respectively. These results are in good
agreement with values of primary productivity reported by Arrigo
and van Dijken (2003) for the Ross Sea Polynya, which are in the
range of 0.5–2 gC/m2/d.

The fact that the seasonal breakout of land-fast ice out of McMurdo
Sound and into the western Ross Sea happened much less or not at all
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during the blockade of the giant icebergs B-15 and C-19may have led to
greater Fe limitation in the Ross Sea. Also, horizontal advection/
diffusion from continental shelf sources of DFe may have been
perturbed by the presence of these icebergs. The heavy pack ice
conditions due to the icebergs led to the late opening of the Ross Sea
Polynya, with severe light limitation of the phytoplankton and a
shorter blooming period as a consequence. Iron/light co-limitation
may have been the cause of observed negative effects on abundance
and structure of the phytoplankton community (Arrigo and van
Dijken, 2003; Arrigo et al., 2002) leading to strongly suppressed primary
productivity rates to one third of the normal levels. Heavy pack ice con-
ditions and reduced primary productivity also impacted the structure
and abundance of the higher trophic levels (e.g., pteropods, krill, fish,
penguins) (Arrigo and van Dijken, 2003).

6. Conclusion

In this paper we presented new data on Fe in snow, land-fast ice and
under-ice seawater of Erebus Bay in the eastern part of McMurdo Sound.
Dissolved and particulate concentrations in the sea icewere two to three
orders of magnitude higher than in the underlying seawater. A general
increase in seawater dissolved and particulate Fe could be ascribed to
sediment resuspension due to tidal forcing during bimonthly periods of
spring tides. We propose that entrainment of sediment derived Fe is
the most important pathway for high Fe concentrations in land-fast ice.
Iron fluxes from the sediment were estimated and could fully account
for the Fe inventory of the sea ice. Wind-blown dust in the snow on
the sea ice makes up for 14–68% of the total Fe inventory of the sea ice,
but does not appear to contribute to the Fe content of the sea ice proper.
The largest sources ofwind-blowndust to the sea ice inwestern and cen-
tral McMurdo Sound are the MIS and the Dry Valleys, but in the eastern
McMurdo Sound (Erebus Bay) exposed rock and soil at Ross Island are
the major sources of atmospheric inputs. The usual spring breakup of
sea ice to the Ross Sea may have a significant potential fertilizing effect
on the waters of the Ross Sea. This was demonstrated by budget calcula-
tions and deduced from the strong diminution of primary production in
the Ross Sea in the absence of this breakup due to the blocking presence
of the giant icebergs B-15 and C-19.
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