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Abstract The Antarctic continental shelf supports a high level of marine primary productivity and is a
globally important carbon dioxide (CO2) sink through the photosynthetic fixation of CO2 via the biological
pump. Sustaining such high productivity requires a large supply of the essential micronutrient iron (Fe);
however, the pathways for Fe delivery to these zones vary spatially and temporally. Our study is the first to
report a previously unquantified source of concentrated bioavailable Fe to Antarctic surface waters. We
hypothesize that Fe derived from subglacial processes is delivered to euphotic waters through the accretion
(Fe storage) and subsequent melting (Fe release) of a marine-accreted layer of ice at the base of the Amery
Ice Shelf (AIS). Using satellite-derived Chlorophyll-a data, we show that the soluble Fe supplied by the melt-
ing of the marine ice layer is an order of magnitude larger than the required Fe necessary to sustain the
large annual phytoplankton bloom in Prydz Bay. Our finding of high concentrations of Fe in AIS marine ice
and recent data on increasing rates of ice shelf basal melt in many of Antarctica’s ice shelves should encour-
age further research into glacial and marine sediment transport beneath ice shelves and their sensitivity to
current changes in basal melt. Currently, the distribution, volume, and Fe concentration of Antarctic marine
ice is poorly constrained. This uncertainty, combined with variable forecasts of increased rates of ice shelf
basal melt, limits our ability to predict future Fe supply to Antarctic coastal waters.

1. Introduction

Across much of the Southern Ocean, primary production is low as a result of iron (Fe) limitation [de Baar
et al., 1990]. A prominent exception occurs in marine productivity ‘‘hot spots’’ around Antarctica, such as
coastal polynyas, which are also globally important sinks for atmospheric carbon dioxide (CO2) [Arrigo and
Van Dijken, 2003; Arrigo et al., 2015].

Various sources deliver Fe to the surface waters within the Southern Ocean: atmospheric dusts [Jickells et al.,
2005; Fan et al., 2006], diapycnal diffusion [Tagliabue et al., 2014], deep winter mixing [Tagliabue et al.,
2014], riverine discharge [Raiswell and Canfield, 2012], benthic recycling [Raiswell and Canfield, 2012], melt-
ing sea ice [Lannuzel et al., 2007; van der Merwe et al., 2009], and icebergs [Raiswell et al., 2008; Lin et al.,
2011; Smith et al., 2011]. More recently, subglacial meltwater has been postulated to naturally enrich surface
waters with Fe and therefore fuel phytoplankton blooms up to 300 km away from the meltwater source
[Gerringa et al., 2012; Alderkamp et al., 2012; Death et al., 2014; Hawkings et al., 2014; van der Merwe et al.,
2015]. Despite the growing interest in glacially-derived Fe input to surface waters, only limited Fe concen-
tration and phase speciation data are available from the potential sources. The few measurements available
are from meltwater runoff from the (more accessible) Greenland Ice Sheet [Bhatia et al., 2013]. In contrast,
Antarctic meltwater Fe fluxes are mainly based on a few iceberg measurements [Hawkings et al., 2014], and
there are currently no representative data from the Antarctic Ice Sheet (AntIS).

Intense Fe recycling during the weathering of the basal sediment and bedrock material beneath the AntIS
may supply nutrients, Fe-rich meltwaters and associated sediments to the Southern Ocean [Staham et al.,
2008; Wadham et al., 2010]. These subglacial meltwaters are exported from the AntIS via channels beneath
the margins of major ice streams [Le Brocq et al., 2013], which, in turn, terminate in large ice shelves, requir-
ing Fe-enriched subglacial meltwaters to travel great distances before reaching the euphotic waters.
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High primary production is observed in these surface waters [e.g., Smith and Comiso, 2008]; however, the
mechanism for maintaining this productivity remains elusive. Recent research indicates that Fe from Antarc-
tic subglacial sediments may be a key source of Fe for these high productivity ecosystems [Raiswell et al.,
2008; Death et al., 2014; Hawkings et al., 2014]. As a result, it has been shown that the Amundsen Sea Polyn-
ya is Antarctica’s most biologically productive polynya per unit area because of a quasi-continuous supply
of meltwater-laden Fe-enriched seawater from the Dotson and Pine Island Glacier ice shelves [Gerringa
et al., 2012; Alderkamp et al., 2015; Sherrell et al., 2015]. However, crucial open questions concern (i) the envi-
ronmental (physical and chemical) processes that transport Fe from beneath the AntIS and ice shelves to
the continental shelf waters [Arrigo et al., 2015]; and (ii) the sensitivity of such pathways to current ocean-
warming driven increases in ice shelf basal melt and grounding line retreat documented by Paolo et al.
[2015].

Glacial processes near ice shelf grounding lines are proposed to be particularly vigorous in generating fine
lithogenics that release Fe from the subglacial environment to ice shelf cavities and subsequent meltwaters
[Wadham et al., 2010]. Under some ice shelves, the interaction between subglacial and ice shelf meltwaters
can lead to the formation of a substantial (up to hundreds of meters thick) layer of marine accreted ice. This
so-called marine ice layer results from the buoyant accumulation of frazil ice platelets that have formed as a
result of supercooling of ice shelf water (Figure 1). The action of the buoyant frazil ice platelets can lead to
fine sediment and biogenic material from the ocean being incorporated into the marine ice layer [Morgan,
1972; Warren et al., 1983; Eicken et al., 1994; Roberts et al., 2007; Treverrow et al., 2010]. We propose that a
marine ice layer accumulates and stores this Fe-rich material, making it an important and previously undoc-
umented Fe-reservoir, delivering subglacial and sedimentary Fe to Antarctic coastal waters.

Here we evaluate the fertilization potential of the marine ice layer beneath the Amery Ice Shelf (AIS) to the
observed Chlorophyll-a (Chl-a) maximum in Prydz Bay, which is the third most productive bay around
Antarctica [Arrigo and Van Dijken, 2003]. The bloom in this area has historically comprised primarily diatoms,
which can contribute up to 80% of the total cell carbon in Prydz Bay [Kopczynska et al., 1995]. We present
(to our knowledge) the first measurements of dissolved and particulate Fe concentrations (hereafter,
DFe< 0.2 lm and PFe> 0.2 lm, respectively) in marine ice from any Antarctic ice shelf; the samples come
from an ice core collected in the AIS. We evaluate the fertilization potential of this Fe source to the Fe-
deficient Antarctic surface waters. The information on size class (DFe or PFe) allows us to estimate how
accessible the Fe is for phytoplankton growth. Dissolved Fe is assumed to be the primary source of Fe avail-
able to phytoplankton; however, there is evidence that PFe can become available by leaching dissolved and
soluble Fe [Schroth et al., 2009; Raiswell and Canfield, 2012].

2. The Amery Ice Shelf and the Formation of the Marine Ice Layer

The AIS fed by the Lambert Glacier system, drains �16% of the ice area of East Antarctica [Allison, 1979] and
is the largest ice shelf in the region (�59,000 km2). As well as being a main drainage route for glacial ice

Figure 1. Proposed mechanisms for the delivery of subglacial and sedimentary Fe near grounding lines to the Southern Ocean via marine
ice beneath a generalized schematic 2-D section across a cold-regime ice shelf from the grounded ice to the open ocean.
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from the East AntIS, the AIS is potentially a major site for freshwater drainage from beneath the ice sheet.
Beneath the AIS, the marine ice layer is up to 190 m thick, accounting for � 9% of the ice shelf’s volume
[Fricker et al., 2001]. This layer is found in the north–western sector of the AIS and extends all the way to the
calving front (Figure 2b).

Combined with the local bathymetry, an ice draft of �2500 m at the southern limit of the AIS grounding
zone results in a cavity geometry that supports a strong ice-pump mechanism [Lewis and Perkins, 1986].
Within 240 km of the southern limit of the grounding zone, an estimated 80% of the continental ice inflow
to the AIS is removed via basal melting [Craven et al., 2009]. The significant freshwater input created by this
melting contributes to the formation of bouyant Ice Shelf Water. Ice Shelf Water (ISW) can become super-
cooled as it rises and flows outward along the shelf cavity slope (because the seawater freezing point
increases with depth). In supercooled water, frazil ice platelets accumulate buoyantly on the base of the ice
shelf forming a layer of marine accreted ice [e.g., Oerter et al., 1992]. In marine ice samples from the AIS, visi-

ble planes and strings of debris
in newly accreted marine ice
are observed at the elongated
linear grain boundaries created
by the densification of the frazil
ice on the underside of the ice
shelf [Treverrow et al., 2010].
This preferential segregation
along grain boundaries sug-
gests sediments are incorporat-
ed from the water column by
the frazil as it rises toward the
ice shelf base.

Sediment strings and layers of
1–2 mm thickness were visible
to the naked eye in the G1 site
marine ice core used in this
study (Figure 3). Similar patterns

Figure 2. (a) 1997–2010 mean 9 km–SeaWIFS Chlorophyll-a concentration in Prydz Bay. The Chl-a mean is for the 8-day composite period
from 25 January to 1 February. The black-dashed line shows where the ISW (water mass with temperature below the surface freezing point
as a result of ice shelf-ocean interactions) is shallower than 200 m. The area of Mackenzie polynya is outlined in blue. (b) Thickness and dis-
tribution of marine ice layer beneath the Amery Ice Shelf [Fricker et al., 2001]. The grounding line is shown in black. (c) Location of the
Amery Ice Shelf in East Antarctica.

Figure 3. Particulate horizons within a marine ice core retrieved from a depth of 275 m at
the AM01 site in 2003. The AM01 borehole has the same geographical location as the G1
site. We analyzed G1 marine ice from a depth of 279 m (Table 1). The vertical (long) axis of
core is parallel to the white arrow, which indicates the direction to the ice shelf surface.
Note that the core has an irregular (noncircular) cross section, which contributes to the
dark appearance of parts the core surface, e.g., along the lower edge of the image.

Journal of Geophysical Research: Oceans 10.1002/2016JC011687

HERRAIZ-BORREGUERO ET AL. MARINE ICE IRON FERTILIZES PRYDZ BAY 6011



of particulate inclusions have been observed in marine ice samples recovered more recently from the same
geographic location (and elsewhere) on the AIS [Craven et al., 2004; Treverrow et al. 2010] and in the J9
marine ice core from the Ronne Ice Shelf [Eicken et al., 1994]. As Fe-bearing sediments must be incorporated
into the marine ice layer during accretion, a common process for large-scale marine ice layer formation
implies a common process for the inclusion of debris.

The AIS is not the only ice shelf with a marine ice layer. Marine ice layers have also been recorded beneath
the Filcher-Ronne, Ross, Hells Gate, Nansen, and southerm McMurdo ice shelves [e.g., Gow, 1963; Zotikov
et al., 1980; Souchez et al., 1991; Oerter et al., 1992; Eicken et al., 1994; Tison et al., 1998; Khazendar et al.,
2001; Lambrecht et al., 2007; Koch et al., 2015], and suggested beneath the West Ice Shelf [Warren et al.,
1983]. This list does not preclude marine ice layers in other less studied ice shelves.

3. Materials and Methods

3.1. Samples Location
Samples used for this study were obtained from a 315 m thermally drilled ice core at the G1 site [Morgan,
1972] on the AIS (69.44�S, 71.42�E), �100 km from the shelf front (Figure 2). The marine ice layer at this site
is 203 m thick. We analyzed two G1 ice core samples: continental ice from core #102, (of 0.39 m length col-
lected at 254 m depth), and marine ice from core #116 (of 0.44 m length collected at 279 m depth, just
below the continental-marine ice transition).

3.2. Laboratory-Based Treatment of the Ice Cores
All plasticware (low-density polyethylene (LDPE) and perfluoroalkoxy (PFA)) used for trace metal work was
cleaned as follows: first soaking in a detergent bath (Decon 2% v:v) for 24 h, followed by rinsing 3X with
deionized water and then 3X with Ultra High Purity water (UHP) (18.2 MX•cm Barnstead water system)
before being filled with 6M Hydrochloric acid (HCl, Merck, reagent grade) for 1 month. Items were then
rinsed 5X with UHP water and dried inside a class-100 laminar flow hood. Bottles and containers were then
sealed in triple plastic bags until used. Polycarbonate (PC) filters (0.2 lm porosity, 47 mm diameter, Nucle-
pore) were treated in 1M HCl ultrapure (Seastar BaselineVR , Choice Analytical) for 1 week before being gently
rinsed 5X and stored in UHP before use. Pipette tips were manipulated inside a class-100 laminar flow hood
and rinsed 5X with 6M HCl and 5X with UHP before use.

The ice decontamination procedure took place at 2108C, within an ISO class 5 laminar flow bench. The
6–7 cm diameter ice core samples were mounted in a custom-built, polyethylene, hand-driven lathe (on
loan from Universit�e Libre de Bruxelles, Belgium). Four 2–3 mm thick annular layers were removed mechani-
cally using a titanium (Ti) cutting blade attached to a ceramic handle [Lannuzel et al., 2006]. The Ti blade is
the only lathe component in contact with the ice samples after final sectioning. Ice chips produced during
the cleaning procedure of the marine ice core were collected in clean LDPE containers, melted, acidified to
pH 1.8 with ultrapure HCl (Seastar BaselineVR , Choice Analytical) and analyzed by inductively coupled plasma
sector field mass spectrometry (ICP-SF-MS) to verify the effectiveness of the decontamination procedure.
Analysis of ice shavings during consecutive decontamination of outer core layers confirmed the efficacy of
the decontamination procedure, with a decrease in total dissolvable Fe concentrations between the first
(19.8 lM), the second (8.6 lM), third (4.1 lM), and fourth (4.2 lM) layers removed.

For both the continental and marine ice cores, the inner-most cores (3 cm diameter) were cut in half using
the lathe to obtain two sections of approximately 10 cm length. Each of the 4 3 10 cm sections was trans-
ferred into 1 L wide-mouth LDPE bottles and allowed to melt at ambient temperature before filtration
through 0.2 lm PC filter. Filters retaining the particulate material were stored at 2308C in acid-cleaned poly-
styrene petri dishes until further processing. Total digestion of the filters was performed in 15 mL TeflonVR

PFA vials (Savillex, Minnetonka, MN, USA) using a mixture of strong acids (0.25 mL 12M HCl 1 0.25 mL 29M
HF 1 0.5 mL 16M HNO3, all Ultrapure, SeaStar BaselineVR , Choice Analytical), dry evaporated for 12 h on a
Teflon-coated graphite digestion hot plate housed within a fume extraction cabinet, coupled with HEPA fil-
ters to ensure clean input air (all DigiPREPVR from SCP Science, France) and resuspended in 10% v:v HNO3 to
dissolve the particulate Fe fraction. The filtered samples were acidified to pH 1.8 using ultrapure HCl (Seastar
BaselineVR , Choice Analytical) and represent the dissolved fraction.
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3.3. Analytical Methods
The dissolved and particulate Fe fractions were then analyzed by SF-ICP-MS (Thermo Finnigan Element 2) at
the University of Tasmania for a suite of key trace elements, following methods described in Bowie et al.
[2010]. The instrument has three predefined spectral resolutions available enabling isotopes of interest to
be quantified with minimal spectral interferences. The SF-ICP-MS was purged by alternating 10% v:v HNO3,
10% v:v HCl, and UHP water for 2 days prior to sample analysis to ensure low background levels. Indium (In)
was added to all samples at a final concentration of 10 lg/L and used as an internal standard. The detection
limit is calculated as 3 times the standard deviation of the HNO3 10% v:v acid blanks (50.5 nM). The samples
were handled and introduced to the instrument using an ISO class 5 laminar flow bench.

4. Results and Discussion

4.1. Observed DFe and PFe Concentrations in the AIS Ice Cores
Processes associated with the formation of marine and continental ice differ from each other significantly
and it is not surprising that their Fe concentrations and size distribution also differ. The concentrations of
DFe (339–691 nM) observed in the AIS marine ice samples are up to four orders of magnitude higher than
those typical of Southern Ocean surface waters (Table 1), and up to one order of magnitude higher than
in the continental ice samples (62–167 nM). The DFe concentrations in the continental ice samples are
higher than previous estimates from icebergs. Even more striking, the PFe concentration of the marine ice
samples (�14,000 nM) are three orders of magnitude higher than those in the continental ice (Table 1).
Dominance of the PFe phase in the marine ice samples contrasts with the almost even fractionation in the
continental ice. Particulate Fe concentrations in AIS continental ice are comparable to levels reported in
continental ice at Law Dome (Table 1).

Horizontal sediment layers 1–2 mm thick were visible to the naked eye in the G1 marine ice cores (Figure
3). Microscope observations of the sediment horizons in the AIS marine ice samples suggest that up to 2/3
of the material in these layers is lithogenic [Roberts et al., 2007]. The biogenic component of the marine ice
contained mainly sea ice diatoms. As noted in section 2, similar deposits have been observed in other
marine ice samples from the Amery [Craven et al., 2004] and Ronne ice shelves [Eicken et al., 1994]. We pro-
pose that the presence of subglacial meltwater, with suspended sediments, together with turbulence due
to convective and/or melt-driven mixing close to the grounding line [Jenkins, 2011] would facilitate the
incorporation of DFe and sediments into the ISW. Indeed, suspended sediments are expected to provide
solidification nuclei for frazil ice platelet formation in supercooled ISW. This transport mechanism agrees
well with the sedimentation regime beneath the Amery, where the overturning circulation (near-bed inflow,
surface outflow) has a higher influence on sediment distributions than the depth-integrated circulation
(east-inflow, west-outflow) [Hemer et al., 2007]. Additionally, the buoyant accumulation of frazil ice may

Table 1. Summary of Dissolved and Particulate Fe Concentrations From Antarctic Sourcesa

Sample Type DFe (nM) PFe (nM)

Marine ice 1 (this study) 339 13,323
Marine ice 2 (this study) 691 14,679
Continental ice 1 (this study) 167 31
Continental ice 2 (this study) 62 26
Antarctic snow in the sea-ice zone [Lannuzel et al., 2010] 0.07–8.45 0.03–3.64
Antarctic pack ice [Lannuzel et al., 2010] 0.23–22.8 0.86–216.71
Iceberg [Boye et al., 2001] 2.8–4.4
Antarctic iceberg with visible sediments [Hawkings et al., 2014] 0.69 6 0.87
Antarctic glaciers with visible sediments [Hawkings et al., 2014] 1.5 6 1.8
Law Dome meteoric ice (Total Fe) [Edwards et al., 2006] 0.5–124
Princess Elizabeth Land (mean TDFe) [Edwards and Sedwick, 2001] 9–20.8
Antarctic Byrd ice-core (Labile Fe: median concentrations) [Hiscock et al., 2013] 0.59 (preboreal ice)

1.51 (glacial ice)
2.36 (LGM ice)

Shelf waters, Southern Ocean compilation (0–100 m, <2000m seafloor depth) [Tagliabue et al., 2012] 0.61 6 1.14
Off Shelf waters, Southern Ocean compilation (0–100 m, >2000m seafloor depth) [Tagliabue et al., 2012] 0.38 6 0.55
Shelf waters, Amundsen Sea (0–100 m, 0.45–5mm size fraction) [Planquette et al., 2013] 12.1 6 015.8
Off Shelf waters, Amundsen Sea (0–100 m, 0.45–5 mm size fraction) [Planquette et al., 2013] 0.28 6 00.29

aConcentrations measured in the marine and continental ice cores from the G1 ice core from the Amery Ice Shelf are listed in bold.
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facilitate the scavenging of Fe-rich sus-
pended sediments from shallow water col-
umns and their inclusion within the marine
ice layer.

Upper ocean waters may enter the ice shelf
cavity and carry Fe into the marine ice layer;
however, this input is expected to be low.
Warm near-surface waters are able to enter
the cavity and cause basal melt up to
100–150 km into the cavity. This inflow will
carry both organic matter and open ocean
phyto and zooplankton, e.g., Roberts et al.
[2007]. However, this inflow will cause net
melting, rather than formation of marine ice.
The lower part of the marine ice layer is per-
meable, that is, water can circulate within
the ice matrix of accreted frazil ice platelets

[Craven et al., 2009]. There is a possibility that some DFe and PFe present in this circulating water may be
incorporated into the ice matrix. This mechanism would be more efficient in areas of active freezing, where
subglacial-sourced Fe presumably dominates than in areas of inflowing surface waters, where there is net
melt.

4.2. Origin of the Marine Ice Fe
Other trace metals, such as aluminum (Al), were also analyzed by SF-ICP-MS. The ratios between Fe/Al,
Fe/Mn, and Fe/Ti concentrations have the potential to provide information about the source of the mea-
sured Fe. In the marine ice, we find Fe/Al ratios of 0.45 6 0.05 (n 5 2). The marine ice therefore has a ratio
higher than the Earth’s crust (0.33), suggesting an enrichment of Fe occurred relative to Al. Previous studies
suggest that elevated Fe/Al ratios are characteristic of glacial/fluvial runoff [Raiswell et al., 2006, 2008; van
der Merwe et al., 2015]. Existing data from marine sediments collected directly under the AIS, show an aver-
age ratio of 0.28 6 0.04 (n 5 5; A. Post, unpublished data, 2014), which argues against resuspended sedi-
ments as the exclusive source of marine ice Fe. Unfortunately, the lack of local data on the possible end-
members does not allow us to pin-down which contribution (lithogenic, authigenic, or biogenic) dominates
the Fe source.

4.3. ISW Spatial and Temporal Variability
To study the spatial and temporal variability of the ISW plume in front of the AIS, we have used a subset of
data from a Southern Indian Ocean database of hydrographic profiles obtained with instrumented Southern
elephant seals (Mirounga leonine) [Roquet et al., 2014]. ISW is defined here as the water mass with a temper-
ature colder than 21.928C (we used a slightly colder temperature than the surface freezing point to isolate
the ISW plume). ISW spans salinities between 34.38 and 34.53 in Prydz Bay (Figure 4). A map of the mini-
mum depth at which the ISW is observed in the hydrographic profiles, shows ISW in the upper 400 m of the
water column between March and May in our data set (Figure 5). As the ISW plume exits the ice shelf cavity,
it upwells, reaching the top 50–100 m in the region where the Chl-a maxima is observed (Figure 6). Here
the stratification is also low, which favors the transfer of Fe from the ISW to the euphotic zone through
wind-driven mixing, eddies, and upwelling driven by the melting of icebergs that calved from the western
AIS front.

4.4. Impact of AIS Meltwaters on the Local Primary Productivity
The transfer of Fe from the marine ice layer to the ocean can occur via two processes: (i) ice shelf basal melt-
ing and (ii) iceberg calving and subsequent melting. High rates of basal melt result from the advection of
intermediate shelf waters into ice shelf cavities, primarily by tidal and Ekman currents, topographic edge
waves, and ocean eddies [e.g., Joughin and Padman, 2003; Makinson et al., 2011]. The AIS marine ice layer
extends all the way to the calving front [Fricker et al., 2001] (Figure 2). In the AIS cavity, the ISW infiltrates
the unconsolidated part of the marine ice layer [Herraiz-Borreguero et al., 2013], enabling transfer of Fe from
the marine ice layer to the ISW.

Figure 4. Temperature-Salinity diagram showing the IWS properties in
the western flank of Prydz Bay, along the section shown in Figure 5. The
colors of the symbols correspond to different seal profiles.
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Previous work suggests that about 58% of the variance in mean Chlorophyll concentration in Antarctic poly-
nyas can be explained by basal melting of nearby ice shelves [Arrigo et al., 2015]. Meltwater-laden outflows
from Pine Island Glacier and Dotson Ice Shelf cavities are the dominant source of Fe to the Amundsen
polynya [Sherrell et al., 2015].

Continental ice icebergs have previously been linked to hot spots of enhanced primary productivity and
carbon sequestration [Raiswell et al., 2008]. Icebergs with marine ice are generally referred to as jade

Figure 6. (a) Potential temperature and (b) salinity section across the phytoplankton bloom shown in Figure 2. The section is shown in Fig-
ure 4. The profiles used correspond to March 2012–2013.

Figure 5. Shallowest depth of ISW between March and April 2011 and 2013. Grey dots are temperature/salinity profiles with no ISW
detected. The black vertical line shows the location of the section used to make Figure 5 and 6. The thickness (in meters) of the marine ice
layer is also shown on a different color scale. The location of G1 ice core is indicated by a pink circle.
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icebergs. The color of the jade icebergs depends on the color of the water from which the ice formed: if the
water contains dissolved organic matter (yellow or brown), then some of it gets incorporated into the ice
and the ice appears green (S. Warren, personal communication, 2013). But not all marine ice is green; it can
also be dark blue and yellow-green [Warren et al., 1997]. Jade-coloured icebergs are commonly observed
near the AIS and exported out of Prydz Bay and their role in Fe fertilization has not previously been
assessed.

Several processes can explain the delivery of Fe to the observed phytoplankton bloom. Beneath the ice
shelf, the lower layer of the marine ice is unconsolidated and porous [Craven et al., 2004] allowing seawater
to flow through it and immediately below it [Herraiz-Borreguero et al., 2013], likely transferring PFe and DFe
from the marine ice to ISW and upper waters in regions where basal melting occurs. The low salinity of the
marine ice (S< 1) [Craven et al., 2004] gives additional buoyancy to the marine ice meltwater and seawater
mixture. The satellite-derived Chl-a maximum lies within the primary export path of both the ISW and the
sediment-rich jade icebergs (Figures 2a and 5). Outside the ice shelf cavity, winter deep convection in the
Mackenzie polynya is expected to transport the Fe-bearing (and other nutrients) ISW to the surface (Figure
1) where it will become available for phytoplankton early in the austral summer. However, this Fe is likely
consumed very fast and may not be enough to sustain the bloom (Figure 2a) [Alderkamp et al., 2015]. In
summer, the ISW plume shallows as it moves northward from the ice shelf front, reaching a minimum depth
of �50 m within the bloom area (Figure 4a). Frazil ice suspended within supercooled ISW has also been
observed outside the ice shelf cavity during the summer and winter [Penrose et al., 1994]. The upwelling of
frazil ice is likely to favor the transport of Fe to the euphotic zone. Isohalines shoal in this area (Figure 6),
suggesting the upper water column is less stratified than surrounding waters, allowing wind-driven mixing
and mesoscale eddies to upwell Fe to the euphotic zone where it is accessible to phytoplankton. In addi-
tion, the melting of jade icebergs calved from the AIS creates local upwelling that will also contribute to car-
ry Fe up to the euphotic zone (Figure 1). The AIS is a major source of large icebergs [Smith et al., 2013],
which are able to enhance Chlorophyll significantly as early as 6 days after the passing of an iceberg, and
by a factor of ten a month or more later [Duprat et al. 2016]. Iron concentrations in jade icebergs can be
orders of magnitude higher than in continental ice, so it is reasonable to expect jade icebergs to increase
marine productivity locally. These processes are shown schematically in Figure 1.
4.4.1. Iron Supply From the AIS
Within the marine ice layer of the Ronne Ice Shelf, horizons of sediments are 0.3 to 1.2 mm thick and sepa-
rated from one another by a few millimeters [Eicken et al., 1994]. Given the common processes governing
sediment inclusions during marine ice formation in both the Ronne and Amery ice shelves, it is expected
that this type of sediment layering is similarly prevalent in the AIS. The narrow spacing of the sediment hori-
zons suggests that Fe is evenly distributed within the marine ice layer. Consequently, we use the mean DFe
concentration (515 nM) from Table 1 to calculate the potential Fe flux from the marine ice layer.

The proportion of marine ice in the calving zone of the Amery Ice Shelf (estimated as the region within
�50 km of the shelf front) was calculated using marine ice thickness [Fricker et al., 2001] and total ice shelf
thickness [Fretwell et al., 2013] data sets. Marine ice represents �13% of the total ice shelf volume at the calv-
ing front and the marine ice calving flux is concentrated in the western half of the ice shelf where the marine
ice layer is observed. Iceberg calving is responsible for �60% of the total AIS mass loss or a calving flux of
50 6 6 Gt/yr [Depoorter et al. 2013]. If we conservatively assume that half of the calving front contains marine
ice, then we have a marine ice calving flux of 3.25 6 2.43 Gt/yr. Using the mean DFe concentration of marine
ice (515 nM) and the calculated calving flux of marine ice (3.25 6 2.43 Gt/yr), we calculate the portion of the
total AIS marine ice DFe flux that is delivered by calving of jade icebergs as 0.09 6 0.07 Gg/yr of DFe.

To estimate the total AIS Fe flux into Prydz Bay released by marine ice through basal melting and iceberg
calving, we use the mean DFe concentration (515 nM) from Table 1. We then consider a steady state
between the rate of marine ice accretion and the rates of marine ice melting and calving. Estimates of the
mean marine ice accretion rate beneath the AIS range from 5–16 Gt/yr [Wen et al., 2010; Galton-Fenzi et al.,
2012], resulting in a DFe flux due to marine ice basal melt of 0.14–0.46 Gg/yr into Prydz Bay. Assuming that
0.15% (Fe ascorbate solubility of glacial meltwater and iceberg-AntIS, from Hawkings et al. [2014] and
Raiswell et al. [2010]) of the PFe (21 nM) becomes bioavailable, we obtain an additional Fe flux of 0.01–0.02
Gg/yr, giving a total assumed-bioavailable Fe flux from marine ice calving and basal melt of 0.15–0.48
Gg/yr.
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Since we measured DFe and PFe concentrations in continental ice (means of 114.5 and 28.9 nM, respective-
ly; Table 1), we can also estimate the potential flux of assumed bioavailable Fe released from continental ice
into Prydz Bay via basal melt and iceberg calving. Continental ice basal melting rate from the AIS is estimat-
ed at 46 6 6.9 Gt/yr [Wen et al., 2010; Galton-Fenzi et al., 2012], resulting in a DFe flux due to continental ice
calving and basal melt of 0.30 6 0.04 Gg/yr into Prydz Bay. The fraction of potentially bioavailable PFe in
continental ice is low (0.04 nM) compared to marine ice, leading to a negligible additional bioavailable Fe
flux of 1.1 3 1024 Gg/yr. Note that these fluxes are conservative as: we assume: (i) a constant melt rate
throughout the year (in reality we would expect higher melt rates during the austral summer when
seasonally warmer upper ocean waters just north of the ice front occur, and the Chl-a maximum develops
in western Prydz Bay); and, (ii) a very low PFe solubility of 0.15%, compared with estimates up to 30% for
dust [Edwards and Sedwick, 2001] and 40% for suspended particles (van der Merwe, 2015).

Overall, the total assumed bioavailable Fe flux contributions of marine and continental ice from the AIS are
similar (i.e., 0.15–0.48 Gg/yr versus 0.30 6 0.04 Gg/yr, respectively). Previous studies have highlighted the
role of continental ice as a source of Fe to Antarctic surface waters either via glacial melt [Raiswell et al.,
2006; Gerringa et al., 2012] or floating icebergs [Raiswell et al., 2008; Lin et al., 2011; Raiswell, 2011; Shaw
et al., 2011]. Our study is the first to demonstrate that marine ice equals continental ice in the supply of bio-
available Fe to surface waters in the AIS region. The storage capacity of Fe within the marine ice layer and
the expected higher melt rates in summer make the marine ice a more effective source of Fe to the
phytoplankton.
4.4.2. Iron Demand in the Bloom Area
Phytoplankton biomass in the upper mixed layer was approximated by measurements of the 1997–2010
average SeaWIFS satellite derived (8 day composite image, 9 3 9 km grid) Chl-a concentration in the west-
ern Prydz Bay during the November–March season (�2 mg Chl-a m23; Figure 1). The 8 day composite corre-
sponds to 25 January to 1 February. For the biomass calculation, we used the phytoplankton C: Chl-a ratio
(100 g.g21) [Thompson et al., 1992], an area of 1.7 3 1010 m2 (267.05 to 268.58S; 71.18–73.758E) and 100 m
upper mixed layer. Our estimate of 100 m is based on the seal data, which shows summer mixed layers
ranging from 40 to 150 m deep. This gives an average biomass of 0.34 3 1012 g C over the 1997–2010
November–March season. We find that an Fe flux of 0.03 lmol/m2/d is required to sustain this bloom when
using an averaged cellular Fe:C of 12 lmol/mol [Hassler and Schoemann, 2009] and a growth rate for dia-
toms species of 1.5 d21 [Sarthou et al., 2005]. To calculate our flux of assumed-bioavailable Fe
(DFe 1 0.15%PFe) delivered from the AIS to the bloom area, we used 0.15–0.48 Gg Fe/yr from marine ice
and 0.30 6 0.04 Gg Fe/yr from continental ice, a water volume of 8.5 3 1012 m3 (267.05 to 268.58S; 71.18–
73.758E, 500 deep) and a 100 m upper mixed layer. Note that in this calculation, we are assuming that the
Fe released from the AIS will be diluted throughout the 500 m water column, while the phytoplankton will
only have access to the Fe within the upper 100 m. The assumed bioavailable Fe flux from continental
(0.17 6 0.02 lmol/m2/d) and marine ice (0.09–0.28 lmol/m2/d) released in the vicinity of the AIS bloom is
about an order of magnitude larger than the amount of Fe required to sustain the observed Chl-a concen-
trations (0.03 lmol/m2/d).

While a fraction of the Fe released from the AIS will be lost to precipitation, scavenging, and potentially sup-
plied to deeper waters below the euphotic zone, our calculations show that only around 7–12% of the total
Fe flux from the AIS is necessary to sustain the observed bloom. Even though our flux estimates are limited by
the data available, it is apparent that AIS-derived Fe has the potential to start and sustain the observed prima-
ry productivity in Prydz Bay. Furthermore, the jade icebergs calved from the AIS that do not melt in the vicinity
of the bloom area will transport bioavailable Fe into HNLC waters off the shelf break with even lower ambient
DFe concentrations, driving further phytoplankton production. Although the fertilization potential of marine
ice is clear, other factors could collectively contribute to the high Chl-a in the AIS area during the growing sea-
son such as the width of the continental shelf, the sea surface temperature, and area of open waters.

More measurements are needed to quantify all the Fe sources and physical processes responsible for the
onset and duration of the phytoplankton bloom in Prydz Bay. Our finding of high concentrations of Fe in
AIS marine ice and recent data on increasing rates of ice shelf basal melt in many of Antarctica’s ice shelves
[Paolo et al., 2015] should motivate further research into the distribution and solubility of Fe in Antarctic
marine and continental ice, and the implications of increasing rates of ice shelf basal melt on the marine
productivity in Antarctica waters.
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5. Conclusions

We have reported the first Fe concentration measurements on marine ice from an Antarctic ice shelf. The
data point to a key role for marine ice as a reservoir and transport pathway for subglacial and/or sediment-
derived Fe to continental shelf waters; linking the subglacial environment and the marine ecosystem. We
also find that the Fe flux contribution of marine ice equals (and most likely exceeds, since we used a very
conservative 0.15% PFe solubility estimate) that of continental ice. Changes under ice shelves and near the
grounding lines are now recognized as being potentially rapid in response to ocean warming [Paolo et al.,
2015]. How ocean warming will affect the formation and thickness of existing marine ice layers is currently
unknown, however there is evidence that the marine ice layers beneath the Ross and Ronne ice shelves are
thinning [Paolo et al., 2015]. Previous work has shown that the variance in Chl-a concentrations in Antarctic
coastal polynyas is highly correlated with net ice shelf basal melt rates [Arrigo et al., 2015]. Here we have
identified a new mechanism: marine ice iron storage and release, by which basal melt may stimulate such
productivity. Our results underline the importance of (i) improving constraints on the distribution, volume
and Fe concentration in marine ice beneath Antarctic ice shelves and (ii) understanding how glacial and
marine sediment transport will be affected by increasing basal melting. In our view, future work in these
areas would help improve understanding of the sources of variability in Antarctic coastal primary productiv-
ity and the ability of this region to sequester atmospheric CO2.
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