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Primary productivity is limited by the availability of iron over large areas of the global ocean. Changes in
the supply of iron to these regions could have major impacts on primary productivity and the carbon
cycle. However, source regions and supply mechanisms of iron to the global oceans remain poorly
constrained. Shelf sediments are considered one of the largest sources of dissolved iron to the global
ocean, and a large shelf sediment iron flux is prescribed in many biogeochemical models over all areas of
bathymetry shallower than 1000 m. Here, we infer the likely location of shelf sediment iron sources in
the Southern Ocean, by identifying where satellite chlorophyll concentrations are enhanced over shallow
bathymetry (<1000 m). We further compare chlorophyll concentrations with the position of ocean
fronts, to assess the relative role of horizontal advection and upwelling for supplying iron to the ocean
surface. We show that mean annual chlorophyll concentrations are not visibly enhanced over areas of
shallow bathymetry that are located more than 500 km from a coastline. Mean annual chlorophyll
concentrations >2 mgm~> are only found within 50 km of a continental or island coastline. These
results suggest that sedimentary iron sources only exist on continental and island shelves. Large sedi-
mentary iron fluxes do not seem present on seamounts and submerged plateaus. Large chlorophyll
blooms develop where the western boundary currents detach from the continental shelves, and turn
eastward into the Sub-Antarctic Zone. Chlorophyll concentrations are enhanced along contours of sea
surface height extending off the continental shelves, as shown by the trajectories of virtual water parcels
in satellite altimetry data. These analyses support the hypothesis that bioavailable iron from continental
shelves is entrained into western boundary currents, and advected into the Sub-Antarctic Zone along the
Dynamical Subtropical Front. Our results indicate that upwelling at fronts in the open ocean is unlikely to
deliver iron to the ocean surface from deep sources. Finally, we hypothesise how a reduction in sea level
may have altered the distribution of shelf sediment iron sources in the Southern Ocean and increased

export production over the Sub-Antarctic Zone during glacial intervals.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

is lower than one would expect, given the high concentrations of
macronutrients (nitrates and phosphates). The lower productivity

Approximately one third of the world’s oceans have been de-
fined as High Nutrient Low Chlorophyll (HNLC) regions (Chisholm
and Morel, 1991). Primary biological productivity in HNLC regions
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in HNLC regions is because of the limited availability of the mi-
cronutrient iron (Martin, 1990). Mesoscale iron fertilisation ex-
periments have shown that the addition of iron to surface waters
in HNLC regions increases productivity locally (Coale et al., 1996;
Cooper et al., 1996; Boyd et al., 2000, 2007; Bakker et al., 2005; De
Baar et al., 2005; Aumont and Bopp, 2006; Law et al., 2006;
Smetacek et al., 2012; Assmy et al., 2013). This iron fertilisation
may also act to reduce atmospheric CO, concentrations, by

0967-0637/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


www.sciencedirect.com/science/journal/09670637
www.elsevier.com/locate/dsri
http://dx.doi.org/10.1016/j.dsr.2015.05.007
http://dx.doi.org/10.1016/j.dsr.2015.05.007
http://dx.doi.org/10.1016/j.dsr.2015.05.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dsr.2015.05.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dsr.2015.05.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dsr.2015.05.007&domain=pdf
mailto:r.graham.1007@gmail.com
http://dx.doi.org/10.1016/j.dsr.2015.05.007

10 R.M. Graham et al. / Deep-Sea Research I 104 (2015) 9-25

enhancing export production and the biological pump (Smetacek
et al,, 2012). For example, an increase in the supply of iron to the
Southern Ocean (the largest HNLC region) is a leading hypothesis
for explaining a substantial portion of the ~80 ppm reduction in
atmospheric carbon dioxide concentrations during glacial periods
(Martin, 1990; Moore et al., 2000; Watson and Naveira Garabato,
2006; Kohfeld and Ridgwell, 2009; Ziegler et al., 2013; Anderson
et al,, 2014; Lamy et al., 2014; Martinez-Garcia et al., 2014). Arti-
ficial iron fertilisation of HNLC regions has even been suggested as
a method to combat the anthropogenic rise in atmospheric CO,
(Chisholm and Morel, 1991; Robinson et al., 2014). Understanding
the natural supply mechanisms of iron and other trace metals to
the global oceans is a key goal of earth systems science, and has
spurred several major research programs such as GEOTRACES,
CLIVAR, CROZEX, KEOPS-I and KEOPS-II (Planquette et al., 2007,
Pollard et al,, 2007, 2009; Chever et al., 2010; Browning et al.,
2014; Conway and John, 2014; Rijkenberg et al., 2014; Grand et al.,
2015).

The bioavailability of different forms of iron to phytoplankton
remains a topic of debate (Shaked and Lis, 2012; Schallenberg
et al., 2015). Dissolved inorganic species of iron are assumed to be
the most readily accessible for phytoplankton (Raiswell and Can-
field, 2012). However, the vast majority of dissolved iron in the
ocean is complexed by organic ligands (Gledhill and Buck, 2012).
These organically complexed species are believed to be less
available to phytoplankton than inorganic species of iron. How-
ever, the photochemical reduction of ligands is thought to make
organically complexed iron more bioavailable (Gledhill and Buck,
2012). There is also increasing evidence that particulate iron can
be accessible to some phytoplankton under certain conditions
(Nodwell and Price, 2001; Frew et al., 2006; Van der Merwe et al.,
2015). The bioavailability of different iron species should therefore
be treated as a spectrum, rather than available/unavailable
(Shaked and Lis, 2012).

Shelf sediments are thought to represent one of the largest
sources of dissolved inorganic iron to the global ocean (Johnson
et al., 1999; Elrod et al., 2004; Moore et al., 2004; Moore and
Braucher, 2008; Tagliabue et al., 2009, 2012, 2014b; Boyd et al,,
2012a; Biller et al, 2013). For example, an iron flux of
865 pmol m~2 day ! was measured from sediments on the Per-
uvian shelf (Noffke et al., 2012). Pore waters in anoxic shelf sedi-
ments are heavily enriched in dissolved iron (mainly the reduced
Fe(Il) species), due to the microbial reduction of particulate Fe(III)
oxides and silicates within the sediments (Homoky et al., 2012;
Raiswell and Canfield, 2012). The diffusive outflow of sediment
pore waters, and the strong gradient in dissolved iron concentra-
tions between enriched pore waters and bottom waters, results in
a large flux of dissolved iron from anoxic shelf sediments to the
overlying waters. Large fluxes of iron from the sea floor have been
measured on several continental and island shelves (Johnson et al.,
1999; Elrod et al., 2004; Blain et al., 2007; De Jong et al., 2012;
Homoky et al., 2012; Biller et al., 2013; Conway and John, 2014).

The magnitude of the iron flux from shelf sediments to the
overlying waters is controlled mainly by the redox state of the
sediments (Chase et al., 2007; Raiswell and Canfield, 2012). Anoxic
conditions in sediments are generated foremost by the microbial
decomposition of organic matter. The oxygen status of sediments,
and hence the iron flux from the sediments, therefore depends on
the supply of fresh organic matter to the sediments (Raiswell and
Canfield, 2012). Note that this is a positive feedback. We would
expect to find large iron fluxes in regions of high productivity,
because of the enhanced input of organic matter to the sediments
below. Equally, we would expect productivity to be higher in re-
gions where there are large iron fluxes. This feedback loop means
that we need to consider export production as an initial condition
to accurately parameterise the shelf sediment iron flux in

biogeochemical models, and thus require an a priori knowledge of
productivity (Moore and Braucher, 2008).

Many biogeochemical models parameterise the shelf sediment
iron source as an inverse function of water depth, such that there
are large iron fluxes through the sea floor in regions where the
water depth is shallower than 1000 m (Moore et al., 2004; Aumont
and Bopp, 2006; Lancelot et al., 2009; Tagliabue et al., 2014b;
Wadley et al., 2014). These parameterisation schemes are sup-
ported by a reported strong inverse correlation between observed
chlorophyll concentrations and water depth, in the Southern
Ocean (Comiso et al., 1993; Sullivan et al., 1993; Moore and
Abbott, 2000; Tyrrell et al., 2005). This inverse correlation in-
dicates that productivity, and thus likely export production and
iron fluxes, are greater in shallow waters. It is important to note
that multiple overlapping iron sources may exist in near shore
regions, including among others shelf sediments, surface runoff,
glacial meltwater streams, and dust inputs (Boyd and Ellwood,
2010).

Fronts in the Southern Ocean have long been associated with
regions of high productivity (Moore et al., 1999). It is becoming
increasingly apparent that fronts, or ocean currents, can transport
iron thousands of kilometres into the open ocean from iron
sources upon continental shelves (De Baar et al., 1995; Planquette
et al.,, 2007; Boyd and Ellwood, 2010; Boyd et al., 2012a; De Jong
et al.,, 2012; Whitehouse et al., 2012; Measures et al., 2013; Klunder
et al., 2014). However, high productivity at fronts in the open
ocean is commonly attributed to the upwelling of nutrient en-
riched deep waters, rather than the horizontal advection of iron
(Read et al., 2000; Measures and Vink, 2001; Moore and Abbott,
2002; Romero et al., 2006; Sokolov and Rintoul, 2007b; Boyd and
Ellwood, 2010; Boyd et al., 2012a; Rosso et al., 2014). The strong
currents associated with ocean fronts generate intense upwelling
where these fronts cross over rough bottom topography and mid
ocean ridges (Sokolov and Rintoul, 2007b; Rosso et al., 2014). This
upwelling is believed to be strong enough to deliver large quan-
tities of dissolved iron to the ocean surface, from deep sources
such as hydrothermal vents (Sokolov and Rintoul, 2007b; Klunder
et al, 2011; Rosso et al., 2014). Recent studies have also high-
lighted the important role of eddies that are shed from ocean
fronts in re-stratifying the water column, as these eddies are able
to shoal the nutricline and relieve light limitation (Mahadevan
et al., 2012; Swart et al., 2014).

Many gaps remain in our understanding of the iron cycle. Un-
derstanding the large scale and long term spatial patterns of iron
sources and supply mechanisms in the Southern Ocean poses a
huge challenge. The number of in-situ iron measurements avail-
able from over the Global Ocean is rapidly increasing, thanks to
the efforts made by research programs such as GEOTRACES
(Klunder et al., 2011, 2014; Tagliabue et al., 2012). However, ob-
taining iron measurements from the Southern Ocean remains a
difficult, expensive and time consuming task. Therefore, until re-
cently, in-situ iron measurements from the Southern Ocean have
been somewhat limited. The challenge of understanding the large-
scale sources and supply mechanisms of iron is further compli-
cated by the vast size of the Southern Ocean and eddying circu-
lation. The residence time of iron in surface waters is thought to be
relatively short, on the order of only weeks to months and newly
available iron in surface waters may be quickly utilised by biota, or
scavenged from the water column (Gerringa et al., 2012; Van der
Merwe et al., 2015). It is also widely recognised that many supply
mechanisms of iron are highly episodic (Boyd et al., 2004). Con-
sequently, in-situ measurements of dissolved iron from surface
waters may not be indicative of the mean state (Croot et al., 2004;
Bergquist and Boyle, 2006; Boyd and Ellwood, 2010; Chever et al.,
2010; Ellwood et al., 2014; Van der Merwe et al., 2015). However,
iron concentrations in deeper waters (200-6000 m) are thought to
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be more stable.

The wide spatial coverage and high temporal resolution of sa-
tellite data offer several major advantages over in-situ measure-
ments. Recent studies have used satellite chlorophyll data to infer
and map the mean annual level of iron utilisation in the Southern
Ocean, and also the degree of iron stress (Boyd et al., 2012a;
Browning et al., 2014). Here, we exploit the assumed response of
chlorophyll growth to iron supply (Coale et al., 1996; Cooper et al.,
1996; Boyd et al., 2007; Klunder et al. .2011), to infer potential
source regions of iron in the Southern Ocean from satellite chlor-
ophyll data. The data we use and the limitations of our method are
discussed in Section 2. In Section 3, we explore the relationship
between satellite chlorophyll concentrations and ocean depth, to
improve our understanding of the spatial distribution of the shelf
sediment iron flux. From our analyses, we conclude that large shelf
sediment iron fluxes only exist near coastal margins. Next, in
Section 4, we explore the relationship between satellite chlor-
ophyll concentrations and ocean fronts, to investigate the me-
chanisms of iron supply at ocean fronts. It is concluded that up-
welling does not stimulate mean annual chlorophyll blooms at
fronts in the open ocean, and is therefore unlikely to deliver iron
to the ocean surface from the deep ocean. Instead, chlorophyll
blooms at ocean fronts are primarily due to the horizontal ad-
vection of iron downstream from source regions around con-
tinental and island coastlines. In Section 5 we describe chlorophyll
concentrations near the Antarctic Coastline. Finally, in Section 6,
we discuss the relevance of our results to the glacial iron hy-
pothesis. We suggest that an increased importance of coastal iron
sources, due to lower sea levels, may be an important contributor
to enhanced export production in the Sub-Antarctic Zone during
glacial intervals.
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2. Data and methods

Chlorophyll is a green pigment found in plants and algae that is
used in photosynthesis. There are two types of chlorophyll,
chlorophyll-a and chlorophyll-b. Chlorophyll-a is the primary
photosynthetic pigment for phytoplankton (Yoder and Kennelly,
2003). In this study we use chlorophyll-a concentrations derived
from ocean colour data, measured with the NASA Sea-viewing
Wide Field-of-view-Sensor (SeaWiFS). The data we use are the
9 km resolution annual mean chlorophyll-a concentration be-
tween 1999 and 2009. These data are available from the NASA
Ocean Colour website (http://oceandata.sci.gsfc.nasa.gov/SeaWiFS/
Mapped/Annual/9km/chlor/). Since large areas of the Southern
Ocean are iron limited, we assume that chlorophyll blooms de-
velop at the location of major iron sources for the ocean surface
(Boyd et al., 2004), and identify likely source regions of iron as
local maxima in chlorophyll concentrations.

To assess the likely level of iron limitation in different regions
of the Southern Ocean, we look at mean annual surface con-
centrations of macronutrients (nitrates, phosphates and silicates)
from the World Ocean Atlas (Fig. 1).

To investigate the relationship between the shelf sediment iron
flux and ocean depth, we compare the distribution of chlorophyll
blooms to bathymetric data (Smith and Sandwell, 1997). Our initial
analyses indicate that chlorophyll concentrations are more de-
pendent on proximity to coastline than ocean depth. To investigate
this further, we plot chlorophyll concentration vs ocean depth, and
chlorophyll concentration vs distance from coastline. The dis-
tances from coastline were calculated by the NASA Goddard Space
Flight Centre, and are available on their website (http://oos.soest.
hawaii.edu/pacioos/metadata/dist2coast_1deg_ocean.html).

To improve our understanding of the role of horizontal ad-
vection for transporting iron to remote regions of the Southern
Ocean, we deduce surface currents from the sea surface height

180°E 90°W 0°E

longitude

Fig. 1. Surface (a) phosphate (b) nitrate and (c) silicate concentrations (mmol m~3), from the World Ocean Atlas 2009 (corresponding to samples taken from 0 to 9 m). Blue
boxes indicate areas shown in Fig. 5. Black dots show the mean annual location of sea surface height fronts (Graham and De Boer, 2013). From North to South, the white lines
are: the Dynamical Subtropical Front (Graham and De Boer, 2013), the Sub-Antarctic Front (Orsi et al., 1995), and the Antarctic gyre boundaries — approximated by the 0 °C

isotherm at 200 m depth using HIGEM model output.
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field and compare these to chlorophyll concentrations. The hor-
izontal ocean circulation in the upper level of the Southern Ocean
is approximately parallel to sea surface height contours (Sokolov
and Rintoul, 2007a). More tightly packed sea surface height con-
tours are indicative of faster velocities. The sea surface height
dataset used here is the AVISO Up-To-Date Delay Time Merged
Global Mean Absolute Dynamic Topography product. We average
the data between 1999 and 2009, to be consistent with the
chlorophyll data. The resolution of these data is 1/3° latitude x 1/
3° longitude.

To further assess the role of the ocean circulation in trans-
porting iron away from source regions upon the continental
shelves, we calculate forward trajectories of virtual particles re-
leased from the South American and New Zealand coastlines. The
particle tracking code we use is the Connectivity Modelling System
v1.1 (Paris et al., 2013). The particles are released every seven days
from 1999 to 2009, at the ocean surface, on a regular 0.5°
latitude x 0.5° longitude grid. The virtual particles are advected
forward in time using weekly averaged surface velocities derived
from the AVISO sea surface height data (1999-2009), for a period
of 90 days. The 90 days tracking interval is consistent with an
estimated residence time for particulate iron derived from dust, in
Sub-Antarctic waters east of New Zealand, which is on the order of
100 days (Frew et al., 2006). In order to account for some of the
sub-mesoscale diffusion not captured in the AVISO data, an addi-
tional random-walk diffusivity of 100 m?/s is added to the velocity
fields (Van Sebille et al., 2015).

To assess whether chlorophyll concentrations are enhanced in
frontal regions, we compare chlorophyll concentrations to the
mean annual positions of ocean fronts for the period 1999-2009.
The fronts we use correspond to the mean location of strong
currents as identified by local maxima in sea surface height gra-
dients (Graham and De Boer, 2013).

To determine whether chlorophyll concentrations are en-
hanced in response to topographically-induced upwelling of iron,
where fronts pass over mid-ocean ridges, we compare the location
of chlorophyll blooms to vertical velocities from the UK Met Of-
fice’s High Resolution Global Environment Model (HiGEM) (Ro-
berts et al., 2009; Shaffrey et al., 2009). We take a 30 year average
of the mean annual upwelling velocities (years 71-100, from a 100
year control simulation), and average these over the top 650 m of
the ocean. A recent very-high resolution (1/80°) regional model-
ling study from the Kerguelen Plateau indicates that the magni-
tude of the vertical velocities from HiGEM (1/3°) are likely to be
underestimated (Rosso et al.,, 2014). Nonetheless, data-model in-
ter-comparisons have shown that HiIGEM captures the location of
fronts well in the Southern Ocean (Graham et al., 2012; De Boer
et al., 2013). We are therefore confident that the spatial pattern of
topographically induced upwelling at fronts is reasonable. We also
compare mean annual chlorophyll concentrations to mixed layer
depths from the HIGEM model output.

2.1. Limitations of methods

We make the assumption in this study that surface waters in
the Southern Ocean are iron limited. Thus, we assume that any
chlorophyll bloom in the Southern Ocean is a direct response to an
input of iron to the ocean surface. However, this assumption is
only partly true, because productivity may be co-limited by factors
other than iron in certain areas of the Southern Ocean.

Silicate concentrations decrease rapidly north of the Polar Front
(Fig. 1c). Low silicate concentrations north of the Polar Front may
limit productivity, and in particular the growth of diatoms, which
are important contributors to net productivity as well as nutrient
and carbon cycling in the Southern Ocean (Tripathy et al., 2015).
North of the Sub-Antarctic Front, concentrations of all three

macronutrients (nitrate, phosphate and silicate) decrease rapidly
and may become limiting (Fig. 1). This means that, in theory,
chlorophyll blooms in the Sub-Antarctic Zone may develop in re-
sponse to an input of macro-nutrients, rather than iron. However,
chlorophyll blooms in the Sub-Antarctic Zone still require a source
of iron. Furthermore, several studies have demonstrated iron
limitation in the Sub-Antarctic Zone, between the Subtropical and
Sub-Antarctic Fronts, and shown that the addition of iron to these
waters increases productivity and chlorophyll concentrations
(Bowie et al., 2009; Mongin et al., 2011; Boyd et al., 2012b). In the
subtropical gyres, north of the Subtropical Front, concentrations of
all three macro-nutrients are very low (Fig. 1). Phosphate, rather
than iron, is the main limiting nutrient in the subtropical gyres.

South of the Sub-Antarctic Front, iron is the limiting nutrient at
the ocean surface (Martin, 1990). However, light can also limit
productivity over large areas of the Southern Ocean. This may, for
example, be due to long nights during winter months, or extensive
sea-ice cover close to Antarctica. By using mean annual chlorophyll
data, these seasonal effects of light limitation should be averaged
out. However, deep mixed layers within the Antarctic Circumpolar
Current and mode water formation areas may extend below the
euphotic zone and thus lead to light limitation. Light limitation
might help to explain why mean annual chlorophyll concentra-
tions in the Southern Ocean are higher in regions where model
mixed layer depths are shallower, and we would expect light le-
vels in the surface layer to be higher (Fig. 2).

Subsurface chlorophyll maxima exist in certain regions of the
Southern Ocean (Parslow et al., 2001; Bowie et al., 2011; Tripathy
et al., 2015). Thus, an input of iron may in theory trigger a chlor-
ophyll bloom below the surface that cannot be detected by sa-
tellites. Subsurface chlorophyll maxima are most commonly ob-
served in stratified waters with shallow mixed layers (Ardyna
et al., 2013; Cullen, 2015). These features typically occur in sum-
mer months, after spring blooms have exhausted nutrients at the
surface. Studies from the Arctic Ocean have shown that using
mean annual satellite chlorophyll data, as we do here, averages out
the seasonal effects of subsurface chlorophyll blooms (Ardyna
et al,, 2013). Annual averaging also reduces biases due to problems
such as cloud cover and sea ice (Geibert et al., 2010). We find that
mean annual satellite measured chlorophyll concentrations are
generally higher in regions of the Southern Ocean where mixed
layer depths are shallow and subsurface chlorophyll blooms, ob-
scured from satellite view, are most likely to exist (Fig. 2).

In most of the open ocean the Inherent Optical Properties of the
water are dominated by phytoplankton. These regions are defined
as Case I or blue waters. In contrast, the Inherent Optical Proper-
ties of many coastal regions and inland waters are influenced by
dissolved organic matter and inorganic mineral particles, as well
as by phytoplankton (Matsushita et al., 2012). These waters are
known as Case II or green waters. As a result of these differences,
separate algorithms are used to calculate chlorophyll concentra-
tions from ocean colour data in Case I and Case II waters (Morel
and Prieur, 1977; Matsushita et al., 2012). This factor should be
taken into consideration when interpreting our results.

It should also be noted that different plankton functional types
(e.g. coccolithophores and diatoms) have different nutrient re-
quirements (Hashioka et al., 2013). This means that different types
of phytoplankton will require different quantities of iron to pro-
duce the same amount of carbon (Boyd et al,, 2012a). Therefore
chlorophyll concentrations should not be interpreted as a direct
indication of biomass or the magnitude of an iron source.

Despite the limitations of satellite data, the high spatial re-
solution can provide many advantages over in-situ measurements
(Boyd et al., 2012a; Browning et al., 2014; Carranza and Gille, 2014;
Gille et al., 2014). Satellite data offer a unique opportunity to
identify large-scale patterns in the ocean, and can be used as a tool
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Fig. 2. Mean annual near surface chlorophyll-a concentrations for the years 1999-2009 (mg m 3, colour scale). The Location of sea surface height fronts, indicative of strong
currents, are shown by the black dots (Graham and De Boer, 2013). From North to South, the white lines are: the Dynamical Subtropical Front (Graham and De Boer, 2013),
the Sub-Antarctic Front (Orsi et al., 1995), and the Antarctic Gyre Boundaries — approximated by the 0 °C isotherm at 200 m depth using HiIGEM model output. Grey contours
are the 1000 m isobaths. Pink boxes highlight the location of some islands south of the Sub-Antarctic Front. Grey boxes indicate the areas shown in Fig. 5. DP=Drake Passage,
CP=Campbell Plateau. Mean annual upwelling velocity averaged over years 71-100 of a control simulation with HIGEM. Velocities are averaged between the surface and
650 m depth. Mean annual mixed layer depths (m) averaged over years 71-100 of a control simulation with HIGEM. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

to guide future in-situ measurements (d’Ovidio et al., 2015).

3. Chlorophyll concentrations over shallow topography
3.1. Enhanced chlorophyll concentrations in coastal regions

Mean annual chlorophyll concentrations are elevated over
continental shelves compared with open ocean locations (Figs. 2a
and 3b). The widest continental shelf bordering the Southern
Ocean is the South American Shelf, and we shall focus initially on
this area. Satellite derived chlorophyll concentrations are not
uniformly high over the South American Shelf, but elevated
around coastal margins (Fig. 3a). In particular, chlorophyll con-
centrations are very high around major river outlets such as the
Rio de la Plata. Chlorophyll blooms can be seen extending north
eastwards from the South American coastline towards the edge of
the continental shelf.

In most instances, chlorophyll concentrations decrease with
distance from the coastline. However, the ocean circulation clearly
plays an important role. For example, a long and intense chlor-
ophyll bloom extends northwards from the Falkland Islands
(Fig. 3a). This bloom is comprised of coccolithopores and is the
highest reflectance region, as seen by satellites, in the Great Calcite
Belt of the Southern Ocean (Balch et al., 2014). The bloom closely
follows the sea surface height contours, which indicate the di-
rection of the ocean circulation. The presence of the Falkland
bloom has previously been attributed to shelf break upwelling
(Saraceno et al., 2005). However, similar blooms are absent in
comparable dynamic settings, such as the south-eastern edge of
the Campbell Plateau (Fig. 4b). The Falkland bloom is also absent

south (upstream) of the Falkland Islands, while immediately north
of the Falkland Islands the bloom is in fact not located on the shelf
break but rather slightly to the west of it (Fig. 3a). In-situ mea-
surements have also shown that the bloom is most intense im-
mediately northeast (upstream) of the Falkland Islands (Balch
et al,, 2014).

Chlorophyll concentrations are low over areas of continental
shelf that are isolated from any land mass. For example, east of the
southern tip of South America and south of the Falkland Islands,
there is a large plateau (60°W, 54°S). This plateau is separated
from the main continental shelf by a small channel with a depth of
~400 m (Fig. 3b). At the centre of the plateau, the ocean depth is
as little as 5 m, which is shallower than the main continental shelf
connecting South America and the Falkland Islands. Chlorophyll
concentrations are enhanced locally at the centre of the plateau
where the water depths are shallowest (Fig. 3b). However, there is
a sharp contrast between the very high chlorophyll concentrations
on the main continental shelf and the low concentrations on this
shallow plateau (Fig. 3b).

Prominent chlorophyll blooms are observed downstream of
many islands in the Southern Ocean (Fig. 2a). Large chlorophyll
blooms even develop downstream of very small islands, with
narrow shelves, such as Peter 1 and Bouvet Island (Fig. 5). These
islands have land areas of 154 and 49 km? respectively. There are
several seamounts in close proximity to Peter 1 and Bouvet Island,
some of which extend to within 5 m of the ocean surface (Fig. 5).
These bathymetric features have similar or larger shallow areas
(< 1000 m) compared with the shelves surrounding the islands.
However, mean annual chlorophyll concentrations are not visibly
enhanced over or downstream of these seamounts (Fig. 5).

To summarise, we observe that mean annual satellite
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chlorophyll concentrations are enhanced around coastal areas of
both continental land-masses and islands. Similar chlorophyll
blooms are not observed over, or downstream of, submerged
seamounts and plateaus in close proximity to these features.

3.2. Depth dependence vs proximity to land

Several studies have reported a strong inverse correlation be-
tween chlorophyll concentrations and ocean depth in the South-
ern Ocean (Comiso et al., 1993; Sullivan et al., 1993; Moore and
Abbott, 2000; Tyrrell et al., 2005). Here, we argue that high mean
annual chlorophyll concentrations are more closely tied to coastal
regions than areas of shallow bathymetry ( <1000 m).

In the following analyses we exclude waters south of 60°S and
north of 42°S (Fig. 6a). Chlorophyll concentrations south of 60°S
are likely to be strongly influenced by sea ice cover and thus light
limitation, while areas north of 42°S are limited by nitrate and
phosphate (Fig. 1).

We first wish to consider all continental and island shelves in
the Southern Ocean. Here, we take the chlorophyll concentrations
from all points that are within 500 km of a coastline, and have a
water depth shallower than 1000 m (Fig. 6a, pink lines indicate the
500 km radii from a coastline, and the 1000 m and 2000 m iso-
baths are shown in white). When chlorophyll is plotted as a
function of distance from coastline, we can see that all extremely
high chlorophyll concentrations (>3 mgm~>) occur within
20 km of a coastline (Fig. 6b). Some of these chlorophyll values
may be spurious, due to suspended non-organic particulate matter

in the water column (Tyrrell et al., 2005). Chlorophyll concentra-
tions between 2 and 3 mg m~2 are only found within 50 km of a
coastline (Fig. 6b). Mean annual chlorophyll concentrations be-
tween 1 and 2 mg m~> can be found anywhere up to 450 km from
a coastline (Fig. 6b). On continental shelves, there is little evidence
of any decrease in chlorophyll concentrations between 50 km to
450 km from a coastline. The high chlorophyll concentrations
(>1mgm~3) within this range are primarily found within the
Falkland Bloom, on the eastern edge of the South American Shelf
(Fig. 6a).

When chlorophyll concentrations from continental and island
shelves are plotted as a function of ocean depth, there is con-
siderably more scatter compared with when chlorophyll is plotted
as a function of distance from a coastline (Fig. 6b, c). Extremely
high chlorophyll concentrations ( > 3 mg m~3) are found in water
depths up to 600 m, and mean annual chlorophyll concentrations
>2 mg m~> are found in depths up to 1000 m (Fig. 6¢). There is a
large cluster of chlorophyll concentrations between 1 and
2 mg m~2 in depths shallower than 200 m, corresponding largely
to the high chlorophyll concentrations on the South American
Shelf (Fig. 6a and c). These analyses demonstrate that mean annual
satellite chlorophyll concentrations >2 mgm > in the Southern
Ocean are more constrained by proximity to a coastline ( < 50 km
from a coast), than by water depth (Fig. 6b, c).

We next investigate whether there is evidence of enhanced
chlorophyll concentrations over areas of shallow bathymetry in
the open ocean. Here, we consider chlorophyll concentrations in
the ‘open ocean’, which we define as points located more than
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scale). Grey contours are the sea surface height field for 1999-2009. White con-
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the path of the western boundary currents and Dynamical Subtropical Front:
(a) South Africa and (b) New Zealand and the Campbell Plateau.

500 km from any coastline, and we define shallow bathymetry as
water depths shallower than 2000 m (Fig. 6a, pink lines indicate
the 500 km radii from a coastline, and the 1000 m and 2000 m
isobaths are shown in white). We plot chlorophyll concentration
both as a function of ocean depth and distance from coastline
(Fig. 6d, e). The highest mean annual chlorophyll concentration at
locations that are shallower than 2000 m but more than 500 km
from a coastline is < 0.8 mg m~3 (Fig. 6d). In contrast, mean an-
nual chlorophyll concentrations exceed 10 mg m~>3 on coastal
shelves (Fig. 6b). Over submerged, shallow shelves of less than
200 m, mean annual chlorophyll concentrations do not exceed
0.27 mg m > (Fig. 6e). Chlorophyll concentrations > 0.4 mg m >
are only observed in regions where waters are deeper than 1200 m
(Fig. 6e). In summary, we find no evidence that mean annual sa-
tellite chlorophyll concentrations in the Southern Ocean are en-
hanced over shallow bathymetric features ( <1000 m) that are
located more than 500 km from a coastline.
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3.3. Implications for the shelf sediment iron flux

In many biogeochemical model parameterisations, the shelf
sediment iron source is assumed to be large over all areas with
bathymetry shallower than 1000 m (Moore et al., 2004; Aumont
and Bopp, 2006; Lancelot et al., 2009; Boyd et al., 2012a; Borrione
et al.,, 2014). If there were a large iron flux from these sediments,
one would expect chlorophyll concentrations to be enhanced over
all areas of shallow bathymetry, assuming the surface waters
above are iron limited.

Our analyses show that annual mean satellite chlorophyll
concentrations are not enhanced over any areas of shallow
bathymetry located more than 500 km from a coastline in the
Southern Ocean. Moreover, very high mean annual chlorophyll
concentrations are only observed within 50 km of a coastline. Our
interpretation of these results is that sediment layers on areas of
shallow bathymetry that are isolated from coastal margins are
unlikely to act as a large source of iron to the ocean. The shelf
sediment iron flux is most likely to be located around coastal
margins, rather than spread evenly across continental shelves.

It is possible that shelf sediments on isolated bathymetric
features are acting as a source of iron to the ocean, but the iron is
more rapidly dispersed compared with coastal regions. Therefore
the iron does not reach the surface to imprint on the chlorophyll
signal. However, this scenario seems unlikely given the fact that
there was no evidence of enhanced chlorophyll concentrations
over any isolated bathymetric features (Fig. 6).

We speculate that the reason for large iron fluxes in coastal
regions may be that these shelves receive a large flux of terrestrial
organic matter and continentally weathered material, from pro-
cesses such as riverine transport, coastal erosion, and glacial debris
(e.g. Chase et al., 2007). The high sedimentation rates along coastal
margins, and input of terrestrial organic matter, may favour the
establishment of anoxic conditions in these sediments, which
would promote the reduction of iron oxide within the sediments
and the release of dissolved iron to the overlying bottom waters
(Raiswell and Canfield, 2012). In contrast, subsurface seamounts
and other shallow bathymetric features in the open ocean are
likely to have lower sedimentation rates and sediment scouring
from ocean currents, as well as a lack of terrestrial organic mate-
rial. These conditions are less favourable to promote anoxia in
sediment layers.

While we believe that the most likely source of the coastal iron
signal is a diffusive flux of dissolved iron from shelf sediments, the
potential contribution from other sources of bioavailable iron to
coastal regions must not be overlooked (Boyd and Ellwood, 2010).
For example, sediment re-suspension on continental and island
shelves may be a large source of particulate iron (Homoky et al.,

b
04  64°S
035 65°S
66°S
03
67°S
0.25
68°S
02 goes v
015  70°S ; e
60°E 94°W 92°W 90°W 88°W 86°W

longitude

Fig. 5. Mean annual chlorophyll concentrations (mg m ™2, colour scale, note different scale between figures). White contours are the 1000 m isobaths. Pink contours are the
150 m isobaths, and black the 50 m isobaths. (a) Bouvet Island and (b) Peter 1 Island. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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2013; Conway and John, 2014; Van der Merwe et al., 2015). Fluxes
of iron from icebergs and sub-glacial melt water streams are likely
to be important around Antarctica and glaciated islands in the
Southern Ocean (Raiswell et al., 2008; Geibert et al., 2010; Ger-
ringa et al., 2012; Death et al., 2013; Planquette et al., 2013). The
outflow of rivers and boreal streams passing through peat land
have been shown to be an important source of iron to the Arctic
Ocean (Klunder et al., 2012; Krachler et al., 2012; Neubauer et al.,
2013; Kohler et al., 2014), and may therefore be important around
the Falkland Islands and high latitudes (south of 50°S) of South
America (Fig. 4a). There is also thought to be a large flux of iron
from ground-water discharge along the South American coastline

(Windom et al., 2006). It is possible that multiple sources of iron
influence different regions in the Southern Ocean, and the relative
importance of these sources may change over the annual cycle
(Boyd and Ellwood, 2010; Van der Merwe et al., 2015). When
prescribing iron fluxes in biogeochemical models, and calculating
iron budgets, care needs to be taken not to doubly account for
these sources.

With the satellite data used in this study, we cannot confirm
whether the largest iron fluxes are truly located in close proximity
to coastal margins, or what the exact source(s) of these iron fluxes
may be. To test these hypothesis, in-situ measurements are re-
quired to investigate how the shelf sediment iron flux varies over
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large continental shelves, like that of South America. To date, most
in-situ measurements of the shelf sediment iron flux have focused
on relatively narrow areas of continental shelf neighbouring
coastlines, such as the Californian Shelf and a number of island
shelves in the Southern Ocean (Johnson et al., 1999; Elrod et al.,
2004; Chase et al., 2007; Planquette et al., 2007; Blain et al., 2008;
Noffke et al., 2012; Homoky et al., 2013). Furthermore, new mea-
surements are required to investigate whether large iron fluxes
exist on isolated seamounts and submerged plateaus.

Following the results from our analyses, we recommend that
depth dependent parameterisations for the shelf sediment iron
flux, currently used in most biogeochemical models (e.g. Wadley
et al.,, 2014), should be replaced by a large iron flux neighbouring
coastal regions. This flux may be prescribed up to a fixed distance
from the coastline, or alternatively between the coastline and
specific isobaths. In support of this method, a recent high resolu-
tion modelling study by Borrione et al. (2014) was able to accu-
rately simulate the chlorophyll bloom downstream of South
Georgia by prescribing a shelf sediment iron flux between the
coast and 5 m isobaths, rather than the more common criteria of
all areas shallower than 1000 m.

We do not anticipate that the new shelf sediment iron para-
meterisation will have a major effect on modern-day simulations,
compared with models using depth dependent parameterisations,
because the largest expanses of shallow water ( < 1000 m) in the
ocean are located around coastal margins on continental shelves
(Fig. 6a). Therefore, the location of the major shelf iron sources will
not change. The main conclusions drawn from studies using depth
dependent parameterisation schemes are thus likely to remain
valid (Moore and Braucher, 2008; Tagliabue et al., 2009, 2014a;
Wadley et al., 2014). However, depth dependent parameterisation
schemes would likely result in spurious chlorophyll blooms de-
veloping downstream of isolated subsurface features, such as the
Campbell Plateau and the seamounts nearby Peter 1 and Bouvet
Island (Figs. 4 and 5). We anticipate that the most significant
changes when using this new iron parameterisation scheme would

be for simulations of past or future climates where sea level and/or
the configurations of continental shelves are different from today
(see Section 6).

4. The role of local upwelling vs horizontal advection of iron
4.1. Chlorophyll concentrations at fronts in the Southern Ocean.

We define ocean fronts here as strong narrow currents or jets
(Graham and De Boer, 2013). Fronts act as barriers to mixing in the
ocean (Naveira-Garabato et al., 2011), which means that water
parcels and their associated nutrients, such as iron, cannot easily
cross from one side of a front to another (Naveira Garabato et al.,
2002). The locations of fronts are indicated by the black dots in
Figs. 1 and 2, and black lines in Figs. 3, 4 and 7.

Mean annual chlorophyll concentrations are not visibly en-
hanced along fronts in remote regions of the Southern Ocean, such
as the southeast Pacific (Fig. 2a). Chlorophyll concentrations are
only elevated near ocean fronts where the upstream front has
passed near an island or continental slope (Figs. 2a and 7).
Chlorophyll concentrations are elevated along sea surface height
contours passing around islands, and decrease gradually towards
the east downstream of these islands (Fig. 7). High chlorophyll
concentrations are found in the areas between islands and nearby
ocean fronts. Close to islands, there are strong gradients in chlor-
ophyll concentrations across fronts (Fig. 7). Chlorophyll con-
centrations are enhanced on the side of the fronts facing islands,
and comparatively weaker on the opposite side of fronts. Further
downstream of islands, chlorophyll concentrations peak near the
core of ocean fronts (Fig. 7).

Topographically induced upwelling occurs throughout the
water column where ocean fronts pass over mid ocean ridges and
seamounts (Sokolov and Rintoul, 2007b). The largest vertical ve-
locities associated with topographically induced upwelling in the
model output from HiGEM are located at Drake Passage (60°W),
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Fig. 7. Mean annual chlorophyll concentration for 1999-2009 (mg m 3, colour scale, note the different scales). Grey contours are the sea surface height field for 1999-2009.
Black sea surface height contours approximate the location of ocean fronts (which are related to strong currents) in these regions. White contours are the 2000 m and
1000 m isobaths. Pink contours are the 100 m isobaths, and black the 0 m isobaths. (a) The Crozet Islands and (b) South Georgia.
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and around the southern edge of the Campbell Plateau (170°E)
(Fig. 2b). Mean annual chlorophyll concentrations are very low in
these regions (Fig. 2a, b). Thus, there is little evidence to suggest
that mean annual chlorophyll concentrations are enhanced as a
result of topographically induced upwelling at fronts, in remote
and deep regions of the Southern Ocean.

Western boundary currents run parallel to the edge of con-
tinental shelves on the western side of each sector of the Southern
Ocean (i.e. along the eastern coastlines of continents). These cur-
rents can extend to more than 2000 m depth in the ocean (Graham
and De Boer, 2013). Sharp gradients in chlorophyll concentrations
exist across these boundary currents (Figs. 3b and 4). There is no
boundary current running parallel to the shelf break on the west
coast of South America. Here, high chlorophyll concentrations
extend several hundred kilometres off the continental shelf and
into the open ocean (Fig. 3b). As with fronts passing around is-
lands in the open ocean, chlorophyll concentrations are con-
sistently enhanced on the side of boundary currents facing the
continental coastlines, and are comparatively weaker on the open
ocean side (Figs. 3b and 4).

The western boundary currents in the Atlantic, Indian and Pa-
cific Sectors of the Southern Ocean detach from the continental
shelves at approximately 40°S, and turn eastwards into the open
ocean (Fig. 2). In the Tasman Sea, the East Australian Current de-
taches early at approximately 31°S. The eastward extensions of
these currents are called the Dynamical Subtropical Front (Graham
and De Boer, 2013). Large mean annual chlorophyll blooms extend
eastwards into the Southern Ocean along the Dynamical Sub-
tropical Front (Figs. 2-4). Chlorophyll concentrations are enhanced
on the side of the Dynamical Subtropical Front that was previously
facing the continental coastline, and are comparatively weaker on
the opposite side of the front (Figs. 3b and 4). These areas of en-
hanced chlorophyll concentrations are confined to a relatively
narrow range of sea surface height, and chlorophyll concentrations
decrease gradually with increasing distance from the continental
coastlines (Figs. 3b and 4).

In the Atlantic Sector of the Southern Ocean, two western
boundary currents flow along the eastern South American con-
tinental shelf (Fig. 3b). Flowing northward along the shelf break
from the southern tip of South America is the Falkland Current, or
Sub-Antarctic Front, and to the north there is the southward
flowing Brazil Current. These two currents meet at the Brazil-
Malvinas Confluence (~40°S), and turn eastwards into the
Southern Ocean. The chlorophyll bloom in the South Atlantic Sub-
Antarctic Zone originates exactly from this narrow choke point
(Fig. 3b). Chlorophyll concentrations are enhanced along sea sur-
face height contours extending off the shelf. The bloom fills the
entire Sub-Antarctic Zone between the Dynamical Subtropical
Front to the north and Sub-Antarctic Front to the south (Figs. 2a
and 3b). Chlorophyll concentrations decrease rapidly across both
these fronts.

Care should be taken when interpreting these results. In par-
ticular, consideration should be given to the fact that separate
algorithms are likely used for deriving the chlorophyll concentra-
tions in coastal and open water areas (Matsushita et al., 2012).
Therefore the magnitude of gradients in chlorophyll concentra-
tions across continental shelf breaks should be treated with cau-
tion. Nonetheless, the close correspondence of chlorophyll con-
centrations and the sea surface height field, from two independent
data sets, indicates that the patterns we see are likely to be real.
In-situ measurements from the South American Shelf also confirm
the existence of phytoplankton blooms in the regions with high
chlorophyll concentrations seen with satellite data (Balch et al.,
2014).

These qualitative analyses show that the synoptic scale mean
annual satellite chlorophyll concentrations in the Southern Ocean

can be explained to a larger extent by horizontal advection along
ocean fronts, than topographically induced upwelling at fronts.

4.2. Where do shelf waters go?

It has been shown that particulate and dissolved iron from
continental shelves is entrained into western boundary currents
and advected into the Sub-Antarctic Zone along the Dynamical
Subtropical Front (Bowie et al., 2009; Boyd et al., 2012b; Rijkenberg
et al, 2014). To further investigate this mechanism, we calculate
the trajectories of virtual particles released at the ocean surface
from the eastern coastline of South America, and the New Zealand
coastline. (Recall, in Section 3 we inferred that the largest iron
sources on continental shelves are likely to be located along
coastal margins.) These virtual particles are advected forward in
time for 90 days, using weekly surface velocities calculated from
AVISO sea surface height data. The trajectories of these virtual
particles should indicate the regions of the ocean that one might
expect to be subjected to natural iron fertilisation, from shelf se-
diment iron advected by western boundary currents and their
extensions. If surface waters in these areas are iron limited, one
would expect to observe higher chlorophyll concentrations along
the paths of the virtual particles.

The trajectories of the virtual particles released along these
coastlines show some strong similarities with the mean annual
chlorophyll concentrations around the Campbell Plateau and
South America (Fig. 8). For example, the highest chlorophyll con-
centrations and densities of trajectories are in coastal regions. On
the Campbell Plateau, chlorophyll concentrations are enhanced
along the southern edge of Chatham Rise, and there is a high
density of virtual particles here (Fig. 8a, b). Similarly, the virtual
particles follow the large meander of the current north of Chatham
Rise, and chlorophyll concentrations are enhanced here, too. On
the South American Shelf there is a high density of trajectories
north of the Falkland Islands, which is reminiscent of the Falkland
chlorophyll bloom (Fig. 8c, d). However, unlike the Falkland Bloom,
the virtual particle trajectories do not extend far enough north
from the Falkland Island to reach the Brazil-Malvinas Confluence.
As a result, the virtual particles are not advected into the Sub-
Antarctic Zone along the Sub-Antarctic Front. Therefore the plume
of virtual particles in the South Atlantic Sub-Antarctic Zone is
displaced north of the chlorophyll bloom (Fig. 8c, d). This may be
either because we were tracking the virtual particles for too short
a time period, or because the satellite sea surface height data used
to advect the virtual particles is too coarse, and not well resolved
on the continental shelf (i.e. the currents are too broad and velo-
cities too slow). It is also possible that the large input of organic
matter into the sediments beneath the Falkland Bloom generates
anoxic conditions in the sediments. This would result in a flux of
dissolved iron from the sediments and stimulate more pro-
ductivity, thus triggering a positive feedback, which we do not
account for here.

One important caveat of these analyses is that we are using
surface velocities from satellite altimetry. We do not use three
dimensional velocity fields, and so do not explicitly consider the
possible uplift of sediments from the lower continental shelf.
However, our earlier analyses of the satellite chlorophyll data in
Section 3 indicated that this contribution was likely small.

The results from these analyses provide support for the hy-
pothesis that chlorophyll blooms in the Sub-Antarctic Zone are
stimulated by the horizontal advection of iron rich shelf waters,
along western boundary currents and the Dynamical Subtropical
Front (Bowie et al., 2009; Boyd et al., 2012b; Rijkenberg et al.,
2014).
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Fig. 8. (a) The number of virtual trajectories crossing each grid point, for virtual parti
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cles released from the New Zealand coastline. (b) Mean annual chlorophyll con-

centrations around New Zealand for 1999-2009 (mg m~>). (C) The number of virtual trajectories crossing each grid point, for virtual particles released from the eastern
South American coastline. (d) Mean annual chlorophyll concentrations around South America for 1999-2009 (mg m~>). Grey contours show the mean annual sea surface

height field for the period 1999-2009. White contours show the 1000 m isobaths. Pink

4.3. The role of ocean fronts in iron supply to the Southern Ocean

The results from our analyses indicate that the primary me-
chanism of iron supply at ocean fronts is through the horizontal
advection of iron from sources associated with coastal regions,
rather than the upwelling of iron from deep sources, such as hy-
drothermal vents. In particular, we hypothesise that western
boundary currents entrain iron from the continental shelf and
advect this iron into the Sub-Antarctic Zone along the Dynamical
Subtropical Front. In support of this hypothesis, in-situ iron mea-
surements from the Atlantic, North Pacific and Tasman Sea reveal
high concentrations of iron on the pole-ward edge of the western
boundary current extensions, corresponding to the Brazil Current,
North Atlantic Current, Kuroshio Current and the East Australia
Current (Lam et al., 2006; Nishioka et al., 2007, 2011; Bowie et al.,

contours are the 120 m isobaths.

2009; Rijkenberg et al., 2014; Schlosser et al.,, in preparation). Si-
milarly, large fluxes of iron downstream of the Kerguelen and
Crozet Islands have been attributed to the lateral advection of shelf
sediment iron by ocean fronts (Blain et al., 2007, 2008; Planquette
et al,, 2007; Chever et al., 2010; Sanial et al., 2014; Van der Merwe
et al.,, 2015). The source of this iron is thought to be from sediment
re-suspension as fronts traverse continental and island shelves, as
well as continentally weathered material entering coastal regions
through surface runoff (Van der Merwe et al., 2015). Likewise,
many studies from the Weddell Sea and downstream of the Ant-
arctic Peninsula have revealed large horizontal fluxes of iron off
the Antarctic shelf and shelves of the surrounding islands (Ardelan
et al,, 2010; Boyd et al,, 2012a; De Jong et al., 2012; Whitehouse
et al., 2012; Frants et al., 2013; Measures et al., 2013; Klunder et al.,
2014). In particular, an exponential decrease in iron concentrations
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within the upper 200 m of the ocean was measured 3000 km
downstream from the Antarctic Peninsula (De Jong et al., 2012).
Thus, there is strong observational evidence that western bound-
ary currents and ocean fronts are crucial mechanisms for advect-
ing iron long distances into the open ocean, from coastal shelf
regions.

While our results suggest that upwelling at fronts in the open
Southern Ocean does not deliver iron to the surface from deep
sources, such as hydrothermal vents, processes such as deep
winter mixing, Ekman pumping, wind driven mixing, and up-
welling at ocean fronts, are likely to be crucial for the seasonal and
intra-seasonal timing of chlorophyll blooms (Swart et al., 2012,
2014; Carranza and Gille, 2014; Gille et al., 2014; Tagliabue et al.,
2014a). These processes are likely to be important for relieving
light limitation, and may also deliver iron to the ocean from in-
termediate depths (Swart et al., 2012, 2014; Carranza and Gille,
2014; Gille et al., 2014; Tagliabue et al., 2014a). However, it is
important to note that the distribution of the sub-surface iron
reservoir at intermediate depths (i.e. below the ferocline) is un-
likely to be spatially uniform. Instead, the spatial distribution of
iron at depth is most likely controlled by the horizontal advection
of iron from coastal source regions (Van der Merwe et al., 2015).

With the satellite data used in this study, we cannot determine
the form of iron transported by ocean fronts. One of the major
unanswered questions from this study is how iron can remain in
the upper ocean and sustain productivity across entire sectors of
the Southern Ocean. It is unclear whether this is due to intense
biological recycling of dissolved iron from shelf sediments, long
range transport of particulate iron, or some other process. Further
in-situ iron measurements are required to explore these processes
further. Data collected during the GEOTRACES and KEOPS-II pro-
grams should help to answer these questions (Conway and John,
2014; Rijkenberg et al., 2014; Van der Merwe et al., 2015; Schlosser
et al,, in preparation).

5. Chlorophyll concentrations near the Antarctic coastline

Mean annual satellite chlorophyll concentrations are generally
higher within the gyre systems adjacent to the Antarctic coastline
compared with the open ocean (Fig. 2a, gyre boundary is ap-
proximated with the southernmost black and white line). The
largest of these gyres are the Ross and Weddell Gyres. A striking
feature of these chlorophyll blooms is how well the ocean gyres
constrain their extent. Chlorophyll concentrations within the gyres
are extremely patchy, with small localised areas of very high
concentrations and patches of low concentrations (Fig. 2a). The
patches of high chlorophyll concentrations may be related to the
opening of polynyas in the sea ice and relieving of light limitation
(Sullivan et al., 1993; Moore and Abbott, 2000; Swart et al., 2012;
Planquette et al., 2013). High chlorophyll concentrations are ob-
served in places along the Antarctic coastline and upon the Ant-
arctic shelf. However, the common pattern that chlorophyll con-
centrations gradually decrease with distance from the coast, as is
observed further north, is absent here.

The primary sources of iron in polar regions are thought to be
subglacial meltwater streams, shelf sediments, melting icebergs,
wind driven upwelling, brine rejection, and the seasonal melting
of sea ice (Raiswell et al., 2008; Boyd et al., 2012a; Gerringa et al.,
2012; Death et al., 2013; Planquette et al., 2013; Gille et al., 2014;
Schallenberg et al., 2015). However, the areas characterised by
seasonal sea-ice cover in the Southern Ocean are much larger than
the gyre circulations, and therefore the spring ice-melt alone
cannot explain the shape of these regions of high chlorophyll
concentrations. These cyclonic gyres are also known to be areas of
upwelling, which may supply iron to the ocean surface from

depth. Nonetheless, wind driven upwelling is strong across much
of the Southern Ocean, south of 50°S, and thus upwelling of iron is
also unable to explain why the high mean annual chlorophyll
concentrations are found exclusively within the gyre circulations
(Fig. 1).

We speculate that iron supplied along the Antarctic Coastline
from glacial meltwater streams, shelf sediments, and melting
icebergs, enters the ocean gyres. This iron is then frozen into sea
ice that forms over the gyres, or close to the Antarctic coastline
(Schallenberg et al., 2015). During the spring sea-ice melt, light
limitation is relieved, stratification at the surface increases, and
iron is released back into the ocean from the sea ice, leading to the
rapid development of chlorophyll blooms (Schallenberg et al.,
2015). Sea-ice that forms outside of the gyre boundaries may be
less enriched in iron, due to the low iron concentrations of surface
waters where the ice forms. However, in-situ measurements are
required to test these hypotheses.

6. Relevance to the glacial iron hypothesis

Sediment records show that export production increased in the
Sub-Antarctic Zone during glacial intervals (Kohfeld et al., 2005,
2013). Coincident with the increase in export production, ice-core
records from Antarctica show that dust fluxes were more than
twenty times greater than today during glacial intervals, and at-
mospheric carbon dioxide concentrations decreased (Petit et al.,
1990). There is, thus, strong paleo-climatic evidence to show that
(1) dust fluxes to the Southern Ocean increased during glacial
intervals; (2) Coincident with the timing of these enhanced dust
fluxes, export production in the Sub-Antarctic Zone increased; and
(3) atmospheric carbon dioxide concentrations decreased as ex-
port production increased. These records have led many studies to
conclude that enhanced export production in the Sub-Antarctic
Zone during glacial intervals was driven by an increased supply of
iron from dust, and that this acted to lower atmospheric carbon
dioxide concentrations through a strengthened biological pump
(Martin, 1990; Petit et al., 1990; Kumar et al., 1995; Moore et al.,
2000; Kohfeld and Ridgwell, 2009; Ziegler et al., 2013; Anderson
et al.,, 2014; Lamy et al., 2014; Martinez-Garcia et al., 2014).

Recent observations and modelling studies have shown that
productivity in the modern day Southern Ocean is relatively in-
sensitive to iron supplied by dust (Boyd et al., 2004, 2010; Mackie
et al.,, 2008; Wagener et al., 2008; Tagliabue et al., 2014b). For
example, a modelling study by Tagliabue et al. (2014b) showed
that export production decreased by approximately 1% when all
dust sources of iron were removed. This reduction in iron supply
caused atmospheric carbon dioxide concentrations to increase by
~2 ppm. In contrast, when sedimentary iron sources were re-
moved, export production decreased by approximately 7%, and
atmospheric carbon dioxide increased by ~14.5 ppm (Tagliabue
et al., 2014b). Moreover, the results from our study indicate that
chlorophyll blooms in the modern day Sub-Antarctic Zone are
supported by an advective supply of iron from continental shelves,
along the Dynamical Subtropical Front, rather than continental
dust sources (Figs. 3 and 4). Given these findings, we argue that
the possibility ought to be considered that glacial export produc-
tion anomalies in the Southern Ocean could have been driven in
part by changes to the supply of shelf sediment iron, rather than
simply an increase in dust.

At the Last Glacial Maximum, sea levels were approximately
120 m lower than today (Peltier and Fairbanks, 2006). With the
present day topographic data used in our study, we calculate that a
uniform drop in sea level of 120 m would reduce the area of
continental shelves between the depths of 0 and 1000 m by ap-
proximately 50% (Fig. 6, 120 m isobaths is shown in pink). For
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glacial meltwater.

extra flux of iron from
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Fig. 9. Schematic of how a change in sea level might affect iron transport. Solid red arrows indicate iron sources and sinks. Dashed arrows indicate transport. Dark brown
colouring indicates anoxic sediments. Green shows high chlorophyll concentrations. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

many biogeochemical models, this would result in a ~50% de-
crease in the magnitude of the shelf sediment flux of dissolved
iron (Moore et al., 2004; Aumont and Bopp, 2006; Lancelot et al.,
2009). The findings from Tagliabue et al. (2014b) suggest that such
a change in the shelf sediment iron flux would lead to a substantial
reduction in export production and increase atmospheric carbon
dioxide concentrations. However, various records show the op-
posite, in that export production increased in the Sub-Antarctic
Zone and atmospheric carbon dioxide decreased (Ziegler et al.,
2013; Anderson et al.,, 2014; Lamy et al., 2014; Martinez-Garcia
et al.,, 2014).

The chlorophyll data analysed in our study, and a recent
modelling study by Borrione et al. (2014), indicate that the largest
shelf sediment iron fluxes are concentrated around coastal mar-
gins, rather than spread evenly over all shallow bathymetry
(<1000 m). If the major source regions of iron are located along
coastal margins, it is possible that there is more potential to loose
iron through scavenging on the outer regions of large shelves, such
as South America, before reaching the open ocean (Fig. 9). If true,
this would mean that the drop in sea level during glacial intervals
would not have caused a sharp decrease in the magnitude of the
shelf sediment iron flux. Instead, the reduction in sea level would
have shifted coastal regions with the largest iron fluxes closer to
the edge of the continental shelves and western boundary currents
(Fig. 3, pink lines indicate 120 m isobaths). This may have in-
creased the efficiency at which iron was entrained into western

boundary currents that run parallel to the shelf breaks (Fig. 9).
These boundary currents would therefore transport more iron to
the Sub-Antarctic Zone, and potentially increase productivity
there. This mechanism would be more consistent with suggestions
that sediment transport by ocean currents, rather than dust, are
substantial contributors to the increased lithogenic fraction re-
corded in ocean sediment cores from the Agulhas Region and
Antarctic Peninsula during glacial periods (Diekmann et al., 2000;
Latimer and Filippelli, 2001; Diekmann and Kuhn, 2002; Latimer
et al., 2006; Noble et al., 2012).

In addition to changes in the iron fluxes upon continental
shelves, the ~120 m drop in sea level during glacial intervals
would have exposed a number of presently submerged seamounts
and plateaus in the Southern Ocean (Fig. 6, pink contours indicate
the 120 m isobaths, and pink circles indicate the 500 km radii from
present day coastlines). This may have generated more coastal iron
sources in the open ocean (Van der Merwe et al, 2015), and
therefore also enhancing the availability of iron during glacial
periods (Fig. 9).

The hypothesis that we present above is purely speculative at
this stage. Future modelling studies and in-situ observations are
required to test its validity. It is likely that these mechanism of
reduced distance between coastlines and shelf breaks and in-
creased number of island iron sources due to sea level drop were
acting together with several other processes, such as changes in
dust, upwelling, iceberg calving etc., to increase iron supply in the
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Sub-Antarctic Zone. Changes in upwelling over the Southern
Ocean are known to have a strong control on net atmosphere-
ocean carbon dioxide fluxes, because upwelling delivers carbon
rich deep waters and macronutrients to the surface (Toggweiler
et al., 2006; Lauderdale et al., 2013; Volker and Koéhler, 2013).
However, upwelling in the Southern Ocean is determined mainly
by the wind field, and changes to the Southern Hemisphere wind
fields during glacial intervals remain elusive, and are strongly
debated (Kohfeld et al., 2013; Sime et al., 2013). In our hypothesis,
we do not take into account how coastal sedimentation processes,
and iron fluxes, may have changed in response to local changes in
environment and climate, or how changes in sea ice or the hy-
drography of the Southern Ocean may have affected productivity.
Moreover, the relationship between productivity and export pro-
duction is poorly understood (Salter et al., 2014). While an in-
crease in iron supply would increase productivity in the Sub-
Antarctic Zone, it is not known what effect this would have on
export production and atmospheric CO,.

7. Summary

In this study, we use a combination of mean annual satellite
chlorophyll and sea surface height data and high resolution model
output to infer the likely spatial distribution of iron sources in the
Southern Ocean, and the mechanisms of iron supply at ocean
fronts. We make the assumption that surface waters in the
Southern Ocean are iron limited, and therefore chlorophyll con-
centrations are enhanced in regions where there are fluxes of iron
to the ocean surface.

Large chlorophyll blooms are observed along coastal margins of
continents, and downstream of small islands in the Southern
Ocean. All mean annual chlorophyll concentrations >2 mg m~> in
the Southern Ocean occur within 50 km of a coastline. Chlorophyll
concentrations are not visibly enhanced over any isolated sea-
mounts or plateaus that are located more than 500 km from a
coastline. These results indicate that major source regions of shelf
sediment iron are located along coastal margins. Sediments on
shallow bathymetric features in the open ocean are unlikely to act
as a large iron source. We therefore recommend that depth de-
pendent shelf sediment iron parameterisations, which are used in
many biogeochemical models, should be replaced by a fixed flux
through the seafloor in grid cells neighboring coastlines, or alter-
natively between the coastline and specific isobaths much shal-
lower than 1000 m.

Chlorophyll concentrations are enhanced at ocean fronts
downstream of continental and island land masses. However,
there is no evidence of mean annual chlorophyll blooms devel-
oping at open ocean fronts in regions of intense topographically
induced upwelling, as indicated by a high resolution model. These
upwelling regions include locations such as Drake Passage and the
south-eastern Campbell Plateau. This result suggests that upwel-
ling at fronts in the open ocean does not deliver iron to the ocean
surface, from deep sources such as hydrothermal vents. Instead
high productivity at ocean fronts is primarily due to the horizontal
advection of iron from coastal regions. Nonetheless, deep winter
mixing, wind driven mixing, and upwelling, are likely to be im-
portant for regulating the seasonal and intra-seasonal timing of
blooms through changes in light intensity, and may deliver iron to
the surface from intermediate depths.

Large mean annual chlorophyll blooms are observed in the
Sub-Antarctic Zone of the Atlantic, Indian and Pacific Sectors of the
Southern Ocean. These blooms develop where the western
boundary currents detach from the continental shelves and turn
eastwards into the Southern Ocean. Chlorophyll concentrations are
enhanced along contours of sea surface height that extend off the

continental shelf, and decrease gradually with increasing distance
from the shelf. Forward trajectories of virtual particles released
from the South American and New Zealand coastlines show that
coastal waters are advected along the Dynamical Subtropical Front
into these regions of high chlorophyll concentrations. These ana-
lyses provide support for the hypothesis that western boundary
currents are an important mechanism for transporting coastal
waters, enriched with shelf sediment iron, into the Sub-Antarctic
Zone.

Chlorophyll concentrations are enhanced within the cyclonic
gyres adjacent to Antarctica, corresponding to the Ross and
Weddell Gyres. Wind driven upwelling and the spring ice melt are
thought to be important supply mechanisms of iron for this re-
gion. However, the areas characterised by wind driven upwelling
and seasonal sea ice are much broader than the small and irregular
areas of high chlorophyll concentrations here.

We speculate that the reduction in sea level during glacial in-
tervals may have reduced the distance between iron sources along
continental coastlines and western boundary currents. This might
have increased the efficiency at which iron was entrained into
western boundary currents and transported into the Sub-Antarctic
Zone along the Dynamical Subtropical Front. Moreover, additional
‘coastal iron’ sources may have been created as the drop in sea
level exposed presently submerged seamounts as islands. These
mechanisms of increased iron supply should be considered fur-
ther, alongside dust, to help explain enhanced export production
in the Sub-Antarctic Zone during glacial intervals.
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