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Abstract Although the supply of iron generally limits phytoplankton productivity in the Southern Ocean,
substantial seasonal blooms are observed over and downstream of the Kerguelen plateau in the Indian
sector of the Southern Ocean. Surprisingly, of the oceanic blooms, those associated with the deeper southern
plateau last much longer (~3months) than the northern bloom (~1-month downstream of northern plateau). In
this study, iron supply mechanisms around the southern plateau were investigated, obtaining profiles of
dissolved iron (<0.2 μm, dFe) to 2,000-m deep at 25 stations during austral summer 2016. The dFe
concentrations in surface waters (≤100-m depth) ranged from below the detection limit (DL, median of
0.026 nmol/kg) to 0.34 nmol/kg near the Antarctic shelf, with almost half the data points below detection. These
low and—with few exceptions—largely spatially invariant concentrations, presumably driven by seasonal
drawdown of this essential micronutrient by phytoplankton, could not explain observed patterns in chlorophyll
a. In contrast, dFe concentrations (0.05–1.27 nmol/kg) in subsurface waters (100–800 m) showed strong spatial
variations that can explain bloom patterns around the southern Kerguelen plateau when considered in the
context of frontal locations and associated frontal processes, including upwelling, thatmay increase the upward
supply of dFe in the region. This sustained vertical dFe supply distinguishes the southern blooms from the
bloom downstream of the northern Kerguelen plateau and explains their persistence through the season.

Plain Language Summary Over much of the Southern Ocean, phytoplankton productivity is
hampered by a lack of dissolved iron, an essential micronutrient for phytoplankton. However, there are
areas where phytoplankton thrive, and these are often associated with topographic features. For example, a
large phytoplankton bloom develops each year downstream of the northern Kerguelen plateau. This bloom
peaks around December and subsequently declines. It receives its iron supply mainly from the sediments on
the shallow plateau, carried downstream in surface waters with the currents. There are also blooms near the
much deeper (>1,000 m) southern Kerguelen plateau, but the supply of iron to these blooms was poorly
understood until now. These blooms persist through the growing season and thus outlast the bloom
downstream of the northern Kerguelen plateau. Our study results indicate that the southern blooms receive
their iron from the subsurface, and that the source of the iron likely includes Antarctic shelf sediments and
remineralization of sinking material. Localized upwelling associated with the wind and current patterns in the
region brings this subsurface iron to the surface, where it fuels phytoplankton growth. The key to the longevity
of the blooms thus appears to be the combination of a subsurface iron source and persistent upwelling.

1. Introduction

Phytoplankton growth in the Southern Ocean is limited by an insufficient supply of iron, with the conse-
quence that macronutrients are not consumed to the same extent as in other oceanic regions (de Baar
et al., 1995; Martin, 1990; Moore et al., 2002). The resulting high-nutrient, low-chlorophyll condition is a
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diagnostic for iron limitation that reveals an underlying potential for greater carbon uptake in the presence of
increased micronutrient supply. Indeed, the Southern Ocean has a large influence on the global carbon cycle,
both via physical and biological processes, with carbon sequestration by phytoplankton directly linked to
iron supply (Boyd et al., 2007; Jickells et al., 2005; Sigman & Boyle, 2000).

Over much of the open Southern Ocean, deep winter mixing supplies the bulk of the iron available for phy-
toplankton growth (Tagliabue et al., 2014), but sedimentary sources become important near islands and con-
tinental shelves (Blain et al., 2008; Graham et al., 2015; Robinson et al., 2016; Wadley et al., 2014). Melting sea
ice also constitutes a seasonally important iron source (Lannuzel et al., 2016; Schallenberg et al., 2016;
Sedwick & DiTullio, 1997), and there is evidence that chlorophyll a (chl a) is enhanced near certain fronts
(Moore & Abbott, 2002; Tynan, 1998), presumably due to upwelling of iron-rich waters.

Examination of chl a climatologies for the Indian sector of the Southern Ocean reveals substantial phyto-
plankton blooms over and in the vicinity of the submarine Kerguelen plateau (Figure 1). However, not all
the iron sources supporting these blooms are well understood. Two distinct blooms are associated with
the northern Kerguelen plateau: a sustained bloom over the shallow plateau and a spring bloom in deep
waters downstream (to the east) of the plateau. The phytoplankton bloom over the plateau lasts through
the whole austral summer season. This is thought to be sustained by vertical iron supply from the shallow
shelf sediments (<500 m), supplied by elevated vertical diffusivity due to internal tides and deep winter mix-
ing (Blain et al., 2008; Bowie et al., 2015; Mongin et al., 2008). In addition, island sources of iron resulting from
glacial melting during the summer may also play an important role in sustaining the bloom (van der Merwe
et al., 2015). Downstream, east of the northern Kerguelen plateau, a large bloom develops every year,
although its spatial extent varies (Mongin et al., 2009; Robinson et al., 2016). This bloom is most evident in
the December chl a climatology (Figure 1) and, unlike the bloom over the northern plateau, it fades in the
subsequent months. Budget calculations as well as modeling studies indicate that this downstream bloom
is largely supplied by lateral advection of iron in surface waters from the northern Kerguelen plateau
(Bowie et al., 2015; D’Ovidio et al., 2015; Grenier et al., 2015; Mongin et al., 2009), although some questions
remain regarding the year-to-year variability of the bloom’s extent (Robinson et al., 2016).

Around the southern Kerguelen plateau, sustained phytoplankton blooms are observed along the eastern
flank as far north as 57°S, as well as over the Princess Elizabeth Trough (PET) to the south-east of the plateau
(i.e., south of 62°S, 83–95°E, Figure 1). The southwestern flank of the bank (near 62°S, 80°E) is also an area of
elevated chl a later in the season. Surprisingly, these sustained blooms are found in deep water (≥3,000 m)
and at considerable distance from shallow iron sources (the southern Kerguelen plateau is predominantly
deeper than 1,000 m, thus not likely constituting a direct iron source to surface waters). In the case of the

Figure 1. Chl a climatologies for the Kerguelen region, calculated using the Johnson et al. (2013) chl a algorithm and MODIS satellite data (years 2002–2017). The
2,000-m isobaths (gray) and K axis cruise track (black line with circles indicating station locations) are also shown. Main bloom locations and the two different pla-
teaus are indicated. MODIS = Moderate Resolution Imaging Spectroradiometer.
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PET bloom, horizontal advection at the surface has been proposed to supply iron and/or phytoplankton from
the nearby Antarctic continental shelf, as a strong northerly current persists near 85°E (Rintoul et al., 2008).
However, if lateral advection of surface waters were the main driver of iron supply, as proposed for the bloom
downstream of the northern Kerguelen plateau, why does the PET bloom persist through the season while
the oceanic bloom downstream of the northern Kerguelen plateau does not? This contrast in longevity
deserves further exploration and was one motivation for this study.

Furthermore, lateral advection of iron from the Antarctic shelf does not clearly explain the bloom north of the
PET, that is, along the southeastern flank of the southern Kerguelen plateau. For this area, Sokolov and Rintoul
(2007) proposed that vertical motion, resulting from the main current flow interacting with topography,
could supply iron. However, as far as we know, iron concentrations have never been directly measured within
this region.

In this paper, dissolved iron (dFe) data are integrated with in situ information on primary productivity (inte-
grated chl a and nitrogen stable isotopes) into the broader context provided by satellite remote sensing and
the K axis oceanographic survey (named in reference to the Kerguelen axis). We use these results to evaluate
existing hypotheses regarding iron supply and ultimately propose a new hypothesis for the mechanisms
supporting the extensive and sustained primary production in the region.

2. Methods
2.1. Oceanographic Setting and Sampling of the Southern Kerguelen Plateau

A research voyage to the southern Kerguelen plateau in the Indian sector of the Southern Ocean was under-
taken aboard the RV Aurora Australis in January–February 2016. The sampling region (72–94°E, 58–66°S) is
seasonally ice covered with the exception of two stations at the northeast corner of the survey. Only a small
fraction of the southern Kerguelen plateau over Banzare Bank lies shallower than 1,000 m, with the main part
being 1,200 to 2,000-m deep. The K axis survey covered waters ranging in depth from >3,000 m within the
PET and west of the plateau to near 1,200 m on the Antarctic slope and 1,350 m on Banzare Bank.

The Kerguelen plateau presents a major barrier to the eastward flowing Antarctic Circumpolar Current (ACC),
diverting the flow around the topography. Between the northern and southern plateaus lies the Fawn Trough
(2,600-m sill depth), through which ~30% of the ACC is funneled (Park et al., 2009; Vivier et al., 2015). The
regionally named Fawn Trough Current (FTC) skirts the northwestern flank of the southern Kerguelen plateau
before turning southeasterly further downstream (Figure 2a; see McCartney & Donohue, 2007; Park et al.,
2009). South of the southern Kerguelen plateau the ACC also continues eastward through the PET
(3,600-m sill depth; see Heywood et al., 1999; McCartney & Donohue, 2007; Sparrow et al., 1996). The two
major ACC southerly fronts (the southern ACC front, sACCf, and the southern boundary, SB) tend to be colo-
cated west of 85°E and separate after a sharp turn to the north (Figure 2a; see Bestley et al., 2018). They then
flow northward up the eastern flank of the plateau before retroflecting downstream and joining the FTC (Aoki
et al., 2008; Orsi et al., 1995; Roquet et al., 2009). In contrast, transport over the southern Kerguelen plateau
itself is sluggish (Bestley et al., 2018).

Although the main survey domain within the PET region had been ice free for >4 weeks at the time of
sampling, seasonal sea ice was still present at Stations 18–20 (Figure 2b). Ice retreat in that area occurred
about 4–5 weeks later in 2015/2016 compared to the long-term climatology, and the late presence of sea
ice could have altered surface flows there (Bestley et al., 2018). Sea ice advected by winds was also encoun-
tered at Station 21.

Oceanic profiles (conductivity, temperature, depth, hereafter CTD) were collected at 47 stations using Seabird
SBE9plus instrumentation (Bestley et al., 2018), with associated sampling conducted from a 24-bottle rosette
frame equipped with 10 L Niskin bottles. Oceanic sampling took place between 22 January and 16 February,
2016. CTD sensors were calibrated with onboard measurements of oxygen and salinity on discrete samples
from the Niskin bottles (Rosenberg & Eriksen, 2016).

At 25 stations, an autonomous trace-metal clean rosette system (TMR), equipped with 12 × 5 L Teflon-lined
Go-Flo bottles, was deployed from the stern of the RV Aurora Australis to collect samples for trace element
analysis, as described in Bowie et al. (2009). The TMR has a polyurethane powder-coated aluminum frame
with sacrificial Mg anodes and was weighted with plastic-coated lead weights. It was attached to 6,000 m
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of Dyneema™ rope with a stainless steel (316 grade) shackle. All trace metal sampling followed international
GEOTRACES protocols (Cutter et al., 2010) and was completed between 25 January and 14 February 2016.

2.2. HPLC Chl a

Seawater samples (~2 L) from Niskin bottles mounted on the main CTD rosette system were taken at six
depths in the photic zone, with individual sample depths determined based on the real-time fluorescence
trace of each CTD profile. Samples were kept away from light sources and filtered onto 13-mm Advantec
GF/F filters (0.6-μm nominal pore size) under vacuum (<0.5 atm) and then blotted dry and stored in 1.5-ml
cryotubes in liquid nitrogen. In the laboratory, chl a was extracted using high-performance liquid chromato-
graphy (HPLC) following a modified method of Mock and Hoch (2005), described in detail in Wright et al.
(2010). Integrated chl a was calculated by assuming zero chl a at 120 m, interpolating the data with respect
to depth using a piecewise cubic hermite interpolating polynomial (in MATLAB), and integrating the resulting
depth profiles from 0 to 120 m.

2.3. Satellite Chl a

Daily satellite Remote Sensing Reflectance data were obtained from the Moderate Resolution Imaging
Spectroradiometer Aqua satellite as distributed by National Aeronautics and Space Administration (Level 3
binned, 4.6-km resolution; https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/L3BIN/). Data for the years
2002–2017 were processed with the chl a algorithm of Johnson et al. (2013), which yields improved estimates
in the Southern Ocean compared to the OC3 algorithm. Climatological mean and standard deviation (SD)
fields for select time periods were calculated using log-transformed chl a data. The centered chl a anomaly
for the voyage duration (i.e., 18 January to 18 February) relative to the long-term climatology for that period
was calculated by subtracting the climatological field from that of the observation period and normalizing to
the SD. Satellite products were accessed using the libraries raadtools (Sumner, 2016) and roc (Sumner, 2017)
for the freely available R software (R Core Team, 2016).

2.4. Nitrogen Stable Isotopes

Particles were filtered from the ship’s underway water supply (5-m depth, 1.4- to 1.5-atm filtration pressure,
up to 300 L) through a 1-mmmesh (47-mm diameter) to remove zooplankton, and sequentially through 210-
μm mesh (Nitex) and 1.2-μm silver filters (Sterlitech). Initially, only the 1.2- to 210-μm fraction was collected
for analysis. Later it became obvious that larger diatoms were being excluded, especially Rhizosoleniamats (at

Figure 2. Panels show the cruise track with TMR station locations on the region’s bathymetry (colored circles; black circles
indicate stations that were not sampled with the TMR). Stations in Figure 2a are colored according to oceanic zones,
defined based on physical water properties and location relative to the major fronts. Blue is below the southern boundary
(SB), green stations are in a southerly water mass between the south Antarctic Circumpolar Current front (sACCf) and SB,
yellow is a plateau-associated water mass, and red is above the sACCf; see Bestley et al. (2018) for details. Average
geostrophic currents for 25/26 January (i.e., the dates when Stations 10 and 11 were sampled) are indicated by gray arrows.
The Fawn Trough Current (FTC) is indicated in black. Figure 2b shows depth-integrated chlorophyll a (calculated based on
HPLC measurements); the location of the ice edge on 2 February is indicated in gray. TMR = trace-metal clean rosette
system; HPLC = high-performance liquid chromatography.
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Station 43 the mats were so abundant at 50 m that a sample was obtained from a Niskin bottle [8.5 L]), and
the 210-μmmesh samples were therefore also analyzed, by transferring these particles to 1.2-μm silver filters.
Zooplankton were very sparse (visible on drying at 60 °C) and were picked off before analysis.

Isotopic analysis was by inline combustion continuous flow Isotope Ratio Mass Spectrometry at Australian
Nuclear Science and Technology Organization, Lucas Heights. The combustion was via a Thermo Fisher
Flash 2000HT Elemental Analyzer, and the gases transferred to a Thermo Fisher Delta V plus Isotope Ratio
Mass Spectrometer through a Thermo Fisher Conflo IV. The data are reported relative to International
Atomic Energy Agency secondary certified standards. Standard error of analysis to 1 SD was ±0.3 mil.

2.5. Dissolved Iron

Go-Flo bottles were transferred from the TMR to a trace-element clean laboratory container on the aft deck.
Samples for trace element analyses, including dFe, were filtered through acid-cleaned 0.2-μm cartridge filters
(Pall Acropak) under constant airflow from several International Organization for Standardization (ISO) class
five high-efficiency particulate air units. All plastic ware was acid-cleaned prior to use, following GEOTRACES
protocols (Cutter et al., 2010). Samples were collected into low-density polyethylene bottles, acidified imme-
diately to pH 1.7 with Seastar Baseline hydrochloric acid, double-bagged and stored at room temperature
until analysis onshore.

A subset of salinity samples (n = 124) was also taken fromGo-Flo bottles to check whether bottles had closed at
the expected depths and/or whether there were problems with leaking. Salinity samples were compared to
CTD salinities, and samples where measured salinity did not match the respective CTD salinity (n = 9) were
flagged as suspect and are not included in this analysis. Note that salinity checks were predominantly per-
formed on Go-Flo bottles that were suspicious (e.g., leaking), so they do not represent a random set of samples.

Samples for dFe analysis (40 mL) were preconcentrated offline (factor 40) on a SeaFAST S2 pico (ESI,
Elemental Scientific, USA) flow injection system with a Nobias Chelate-PA1 column. The setup is similar to
that of Lagerström et al. (2013), with modifications as follows: Samples were eluted from the column in
10% distilled nitric acid (HNO3), with calibration based on the method of standard additions in seawater
(made using multielement standards in a 10% HNO3 matrix, rather than an hydrochloric acid matrix).
Seawater standards were preconcentrated on the SeaFAST in the same way as seawater samples.
Preconcentrated samples were analyzed using Sector Field Inductively Coupled Plasma Mass Spectrometry
(SF-ICP-MS, Thermo Fisher Scientific, Inc.). Data were blank corrected by subtracting an average acidified
Milli-Q blank (range 0.03–0.17 nmol/kg) that was preconcentrated on the SeaFAST in the same way as the
samples and seawater standards (starting volume 40 ml).

The dFe DL for a given analysis run on the SeaFAST/SF-ICP-MS was calculated as 3 × SD of the Milli-Q blank on
that run. DL ranged from 0.016 to 0.067 nmol/kg, with a median of 0.026 nmol/kg (n = 12). DLs were applied
such that data from below the DL were replaced with the DL value from the respective run, that is, no global
DL was applied for the whole cruise. GEOTRACES reference materials were analyzed along with samples, and
results were in good agreement with consensus values: SAFe D1 was measured at 0.69 ± 0.05 nmol/kg (n = 7;
consensus value = 0.67 ±0.04 nmol/kg), SAFe S was measured at 0.086 ± 0.024 nmol/kg (n = 3, consensus
value = 0.093 ± 0.008) and GD was measured at 1.02 ± 0.01 nmol/kg (n = 6; consensus
value = 1.00 ± 0.1 nmol/kg). Integrated dFe was estimated by linearly interpolating dFe with respect to depth
and integrating the resulting depth profiles between 20 and 750 m.

3. Results

In what follows we first present results pertaining to the chl a distributions around the Kerguelen plateau,
comparing climatological satellite data to the situation that was encountered on the K axis voyage in austral
summer of 2016. Next, we present dFe data, with an emphasis on stations where high chl a concentrations
were encountered. These observations are then put in context with nitrogen stable isotope data.

3.1. Chl a Climatology Around the Kerguelen Plateau

Monthly regional satellite chl a climatologies illustrate how the phytoplankton blooms associated with the
northern and southern Kerguelen plateau behave differently over the summer season (Figure 1; see also
Figure S1 in the supporting information). The large bloom downstream of the northern plateau reaches its
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maximum extent in December and subsequently declines, while a smaller bloom persists over the northern
plateau throughout the season, with highest chl a concentrations observed northeast of Kerguelen Island.
Over the southern plateau, chl a concentrations do not reach as high as in the northern blooms (mainly
<1 mg chl a/m3 over the southern plateau compared to >2.5 mg chl a/m3 in the northern blooms).
However, persistently high chl a is observed on the eastern flank of the southern plateau (~2 mg chl a/m3)
and also over the deep PET to the southeast of the plateau (up to 2.5 mg chl a/m3). In contrast to the
bloom downstream of the northern plateau, the blooms associated with the southern plateau (hereafter,
named as the flank and PET blooms) are sustained throughout the growing season December through
February (Figure 1).

3.2. Observed Chl a During the Voyage Period in Austral Summer 2016

The satellite chl a observations for the voyage duration in 2016 (Figure 3a) were largely consistent with the
climatology for that same period (Figure 3b) with regards to spatial patterns in chl awithin the region of inter-
est. An examination of the centered anomalies (Figure 3d) shows that chl a was overall somewhat high in
2016 but not significant in relation to what has historically been observed (i.e., few dark red areas, indicating
≥ +2 SD). These areas were mainly west of the northern plateau and northwest of Prydz Bay (i.e., outside the
survey region), as well as in the southeast survey area. The area of historically lowest chl a upstream of the
Fawn Trough was notably even lower in 2016. Some of the regions with historically high chl a did display
weak negative anomalies in 2016 (<�1 SD). These include discrete areas on the northern Kerguelen plateau
as well as the center of the PET bloom. However, none of the sampled areas showed anomalies >2 SD (see
also Figure S2), indicating that we encountered a reasonably normal regime during the K axis voyage.

Depth-integrated chl a concentrations based on HPLC measurements (Figure 2b) showed patterns that were
broadly consistent with satellite-derived chl a for the voyage period (Figure 3c). The highest depth-integrated
chl a concentrations were encountered at Stations 36 and 39 (>120 mg/m2), located on the eastern flank of
the southern plateau. Integrated chl a concentrations >100 mg/m2 were further observed at stations imme-
diately north of the SB (Figure 2a) including Stations 10, 11, 18, and 27 (noting Station 18 was also located at
the ice edge). Stations south of the SB displayed comparatively lower integrated chl a concentrations (30–
85 mg/m2), with the exception of Station 21 at the Antarctic shelf break, where chl a concentrations were
again near 100 mg/m2. Integrated chl a concentrations over the plateau were variable but generally above
the low values evident in offshore waters both to the west (Stations 42–44) and northeast (Stations 33–35).

Some differences between in situ and satellite measurements may be expected because integrated chl a esti-
mates include deep chlorophyll maxima that are not captured by surface satellite observations. Subsurface
chlorophyll maxima were observed at almost half the stations, but a high Pearson correlation coefficient
for surface and integrated chl a (r = 0.68, n = 35, p ≪ 0.005) indicates that they are not a strong confounding
factor. Further discrepancies between satellite-measured and in situ chl a may arise from spatial and

Figure 3. Chl amaps for the time period of in situ sampling (18 January to 18 February 2016) on the research cruise. Panels are as follows: (a) the mean for 2016, that
is, the year when the cruise took place; (b) the climatological mean and (c) its standard deviation; and (d) the centered anomaly of the observations in 2016 relative to
the climatology. SD = standard deviation.
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temporal variations since the satellite data were averaged over a month (18 January to 18 February) and
represent spatial averages, while the depth-integrated HPLC data were discretely sampled.

3.3. The dFe Concentrations

The dFe was measured at all stations indicated in Figure 2a. However, only data from stations of interest for
the PET and flank blooms are shown in detail in Figures 4 and 5. The complete set of dFe profiles and their
respective temperature-salinity diagrams is reported in the supporting information (Figures S3 and S4).

Overall, dFe concentrations encountered on the voyage were very low, especially in surface waters, with
almost half the data from the upper 100 m below the respective DL. All dFe profiles showed an increase in
concentrations with depth (Figure 4), for the most part staying well below 0.4 nmol/kg to a depth of
1,000 m with some exceptions. The two Antarctic slope stations (Figure 4b) displayed the highest dFe con-
centrations encountered on the voyage, with a maximum of 1.27 nmol/kg observed at Station 21 near
400-m depth. Both stations had dFe concentrations that were highly elevated compared to all other stations
measured (light and dark gray shaded areas in Figure 4b), with this persisting to a depth of 1,000 m.

In the zone south of the SB (Figure 4a), which broadly falls into themain area of the PET bloom in Figure 1, dFe
concentrations shallower than 100 m were consistently low (<0.1 nmol/kg). Increased variability was
observed at depths below 100 m, with dFe concentrations up to 0.4 nmol/kg. Stations in this oceanic region
showed elevated dFe relative to stations farther north (light gray shaded area) at depths above ~500 m.
The only station for which this was not the case was Station 39, which had low dFe concentrations
(<0.25 nmol/kg) to a depth of 1,000 m.

Figure 4. Figures 4a–4c display dFe concentrations (nmol/kg) versus depth for selected regions of interest; values from
below the detection limit were replaced with the respective detection limits. (a) dFe for stations below the SB,
excepting the two most coastal stations (20 and 21), and overlain on the mean and standard deviation (light gray line and
shadow) for 13 stations from the ACC and southern Kerguelen plateau (yellow and red stations in Figure 2a, except
Station 27). (b) dFe for coastal Stations 20 and 21, mean and standard deviation for ACC and southern Kerguelen plateau
stations as in Figure 4a, and the mean and standard deviation for the stations from Figure 4a displayed in olive; note
the different scale on the x axis. (c) dFe for Stations 10, 11, and 27, that is, stations with high chl a in the PET area; means and
standard deviations as in Figure 4b. SB = Southern Boundary; ACC = Antarctic Circumpolar Current; dFe = dissolved iron;
PET = Princess Elizabeth Trough.
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Figures 4c and 5 display dFe concentrations for key stations where integrated chl a was high and which also
fall in the two main southern bloom regions of interest: the PET (Stations 10, 11, and 27, Figure 4c) and the
eastern flank of the southern Kerguelen plateau (Stations 38 and 39, Figure 5). Stations 18 and 21, which also
had high chl a, are not included here because they were likely affected by localized iron sources that are not
expected to sustain the PET bloom through the season (see section 4.7 for details).

Of these key stations with high chl a observations (Figures 4c and 5), only Station 10 showed elevated dFe
near the ocean surface. All other stations (Stations 11, 27, and 39) displayed unremarkable and low dFe
concentrations between 0 and 100 m. Surface dFe distributions therefore cannot explain the observed high
chl a distributions. However, dFe in the subsurface (i.e., between 200 and 300 m) was significantly elevated at
the high-chl a stations in the PET (Figure 4c). This was not the case for Station 39 on the eastern flank of the
plateau (Figure 5), which was instead in close proximity (~50 km) to a station with considerably higher dFe
concentrations at all depths (Station 38).

3.4. Nitrogen Stable Isotopes

The particulate nitrogen isotopic composition (Figure 6) suggests two distinct regions relative to each other
with respect to nitrogen uptake. Negative δ15N (warm colors) were observed over the southern Kerguelen
plateau and to the west, while positive δ15N prevailed along the flank east of the plateau and in the PET area.
Positive δ15N indicate nitrate uptake, suggesting that new production was occurring in these areas and
nitrate uptake was not limited by iron availability (Karsh et al., 2003; Trull et al., 2008, 2015). In contrast, the
negative δ15N over the plateau and further to the west suggest nitrogen recycling and ammonia uptake
(Trull et al., 2015). We note that the areas where the δ15N signature indicates new production are colocated
with the persistent blooms around the southern Kerguelen plateau (Figure 1).

These results indicate that during the K axis voyage, the bloom areas around the southern Kerguelen plateau
(i.e., the locations of the PET and eastern flank blooms) were thriving with new primary production (Figure 6).

Figure 5. Detail of frontal Stations 38 and 39 at the eastern edge of the southern Kerguelen plateau: Depth profiles of dFe
are on the left, and color-coded dFe concentrations (colored circles) overlain on potential density (kg/m3; background
colors) are on the right. Thin black lines in right panel indicate isopycnal surfaces; arrow shows potential upwelling along
isopycnals. dFe = dissolved iron.
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New production is consistent with recent and/or regular dFe supply to these areas, as nitrate and silicate in
surface waters were not limiting anywhere during the K axis voyage, with the lowest measured silicate
concentrations around 13 μmol/L and the lowest nitrate concentrations around 17 μmol/L (data not
shown). This interpretation is further supported by the direct visual observation under microscopy of
diatoms of the genera Chaetoceros, Rhizosolenia, Proboscia, and Corethron at the high-chl a stations
(Stations 10, 11, 27, and 39), while the number of dinoflagellates was very low (unpublished data, but see
examples of microscopy images in Figure S5). Although this evidence is indirect, diatoms of the genera
Chaetoceros and Corethron are known to respond strongly to Fe fertilization (de Baar et al., 2005).
Furthermore, Station 39 had Phaeocystis in the colonial form, which has a higher Fe requirement than the
solitary form (Bender et al., 2018; Garcia et al., 2009). These observations thus point to recent and
potentially sustained dFe supply at these stations.

4. Discussion

We explore different dFe supply mechanisms and attempt to link them to the observed chl a distributions,
exploring hypotheses put forward in previous publications:

1. The PET bloom receives dFe and phytoplankton that are advected off the Antarctic shelf by a strong
northerly surface flow near 85°E (Rintoul et al., 2008).

2. The flank bloom is supplied with dFe by vertical motion, resulting from the main current flow interacting
with topography (Sokolov & Rintoul, 2007).

Building on our observations and inferences, we show that the persistence of the southern Kerguelen phyto-
plankton blooms is best explained by vertical dFe supply resulting from frontal processes associated with the
sACCf and SB, with the subsurface dFe likely to be mainly sourced from sediments of the Antarctic continen-
tal shelf and slope.

In what follows we treat the high-chl a stations north of the SB (i.e., Stations 10, 11, and 27) as representative
of the greater PET bloom as identified in the chl a climatologies (Figure 1), while we consider Station 39 as
representative for the flank bloom. We first examine the PET bloom and its dFe supply, followed by an inves-
tigation of the flank bloom.

4.1. Evaluating the Advection Hypothesis

Rintoul et al. (2008) investigated the annual formation of a sea ice tongue over the PET near 85°E and found
that the surface flow here is directed away from the Antarctic shelf in a northerly direction as a consequence
of the topographic steering around the southern Kerguelen plateau. They hypothesized that this northward

Figure 6. Particulate nitrogen isotopic composition of two size fractions of suspended particles sampled underway
(from 5-m depth). Smaller cells (1.2 to 210 μm) are represented by smaller circles, and larger cells (210 to 1000-μm) are
represented by the larger circles. Station 43 sample (dashed outline) was from 50 m. Stations with cooler colors are
indicative of nitrate uptake and new production. Lower δ15N values (warmer colors) suggest ammonia recycling. Cruise
track and station numbers are in black, and bathymetric contours are in white.
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advection could also transport high concentrations of micronutrients (including Fe) and phytoplankton from
the productive shelf waters to the PET, causing the annual bloom in the area (Rintoul et al., 2008). Our obser-
vations indicate that dFe (Figure 4a) and in situ chl a concentrations (Figure 2b) over the main area of the PET
were moderate during the K axis voyage compared to the high-chl a stations (Stations 10, 11, and 27) just
north of the SB (Figures 2b and 3a). Thus, the area where offshore advection of waters from the shelf is
expected to be highest (around 85°E, see also Figure 2a) had lower chl a concentrations than the region to
the north. This general pattern is also observed in the January chl a climatology for the region, showing an
area of relatively lower chl a concentrations over the southern PET that is contrasted by higher chl a concen-
trations further north (Figure 1b). We therefore conclude that lateral advection of surface waters from the
shelf is unlikely to be responsible for the observed PET bloom.

4.2. Formulating a New Hypothesis

The question then remains: What does sustain the PET bloom? Examination of Figure 4c reveals that surface
dFe concentrations at the high-chl a stations (10, 11, and 27) did not show a coherent pattern for these sta-
tions, with only Station 10 displaying elevated dFe in the upper 100 m. However, all three stations showed
elevated dFe concentrations in the subsurface, and the high dFe in this depth range was well above concen-
trations observed elsewhere on the voyage, excepting the two coastal stations (Figure 4b). A similar pattern
of enhanced dFe at depth was also observed over the northern Kerguelen plateau during the first KEOPS
campaign, where natural iron fertilization from depth was inferred to result from deep winter mixing and ele-
vated vertical diffusivity due to internal wave activity, sustaining the persistent bloom over the plateau (Blain
et al., 2008; Park et al., 2008). The range of deep dFe concentrations observed by Blain et al. (2008) was similar
to ours (maximum dFe ~0.6 nM). However, the source of the deep dFe enhancement over the shallow north-
ern Kerguelen plateau was most likely the underlying sediment, which cannot be the dFe source over the
PET, where water depths are >3,000 m.

We shall return to the question of the deep dFe source, but we first explore the possible links between a sub-
surface dFe enhancement and the biota in the surface layer. First, we consider the concept of the ferricline,
and second, different mechanisms for supplying dFe from depth to the surface ocean will be investigated.

The ferricline, which is the depth where dFe concentrations increase considerably relative to surface concen-
trations, can be defined in many different ways. One method is to take the depth of the maximum dFe gra-
dient as the ferricline (Tagliabue et al., 2014). Other definitions, such as the depth where a certain threshold
concentration is crossed, may be more useful in terms of defining the depth from which Fe supply could
come to fuel euphotic zone productivity. We applied both definitions to the K axis data (Figure 7 and
Table 1), applying a conservative dFe threshold (0.15 nmol/kg) based on the modeling study by Mongin et al.
(2009), which found dFe concentrations of 0.03–0.13 nmol/L at the edges of the northern Kerguelen bloom.
Both definitions yield similar depths for the ferricline in all regions except the ACC, where dFe concentrations
were extremely low and the threshold ferricline was thus considerably deeper than the gradient ferricline
(Figure 7d). For all other regions, the ferricline depth was 100–150 m, which is slightly shallower than the
150- to 200-m ferricline observed over the northern Kerguelen plateau (Blain et al., 2008) and the ~200-m fer-
ricline downstream of the northern Kerguelen plateau (Quéroué et al., 2015). Notably, it is considerably shal-
lower than the mean Southern Ocean ferricline of 333 m estimated by Tagliabue et al. (2014) based on 140
dFe profiles from the open ocean.

While the ferricline depth did not vary greatly between the oceanic zones sampled on K axis (with the excep-
tion of the ACC threshold ferricline mentioned above), the dFe gradients and concentrations at the ferricline
depth showed considerable variability (Table 1). The high-chl a stations over the PET (Stations 10, 11, and 27)
stood out as having the consistently highest dFe concentrations and gradients compared to the other
regions (Table 1), supporting the concept that a vertical supply mechanism would be most effective at bring-
ing dFe into the surface layer at these stations. We thus put forward the hypothesis that the observed ele-
vated dFe concentrations and gradients in the subsurface are related to enhanced chl a concentrations
near the surface. The question then becomes, How does the deep dFe reach the surface layer of the ocean?

4.3. Vertical dFe Supply to the PET Bloom

Vertical processes that could bring subsurface dFe to surface waters include vertical eddy diffusivity, deep
mixing, and upwelling. The coarse vertical resolution of the available CTD data (2 m) precludes confident
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estimates of vertical eddy diffusivity, but given the steep dFe gradient identified above, even invariant
vertical diffusivity in the region would produce enhanced dFe input at the PET stations. Vertical diffusivity
can increase at fronts and due to the interaction of baroclinic tides with steep bathymetric features, with
the latter thought to supply dFe from depth to the sustained phytoplankton bloom over the northern
Kerguelen plateau (Blain et al., 2008; Park et al., 2008). There is no reason to expect this tidal influence over
the greater PET as it is topographically quite flat. However, given that the PET stations are all located near
major ACC fronts (Figure 2), enhanced vertical diffusivity associated with steep frontal density gradients
may add to the vertical dFe flux at these stations.

Figure 7. Investigation into the depth of the ferricline for different oceanic zones: (a) Data from stations south of the SB,
except Stations 20 and 21; (b) from Stations 10, 11, and 27 (i.e., the high-chl a stations of interest); (c) from stations
north of the sACCf (yellow in Figure 2a, Station 27 not included); (d) from ACC stations (red in Figure 2a). Gray dots are
measured dFe data, light blue lines represent average dFe for the respective panel, and dark blue lines are the smoothed
averages. The latter were used for two different estimates of the ferricline depth: The maximum dFe gradient in the top
500 m (dark red) and the depth threshold where dFe > 0.15 nmol/kg (orange). SB = Southern Boundary; sACCf = south
Antarctic Circumpolar Current front; ACC = Antarctic Circumpolar Current; dFe = dissolved iron.

Table 1
Ferricline Details for Different Oceanic Zones During K Axis

Oceanic zone
(corresponding to
panels in Figure 7)

dFe conc. at
the gradient
ferricline

dFe gradient at
the gradient
ferricline

dFe gradient at
the threshold
ferricline

Depth range
gradient
ferricline

Depth range
threshold
ferricline

Units nmol/kg nmol/m4 nmol/m4 m m

Below SB, excluding Stations 20 and 21 (Figure 7a) 0.13 2.0 1.8 ~120 ~130
Stations 10, 11, and 27 (Figure 7b) 0.17 3.2 3.2 ~120–130 ~130
North of sACCf (Figure 7c) 0.13 2.4 1.8 ~140 ~150
ACC (Figure 7d) 0.09 1.0 0.6 ~100 ~240–250

Note. SB = Southern Boundary; sACCf = south Antarctic Circumpolar Current front; ACC = Antarctic Circumpolar Current; dFe = dissolved iron.
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Deep winter mixing, which appears to dominate dFe supply in the
Southern Ocean in general by generating a strong wintertime iron pulse
(Tagliabue et al., 2014), is an unlikely candidate to play an important role
in the seasonally ice-covered PET, where winter mixing depths were
between 100 and 150 m (based on the winter water layer estimated using
isotherms from the CTD data). The exceptions were at the coastal Stations
20–22 (and the associated Station 26), where the winter water extended
up to 400 m in the Antarctic Slope Current. The relatively shallow winter
mixing estimates are consistent with observations for seasonally sea ice
covered areas elsewhere around Antarctica, where the under ice mixing
depth was estimated at only ~120 m (Pellichero et al., 2017). Indeed, melt-
ing of the ice in spring increases stratification of the water column, redu-
cing wind-induced mixing (Buesseler et al., 2003; Smith & Nelson, 1985;
Vancoppenolle et al., 2013). We thus conclude that neither deep winter
mixing nor enhanced vertical diffusivity from internal tides is likely to con-
stitute a sustained dFe source throughout the PET.

The PET stations’ proximity to the sACCf and SBmay also have implications
for upwelling. These fronts are thought to be the main conduits for the
meridional exchange of salt and heat in the area (Heywood et al., 1999),
and the SB is an area of potential upwelling. South of the ACC is an impor-
tant upwelling region termed the Antarctic Divergence, resulting from
northward Ekman transport in the ACC (driven by westerly winds) and a
southward Ekman transport closer to the Antarctic coast (driven by east-
erly winds, Figure 8). This atmospherically determined feature acts to draw
upper circumpolar deep water (UCDW) into the surface waters, hence may
be colocated with the SB (Bindoff et al., 2000). Although the precise
position of zero mean zonal flow is difficult to determine, the stations
where elevated chl a was observed in the PET (i.e., Stations 10, 11, and
27) notably all fall into the band of minimummean zonal winds in summer
(Figure 8) that may be indicative of the location of the Antarctic
Divergence climatologically.

We thus propose that upwelling along the meandering SB combined with
a shallow, steep ferricline could supply dFe to surface waters and explain

the high chl a concentrations observed at Stations 10, 11, and 27. This upwelling associated with the
Antarctic Divergence is particular to the PET area and is not occurring around the northern Kerguelen plateau.
We note that the ferricline was relatively shallow for all waters south of the SB (Figure 7a), and dFe concen-
trations in the 150- to 600-m range here were also moderately elevated (Figure 4a). Upwelling anywhere over
the PET would therefore readily supply some dFe to the photic zone, and this may explain the moderate chl a
observed here. In comparison, the bloom downstream of the northern Kerguelen plateau is believed to
chiefly receive its dFe supply via horizontal transport in the surface (Bowie et al., 2015; D’Ovidio et al.,
2015). The unstated implication is that during the growing season, this dFe source weakens as phytoplankton
take up the iron where it first enters surface waters, that is, over the northern Kerguelen plateau. The northern
and southern blooms are thus supplied by fundamentally different (i.e., horizontal versus vertical) mechan-
isms, which could explain the difference in longevity between the two blooms.

4.4. A Role for Retention?

Another important difference between the northern and southern blooms is the magnitude of the horizontal
velocity in the respective areas (Figure S6). In the PET south of the SB, currents are generally low, <3 cm/s
(Bestley et al., 2018; see also geostrophic currents in Figure 2a). Quiescent flow and recirculation may contri-
bute to high retention of phytoplankton and iron that is advected into this region. Such retention would
make Fe recycling by the community very effective, contributing to the longevity of the bloom. For example,
Boyd et al. (2015) observed very high Fe recycling efficiency (supplying up to 90% of Fe demand) in low-iron
waters east of New Zealand, emphasizing that Fe recycling can be an important component of the Fe supply

Figure 8. Mean zonal summer wind field at 10 m above the surface from a
10-year climatology of monthly NCEP/DOE wind reanalysis (Raymond,
2014). The latitude at which the shift from eastward to westward winds
occurs, that is, the latitude of the Antarctic Divergence, is indicated by the
solid black contour (mean zonal wind = 0); dashed lines are contours for
zonal wind speeds of 1 m/s. Cruise track, station locations, and 2,000-m
bathymetry contour (gray) are also indicated. NCEP = National Centers for
Environmental Prediction; DOE = Department of Energy.
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in iron-limited regions. In comparison, the area of the northern offshore bloom is affected by the strong
eastward advection of the ACC currents (Figure S6). Here strong mesoscale activity is the likely mechanism
moderating otherwise fast dispersal of phytoplankton and any recycled iron (Cotté et al., 2015; D’Ovidio
et al., 2013).

4.5. Source of the Subsurface dFe Enhancement

Here we return to the question of the deep dFe source. The high observed dFe concentrations of up to
0.6 nmol/kg at Stations 10 and 27 (Figure 4c) are outside the range of concentrations observed in UCDW
south of the Polar Front (i.e., away from point sources), which usually does not show concentrations above
~0.4 nmol/L (Klunder et al., 2011; Quéroué et al., 2015). UCDW is therefore an unlikely source for the high
observed dFe concentrations. Shallow remineralization, transport of subsurface dFe from the Antarctic shelf,
and sea ice melt are all potential contributors to the dFe enhancement and will be examined in more
detail below.

Given the general longevity of the phytoplankton bloom in the area (Figure 1), efficient remineralization of
sinking biomass from earlier bloom stages is a conceivable dFe source to subsurface waters at Stations 10,
11, and 27. Apparent oxygen utilization in the 150- to 300-m depth layer was slightly elevated at these
stations relative to deeper depths and compared to stations from south of the SB (data not shown), with
Station 27 showing the strongest apparent oxygen utilization signature, followed by Stations 10 and 11.
Remineralization of organic matter, with a concomitant release of dFe, is thus a feasible explanation for at
least part of the observed subsurface dFe enhancements at these stations.

However, advection of subsurface dFe from the Antarctic shelf is also a possibility, suggested in part by the
clear similarity evident in the profile shapes in Figures 4b and 4c. Indeed, the 400-m dFe maximum at Station
21 coincided with slightly increased turbidity (data not shown), suggesting the presence of resuspended
sediments. Stations 10, 11, and 27 lie within the 95% prediction bounds of a power model relating
column-integrated dFe concentrations to distance from the shelf (i.e., distance from nearest area of seafloor
≤500-m deep) for waters south of the SB (Figure 9a). Including the three stations in a Pearson correlation
between integrated dFe and distance from shelf yields r = �0.73 and p = 0.01; excluding the three stations
yields r = �0.76 and p = 0.03. These results indicate that Stations 10, 11, and 27 fall along the same
dilution/mixing gradient for dFe with increasing distance from the shelf as the other PET stations south of
the SB. Power relationships between integrated dFe concentrations and distance from the coast have been
observed in other sectors of the Southern Ocean where continental margins constitute an important dFe
source (e.g., de Jong et al., 2012; de Jong et al., 2015), and the contribution of shallow sediments to strong
vertical dFe gradients in waters proximate to the Antarctic continent was recently highlighted by Sherrell
et al. (2018).

Distance from the shelf and time since ice melt varies colinearly (r = 0.79); hence, the correlation of dFe with
time since ice melt (Figure 9b) is also strong. It is thus difficult to differentiate between the two based on cor-
relations. But ice melt is not expected to add dFe at depths below the mixed layer (Schallenberg et al., 2016),
and shelf sediments are a much more likely candidate for adding dFe to subsurface waters (de Jong et al.,
2012; Marsay et al., 2014; Schallenberg et al., 2016). The negative correlation of dFe with potential tempera-
ture and the positive correlation with oxygen (Figures 9c and 9d) further illustrate the shelf linkage, shelf
waters being cold and well oxygenated (Bestley et al., 2018; Bindoff et al., 2000). The sea ice, on the other
hand, had retreated >40 days before Stations 10, 11, and 27 were occupied (Figure 9b), and no subsurface
enhancement of dFe was found at other stations with similar sea ice exposure either north or south of the
SB. Hence, the Antarctic shelf is a more likely source of the elevated subsurface dFe at Stations 10, 11, and
27 than is sea ice melt.

Along the Antarctic margin, some component of the westward flowing Antarctic Slope Front diverts offshore
and feeds the SB flow, forming the western edge of the cyclonic gyre in the Australia-Antarctic Basin (Bindoff
et al., 2000; McCartney & Donohue, 2007; Park et al., 2009). The K axis survey did sample a distinctive mesos-
cale feature in the upper 300 m with anomalously cold, fresh, oxygenated properties very similar to those
observed at the Antarctic slope stations, some 300 km farther north (Station 26 at 62.5°S, 86°E; Figure S7;
no dFe data available). This feature was not evident during the first pass at that location (Station 13), so
the CTD data set cannot show conclusively whether the eddy of Antarctic Slope Front water was an
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isolated feature or part of a more continuous flow. However, this observation is consistent with themesoscale
eddies repeatedly observed by Aoki et al. (2007) farther east near 140°E. Such cyclonic eddies appear to be
generated by instabilities near the continental slope and are subsequently observed along the northern
edge of the Antarctic Divergence (Aoki et al., 2007; Wakatsuchi et al., 1994). In this study, daily contours of
sea surface height are consistent with northward transport along 85°E, as found by Rintoul et al. (2008),
and subsequent meandering in an easterly direction in the PET (Bestley et al., 2018, their Figure 6). A series
of dynamic cold- and warm-core eddy features was also evident in the vicinity of the sACCf and the SB
during the survey period (Bestley et al., 2018, their supporting information). It is thus possible that
instabilities forming near the continental slope, carrying dFe-rich waters in the subsurface, may then travel
along the SB. Upwelling processes associated with the Antarctic Divergence, and potentially with
mesoscale eddy processes, may lift the elevated subsurface dFe (i.e., at Stations 10, 11, and 27) into
surface waters.

4.6. Iron Supply to the Flank Bloom

An eastern flank bloom is apparent in the chl a climatology (Figure 1) and is coincident with the area where
high integrated chl awas observed during the K axis voyage (Stations 39 and 36). However, the dFe profile for
Station 39 (no dFe data available for Station 36 and neighboring stations) shows much lower dFe at depth
than was observed for the PET bloom stations (compare Figures 4c and 5). This suggests that direct upwelling
will be less effective in supplying dFe here than is the case at the PET stations. Nevertheless, the location of
Station 39 is in a region where the ACC interacts with topography, creating very strong flow with steeply

Figure 9. Figures 9a and 9b show integrated dFe between 20 and 750 m versus distance from shelf (a) and time since ice
melt (b) for stations from south of the southern boundary, including Station 39, and also for the high-chl a Stations 10, 11,
and 27 (highlighted in orange). A best fit power model of the form y = a*xb + c (red) was calculated for stations from
south of the SB only (blue circles). Shown are also the 95% prediction bounds for the fitted curve (red dashed) as well as the
95% prediction bounds that account for the uncertainty of predicting the fitted curve plus the random variation in the new
observation (gray dashed). Figures 9c and 9d show measured dFe values versus potential temperature and oxygen
concentration for depths>150 m for the same stations (n = 66). Pearson correlation coefficients, r, and associated p values
are displayed in each panel; note that in Figure 9b, Stations 19 and 20 were excluded from the correlation. Time since ice
melt is from Bestley et al. (2018), and distance from shelf is from the catalog of Australian Antarctic and Subantarctic
metadata (http://share.biodiversity.aq/GIS/antarctic/netcdf/). SB = Southern Boundary; dFe = dissolved iron.
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sloping isopycnals (Figure 5). This should lead to high vorticity and strain rates, and as a consequence poten-
tially to strong vertical transport along isopycnals by submesoscale turbulence (Mahadevan, 2016). Given the
elevated dFe concentrations found subsurface across the sACCf (Station 38, Figure 5), such transport along
steep isopycnals could supply dFe from depth into the mixed layer. The elevated dFe at Station 38 was asso-
ciated with warmer waters transported from the north by the FTC (Bestley et al., 2018). However, given only
one station from this offshore flow was sampled for trace elements (Figure 2a), it is difficult to speculate
further about the source of this dFe.

Upwelling along the flank of the southern Kerguelen plateau is also generally consistent with the findings by
Sokolov and Rintoul (2007). Investigating the connection between deep bathymetric features (including the
southern Kerguelen plateau) and elevated chl a in their vicinity, these authors found that the bottom pres-
sure torque resulting from the main flow interacting with topography produces persistent upwelling around
the edges of the topography. A persistent upwelling mechanism in this area would be consistent with the
climatology showing enhanced chl a along the southeastern flank of the plateau throughout the growing
season (Figure 1).

The bathymetric steering of the sACCf around the southern Kerguelen plateau may contribute to the flank
bloom in additional ways. For example, the strong retroflection of this feature (see shape of the sACCf east
of the southern Kerguelen plateau in Figure 2a) may serve to enhance retention of phytoplankton within a
tight band along the eastern flank of the plateau. Such a large-scale feature is absent in the strong jets found
to the east of the northern Kerguelen plateau, which is more likely to disperse phytoplankton than to retain
them in a confined area. In addition, some component of the phytoplankton biomass from the PET may also
be advected along the eastern flank of the plateau by the sACCf, further contributing to the accumulation of
biomass in the area.

4.7. Localized dFe Input

There were two additional high-chl a stations (Stations 18 and 21) that were separated from the analysis
above because their dFe supply was considered likely to be related to localized sources such as sea ice melt
and direct sedimentary input from the shelf break, respectively. While sedimentary dFe input may indirectly
supply dFe to the PET bloom, as outlined above, sea ice melt is unlikely to play a role in sustaining the bloom.

Station 18 was located at the immediate ice edge and thus is a strong candidate for an ice edge bloom, with
recent ice melt supported by the presence of cold, fresh water near the surface (Bestley et al., 2018). Melting
sea ice has been observed to support increased phytoplankton growth, presumably due to increased light
levels in a stabilized water column and also due to the release of dFe (Croot et al., 2004; Lannuzel et al.,
2016; Sedwick & DiTullio, 1997; Smith & Nelson, 1985). However, ice edge blooms tend to be relatively short
lived (Buesseler et al., 2003), so melting sea ice is not a likely candidate supporting the sustained PET bloom.
Indeed, the sea ice over the main area of the PET had retreated >40 days before stations were occupied
(Figure 9b), and relatively moderate chl a concentrations (i.e., not bloom conditions) were observed here dur-
ing the voyage (e.g., Stations 12, 13, and 23–25; Figure 2b). However, sea ice melt earlier in the season is likely
to contribute to the initial bloom as observed in the southern sector of the PET in the December
climatology (Figure 1).

4.8. Suggestions for Future Sampling Design

In order to confirm our hypotheses regarding dFe supply to the PET, a future study should aim for a sampling
design that includes a long transect along 85°E from the shelf to at least 60°S, in order to traverse both the SB
and the sACCf. This should be matched with a paired transect immediately to the east. To better resolve dFe
sources from the north, we would recommend a grid with east-west transects, covering the eastern flank of
the southern Kerguelen plateau and traversing past the sACCf retroflection well into the warm northerly flow.
Analysis of iron isotopes and measurement of Fe pools in suspended particles might help to further constrain
the source of the dFe, and estimates of vertical velocity, for example, from a Lowered Acoustic Doppler
Current Profiler, would be highly desirable as well.

5. Summary and Conclusions

We investigated the dFe sources around the southern Kerguelen plateau with a particular view to explaining
the chl a climatologies in the region, which show sustained phytoplankton blooms over the PET and on the
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eastern flank of the plateau. Our analysis indicates that the sustained blooms are supplied by vertical dFe
input, as was also observed for the sustained bloom over the northern Kerguelen plateau (Blain et al.,
2008). The vertical supply mechanisms and dFe sources differ between these regions as follows:

1. The PET bloom is supplied by subsurface dFe most likely delivered by subsurface advection from the
Antarctic shelf sediments, supplemented by remineralization of biomass from earlier bloom stages.
Upwelling of this dFe is expected to mainly result from Ekman pumping associated with the Antarctic
Divergence, with an additional potential role of mesoscale eddy processes.

2. The eastern flank bloom likely receives dFe from the subsurface via isopycnal upwelling, by mesoscale
and submesoscale turbulence, along the strong jet resulting from the interaction of the sACCf with the
southern Kerguelen plateau.

3. Over the northern Kerguelen plateau, sedimentary dFe reaches surface waters as a consequence of deep
winter mixing and enhanced vertical diffusivity resulting from internal tides (Blain et al., 2008; Park et al.,
2008).

In contrast, the large phytoplankton bloom downstream of the northern Kerguelen plateau is not sustained
throughout the season but blooms and busts (Figure 1). This bloom is believed to receive most of its dFe
supply from lateral advection of surface waters, with the horizontal advection term 4–5 times larger than
the vertical term (Bowie et al., 2015). It thus appears that sustained vertical dFe supply is conducive to
sustained phytoplankton blooms, while lateral dFe supply in surface waters is more likely to support a spring
bloom that subsequently declines (Figure 1). We suspect that the horizontal dFe supply to the phytoplankton
bloom downstream of the northern Kerguelen plateau is drastically reduced in summer due to primary
productivity over the plateau itself, taking up the vertically supplied dFe. This opens the intriguing possibility
that the key to the sustained PET bloom is not only the vertical transport particular to the area but also
subsurface (as opposed to surface) advection of dFe from the shelf. Similarly, horizontal advection (i.e., via
the Fawn Trough) may also play a role in supplying subsurface dFe to the flank bloom. Subsurface horizontal
advection is thus expected to play an important role in dFe supply in the region, but only when combined
with sustained vertical transport into the photic zone can this dFe source support persistent phytoplankton
growth in the surface layer of the ocean.
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