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a b s t r a c t

Horizontal advection, vertical mixing, and mixed-layer entrainment all affect iron concentrations and

biological productivity in the Ona Basin, near the Shackleton Transverse Ridge (STR) in southern Drake

Passage. Trace metal sampling in the region indicates that dissolved iron concentrations are

significantly higher on the continental shelf near the Antarctic Peninsula and the South Shetland

Islands than they are in the deep waters away from the shelf. Comparisons between satellite-derived

sea surface height (SSH) and Chlorophyll-a (Chl-a) levels in the Ona Basin show 495% correlation

between Chl-a concentrations and horizontal advection of these iron-rich shelf waters during the

months of November and December for the years 1997–2010. However, no significant correlations are

found for January–April, while high Chl-a concentrations in the Ona Basin persist through March.

Enhanced vertical (diapycnal) mixing and mixed-layer entrainment are considered as alternative

mechanisms for delivering iron into the Ona Basin mixed layer and sustaining the high Chl-a

concentrations. Estimates of iron flux based on in situ measurements of dissolved iron concentrations

suggest that diapycnal mixing alone can supply iron to the base of the mixed layer at a rate of

6472 nmol m�2 day�1 during the summer. In addition, the summer mixed layer in the Ona Basin

deepens from January to April, allowing for iron-rich water to be steadily entrained from below.

Estimates based on monthly mixed-layer climatologies produce average daily entrainment rates

ranging from 5 to 25 nmol m�2 day�1. While neither diapycnal mixing nor entrainment alone is

always sufficient to meet the estimated iron demand for the Ona Basin bloom, numerical simulation

suggests that the combined effect of the two processes can consistently supply sufficient iron to sustain

the bloom.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The waters of the Shackleton Fracture Zone (SFZ) in southern
Drake Passage (Fig. 1A) display an uneven distribution of surface
Chlorophyll-a (Chl-a) in the vicinity of the Shackleton Transverse
Ridge (STR). Satellite imagery of the region (Kahru et al., 2007)
shows elevated Chl-a levels in the shallow waters on the con-
tinental shelf, where iron can be entrained from the sediments
(Hopkinson et al., 2007). In deeper waters north of the shelf, a
sharp Chl-a gradient occurs, with low Chl-a levels found to the
west of the Shackleton Transverse Ridge (STR) and higher Chl-a
levels to the east, beginning in the Ona Basin and continuing
ll rights reserved.
downstream into the southern Scotia Sea (Holm-Hansen et al.,
2004a; Kahru et al., 2007).

Biological productivity in the Southern Ocean has been shown to
be iron-limited (Boyd, 2002; Chisholm and Morel, 1991; de Baar
et al., 1995; Helbling et al., 1991; Martin et al., 1990), with persistent
blooms observed in naturally iron-enriched areas such as Crozet
Island (Planquette et al., 2007; Venables et al., 2007) and the
Kerguelen Plateau (Blain et al., 2008). Shipboard iron incubations
indicate that phytoplankton growth rates in the Ona Basin are also
iron-limited away from the continental shelf (Helbling et al., 1991;
Hopkinson et al., 2007). Observations in high-Chl-a regions suggest
that iron is supplied to waters away from the shelf via horizontal
advection and eddy-driven processes such us eddy pumping, cross-
frontal mixing, and the formation of small-scale filaments formed by
eddy interactions (Abraham et al., 2000; Frants et al., 2013; Kahru
et al., 2007; Lapeyre and Klein, 2006; Maraldi et al., 2009; Venables
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Fig. 1. Map of Drake Passage (A) illustrating the location of the Ona Basin, the

Shackleton Transverse Ridge (STR), the South Shetland Islands, and the Bransfield

Strait. The region used for the horizontal advection analysis described in Section 3.1

is outlined in red. A close-up of the analysis region (B) shows the location of Elephant

Island (EI) and the time-mean locations of the Polar Front (PF, light blue line), the

northern branch of the SACCF (SACCF-n, green line) and the southern branch of the

SACCF (SACCF-s, dark blue line). ACC indicates the section of the Ona Basin where

the waters of the Antarctic Circumpolar Current dominated the upper ocean

circulation, as described by Frants et al. (2013). SW indicates the section where

shelf waters dominate. Quadrangle A represents the downstream region used in the

analysis discussed in Sections 2.1 and 2.2. Quadrangle B represents the upstream

region.
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et al., 2007). In a study of 10 years’ worth of satellite data from the
region near the Ona Basin, Kahru et al. (2007) found consistently
high correlations between cyclonic eddy activity and Chl-a anoma-
lies in the Weddell-Scotia Confluence during September and Octo-
ber. Their findings suggest that eddy-driven upwelling and cross-
frontal northward iron transport could account for a significant part
of the variability of the spring bloom. However, the higher Chl-a
levels in the region persist throughout the summer, and Kahru et al.
(2007) found no clear correlation between eddy activity and bloom
intensity from January to March. In this study, we consider the
vertical iron fluxes driven by diapycnal mixing and mixed-layer
entrainment, and examine the hypothesis that these fluxes can
provide the additional iron needed to sustain the late summer
bloom in our study region.

Hydrographic studies in the vicinity of the STR and the South
Shetland Islands have found evidence that iron is entrained from
the sediments in the shallow waters on the continental shelf and
distributed off-shore by horizontal advection (Hopkinson et al.,
2007; Zhou et al., 2010a; Measures et al., 2013). In this study, we
use a 13-year time series of satellite data to examine the relation-
ship between Chl-a levels in the Ona Basin and off-shore
advection driven by frontal movement. We then consider in situ

temperature, salinity and dissolved iron data from our study
region in combination with mixed-layer climatologies to estimate
the effects of small-scale diapycnal mixing and mixed-layer
entrainment, which may provide a vertical supply of additional
iron into the mixed layer to sustain the Chl-a concentrations in
months when horizontal advection alone is not sufficient. Finally,
we use a one-dimensional numerical model to examine the
combined effects of mixing and entrainment on the iron supply
in the top 30 m in the Ona Basin during the months of January–
April.
2. Data and methods

2.1. Upper Ocean circulation

To evaluate the upper ocean circulation in our study region, we
obtained weekly maps of gridded sea level anomalies (SLA) for the
months of November–April from 1997 to 2010 from AVISO
(Archiving, Validation and Interpretation of Satellite Oceano-
graphic Data) (Ducet et al., 2000). AVISO provides SLA maps
gridded on a 1/31 � 1/31 Mercator grid, computed from merged
satellite data. Monthly average SLAs were computed from the
weekly data sets. To obtain absolute sea surface height (SSH), a
mean dynamic height field computed relative to 1500 db from the
World Ocean Circulation Experiment (WOCE) hydrographic cli-
matology (Gouretski and Koltermann, 2004) was added to the
anomalies.

The Antarctic Circumpolar Current (ACC) is commonly char-
acterized as consisting of three primary fronts: the Subantarctic
Front (SAF), the Polar Front (PF) and the Southern ACC Front
(SACCF) (Orsi et al., 1995). However, high-resolution satellite data
(e.g. Hughes and Ash, 2001) have shown a more complicated
structure consisting of multiple jets and filaments. A hydro-
graphic study by Sokolov and Rintoul (2007) described each of
the three main fronts as having multiple distinct branches, and a
follow-up study (Sokolov and Rintoul, 2009) identified each
frontal branch with a specific SSH contour. Our choice of the
WOCE climatology to calculate SSH values allowed us to follow
the Sokolov and Rintoul (2009) definitions to identify front
locations. The southern branch of the PF and both branches of
the SACCF run across our study region as shown in Fig. 1. West of
the STR, the SACCF closely follows the 2000 m bathymetry
contour until it reaches 581W, where it splits into two branches.
The northern branch (SACCF-n) moves northward, away from the
shelf and into the Ona Basin, as shown in Fig. 1B. The waters north
of the SACCF-n are dominated by the iron-depleted waters of the
ACC, while iron-replete shelf waters are predominant south of the
front (Frants et al., 2013).

2.2. Chlorophyll-a

Composite images of monthly surface Chl-a data from 1997 to
2010 were created by merging full-resolution standard level-2
Chl-a data from SeaWiFS, MODIS-Aqua and MODIS-Terra down-
loaded from the NASA Ocean Color Web (M. Kahru 2012, personal
communication). Chl-a was computed using standard OC4/OC3
type algorithms (O’Reilly et al., 1998) of the 2007 reprocessing.
Satellite estimates of surface Chl-a using standard algorithms
show good agreement with shipboard Chl-a measurements in the
region (Holm-Hansen et al., 2005), and correlate well with
integrated Chl-a in the top 100 m of the water column (Holm-
Hansen et al., 2004b). The Chl-a values were regridded from a
1-km grid to match the SLA grid, using a median filter with a
radius of 18.5 km.



M. Frants et al. / Deep-Sea Research II 90 (2013) 68–7670
For our 13-year time series of SSH and Chl-a data, we
estimated the proportion of shelf waters relative to ASW and
WW in the analysis region from satellite altimetry. For each
month, we determined the fraction of all grid points in the
analysis region for which SSH was less than 64 cm. SSH values
in the study area increase from south to north, with the 6472-cm
contour identifying the location of the SACCF-n according to the
criteria defined by Sokolov and Rintoul (2009). Therefore, choos-
ing the SSH points below the 64-cm contour allowed us to
account for both the waters being advected equatorwards behind
the SACCF-n and the potential northward transport of shelf
waters as a consequence of cold-core eddies being generated by
the front.

2.3. Dissolved iron

CTD data were collected in February and March 2004 by the
R/V Laurence M. Gould and in July and August 2006 by the R/V
Nathaniel B. Palmer at locations shown in Fig. 2A, with water
samples for trace metal analysis collected at selected stations.
Frants et al. (2013) have provided a detailed description of the
sampling and methods. Seawater samples for dissolved iron were
collected using General Oceanic 12L Teflon coated GO-FLO bottles
mounted on a 12-position trace metal clean rosette provided by
the University of Hawaii. Sub-sampling was completed under
trace element clean conditions; the GO-FLO bottles were pressur-
ized to 70 kPa (10 psi) using 0.2 m filtered compressed air and
seawater sub-samples were filtered under pressure through
0.45 m acid leached 47 mm polycarbonate track etched filters
(GE Poretics; K04CP04700) held in a polypropylene filter holder
(MFS). The filtrate was collected in acid leached 125 ml low-
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Fig. 2. Locations of CTD stations and iron stations sampled during the summer

2004 cruise (A) and the winter 2006 cruise (B). Blue symbols indicate Ona Basin

stations, and green symbols indicate the stations on the continental shelf.

Transects plotted in Fig. 6 are outlined in red. Only the iron stations sampled

east of the Shackleton Transverse Ridge are shown.
density polyethylene (LDPE) bottles. A detailed description of the
TM rosette sampling system and trace metal clean sub-sampling
protocols are provided elsewhere (Measures et al., 2008, 2013).

Dissolved trace element determinations for iron were per-
formed on samples returned to the University of Hawaii using a
pre-concentration method coupled with high resolution induc-
tively coupled mass spectrometry (ICP-MS). The sample collection
method and protocols using the TM rosette sampling system and
the analytical techniques for measuring dissolved Al and Fe have
been shown to be comparable with results obtained by other
currently accepted sampling methodologies and analytical tech-
niques investigated during the NSF-sponsored Sampling and
Analysis of Iron (SAFe) intercomparison cruise (Johnson et al.,
2007), with a measurement uncertainty of 0.08 nmol l�1.

2.4. Atmosphere and wind data

Estimates of precipitation rates, wind velocities, and surface heat
fluxes are available from the National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR)
reanalysis project (Kalnay et al., 1996). The data are gridded by
NCEP/NCAR as described by Kalnay et al. (1996) and are available
four times daily. Additional wind velocity data were obtained from
the European Centre for Medium-Range Weather Forecasts
(ECMWF). Wind stress s was computed as s¼ ra C9u9u, where u
is the wind velocity at 10 m above the sea surface, ra ¼ 1:2 kg=m3 is
the density of air, and C is the drag coefficient. The values for C were
taken from Yelland and Taylor (1996) for 9u9Z6 m=s and from
Yelland et al. (1998) for 9u9o6 m=s.
3. Results and discussion

3.1. Assessing the effects of horizontal advection from satellite

altimetry

Our analysis of the satellite data has focused on the deep off-
shore region in the Ona Basin shown as quadrangle A in Fig. 1B.
The surface waters in this region are a mixture of Antarctic
Surface Water (ASW) and Winter Water (WW) associated with
the ACC, and denser shelf waters propagating off-shore from the
Antarctic Peninsula and the South Shetland Islands (Barré et al.,
2008; Zhou et al., 2010b). The shelf waters (SW) are iron-replete
with mixed-layer dissolved iron concentrations on the order of
1 nmol l�1, while the ACC waters to the north of the front are
iron-limited, with mixed-layer concentrations on the order of
0.1 nmol l�1 (Hopkinson et al., 2007; Measures et al., 2013). The
position of the SACCF-n relative to the water distribution in the
study region indicates that this front serves as a barrier between
the ASW and WW of the ACC, and the shelf waters, with ASW and
WW dominating the water composition to the north of the front,
and SW dominating to the south (Frants et al., 2013). SW can be
advected off the shelf and into the Ona Basin by both geostrophic
and wind-driven processes. In this section, we examine each
process separately to evaluate their correlation with the Chl-a
levels in the basin.

Kahru and Mitchell’s (2006) analysis of climatological monthly
mean surface Chl-a levels from 1997 to 2006 showed consistently
higher levels of biological production in the Ona Basin compared
to the waters west of the STR. Our analysis, illustrated in Fig. 3
and covering the years from 1997 to 2010, is consistent with their
results. For all months, the Chl-a concentrations are higher in the
downstream region, where the SACCF-n has moved equatorwards.
Downstream Chl-a levels become slightly higher from January to
February before decreasing again, and the concentrations for
February and March are comparable to the concentration in
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November. Upstream Chl-a concentrations decrease from Novem-
ber to January and remain low for the duration of the austral
summer. After the spring bloom, in the months of January,
February and March, the downstream Chl-a values rise to more
than twice the upstream levels. The differences in the Chl-a
concentrations between the two regions suggest the presence of
physical or biochemical mechanisms that increase the duration
and intensity of the bloom in the Ona Basin.

Because the proportion of iron-rich shelf water in the Ona
Basin changes over time as the front position shifts, we hypothe-
size that bloom intensity is driven primarily by geostrophic
advection of iron off the shelf and that Chl-a concentrations
should show highest concentrations occurring when the SACCF-
n is furthest north. To examine this effect, we computed the
correlation coefficients between the mean monthly Chl-a concen-
trations and the fraction of shelf waters present in the region, as
determined by the method described in Section 2.2. For compar-
ison, we also consider Chl-a concentrations in the low-iron, low
Chl-a region to the west of the STR (quadrangle B in Fig. 1B). This
region is located entirely north of the SACCF-n and is dominated
by the waters of the ASW and WW, with little or no shelf waters
present (Frants et al., 2013).

Fig. 4A shows the monthly correlation coefficients between
monthly averaged Chl-a concentration and the monthly averaged
proportion of shelf waters present in the downstream region from
1997 to 2010. The coefficients are highest in November and
December, exceeding the 95% confidence level, then sharply
decrease in January and remain low through the rest of the
summer. The correlation pattern was independent of the choice
of the SSH contour selected to define the SACCF-n within the
2-cm error margin estimated by Sokolov and Rintoul (2009). This
decrease in correlation, combined with the persistently high Chl-a
concentrations from January to March, is consistent with a
scenario in which horizontal off-shore advection is a major factor
in determining the strength of the Ona Basin bloom in the spring,
but is not sufficient to maintain the bloom through the end of the
summer.

Correlations based on SSH account only for the geostrophic
transport in the region but not the northward Ekman transport
driven by zonal eastward winds near the shelf, which can advect
additional iron northward into the Ona Basin. To evaluate the
effects of Ekman transport into the Ona Basin, we computed the
monthly correlation coefficients between mean Chl-a concentra-
tions and mean zonal wind stress for the downstream quadrangle
A in Fig. 1B. The wind stress estimates were computed from
spatially averaged NCEP/NCAR velocities as described in Section 2.
All of the resulting coefficients (Fig. 4B) are below the 95%
confidence level, suggesting that wind-driven horizontal advec-
tion is not a significant factor in initiating or sustaining the Ona
Basin bloom. Performing the same calculation using ECMWF wind
data also did not produce any correlation coefficients above the
95% confidence level.

3.2. Effects of vertical processes on iron distribution

The results of Section 3.1 indicate that additional mechanisms
are needed to explain the persistence of the bloom from January
through the end of March, when horizontal advection alone is not
sufficient to maintain the Chl-a concentrations. These mechanisms
can include iron fluxes driven by both physical and biological
processes. Recent satellite observations and model results indicate
that dust events in the Patagonian desert can transport iron-rich
dust to sub-Antarctic waters (Gasso and Stein, 2007); however,
Measures et al. (2013) suggest that eolian deposition to the
sampling region is minimal. Laboratory studies have found that
remineralization of particulate iron and recycling by microzooplank-
ton grazing can play a significant role in supplying bioavailable iron
to phytoplankton (Barbeau et al., 2001; Dalbec and Twining, 2009),
and in situ studies during iron enrichment experiments in the
Southern Ocean have shown that these processes can account for
over 30% of the iron supply in the euphotic zone (Bowie et al., 2001;
Strzepek et al., 2005). If remineralization or dust deposition were
sufficient to sustain high Chl-a levels through the summer, then
other iron-rich areas of the Southern Ocean might be expected to
experience prolonged blooms similar to the Ona Basin. However,
observations on the Crozet Plateau (Venables et al., 2007), the
Kerguelen Plateau (Mongin et al., 2008), and the south side of South
Georgia Island (Whitehouse et al., 2008) do not show the blooms in
these regions persisting past January. The extended duration of the
Ona Basin bloom suggests that this region has unique conditions
that can sustain high Chl-a level through February and March. While
it is possible that the Ona Basin is subject to unique biogeochemical
processes or that it receives occasional inputs of bioavailable iron



0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1 1.5

0

100

200

300

400

500

600

60.72S 60.55S 60.30S 60.06S 59.80S

Iron (nmol/l)

D
ep

th
 (m

)

M. Frants et al. / Deep-Sea Research II 90 (2013) 68–7672
from dust storms, here we explore the possibility that physical
oceanographic processes alone are able to sustain the bloom by
vertically delivering iron into the mixed layer. In particular, we
consider how the dissolved iron concentrations in the mixed layer
can be affected by diapycnal mixing and by entrainment due to
changing mixed-layer depths.

To estimate the dissolved iron demand for the Ona Basin
bloom, we followed the method outlined by Dulaiova et al.
(2009), who also determined the residence time (RT) for iron in
the region to be 4 days based on the apparent ages of water
samples taken on and off the shelf. The daily dissolved iron
demand (DFe) can be calculated as

DFe¼ ½Chlaconc� � h� ½C : Chla� � ½molC : gC� � ½Fe : C�=RT, ð1Þ

where h is the mixed-layer depth, Chlaconc is the Chl-a concentra-
tion, and molC : gC¼1/12 is the ratio of moles to grams of carbon.

The value of DFe changes throughout the year, as the cellular
iron:carbon (Fe:C) ratio decreases with reduced light availability
and decreasing water temperatures, increasing iron demand and
reducing growth rates (Sunda and Huntsman, 2011). In addition,
Fe:C ratios will vary among phytoplankton species, and are higher
in iron-replete than in iron-limited conditions (Strzepek et al.,
2005), and carbon:Chl-a (C:Chl-a) ratios increase as Chl-a con-
centrations decrease (Hewes et al., 1990).

To estimate h for our analysis, we looked at both in situ and
climatological data. Fig. 5 shows monthly mean estimates of Ona
Basin mixed-layer depth for the months of November–April, based on
a global climatology by de Boyer Montégut et al. (2004) and a
Southern Ocean climatology by Dong et al. (2008). In addition,
estimates based on CTD data sampled during the summer 2004
cruise are shown for the months of February and March. Both
climatologies use two property-difference criteria for determining
mixed-layer depth, one based on density and one on temperature.
The density-based criterion defined the base of the mixed layer as the
depth at which the potential density increased by 0.03 kg m�3

relative to the value at 10 m. The estimates for temperature criterion
(not shown) were based on the depth where the absolute change in
potential temperature was 0.2 1C, and produced values comparable to
the density-based depths. We used the same criteria to compute the
summer 2004 estimates.

Using Fe:C ratios ranging from 8 to 22 mmol mol�1 and
corresponding C:Chl-a ratios ranging from 95 to 72 g�1 (Sunda
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and Huntsman, 2011), and using the Chl-a concentrations in Fig. 3
and the mixed layer depths in Fig. 5, the estimated daily dissolved
iron demand in summer ranges from 119 to 247 nmol Fe m�2

day�1. This estimate is roughly consistent with Ardelan et al.’s
(2010) estimate of approximately 286 nmol Fe m�2 day�1 in the
Bransfield Strait, which is based on new primary production in
the region, and Blain et al.’s (2007) estimate of 208777 nmol Fe
m�2 day�1 in the Kerguelen Plateau, based on the difference
between total uptake and regeneration rates of iron. However, the
4-day residence time used in our estimate is based only on the
horizontal advection of iron through the region and does not
account for remineralization, which may increase the residence
time and lower the daily demand estimate.

In order to estimate whether the summertime iron fluxes
driven by diapycnal mixing and entrainment can fulfill our
estimated demand, we considered the iron concentrations and
gradients below the mixed layer in our study region. Fig. 2 shows
the location of the iron stations sampled in the Ona Basin during
the summer 2004 and winter 2006. The individual profiles for
iron stations along a south-to-north transect sampled during the
summer 2004 cruise (as shown in Fig. 2A) are plotted in Fig. 6A,
and profiles for a transect sampled during the winter 2006 cruise
(Fig. 2B) are shown in Fig. 6B. Summer data indicate the presence
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of high vertical iron gradients in the top 100 m, which can also be
seen in the mean profiles computed by averaging all the Ona
Basin stations, as shown in Fig. 7A. The highest iron concentra-
tions for the majority of stations sampled both in summer and in
winter are found along the 27:5rsyr27:6 density layer. Ardelan
et al. (2010) found high iron concentrations in the same density
layer in shelf waters during the austral summer 2006 U.S.
Antarctic Marine Living Resources (AMLR) survey. The winter
dissolved iron concentrations in the top 200 m are similar in
magnitude to the highest summer concentrations, suggesting that
the summer peak in the dissolved iron concentration represents
the remnant of winter stock.

On average, dissolved iron concentrations are more uniform
throughout the water column during winter 2006 than during
summer 2004, due to the low summer surface concentrations
(Fig. 7). The mean winter iron maximum deepens from a mini-
mum of 30 m on the shelf to 129 m in the Ona Basin, reflecting
the increasing depth of the 27:5rsyr27:6 isopycnal between
the station at 60.801S and 60.601S, as seen in Fig. 6b. By contrast,
the isopycnal depth during the summer 2004 cruise remains
roughly the same over the length of the transect shown in Fig. 6A,
and the averaged profiles for summer 2004 show the same iron
maximum depth for the shelf and Ona Basin stations (Fig. 7A). The
northernmost winter station (located at 60.601S in Fig. 6B) shows
a pronounced iron maximum near 150 m, but the surface iron
concentration is still similar to the shelf stations, and higher than
the summer 2004 surface concentrations shown in Fig. 6A. The
differences between the two cruises can be explained by biologi-
cal uptake of surface iron during the summer. In addition, the 27.5
rsyr 27.6 isopycnal is shallower during winter 2006, allowing
for isolated storm events as well as diurnal variations in mixed-
layer depth to mix more iron toward the surface.

The presence of the summer dissolved iron gradients allows
for high upward diffusive fluxes of iron toward the base of the
mixed layer and differentiates the Ona Basin from other high-iron
regions in the Southern Ocean, such as the Kerguelen Plateau
(Blain et al., 2007) and Crozet Plateau (Planquette et al., 2007),
where the iron maxima are deeper and iron concentrations in the
top 200 m are more uniform, leading to lower estimates of
vertical iron fluxes.

Circulation in the basin is characterized by mesoscale eddies
that span large depth ranges and can trap water for extended
periods of time (Barré et al., 2008; Brandon et al., 2004). Argo float
data studied by Barré et al. (2008) showed that floats released in
the Ona Basin in March 2002 and December 2003 remained in the
basin for periods of 6 months to two and a half years. These
numbers suggest that iron entrained near the shelf and advected
into the Ona Basin during the winter months can be retained in
the basin until the summer, allowing the peaks in the dissolved
iron profiles seen in Fig. 6A to persist.

The density distribution and the iron profiles in both summer
and winter are consistent with iron being entrained on the shelf
and transported along an isopycnal into the Ona Basin. The
median depth of the isopycnal during the summer bloom is below
the summer mixed layer in the basin. Therefore, some form of
vertical mixing is needed to supply the iron into the mixed layer.

One possible mechanism for such vertical mixing is diffusive
diapycnal mixing, which has been shown to be elevated over regions
of rough bathymetry throughout the Southern Ocean (Sloyan, 2005).
Fine-scale estimates of diapycnal diffusivity k from LADCP and
XCTD profiles in Drake Passage indicate the presence of enhanced
mixing, with values of k that have been estimated within the range
from Oð10�4

Þ to Oð10�3
Þm2 s�1 (Naveira Garabato et al., 2004;

Thompson et al., 2007). More refined microstructure estimates in
Drake Passage yield values of k on the order of 1� 10�4 m2 s�1,
reaching 1.3�10 �4 m2 s�1 over a transect where the flow regime
is similar to our study region, with the ACC flowing over rough
topography near the SACCF-n. (St. Laurent, submitted for publication).
Given these diffusivity estimates and the mean Ona Basin iron
profiles in Fig. 7, and assuming no horizontal advection, the vertical
diffusive flux Fz of dissolved iron can be computed as

Fz ¼�k
@Fe

@z
: ð2Þ

Assuming a diffusivity at the lower end of the estimated range
(k¼ 1� 10�4 m2 s�1) and solving Eq. (2) for the averaged dissolved
iron profiles shown in Fig. 7 with the vertical iron gradient computed
between 50 and 100 m, where the iron profiles are monotonic, gives
an estimated iron flux of 6472 nmol m�2 day�1 into the base of the
summer mixed layer.

Changes in mixed-layer depth provide an additional mechanism
for increasing dissolved iron concentrations near the surface. As the
mixed layer deepens, it entrains iron from the top of the pycnocline
and mixes it toward the surface. This additional entrainment can
help compensate for decreasing iron concentrations and reduced
near-surface gradients as iron is consumed over the summer.

In November and December, when correlations between
SACCF-n position and Chl-a concentration are highest, the mixed
layer depths shown in Fig. 5 grow shallower, indicating that
entrainment is unlikely to supply iron to the euphotic zone.
Starting in January and continuing until the end of the summer,
the mixed layer deepens as the correlations between frontal
position and Chl-a decrease, and the high Chl-a levels persist.
This pattern is consistent with a scenario in which mixed-layer
entrainment provides the additional iron needed to sustain the
bloom in the Ona Basin during the months when horizontal
advection no longer explains the persistence of the bloom.

Given the monthly mixed-layer depth changes seen in Fig. 5
and the mean iron profiles in Fig. 7, it is possible to estimate a
mean daily entrainment rate for iron into the base of the mixed
layer. The mean concentration of iron in the mixed layer can be
calculated as

Feml ¼

R h
0 Fe dz

h
, ð3Þ

where h is the mixed-layer depth.
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The mean daily entrainment rate E over a period of n days can
then be calculated as

E¼
FemlðnÞ�Femlð0Þ

n
, ð4Þ

where Feml(i) is the mixed-layer iron concentration on the ith day.
If we assume that the mixed-layer changes steadily and

monotonically over the course of each month, then applying Eq.
(4) to the climatological and in situ depths shown in Fig. 5 and the
averaged mixed-layer dissolved iron concentrations computed
from the profiles in Fig. 6A yields daily entrainment rates ranging
from 5 to 25 nmol m�2 day�1. However, such an assumption does
not reflect the diurnal mixed-layer cycle or the impact of isolated
storm events that may cause large changes in the mixed-layer
depth over a short period of time. In the next section, we use a
one-dimensional numerical model to take these additional vari-
ables into account.

3.3. Results from one-dimensional model simulation

If diffusivity in our study region is assumed to be close to St.
Laurent’s (submitted for publication) observed values of 1�
10�4 m2 s�1, neither diapycnal mixing nor mixed-layer entrain-
ment alone would appear to be sufficient to sustain the Ona Basin
Chl-a levels during the late summer months. However, these two
processes can combine non-linearly, especially if short-term
variations in mixed-layer depth are taken into account. Isolated
weather events can lead to short-term deepening of the mixed
layer, entraining additional iron. The effects of such events cannot
be estimated from monthly averages. To evaluate these effects,
we performed a numerical simulation using a modified version of
the one-dimensional mixed-layer model developed by Price et al.
(1986, henceforth PWP).

The PWP model was originally intended to compute the
diurnal variability of the mixed-layer depths. It accepts a time
series of forcing variables consisting of winds, precipitation and
surface heat fluxes, and applies them to mix initial profiles of
temperature and salinity. For our analysis, we modified the model
to accept an additional input of an initial iron profile, created from
the averaged profile shown in Fig. 7A by using a linear fit to
interpolate the data to 5 m resolution. The initial temperature and
salinity profiles, made by averaging all available summer 2004
profiles in the Ona Basin and also interpolated to 5 m resolution,
are shown in Fig. 8. Our simulation was run for 120 days, with a
time step of 10 min and a depth increment of 5 m, to a maximum
depth of 500 m, as most of the iron profiles were not sampled
below that depth.

To account for diapycnal mixing, we modified PWP to incor-
porate the vertical diffusive flux of iron as defined in Eq. (2) and to
solve for Fz at each time step. We then ran the model for two
configurations: one without the flux modification (k¼0), to yield
an estimate of mixed-layer iron concentrations based only on
entrainment; and one using the modified model with vertical
diffusion to provide an estimate of diapycnal mixing and entrain-
ment combined. Five values of k were tested, ranging from 5�
10�5 m2 s�1 to 2� 10�4 m2 s�1, in order to consider a range of
values that extended beyond the 1� 10�4 m2 s�1 estimate
reported by St. Laurent (submitted for publication).

For our simulations we set boundary conditions @Fe=@z¼0 and
@2Fe=@z2¼0 to ensure no diffusive flux at the bottom of the water
column or through the base of the mixed layer. The results were
not strongly sensitive to this boundary condition choice: elim-
inating the @2Fe=@z2¼0 requirement or shifting the top-most
boundary condition for our simulation from the base of the mixed
layer to the ocean surface resulted in differences of less than 10
nmol m�2 day�1 in the entrainment rates.
To determine the uncertainties for our results, we performed a
Monte Carlo simulation in which the PWP model was run 100 times
for each of the scenarios described above. For each the original iron
input was perturbed by a vector of normally distributed random
numbers scaled to match the mean standard deviation of the iron
profiles shown in Fig. 7A. We then computed the mean daily
entrainment of iron for each run, and used the standard deviation
of the result as the uncertainty for our original estimate.

The entrainment-only PWP simulation produced a mean daily
entrainment rate of 1279 nmol m�2 day�1, consistent with the
rates derived from the mixed layer estimates in Section 3.2.

For the diffusive version of the PWP-model, time-series of mixed-
layer iron ‘‘concentrations’’ are shown in Fig. 9 for five values of k,
here plotted for the limiting case where there is no biological
consumption. The slopes of the lines in Fig. 9 provide a measure of
the iron-supply rate, while the gray region delineates the range of
iron demand rates derived from Eq. (1). (If biological uptake of iron
were included, iron concentrations would not increase continuously
but would be expected to be near zero all of the time.) For all values
of k, the mixed-layer iron concentration begins to rise approximately
16 days into the 120-day model run. For lower values of k, the
concentration steadily increases throughout the run. The smallest
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non-zero k (k¼ 5� 10�5 m2 s�1) yields a time-averaged iron supply
rate of 106722 nmol m�2 day�1, insufficient to meet the iron
demand estimated from Eq. (1). In contrast, for k¼ 1� 10�4 m2 s�1,
the mean daily iron supply rate is 180746 nmol m�2 day�1, which
is well within the iron demand range from Eq. (1). The averaged
monthly mixed-layer depths produced by the diffusive PWP model
for k¼ 1� 10�4 m2 s�1 are shown in Fig. 5. The mixed-layer depths
are comparable to the climatology-derived depths, as well as
observed depths from the summer 2004 cruise.

For larger values of k, mixed-layer iron concentrations in the
PWP simulations initially rise, and then once diffusion has eroded
the subsurface iron maxima, the iron concentrations decrease. For
example, for k¼ 2� 10�4 m2 s�1, the iron supply rate is
293744 nmol m�2 day�1, exceeding the highest of our iron
demand estimates, for the first 73 days of the 120-day PWP run,
before the iron concentration begins to decrease. Such a time scale is
too short to allow continued input of iron to the mixed-layer for the
duration for the extended summer bloom seen in southern Drake
Passage. The largest diffusivity that produces steadily increasing
mixed-layer iron concentrations for at least 90 days is
k¼ 1:5� 10�4 m2 s�1. This value of k will exceed the estimated
iron demand for the first 85 days of the model run, producing a
mean daily iron supply rate of 250728 nmol m�2 day�1. Over 90
days, representing the period from January until the end of March,
this value produces a mean supply rate of 230723 nmol m�2

day�1, close to the maximum of the iron demand range from Eq. (1).
These results indicate that a diffusivity from k¼ 7:5� 10�5 to

1:5� 10�4 m2 s�1 will meet or exceed the Ona Basin bloom
throughout the summer via diapycnal mixing and entrainment.
Smaller values of k yield too little iron, and larger values erode the
subsurface iron maximum too quickly. This range is roughly con-
sistent with the diffusivities inferred from microstructure measure-
ments in the Drake Passage region (St. Laurent, submitted for
publication). These results are derived assuming that the along-
isopycnal iron advection does not play a significant role in sustain-
ing the bloom to the end of summer. If along-isopycnal advection
were significant that could resupply the subsurface iron maximum
and reduce the possibility that high diffusivities might too quickly
erode the subsurface iron maximum.

3.4. Discussion

The mixing and entrainment processes discussed in the preced-
ing sections are purely physical, and do not take into account the
impact of biogeochemical processes on mixed-layer iron supply or
the effects of possible changes in the phytoplankton community on
iron demand as the bloom progresses. However, the results of our
numerical simulation indicate that physical processes alone can
potentially deliver iron into the mixed layer at a rate that meets or
exceeds the estimated iron demand during the summer. Therefore,
during periods when the diffusivity in the Ona Basin is within the
range of typically observed values, the physical processes in the
basin appear sufficient to sustain the summer bloom for as long as
the near-surface iron gradients persist. This does not exclude the
possibility that biogeochemical processes, which are always present
alongside the physical processes, may also play an important role in
controlling iron supply in the Ona Basin euphotic zone. In particular,
when the demand is closer to the high estimate or the diffusivity is
either too high to sustain the vertical iron gradients or too low to
provide a sufficiently large iron flux into the mixed layer, additional
contributions from biogeochemical processes such as grazing and
remineralization may be necessary. Particulate iron, not sampled in
this study, could also be delivered into the mixed layer by the same
physical processes that we describe in our analysis, and provide an
additional source to bring the iron supply closer to the upper range
of our estimated demand.
4. Summary

Satellite-derived Chl-a concentrations from November to April
are consistently higher in the waters to the east of the Shackleton
Transverse Ridge than in the waters to the west. The northern
branch of the Southern ACC Front, as defined by the 64-cm sea-
surface height contour, moves off-shore east of the ridge. Because
this branch functions as the barrier between the ACC and the iron-
rich shelf water to the south, the fraction of the Ona Basin where
sea-surface height is less than 64 cm can be used as an estimate of
the fraction of shelf water in the surface waters of the basin.
Comparison between sea-surface height and Chl-a data shows that
the fraction of shelf waters present in the Ona Basin is highly
correlated with Chl-a concentration during the months of November
and December. The correlations become smaller from January
onward, while Chl-a levels in the Ona Basin rise slightly, and the
ratio of mean Chl-a east of the ridge to mean Chl-a west of the ridge
increases. These results are consistent with a scenario in which
horizontal advection of shelf waters can account for the intensity of
the spring bloom in the Ona Basin, but this advection alone is not
sufficient to sustain the bloom through the end of the summer.

Iron profiles in the Ona Basin during both winter 2006 and
summer 2004 show a strong subsurface maximum between 100
and 200 m, and high near-surface gradients that persist from
winter into summer, allowing a vertical flux of iron to the base of
the mixed layer due to diapycnal mixing. The mixed layer in the
Ona Basin also deepens from January into April, after becoming
shallower from November to January. The increased mixed-layer
depth provides an additional mechanism to supply iron to the
surface, by allowing it to be entrained from the top of the
pycnocline. Estimates of the mean daily entrainment rate and
the diffusive iron flux with diapycnal diffusivity k¼1.0�10
�4 m2 s�1 indicate that neither process alone appears sufficient
to sustain the summer bloom in the Ona Basin. However, a
numerical simulation suggests that entrainment in combination
with values of k between 7:5� 10�5 and 1:5� 10�4 m2 s�1 can
supply enough iron into the top 30 m of the basin to meet or
exceed the iron demand of the bloom. These diffusivities are
typical of diffusivity estimates derived from microstructure mea-
surements in the Drake Passage region. A number of other
mechanisms, including biogeochemical processes, atmospheric
dust deposition, and additional vertical mixing associated with
mesoscale eddies, could further contribute to iron availability in
the region, and would be necessary to sustain the bloom during
times when the iron demand is high or the diffusivity in the
region falls outside our estimated range.
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