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Highlights (3-5 highlights, 85 characters, core results):

Dissolved Fe within the CDW is diluted by mixing with AASW during the formation of
MCDW in the Ross Sea.

MCDW was seen above Mawson Bank but not Pennell Bank.
A sedimentary input of Fe is seen above Pennell Bank.
Strong tidal energy over shallow banks brings Fe-rich deep waters to the euphotic zone.

The presence of MCDW above Mawson Bank hinders mixing of dFe into the euphotic

zone.
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Abstract: (199 words)

The role that dissolved iron (dFe) rich Circumpolar Deep Water (CDW) might
play in sustaining the consistently observed discrete patches of high chlorophyll biomass
over Pennell Bank (PB) and Mawson Bank (MB) in the Ross Sea, was investigated
during January/February 2011. Over a 26-day period, hydrographic and trace metal clean
water sampling was carried out adjacent to both of these banks, in some cases repeatedly.
Particulate sampling was also accomplished at selected stations by in situ pumping. The
results indicate that the dFe content of the CDW is in fact reduced by on-shelf mixing
with Antarctic Surface Water as it transitions into modified CDW (MCDW). Our
stations above PB, where the maximum bloom is encountered, show no evidence of
MCDW presence. In contrast, above MB, where there is a smaller persistent bloom,
MCDW was observed. Although both of these stations displayed the imprint of
sedimentary Fe input connected to the strong tidal cycles above the banks, the stronger
near-bottom density gradient that MCDW produces appears to contribute to reduced
vertical mixing of the sedimentary source. Thus, ironically, the presence of MCDW may
be hindering the Fe supply to the surface waters, rather than being the source, as

originally hypothesized.



52

53
54
55
56
57
58
59
60
61
62
63

64
65
66
67
68

69
70
71
72
73
74
75
76
77
78

79
80

1. Introduction

The Southern Ocean is well-known as a High Nutrient Low Chlorophyll (HNLC)
region, but within this low biomass area the Ross Sea continental shelf is one of the most
productive areas in the Southern Ocean (Sullivan et al., 1993; DiTullio and Smith, 1996;
Smith and Gordon, 1997; Arrigo et al., 1998a; Smith and Cosimo, 2008), and thus is
considered as an important oceanic CO, sink region (Marinov et al., 2005; Arrigo et al.,
1998b; Takahashi et al., 2009). The increased biomass seen during iron addition
experiments in the Southern Ocean waters (e.g., Martin et al., 1990; Sedwick and
DiTullio, 1997) suggests that it is iron, an essential nutrient for phytoplankton growth,
that is limiting primary production in the Southern Ocean (Martin et al., 1991; Coale et
al., 1996; Sedwick et al., 2000; Boyd, 2002; Coale et al., 2003; 2005; Gerringa et al.,
2015; McGillicuddy et al., 2015).

There are multiple potential iron sources to the Ross Sea, such as dust, sea-ice,
icebergs, upwelling of deeper waters and sedimentary inputs, etc., and these have been
discussed by a variety of authors (Martin et al., 1991; Fitzwater et al., 1996, Sedwick et
al., 1996; Sedwick et al., 2000; Measures and Vink, 2001; Boyd, 2002; Coale et al., 2005;
Sedwick et al., 2011; Measures et al., 2012; Marsay et al., 2014).

Seasonal iron limitation has been suggested for the Ross Sea as a result of the
effects of removal by phytoplankton uptake, particle export, and scavenging (Sedwick
and DeTullio, 1997; Sedwick et al., 2000; Coale et al., 2003; 2005; Bertrand et al., 2007).
However, in a recent study, Sedwick et al. (2011) reported low dissolved Fe (dFe)
concentrations (~0.1 nM) in the euphotic zone of the Ross Sea polynya by late spring
(November), concluding that the surface waters in the Ross Sea polynya (southern Ross
Sea) can become iron depleted even during an early stage of the seasonal phytoplankton
bloom. These authors concluded that in order to sustain the high productivity in the Ross
Sea, there must be a significant supply of new dFe to surface waters of the polynya

during the growing period.

Satellite ocean colour imagery shows that in contrast to the large areas of high

chlorophyll biomass in the inshore regions, the offshore regions show only small patches
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of high chlorophyll biomass (Fig. 1). In particular there are discrete blooms that have
been occurring above Pennell Bank (PB) and Mawson Bank (MB) at the same time of
year from 1998 to 2014 (Reddy and Arrigo, 2006; Kohut et al., this issue). The seasonal
persistence of these features also suggests that there should be a continual source of Fe,
fuelling phytoplankton blooms above the banks. The dye simulation model of Dinniman
et al. (2011) confirmed Circumpolar Deep Water (CDW) intrusions onto the shelf at
specific locations primarily determined by the bathymetry (Klinck and Dinniman, 2010),
which then mixes with surrounding water masses to become Modified Circumpolar Deep
Water (MCDW, Jackobs and Giulivi, 1998; Gordon et al., 2000; Orsi and Wiederwohl,
2009; Whitworth et al., 2013). In addition, Dinniman et al. (2011) showed there was
vigorous mixing of the CDW/MCDW with the surface waters in the Ross Sea. Since
CDW contains relatively high levels of dFe (~0.5 nM at 65.2°S 174.7°W in the northern
Ross Sea, Sedwick et al., 2011; 0.4-0.5 nM, Hoppema et al., 2003; 0.51 + 0.16 nM,
Grand et al., 2015a) compared to summertime surface waters of this shelf region, this
water has been considered as a potential source of Fe fuelling primary production in the

Ross Sea (Hiscock, 2004; Peloquin and Smith, 2007).

The goal of our research project was to evaluate the role that Fe-enriched CDW
may play in fuelling these patches of higher biomass by undertaking a comprehensive
physical, chemical, and biological sampling program (“SEAFARERS”, Slocum
Enhanced Adaptive Fe Algal Research in the Ross Sea, Kohut et al., 2013) around the
banks during the late austral summer (Jan 2011), a time when there is no recent seasonal
sea ice melt to contribute to the dFe supply. To achieve this, we determined the
distributions of dissolved and particulate Fe, dissolved Mn and dissolved Al at key
stations on the shelf to enable us to follow the mixing process of CDW as it transitions
into MCDW. A key physical process in the Ross Sea is the strong tidal effect in this
region and the tide’s effect on mixing processes (Robertson et al., 2003; Whitworth and
Orsi, 2006; Kohut et al., 2013). To help evaluate these processes our shipboard data
gathering included CTD parameters from rosette casts and the ship’s acoustic doppler
current profiler (ADCP). Additional temperature, salinity, dissolved oxygen,
fluorescence and backscatter data were obtained from gliders deployed from the ship, and

temperature, salinity, pressure and current meter data were obtained from a mooring
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deployed at a station that was occupied multiple times during the cruise (Kohut et al., this
issue). Detailed phytoplankton incubation results are presented in earlier manuscripts
(Kustka et al., 2015a; 2015b) who also suggested based on their estimates of Fe demand
from shipboard incubation experiments and model results that that the recurrent
productivity hotspots in the widespread Fe limitation region were supported by the

delivery of Fe through vertical exchange processes.
2. Methods

2.1. Sampling

2.1.1 Dissolved trace metal samples

Over 180 water samples were collected for trace metal determinations at 15
stations (Fig. 1) in the Ross Sea between 17 January and 13 February 2011 as part of the
SEAFARERS campaign aboard the R/V Nathaniel B. Palmer (cruise NBP 11-01). An
additional 12 water samples were collected on 21 February 2011 at station 100 (Fig. 1) at
the start of the CLIVAR S4P section (cruise NBP 11-02) that immediately followed the

cruise.

Water samples were obtained using a custom-built trace metal (TM) clean rosette
consisting of an epoxy painted Al rosette frame containing 12 x 12L GO-FLO bottles
(Measures et al., 2008a) and that housed an SBE 911 CTD system which included an
SBE 43 dissolved oxygen sensor and a Wet labs FL1 fluorometer. However, because the
oxygen sensor froze during the cruise, oxygen data are not available. Immediately after
each deployment, the package was recovered, the tops of the GO-FLO bottles were
covered with plastic bags and the bottles removed from the frame and carried into a
customized 20-foot container van for sub-sampling (Measures et al., 2008a). The GO-
FLO bottles were pressurized to 10 psi using 0.2 um-filtered compressed air and water
samples were filtered through 0.45 pum pore size acid washed, 47 mm polysulphone
filters (Pall Supor 450 P/N 60173) as they were collected into sample bottles. All sub-
sampling was undertaken in the clean van using rigorous trace metal protocols. The
sampling system and protocols are described in detail in Measures et al. (2008a).

Samples obtained with this system and processed in this manner have been shown during
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the SAFe inter-comparison cruise (Johnson et al., 2007) and the GEOTRACES inter-
calibration cruise to produce concentrations of trace metals (Al, Fe and Mn) that are,
within analytical uncertainty, identical to those obtained using other currently accepted
sampling methodologies for trace elements (i.e., U.S. GEOTRACES sampling protocols,
Cutter and Bruland, 2012). Also, this sampling system has been used successfully to
collect uncontaminated trace element samples during several previous projects (e.g.,
CLIVAR projects: Measures et al., 2008b; Grand et al., 2014, 2015a, 2015b, 2015c;
BWZ project: Measures et al., 2013; Hatta et al., 2013).

Filtered seawater samples (0.45 um pore size) were collected and drawn into acid
pre-washed 125 mL polymethylpentene bottles after three rinses with sample water; filled
sample bottles were stored in polyethylene bags in the dark at room temperature before
the shipboard determination. Duplicate samples were also collected and drawn into
previously acid-leached 125 mL HDPE bottles after three sample rinses for shore-based
determination of dissolved Fe (dFe) and dissolved Mn (dMn) by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS).

2.1.2 Particulate Fe samples

Size-fractionated suspended particles for particulate Fe determination were
collected from 6 depths at selected stations (Stations 14, 55, 70, 35, 24, 7, and 28, shown
in Fig. 1) by in-situ filtration using modified dual-flow McLane WTS pumps (Ohnemus
and Lam, 2015). Pumps were clamped onto non-metallic Hytrel-jacketed Vectran wire.
The filter configurations on the two flowpaths were those used on all US GEOTRACES
cruises, and consisted of a 51 um polyester prefilter followed by paired 0.8 um
polyethersulfone (PES; Pall Supor800) filters “Supor”, and a 51 pum polyester prefilter
followed by paired quartz fiber filters “QMA” (Whatman QMA) (Cutter et al., 2014;
Ohnemus and Lam, 2015). All filters were 142 mm in diameter, and had an active
filtering diameter of 126 mm. Up to 478 L and 1100 L were filtered through the “Supor”
and “QMA” flowpaths, respectively, over the typical 2-3 hour pump time at an initial
pumping rate of 8 L min". A complete filter set sandwiched between 1 pm mesh in
perforated polypropylene containers was deployed at each station as a “dipped blank”,

which functioned as a process and adsorption blank.
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2.2 Analytical methods
2.2.1 Determination of dissolved trace elements

Dissolved trace element determinations were performed on board ship using the
filtered sub-samples from the GO-FLO bottles within a few hours of sample collection.
Prior to analysis, samples were acidified to 0.006 M with sub-boiled distilled 6 M HCI,
and were then heated in groups of 4 for 3 minutes in a 900 W microwave oven to achieve
a temperature of 60 = 10°C, to release dFe from complexation in the samples. Samples
were allowed to cool to room temperature for at least 1 hour prior to Flow Injection

Analysis (FIA). The same method was used in a previous study (Hatta et al., 2015).

Dissolved Al (dAl), dFe and dissolved Mn (dMn) were determined in the filtered,
acidified, microwave-treated subsamples using the FIA methods of Resing and Measures
(1994) for Al, Measures et al. (1995) for dFe, and Resing and Mottl (1992) for dMn
determinations. The limits of detection of the shipboard FIA system, defined during the
cruise as three times the standard deviation of replicate analyses of seawater samples of
low dFe content, were 0.06 nM for dFe, 0.28 nM for dAl, 0.17 nM for dMn. The
analytical precision was 5.5% for dFe at 0.35 nM, 4.5% for dAl at 2.1 nM, 4.4% for dMn
at 1.2 nM. However, since most of the results from the shipboard dMn analysis were
below the shipboard detection limit, we use the dMn data from the duplicate samples
determined using the more sensitive shore-based ICP-MS at the University of Hawaii in

this study.

No detectable blank from either the acid or sample buffer were found for the
shipboard dAl system. The shipboard dFe system blank, which could not be determined
accurately at sea, was estimated post cruise using a subset of replicate samples which
were analyzed for dFe using the inductively coupled plasma mass spectrometry (ICP-
MS) method of Milne et al. (2010). The shipboard dFe data from each analytical day
were corrected using the slope and intercept of a least squares regression between the
shore-based ICP-MS and the uncorrected shipboard dFe values from that day (n = 8-12).
The magnitude of the correction subtracted from each sample of the uncorrected

shipboard FIA dataset (i.e., the shipboard FIA system blank) was 58 + 35 pM during this
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cruise, similar to the correction applied to Grand et al. (2015c) dFe dataset, which used

the same shipboard FIA manifold during the CLIVAR 105 cruise in the Indian Ocean.

Samples for shore-based ICP-MS determinations for dFe and dMn were filtered
on board using identical methods as those for the FIA samples, and were stored in 125
mL LDPE bottles and acidified in the shore lab to 0.024 M HCI with ultrapure 6N HCI,
prior to analysis. Pre-concentration and extraction of samples for the determination of
dFe and dMn was performed using a flow injection manifold with an in-line micro-
column containing 1200 pL. of Toyopearl AF Chelate-650 M resin following the
protocol of Milne et al. (2010). The pre-concentrated samples were analyzed by ICP-MS
(Element2, Thermo Scientific) with an Apex-Q (ESI). Detection limits for Fe and Mn
were calculated from 3 standard deviations of determinations of replicate ICP-MS
measurements and were approximately 0.01 nmol kg and 0.05 nmol kg™, for Fe and
Mn, respectively. Determination of dFe (1.00 + 0.14 nmol kg', n=10) in the
GEOTRACES open ocean reference material (GD) was in good agreement with the inter-
laboratory averages reported for these materials (GD = 0.95 + 0.05 nmol kg™).
Determination of dMn (0.23 + 0.03 nmol kg'l, n=10 (GD); 1.30 = 0.39 nmol kg'l, n=5
(GS)) in the GEOTRACES open ocean reference material were also in good agreement
with the inter-laboratory averages reported for these materials (GD = 0.21 + 0.04 nmol
kg'!, GS = 1.45 + 0.17 nmol kg'). In this paper, the data presented are from the
shipboard FIA Al, the ICP-MS corrected shipboard FIA dFe, and the ICPMS dMn

determinations.
2.2.2 Determination of particulate trace metals

Separate subsamples of the top Supor filter (the 0.8 - 51 pum size fraction)
representing 3 - 9% of the filter area (median 13 L equivalent volume filtered) were used
to determine the total and leachable concentrations of particulate trace metals. Total
digestions were effected with the Piranha method (Ohnemus et al., 2014; Ohnemus and
Lam, 2015). Briefly, this two-step digestion first uses a strong oxidizing solution (the
Piranha reagent: 3 parts concentrated HSO4 to 1 part concentrated H,O,) to completely
digest the PES filter and other particulate organic material, followed by a strong acid

cocktail (4M each of HNO;, HCI, and HF) to completely digest the silicate components
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of suspended marine particles. For acid leachable concentrations of particulate trace
metals, separate subsamples were leached in 2 mL 1M HCI at room temperature for 24
hours in 15 mL centrifuge tubes. Samples were centrifuged at 4100 rpm for 45 minutes,
and 1.5 mL of supernatant was transferred into a Teflon vial. The cold HCI leach used
here is more aggressive than other commonly used weak acid leaches (e.g., Berger et al.,
2008), but is similar to weak acid leaches frequently used on size-fractionated in-situ
pump samples (Bishop et al., 1977; Lam et al., 2006; Lam and Bishop., 2008), and has
the advantage of having been tested on a variety of iron bearing minerals: it has been
shown to extract Fe from poorly crystalline Fe(IIl) oxyhydroxides and a small fraction of

some phyllosilicates, but not crystalline Fe(IIl) oxides (Raiswell et al., 1994).

Total digest and leach solutions were dried down at 110 °C and residues were
brought back up into solution with 5% HNOs;. The final solutions were analyzed at the
Woods Hole Oceanographic Institution (WHOI) Plasma facility on a Thermo Element2
HR ICP-MS using a quartz spray chamber introduction system. Matrix suppression and
internal drift was corrected using 1 ppb In as an internal standard, and concentrations
were quantified using mixed element external standard curves (Ohnemus et al., 2014).
The detection limit was defined as three times the standard deviation of all dipped blank
filters, and was 2.7 nmol filter’ and 9.9 nmol filter for leachable and total particulate Fe
(L-pFe, T-pFe), respectively. For a median volume filtered of 300 L, this is equivalent to
detection limits of 9 pM for L-pFe and 33 pM for T-pFe. Repeat determinations of T-pFe

and L-pFe had average relative standard deviations of 3% and 10%, respectively.
2.3 Ancillary data

In order to understand the detailed water column characteristics and biological
activity during the cruise, shipboard ADCP, oxygen, photosynthetically active radiation
(PAR), and fluorescence data are used in the discussion. However, since there was no
PAR sensor or transmissometer sensor attached to the TM rosette and no usable data
from the TM rosette oxygen sensor, we use oxygen and PAR data from the regular
hydrographic CTD rosette casts, which were deployed within 2-3 hours of the TM casts.
Temperature and salinity records indicated that there was no significant change in water

properties between these occupations (data not shown).

10
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ADCP data (units: m s™): In order to identify the surface currents and tidal
influence during the sampling period, we use the shipboard hull-mounted ADCP
“narrowband” instrument (NB150). These data are publicly available at the website
http://currents.soest.hawaii.edu/nbpalmer/ using the cruise recognition code of

“nbp1101™.

Fluorescence (units: volts): The raw sensor voltages (0-5 volts) from the Wet

Labs FLRTD-855 (mounted on the TM rosette during each cast) are used in this study.

Mixed layer depth (units: m): The oceanic mixed layer is defined as the surface
layer where the temperature and salinity are vertically homogeneous. In the Southern
Ocean, Mixed Layer Depths (MLDs) have previously been defined using criteria based
on the change in potential temperature or density with respect to the surface value, (e.g.,
AB = 0.5°C, Acy= 0.125 kg m™ and A® = 0.2°C, Acg= 0.03 kg m™). In this study, we
define the MLDs using the potential density criteria of Acy= 0.03 kg m™ from the surface
value, which has also been shown to provide good agreement between density and
oxygen based mixed layers in the Bellingshausen Sea (Castro-Morales and Kaiser, 2012).
Calculated MLDs (data from regular hydrography CTD rosette and TM rosette) and the
depth of the PAR 1% light level are shown in Table 1 together with selected water

property parameters within the mixed layer.
3. Results and discussion

Here we report the dissolved (<0.45 um) Al, Fe, Mn from the trace metal clean
rosette sampling system and the particulate (L-pFe and T-pFe) Fe data from the in-situ
pumping system. All of the trace metal data presented here are available at the U.S.
Antarctic Program Data Center using Entry ID: NBP1101.
(http://gcmd.nasa.gov/KeywordSearch/Metadata.do?Portal=GCMD&MetadataView=Full
&Entryld=NBP1101).

Potential temperature and salinity data are shown in Fig. 2, with selected stations
shown in color in order to identify typical water masses found in the study area. The
distribution of hydrographic parameters (temperature, salinity, neutral density,

fluorescence, silicate, and phosphate) in the section across the basin (red box shown in

11
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Fig. 1) are shown in Fig. 3, and the corresponding dissolved and particulate trace metal
distributions are shown in Fig. 4. The vertical depth profiles of hydrographic parameters
and trace elements at the repeated sampling station located on the western side of PB in
Joides Basin and the offshore station are presented in Fig. 5 and data from the stations
above PB and MB are in Fig. 6. Property-property plots of the MCDW (neutral density =
28.0 - 28.27 kg m™) are shown in Fig. 7. Figures were made using Ocean Data View
(Schlitzer, 2015). The MLDs at each station are shown in Table 1, and the averaged
concentration of each dissolved parameter in the each of the water masses are shown in

Table 2. The pFe values (L-pFe and T-pFe) in each water mass are shown in Table 3.
3.1 Water mass characteristics of the Ross Sea

Across the sampling region, the presence of Antarctic Surface Water (AASW),
neutral density <28.00 kg m”™ (Orsi and Wiederwohl 2009), is evident in the upper 200 m
from its high temperature and low salinity. Below 300 m, in the channels between the
banks, shelf waters (neutral density >28.27 kg m™, Orsi and Wiederwohl, 2009) can be
seen as High Salinity Shelf Water (HSSW, >34.62) at Stations 2, 24, 55 & 100, and Low
Salinity Shelf Water (LSSW, <34.62) at Station 3 (Fig. 2). Between these water masses
lay the MCDW, which results from mixing of the inflowing CDW with AASW as it
flows southward across the shelf. This MCDW, neutral density 28.00 - 28.27 kg m™
(Orsi and Wiederwohl 2009; Kohut et al., 2013), can be seen along the western side of
PB at 218 - 275 m (Stations 16, 24, 41) and along the western side of MB at 150 - 230 m
(Station 55). This water mass has a relatively high temperature (-1.3 to -0.6 °C), low
salinity (34.52 - 34.55) and low dissolved oxygen (DO; 233 - 250 umol kg™, latter not
shown in this figure) as a result of the properties of the originating offshore CDW.

3.2 Dissolved and particulate trace metal distributions

The trace element distributions show large contrasts, with low concentrations in
surface waters and higher concentrations towards the bottom (Fig. 4). The following
sections will focus on each water mass as identified by its physical properties discussed

above. We will first look at the characteristics of the two potential mixing partners of

12
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CDW, i.e., the surface waters (AASW) and the deeper waters (HSSW), before using this
information to describe the evolution of the MCDW on the shelf.

3.2.1 Surface Waters (AASW) in the mixed layer

Our measured surface dFe values (0.08 - 0.25 nM, Table 2) are similar to the
concentrations in surface water found during summer 1995 (0.18 + 0.08 nM, Sedwick et
al., 2000), and are slightly higher than the recently reported results in open polynya
surface waters to the south of our study region (0.10 = 0.05 nM in 2005-2006 summer,
0.06 £ 0.04 nM in 2006 spring, Sedwick et al., 2011; and 0.08 + 0.07 nM in 2012

summer, Marsay et al., 2014).

Shipboard Fe-addition incubation experiments strongly suggested that all the
surface waters of the region were deficient in dFe (Kustka et al., 2015a) at the time of our
late summer cruise. However, we observed persistent patches of high fluorescence (i.e.,
greater phytoplankton blooms), as discussed in the introduction, at Station 35 and over
PB at Stations 7, 61 and 28 where fluorometer signals were >0.82 volts. There was also
an additional, weaker, patch of high fluorescence at Station 48. These patches
corresponded to higher surface temperature, lower silicate and phosphate concentrations
(Fig. 3a, e, ), slightly higher dFe values (0.15-0.25 nM) and higher concentrations of L-
pFe and T-pFe (Table 3).

In contrast, surface waters with lower fluorescence (<0.4 volts, Stations 55, 70,
16, and 41) had relatively lower dFe values (0.08-0.17 nM). In an Fe-limited region it
would be expected, on a steady-state basis, that lower concentrations of dFe would be
coincident with higher biomass, since biological uptake would be rapidly removing any
biologically available Fe from the dissolved to the particulate phase. However, this is an
extremely dynamic region with strong tides and topographically induced mixing, and is
thus unlikely to be at steady state. The observation of higher dFe concentrations in places
of enhanced biomass is consistent with a location where there is a continuous supply of
Fe to surface waters which exceeds the biological removal rate. The vertical profiles of
pFe and dFe above PB suggest that there is a potential sedimentary source of L-pFe and

dFe, to the upper water column above the banks. We note that at the elevated

13
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fluorescence sites, a significant portion of the higher surface pFe is refractory (percent L-
pFe <40%). This suggests a sedimentary origin of pFe, which implies a sufficiently
vigorous mixing process to supply sedimentary pFe and dFe to surface waters, which we
postulate supports the enhanced growth of phytoplankton in these regions. Although
localized surface inputs of dFe from patches of melting sea ice cannot be completely
ruled out, the archived sea ice concentration satellite imagery (Fig. S1) from

Aqua/AMSR-E (https://gcom-w1.jaxa.jp/auth.html) shows that the Ross Sea was ice free

from mid December and throughout January/February. Therefore, meltwater dFe inputs

are unlikely to be a significant source of dFe when we sampled the region in late January.

3.2.2 Shelf Water and Modified Shelf Waters

At the bottom of the profiles during the outflowing tide (northward flow), we
found Shelf Waters (HSSW, neutral density >28.27 kg m™ and temperature <1.85°C,
Orsi and Wiederwohl, 2009) at Stations 24 and 100 (Joides Basin, JB), and 55 (DB). In
contrast, we did not find these water masses during the incoming (southward flow) when
the deepest waters were much warmer and fit the Modified Shelf Water (MSW)
definition of neutral density >28.27 kg m~ and temperature >1.85°C (Orsi and
Weiderwohl., 2009). Details are shown in Table 2 and Fig. S2. We also found HSSW
and LSSW at the inner shelf stations (Stations 2 and 3, Figs. S2 and S3) where are not
strongly correlated the out and/or incoming flow (shown in Table 2). At the stations that
contain HSSW and LSSW, we see dFe and dMn concentrations continually increasing in
the bottom ~100 m towards the deepest sample ~30 m above the sediments. The
concentrations of dAl also increased or were higher than 1.5 nM at most of these stations
except for Station 3, which interestingly is the only one with LSSW in the deepest water
(Fig. S3). Where available, pFe values (both T-pFe and L-pFe) were also high and
increased towards the sediments in the deep waters at Stations 55 and 24 (Fig. S3), but
those samples were not collected as close to the bottom as the dissolved samples. We
take this as evidence of a common benthic source for these dissolved elements probably
as a result of the release of pore waters from the sediments (from remineralization) or
perhaps by desorption from suspended particles within the benthic nepheloid layer,
supported by the strong tidal action on the shelf. This would be similar to the
observations reported by Hatta et al. (2013) for the Bransfield Strait region. Additional
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support for this idea comes from Marsay et al. (2014), who recently reported a high
benthic flux of dFe from the sediments in the southern part of Ross Sea continental shelf

during the austral summer 2012.
3.3 Modified Circumpolar Deep Water (MCDW)

In order to understand the evolution of the MCDW as it flows across the shelf,
water samples were collected repeatedly at different stages of the tidal cycle at a location
in the Joides Basin to the west of PB over an 11-day period (Stations 16, 24, 41, shown in
Fig. 1). The dFe profiles during all three occupations show consistent values (0.1 - 0.2
nM) from the surface to 200 m in the AASW (Fig. 5b). Below the AASW is the depth of
the core of the MCDW (shown by the coloured star symbol * at each station and defined
by a neutral density range of 28.00 - 28.27 kg m™, Fig. 5). The core of the MCDW,
which varies in depth between the occupations as a result of the tidal cycle, is coincident
with the depth where Fe concentrations start to increase, but the pattern of increase is
different between occupations over the tidal cycle. At Stations 16 and 41, dFe values
within the deeper core are 0.27 - 0.33 nM, while at Station 24 (with a shallower MCDW
core) dFe values continually increase from 0.27 nM at 220 m to 0.64 nM at the bottom
where HSSW is found (>34.62, Fig. 5d). The observed dFe concentration of MCDW in
this study (0.22-0.30 nM, Table 2) is similar to the dFe value reported by McGillicuddy
et al., (2015) (0.27 £ 0.05 nM). The end-member CDW was sampled at the offshore
Station 14, where dFe values range from 0.33 nM at 400 m to 0.42 nM at 1000 m
(average 0.36 nM, Table 2). It should be noted that the CDW found here had a maximum
potential temperature of 1.3°C and a salinity of 34.71, indicating that while it is in the
fairly broad range of the classical values of CDW (Emery and Meincke, 1986) of 0.1-2°C
and 34.62-34.73 salinity, there may have been local modification of this water mass near

the shelf edge (Orsi and Weiderwohl, 2009).

The shipboard ADCP data during the sampling period of each sampling station
(~2 hours), along with the mooring data (Kohut et al., 2013), shows the importance of the
relative motion of the water across the shelf. There was southward (onshore) flow during
the occupation of Stations 16 (-0.32 + 0.03 m s”) and 41 (-0.15 + 0.05 m s") and
northward (offshore) flow during the occupation of Station 24 (+0.12 + 0.04 m s™),
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shown in Table 2. These flow patterns suggest that the deep water increase in dFe value
at Station 24 is from outflowing HSSW shelf waters, which were enriched from benthic
sources further south driven by strong tidal processes. The MSW present at the base of
Stations 16 and 41 is much more dilute in dFe, with lower salinity and higher
temperatures corresponding to a very small increase in dFe in the bottom-most samples.
In contrast, at Station 16, there is a higher dFe value in the MCDW compared to Station
41, which corresponds to stronger onshore flow of the dFe-enriched CDW source (Fig.

5b).

The MCDW is also seen in the deeper channels at Stations 55, 35, 100, 28, the
inner shelf at Station 2, and on top of MB at Station 70. As we will argue below, the
relative concentration of dFe in the MCDW at these stations appears to be controlled

mainly by how much mixing the original CDW has undergone.

We will use water mass properties to examine the origin of the trace metal signals
in the MCDW. A property-property plot of salinity and potential temperature (within the
neutral density range of MCDW) suggests that MCDW is formed by mixing the CDW
end member with a low salinity end member, i.e., ASSW rather than higher salinity
HSSW (Fig. 7a). Although Si is not a conservative variable, this inference is supported
by the salinity vs. Si plot, which also indicates a low Si, low salinity ASSW source rather
than the higher Si, higher salinity HSSW (Fig. 7b). Similarly, the dFe (also not
conservative) vs. salinity plot also shows a low dFe mixing partner for the CDW rather
than the high dFe HSSW source (Fig. 7c). In addition, the dAl and dMn show this same
mixing series, but less clearly (Fig. 7d, e). Thus, the formation of MCDW from CDW
results, at this time of year, in a decrease of its dFe content, thus limiting its ability to
support biological production. The plot of dFe and dMn in the MCDW (Fig. 7f) also
confirms the end member mixing series between the high Fe, low Mn CDW and the low
Fe, high Mn AASW. Since the Fe and Mn in the AASW probably have a similar
sedimentary source, the fractionation between these two tracers is presumably a result of

the shorter residence time of dFe compared to that of dMn in the AASW.

In contrast, the L-pFe values of MCDW (0.93 nM at 230 m at Station 55, and 1.01
nM at 210 m at Station 24, Table 3) are one order of magnitude higher than those in the
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CDW (e.g., 0.075 nM at offshore Station 14). Additionally, the T-pFe values of MCDW
(2.75 nM at Station 55 and 3.07 nM at Station 24) are one order of magnitude higher than
T-pFe in the CDW (0.213 nM at Station 14). This suggests that the MCDW is gaining
pFe when it flows onto the shelf, but the dFe is not changing significantly during this
process. In contrast, the dMn value of MCDW (0.34 — 0.58 nM) is higher than in the
CDW (0.11 nM). The opposite behavior of these two dissolved components is consistent
with the MCDW being a mixture between the high Fe, low Mn CDW and a low Fe, high
Mn AASW (Fig. 7c, d, f and Table 2). Also, this suggests that this MCDW is probably
not mixed with the HSSW that contains the highest dFe values at Station 24 in the trough

on the western side of PB.
3.4 The waters above Pennell Bank

Repeat water samples were collected 18 days apart at one station above PB
(Stations 7 and 61) and samples were also obtained at Station 48 located to the north of
these stations within the same period (Fig. 6). As mentioned before, at Stations 7 and 61,
the slightly higher dFe (0.15 nM and 0.25 nM, respectively, shown in Table 2) were seen
coincident with higher fluorescence signals (1.73 and 1.66 volts, respectively). In
contrast, the lower dFe values (0.13 nM) were seen in the upper 50 m at Station 48 where

there was a relatively low fluorescence signal (0.48 volts).

At each of these stations, the dissolved trace element signals are higher below 170
m than in the surface waters, suggesting a benthic input (Fig. 6b, c). We note that all the
water above PB is AASW, including the deepest water which has neutral densities (27.99
- 28.03 kg m™) that are less than, or at the very edge of, the definition of the classic
MCDW (28.00 - 28.27 kg m™) thus the AASW properties are not a result of mixing with
CDW/MCDW. Below 170 m, Station 7 shows constant dFe (0.22 + 0.01 nM) and dMn
(0.37 £ 0.03 nM) values, while Station 48 (dFe = 0.22 to 0.27 nM; dMn = 0.50 to 0.70
nM) and Station 61 (dFe = 0.20 to 0.36 nM; dMn = 0.69 to 0.90 nM) show gradual
increases from ~170 m to the bottom (Fig. 6b). These features, however, are more
pronounced at Station 61 and 48 than at Station 7. Interestingly, shipboard ADCP data
during each sampling period (averaged over ~2 hours) shows northward flow (off shelf)

during the occupation of Station 7 (+0.14 + 0.03 m s™), while there is no strong flow
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during the occupation of Station 48 (-0.042 + 0.04 m s) and Station 61 (+0.001 + 0.04 m
s1). Thus, during the occupation of Station 7, under tidal influence, the near-bottom
waters were moving northward onto the PB from deeper areas to the south. In contrast,
during the occupation of Stations 48 and 61, the tide was fairly slack, i.e., little motion,
but prior to the sampling the water had been moving south across the shallow area of
Pennell Bank. It thus seems from our profiles that when the bottom waters move south
across the shallower parts of the bank, dissolved Fe and Mn are added to the water
column. However, when that water moves north onto the bank, it is moving from a
neutral density interval that is not in contact with sediments and has not had a significant
benthic input before reaching the southern edge of the bank. In addition, the salinity
below 150 m at Station 48 is very uniform (Fig. 6d), suggesting that there may be
topographically-induced mixing of the bottom waters in this region to the north of the
location of Stations 7 and 61. While we do have T-pFe and L-pFe from Station 7
showing increases in both loads towards the sediment interface, we do not have
equivalent data from Stations 48 and 61. Since there is no presence of MCDW, the
elevated Fe seen in the AASW here is not derived from MCDW, but from a local
sedimentary input. The increase in dMn values in the bottom waters also suggests a

sedimentary input, since MCDW has a lower dMn than AASW.
3.5 The waters above Mawson Bank and comparison to Pennell Bank

In contrast to PB, there is a distinct signal of MCDW at Station 70 above MB
between 150 m and the bottom at 255 m (neutral density 28.04 - 28.06 kg m™). Within
this water mass, we see dFe of 0.28 nM (Table 2), similar to that seen at the repeat
stations in the Joides Basin along the western side of PB. However, we do not see any
increase in dFe at the very bottom of the profile, suggesting either a lack of sedimentary
input or its masking by the relatively elevated dFe present in the MCDW (Fig. 6b).
Although there appears to be a greater potential supply of dFe in the deeper water column
above MB than PB, and a greater potential supply of L-pFe (Fig. 6¢), the biomass
accumulation is greatest above PB. Given that all of the surface waters of the region are
Fe-limited, this suggests that the rate at which these deep supplies of dFe are reaching the

euphotic zone must be the factor controlling biological processes in the surface waters.
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We note that the bottom layer above MB (Station 70) is more homogenous and isolated
from the water column above compared to the bottom layer above PB (Stations 7 and 61),
largely the result of stronger tides above MB (Kohut et al., this issue). In fact, calculation
of the Brunt Viiséld frequency over MB (Fig. 6f, Fig. S4) reveals a uniform value of <0.8
cycles hr' in the bottom 80 m layer (from 200 m to the bottom) at MB. Above this
bottom layer, there is a sharp increase to 2 cycles hr'. In contrast, over PB, there is a
more gradual increase in buoyancy frequency from 0.5 to 1.8 cycles hr' in the bottom
layer (from 200 m to the bottom). The deep water immediately above PB comprises
AASW and has much smaller salinity gradients, so presumably experiences less
hindrance to vertical mixing of this putative benthic source. The sharp increase in
buoyancy frequency above the more homogeneous bottom layer over MB we take that as
evidence that this bottom layer is more isolated from the waters above compared to the
bottom layer with a more gradual increase in buoyancy frequency observed over PB. The
differences in structure between the bottom layers over each bank, driven by stronger

tides over MB, are discussed in Kohut et al. (this issue).
4. Conclusion

Dissolved Fe (dFe) values within MCDW (neutral density of 28.00 - 28.27 kg m
%) to the west of PB during different stages of the tidal cycle show that the dFe content
within the CDW is diluted by AASW during its evolution into MCDW.

The bottom waters above PB, with neutral densities of 27.99 - 28.03 kg m™, are
less than or at the very edge of the definition of the classic MCDW. The bottom waters,
however, show a sedimentary input of Fe and Mn as a result of tidal mixing and
topographic forcing, over the large area of shallow sediments on this bank. This input is
more pronounced when the water has flowed across the bank from the north than when it

enters from the south.

In contrast, the bottom water above MB (neutral densities of 28.04 -28.06 kg m™)
has a sizeable supply of dFe and pFe associated with the presence of MCDW, but there

does not appear to be a sedimentary input into the deep waters here.
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The fact that there is less biomass in surface waters, but more dFe in deep waters
above MB, compared to more biomass in surface waters, but less dFe in deep waters
above PB, suggests that there is more limited upward mixing of deep waters above MB
(and thus less upward mixing of dFe) as a result of the greater density gradient resulting
from salty MCDW in the water column on this bank. Thus, ironically, MCDW may be
hindering the supply of Fe to the surface waters, rather than being the source of this

limiting micro-nutrient, as originally hypothesized.
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Figures and Tables

Figure 1. Map of sampling stations in the Ross Sea during the 2011 SEAFARERS cruise
and a sampling station (Station 100) during the subsequent CLIVAR S4P cruise. The
sampling stations are shown with blue circles, adjacent to the station numbers. The red
box encompasses the stations that comprise a section across Drygalsky Basin (DB),
Mawson Bank (MB), Joides Basin (JB), Pennell Bank (PB), and Glomar Challenger
Basin (GCB). The insert (top left) shows a composite satellite image of Chl-a from
MODIS during this expedition (blue is lower values and red is higher values of Chl-a

fluorescence).

Figure 2. Potential temperature and salinity data from all water sampling depths at
stations occupied, with selected stations shown in color in order to identify the typical
water masses found. Offshore station (Station 14, red circles), one station at the western
side of Pennell Bank (Station 16, green squares), the inner shelf with MCDW water
(Station 2, blue cross), and inner shelf (Station 3, black circles) with less pronounced
MCDW features.  Station 48 (purple circles) is located above Pennell Bank.
Abbreviations: AASW = Antarctic Surface Water (neutral density <28.00 kg m™); CDW
= Circumpolar Deep Water (neutral density 28.00-28.27 kg m™); MCDW = Modified
Circumpolar Deep Water (neutral density 28.00-28.27 kg m™); MSW = Modified Shelf
Water (neutral density >28.27 kg m™ and potential temperature 6 > -1.85 °C); LSSW =
Low Salinity Shelf Water (neutral density >28.27 kg m™, potential temperature 6 < -1.85
°C, and Salinity <34.62); HSSW = High Salinity Shelf Water (neutral density >28.27 kg
m”, potential temperature 6 < -1.85 °C, and Salinity >34.62). The water masses were

defined by Orsi and Weiderwohl (2009).

Figure 3. Distributions of water properties in the section above Pennell and Mawson
Banks (stations shown in Fig. 1) as a function of longitude. (a) Temperature (°C), (b)
Salinity, (c) Neutral Density (kg m™), (d) Fluorescence (volts), (¢) Silicate (uM), and (f)
Phosphate (uM). Averaged values are shown at the stations (16/24/41 and 7/61) that

were occupied repeatedly.
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Figure 4. Distributions of trace elements in the section above Pennell and Mawson
Banks (stations shown in Fig. 1) as a function of longitude. (a) L-pFe (nM), (b) T-pFe
(nM), (c) Percent L-pFe (%), (d) dissolved Al (dAl, nM), (e) dissolved Mn (dMn, nM),
and (f) dissolved Fe (dFe, nM). Averaged values are shown at the stations (16/24/41 and
7/61) that were occupied repeatedly.

Figure 5. Vertical depth (m) profiles of various parameters from the repeated stations on
the western side of Pennell Bank (Stations 16, 24, and 41) and the offshore station
(Station 14). (a) temperature (°C), (b) dissolved Fe (dFe, nM), (c¢) dissolved Mn (dMn,
nM), (d) salinity, (¢) L-pFe (nM), (f) T-pFe (nM). The depth of the core of the MCDW is

shown by the star (*) symbol, in a color matching that of the corresponding profile.

Figure 6. The vertical depth (m) profiles of parameters from the repeated stations at the
top of Pennell Bank (Stations 7, 61, and 48). (a) temperature (°C), (b) dissolved Fe (dFe,
nM), (c) dissolved Mn (dMn, nM), (d) salinity, (¢) L-pFe (nM), (f) Brunt-Viisdla
Frequency (cycles h™).

Figure 7. Property-property plots (various properties vs. Salinity and dFe vs. dMn) of
the MCDW and CDW (neutral density = 28.00 - 28.27 kg m™), at the repeated stations
along the western side of Pennell Bank (Stations 16, 24, 41; all MCDW stations), the
inshore station (Station 3) that is less modified with MCDW water, and the offshore
station (Station 14, CDW station). Each of the following is plotted as a function of
salinity: (a) potential temperature (water mass abbreviations as in Fig. 2), (b) silicate
(uM), (c) dFe (nM), (d) dMn (nM), and (e) dAl (nM). Finally, (f) dFe is plotted as a
function of dMn for the MCDW stations.

Table 1. Station locations (refer to Fig. 1), and Mixed Layer Depth (MLD, db),
maximum fluorescence depth (Max. FL depth, m), and the depth of 1% PAR. The MLD
and 1% PAR depth from the hydrographic rosette are indicated with a “*” in their column

headers.

Table 2. Station water mass characteristics. Shown are station locations, averaged dFe
and dMn (nM), fluorescence signals (FL, volts), and the density ranges for each water

mass. A question mark in the Water Mass column indicates that the identity of the water
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masses is not clear from the available data. Abbreviations: AASW = Antarctic Surface
Water; CDW = Circumpolar Deep Water; MCDW = Modified Circumpolar Deep Water;
MSW = Modified Shelf Water; SW= Shelf Water; MB = Mawson Bank; PB = Pennell
Bank, DB = Drygalsky Basin; JB = Joides Basin; GCB = Glomar Challenger Basin. The

values with the (*) symbol are the average values within the defined density range.

Table 3. The leachable and total pFe concentrations (L-pFe and T-pFe, respectively, nM)
in the water masses at stations occupied in the Ross Sea, with the station regions
indicated. Abbreviations: AASW = Antarctic Surface Water; CDW = Circumpolar Deep
Water; MCDW = Modified Circumpolar Deep Water; MSW = Modified Shelf Water;
SW= Shelf Water; MB = Mawson Bank; PB = Pennell Bank, DB = Drygalsky Basin; JB
= Joides Basin; GCB = Glomar Challenger Basin.

Supplemental figures

Fig. S1. The sea ice concentration satellite imagery from Aqua/AMSR-E (https://gcom-

wl.jaxa.jp/auth.html) from Dec 2010 to Feb 2011, along with our relevant station

locations Station 7 was sampled on Jan 22, and Station 61 was on Feb 9, and Station 70

was on Feb 10.

Fig. S2. Vertical depth (m) profiles of various parameters at the stations characterized as
shelf water (top panels) and modified shelf water (bottom panels). Panel
shows temperature (°C) in (a) and (d), salinity in (b) and (e), and neutral density (kg m>)
in (¢) and (f). Abbreviations: LSSW = Low Salinity Shelf Water (neutral density >28.27
kg m”, potential temperature 6 < -1.85 °C, and Salinity <34.62); HSSW = High Salinity
Shelf Water (neutral density >28.27 kg m™, potential temperature 6 < -1.85 °C, and
Salinity >34.62). Water masses as defined by Orsi and Weiderwohl (2009).

Fig. S3. Vertical depth (m) profiles of various parameters at the inner shelf stations
(Stations 2 and 3), Stations 24 and 100 (JB), and Station 55 (DB). Panel (a) temperature
(°C), (b) salinity, (c) dissolved Fe (nM), (d) dissolved Mn (nM), (e) dissolved Al (nM),
and (f) T-pFe (nM). Bottom depth (m) of the each station is shown as a brown line.
Abbreviations: LSSW = Low Salinity Shelf Water (neutral density >28.27 kg m™,
potential temperature 6 < -1.85 °C, and salinity <34.62); HSSW = High Salinity Shelf
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Water (neutral density >28.27 kg m™, potential temperature 6 < -1.85 °C, and salinity
>34.62). Water masses as defined by Orsi and Weiderwohl (2009).

Fig. S4. Vertical depth (m) profiles of parameters from the repeated stations at the top of
Pennell Bank (Stations 7 and 61) and the top of Mawson Bank (Station 70). (a)
temperature (°C), (b) salinity, (c) potential density anomaly (kg m'3), (d) Brunt-Viisila
Frequency (cycles h™).
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880  Table 1. Station locations (refer to Fig. 1), and Mixed Layer Depth (MLD, db), maximum fluorescence depth (Max. FL depth, m), and
881  the depth of 1% PAR. The MLD and 1% PAR depth from the hydrographic rosette are indicated with a “*” in their column headers.

882
Location Station # Longitude Latitude MLDs [db] Maxc.lg)liﬁr[e;cjence MLDs* 1% PAR depth [m]*
Offshore 14 178.00 -74.50 40.00 10-46 28 43
Offshore 30 178.75 -74.20 19.00 20-50 22 24
DB 55 173.17 -73.08 74.00 0-74 55 50
above MB 70 174.00 -73.35 49.00 60-90 43 65
JB 35 174.83 -73.58 33.00 24-48 33 36
JB 100 175.83 -73.88 40.00 20-70 No data No data
JB 16 176.67 -74.13 32.00 62-104 31 82
JB 24 176.66 -74.14 25.00 23-58 14 58
JB 41 176.67 -74.13 38.00 21-40 37 66
above PB 7 178.00 -74.50 30.00 22-47 41 22
above PB 61 178.00 -74.50 40.00 10-46 51 23
above PB 48 178.75 -74.20 40.00 49-61 19 61
GBC 28 179.50 -74.87 44.00 10-44 40 28
Inner shelf 2 174.00 -75.19 43.00 33-60 32 No data
Inner shelf 3 178.52 -76.16 44.00 10-45 40 54
Inner shelf 21 177.00 -75.75 39.00 10-30 44 24
883
884
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Table 2. Station water mass characteristics. Shown are station locations, averaged dFe and dMn (nM), fluorescence signals (FL,
volts), and the density ranges for each water mass. A question mark in the Water Mass column indicates that the identity of the water
masses is not clear from the available data. Abbreviations: AASW = Antarctic Surface Water; CDW = Circumpolar Deep Water;
MCDW = Modified Circumpolar Deep Water; MSW = Modified Shelf Water; SW= Shelf Water; MB = Mawson Bank; PB = Pennell
Bank, DB = Drygalsky Basin; JB = Joides Basin; GCB = Glomar Challenger Basin. The values with the (*) symbol are the average

values within the defined density range.

neutral density range,
water mass, ADCP flow
‘ . fluorescence rate ‘within 2-3 hqurs
Water mass Region Station # dFe (nM) | dMn (nM) (volts) du.rlng the sampling
period (N=Northward
flow, S=Southward
flow)
Offshore 14 0.16 0.24 0.39
DB 55 0.08* 0.45* 0.39%*
above MB 70 0.16* 0.35* 0.37*
JB 35 0.18 0.08 0.92
AASW within JB 100 0.20 0.11 0.57
mixed layer JB 16 0.17 0.1 0.31
JB 24 0.19 0.17 0.81
JB 41 0.11 0.36 0.4
above PB 48 0.13* 0.17* 0.48*
above PB 7 0.15%* 0.05* 1.73*%
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above PB 61 0.25 <0.05 1.66
GCB 28 0.16 0.05 1.42
Inner shelf 2 0.13* 0.35%* 0.4%*
Inner shelf 3 0.19%* 0.13%* 0.51%*
Inner shelf 21 0.18%* 0.09%* 1.46%*
CDW Offshore 14 0.36* 0.11%* 28.00-28.27
DB 55 0.26* 0.37* 28.02-28.12
above MB 70 0.28* 0.37* 28.03-28.08
JB 35 0.26* 0.54%* 28.03-28.08
MCDW JB 100 0.26* 0.42* 28.03-28.08
JB 16 0.30* 0.34%* 28.03-28.20
JB 24 0.22%* 0.49%* 28.05-28.19
JB 41 0.24* 0.46* 28.03-28.14
above PB 61 0.28%* 0.74* 28.00-28.03
above PB 48 0.24* 0.53* 27.99
above PB 7 0.23* 0.37* 28.00-28.03
MCDW GCB 28 0.22% 0.39%* 28.00-28.15
MCDW Inner Shelf 2 0.26* 0.58%* 28.04-28.10
Inner Shelf 3 0.21%* 0.73* 28.00-28.06
Inner Shelf 21 0.31* 0.51%* 28.01-28.06
DB 55 >28.27, HSSW, N ]
0.25-0.53 0.44-0.65 +0.02+0.10 meter sec
>28.27, MSW, S
MSW&SW 1B 39 0.38-0.40 | 0.47-0.50 -0.09:£0.06 meter sec”
JB 100 0.25-0.56 | 0.34-0.79 >28.27, HSSW
JB 16 0.28-0.35 | 0.32-0.44 >28.27, MSW, S
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891

892

-0.324+0.03 meter sec™!

>28.27, HSSW, N

1B 24 0.33-0.64 | 0.40-0.89 +0.12+0.04 meter sec”’
B 41 >28.27, MSW, S
0.25-0.36 | 0.43-0.78 -0.15+0.05 meter sec™!
>28.27, MSW, N
GBC 28 0.28-047 | 0.44-0.88 10.09+0.03 meter sec”
Inner shelf 2 >28.27, HSSW, §
0.35-0.76 0.78-1.44 -0.05+0.04 meter sec™'
Inner shelf 3 >28.27, L35W, N
0.22-0.73 0.78-2.17 +0.13+0.03 meter sec’’
>28.27, MSW, N
Inner Shelf 21 0.30-037 | 0.42-1.12 10.1240.03 meter sec™
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893  Table 3. Leachable and total pFe concentrations (L-pFe and T-pFe, respectively, nM) in the water masses at stations occupied in the
894  Ross Sea, with the station regions indicated. Abbreviations: AASW = Antarctic Surface Water; CDW = Circumpolar Deep Water;
895 MCDW = Modified Circumpolar Deep Water; MSW = Modified Shelf Water; SW= Shelf Water; MB = Mawson Bank; PB = Pennell
896  Bank, DB = Drygalsky Basin; JB = Joides Basin; GCB = Glomar Challenger Basin.

Water mass Region Station # L-pFe (nM) T-pFe (nM)
offshore 14 0.079 0.169
DB 55 0.073 0.166
above MB 70 0.054 0.095
AASW JB 35 0.045 0.053
JB 24 0.042 0.047
above PB 7 0.12 0.313
GCB 28 0.101 0.387
CDW offshore 14 0.075 0.213
DB 55 0.93 2.75
MCDW above NB 70 0.99 3.35
JB 24 1.01 3.07
above PB 7 0.72 2.76
DB 55 2.68 8.03
Mo 1B 35 2.8 8.76
B 24 2.15 6.84
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