
1. Introduction
Phytoplankton and heterotrophic bacteria (hereafter bacteria) sit at the base of the marine food web and 
play an important role in the uptake, cycling and transfer of carbon to depth through the biological and mi-
crobial carbon pumps (BCP and MCP respectively; Basu & Mackey, 2018; Tortell et al., 1996). However, it is 
well recognized that low iron (Fe) concentrations can limit phytoplankton (Martin et al., 1990) and bacterial 
(Pakulski et al., 1996) production in large areas of the Southern Ocean, thereby regulating the performance 
of both pumps. Key sources of Fe into the Southern Ocean include upwelling and deep winter mixing (Tag-
liabue et al., 2014), melting continental ice, including glacial ice, icebergs and ice shelves (Death et al., 2014; 
Duprat et al., 2016; Gerringa et al., 2012; Gerringa, Alderkamp, Laan, et al., 2020), melting sea ice (Lannuzel 
et al., 2010), aeolian dust deposition (Fan et al., 2006), sediment resuspension (de Jong et al., 2013), hydro-
thermal vents (Holmes et al., 2017) and recycling (Boyd et al., 2010; Schmidt et al., 2016). However, the 
magnitude of these Fe sources varies considerably both in space and time.

In the austral spring and early summer (November–January) the increase in light and shoaling of the mixed 
layer coupled with the supply of Fe from the various sources leads to an increase in phytoplankton and 
bacterial productivity throughout the summer months (Liu et al., 2020; Schallenberg et al., 2016, 2018). 
Satellite based observations of ocean color show these fertilization events along coastal regions, from mar-
ginal ice zones (Fitch & Moore, 2007), to island wakes (Blain et al., 2007) and polynyas (Arrigo et al., 2015). 
Coastal marine environments are extremely productive per unit area, sequestering up to 109 g C m−2 yr−1 
(Arrigo et al., 2008; Liniger et al., 2020), and support complex food webs (Arrigo et al., 2015; Labrousse 
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et al., 2018). The Mertz Glacier Region (located off the coast of George V and Adelie Land; 140–155°E; 
Figure 1) is one of the most productive and globally significant regions of the Southern Ocean (Campagne 
et al., 2015; Sambrotto et al., 2003) and plays a major role in the production of Antarctic Bottom Water to the 
Australian-Antarctic Basin (Orsi et al., 2002; Rintoul et al., 1998). Given the carbon export capacity of these 
Antarctic coastal areas (Arrigo et al., 2015), and the sensitivity of the MCP and BCP to changes in Fe supply 
(Buesseler et al., 2020), recognizing the sources of Fe and thus the drivers of local productivity is becoming 
increasingly important to understand future changing climate scenarios.

Across coastal Antarctica studies suggest significant Fe concentrations are supplied to the surface from 
meltwaters produced by ice shelf cavities, glaciers, or sea ice (Gerringa, Alderkamp, Laan, et  al.,  2020; 
Moreau et al., 2019; Shadwick et al., 2013; Sherrell et al., 2015). Upwelling of water masses such as Circum-
polar Deep Water (CDW; Moreau et al., 2019; Vaillancourt et al., 2003) may also stimulate productivity and 
the Fe concentration of these waters may be further enhanced on the continental shelf through sediment 
resuspension (Gerringa, Alderkamp, Van Dijken, et al., 2020; Graham et al., 2015; Vaillancourt et al., 2003). 
In the Mertz Region, trace element studies indicate that deep water mixing, and ice melt are the primary Fe 
sources during spring and early summer, followed by shelf sediment resuspension (Sambrotto et al., 2003; 
Sedwick et al., 2008) and lateral transport (Janssen et al., 2020) into the late summer season.

In addition, microbial remineralization (Liu et al., 2020; Tagliabue et al., 2012) and pelagic recycling by 
marine animals (Nicol et al., 2010; Ratnarajah et al., 2018; Tovar-Sanchez et al., 2007) have been suggested 
as potential mechanisms that sustain surface dFe concentrations. Heterotrophic bacteria have a significant 
Fe demand (Boyd & Ellwood, 2010; Mazzotta et al., 2020; Tortell et al., 1996), but play an important role in 
the remineralization of particulate Fe into dFe (Boyd et al., 2010), and release Fe-binding ligands (Hunter 
& Boyd, 2007) that maintain the solubility of remineralized Fe in the upper ocean. More recently, Gerringa, 
Alderkamp, Laan, et al.  (2020) highlighted the importance of remineralization as glacial melt, sediment 
resuspension and upwelling combined could not completely meet the nutrient requirements for daily phy-
toplankton growth in the Amundsen Sea.

To date, the impact of recycling by marine animals is inconclusive (Ratnarajah & Bowie, 2016) and it is 
unclear whether zooplankton (e.g., salps, copepods, and krill) and higher trophic levels (e.g., seabirds, 
whales, seals) increase and/or sustain sea surface dFe and increase surface organic ligand concentrations 
(Böckmann et al., 2021; Cabanes et al., 2017; Laglera et al., 2017, 2020; Schmidt et al., 2016). Such inputs 
of Fe might boost microbial activity, however studies have yet to discern whether marine animals stimu-
late productivity or whether they are attracted to a region because of its high productivity (Ratnarajah & 
Bowie, 2016).

During the late austral summer of 2019, we measured seawater trace element concentrations to identify 
sources of Fe to the climatically important Mertz Glacier Region. Concurrent studies on the distribution of 
Antarctic krill and baleen whales during the research voyage provide an opportunity to preliminarily evalu-
ate the proposed influence of animals on surface Fe distributions. We use this data to highlight the potential 
Fe sources that contribute to microbial and primary productivity in this region of global significance for 
atmospheric carbon sequestration.

2. Materials and Methods
2.1. Study Area

The Euphausiids and Nutrient Recycling in Cetacean Hotspots (ENRICH) voyage was undertaken off the 
coast of East Antarctica between 64–67°S and 138–154°E, from January 19 to March 5, 2019, on RV Investi-
gator (Figure 1). Trace element sampling was performed between January 25 and February 26. Within the 
survey area, decaying sea ice and large icebergs were encountered near the coastline. The ENRICH survey 
was conducted in water depths ranging from 364 to 3,822  m, however biogeochemical and trace metal 
deployments were only sampled to a depth of 1,200 m. Nineteen individual trace element stations were 
visited over the 28-day sampling period (Figure 1) for physical and biogeochemical parameters, including 
dFe concentrations.
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2.2. Physical and Biogeochemical Parameters

2.2.1. Dissolved Trace Elements

All trace metal sampling and analysis techniques were based on the international GEOTRACES program's 
cookbook (Cutter et al., 2017). Briefly, new 60 mL LDPE sample bottles were cleaned in 2% v:v Decon-90 for 
1 week to remove any residue from manufacturing, after which bottles were rinsed 4 times with deionized 
water and thrice in ultra-high purity (UHP) water. The bottles were filled with 6 M hydrochloric acid (HCl) 
and placed in a 1.2 M HCl bath for 1 month. Bottles were rinsed again with UHP water, filled with trace 
metal grade 1.2 M HCl and triple-bagged for transportation. Bottles were rinsed thrice with freshly collected 
seawater prior to sampling.

Water profiles were sampled using a purpose-built Trace Metal Rosette (TMR; General Oceanics Inc.), com-
prising twelve 10 L Teflon-lined Niskin bottles, each equipped with an external spring and automatic firing 
mechanism. The TMR was deployed from the ship with a Dyneema™ line to a maximum depth of 1,200 m. 
Bottles were programmed to fire at predetermined depths to sample the water column during the ascent. 
Once onboard, Niskin bottles were carefully transported to a trace metal-clean laboratory equipped with 
an ISO 5 HEPA filtered air system. Sixty mL of seawater from each depth was sampled using acid-washed 

Figure 1. Map of the ENRICH study area showing the sites sampled for trace elements. The estimated position of the Southern Antarctic Circumpolar Current 
Front (SACCF; solid line), the Southern Boundary (SB-SACCF; dotted black line) and the Antarctic Slope Front (ASF; bold dot-dash lines) are displayed for the 
sampling period (January 25–February 26). Sites were grouped according to their positions relative to the fronts: north of the SACCF (turquoise diamonds), 
between the SACCF and ASF (light blue diamonds), south of the ASF-off shelf (light brown diamonds), south of the ASF-on shelf (brown circles). Sampling 
sites were also divided into six cross-shelf transects for interdisciplinary assessments (red dashed lines). The Antarctic Circumpolar Current (ACC) flows 
eastward offshore, and the Antarctic Slope Current (ASC) flows westward along the shelf break. Average sea-ice concentration (SIC) for February 2019 is shown 
in dark gray (0% coverage) to white (100% coverage) (AMSR-2). Deployments 12 and 13 occurred at the same location.
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AcroPak 0.2 μm filters and acidified to pH 1.8 with ultrapure HCl (Seastar Baseline) for trace element anal-
ysis in Australia.

Seawater samples were analyzed for a suite of dissolved trace elements (including Fe, Mn, and Ti, among 
others) using a commercially available, offline seaFAST preconcentration system (SC-4 DX seaFAST S2/
pico, ESI, USA) with sector-field inductively coupled plasma mass spectrometry (SF-ICP-MS) detection. 
Briefly, samples were loaded onto a Nobias PA1 resin column (200 μL) to retain metals of interest. Trace 
metals were then eluted with 0.75 mL of 1.6 M ultrapure nitric acid (HNO3; Seastar Baseline). This method 
allowed the seawater matrix to be removed and trace metals of interest to be concentrated to levels more 
reliably measurable by ICP-MS. Samples were typically pre-concentrated 40 times, and 10 times where 
sample volume was low. An internal standard of 10 μg L−1 rhodium (Rh) was added to the eluent to monitor 
instrument drift. Samples were quantified using commercially prepared multi-element mixes for internal 
(on-column) and external (off-column, ICP-MS) calibrations. Further details of the seaFAST method are 
outlined in Wuttig et al. (2019). Following preconcentration, trace element concentrations were determined 
typically within 24 hr using a Thermo Fisher Scientific ELEMENT 2 SF-ICP-MS (Central Science Labora-
tory, Tasmania), employing medium resolution mode. Precise dTi concentrations used in this work require 
some caution as extraction conditions (pH) used to preconcentrate dFe may be sub-optimum for dTi extrac-
tion (Wuttig et al., 2019); however, trends and ratios between elements may still be used to identify potential 
sources of dFe across a broad scale.

Analytical precision and accuracy were monitored throughout the seaFAST and SF-ICP-MS processing se-
quences using globally inter-calibrated seawater consensus materials including GSP (2009 GEOTRACES 
Pacific surface seawater), GSC (2009 GEOTRACES coastal surface seawater), NASS-6 and NASS-7 (National 
Research Council of Canada), in addition to regularly measured in-house filtered Antarctic seawater. A full 
outline of CRM analyses, blanks and detection limits are provided in Tables S1 and S2 of Supporting In-
formation S1. Trace element data can be accessed via the IMAS Metadata Catalog (https://metadata.imas.
utas.edu.au/).

2.2.2. Hydrographic Parameters

CTD deployments were made at the same 19 trace element stations to determine salinity (Sea-Bird SBE4C), 
temperature (Sea-Bird SBE3plus), dissolved oxygen (SBE43), fluorometry (Chelsea Aquatracka III), pho-
tosynthetic active radiation (PAR; QCP2300-HP) and transmissometry (Wetlabs CSTAR). A 24-bottle 10 L 
Niskin rosette was fired at predetermined depths to acquire seawater samples for hydrochemical analyses. 
Ammonia (NH4

+), nitrate + nitrite (NOx), nitrite (NO2
−), phosphate (PO4

3−) and silicate (Si(OH)4
−) were 

analyzed at sea in a dedicated hydrochemistry laboratory onboard the RV Investigator using a segmented 
flow analyzer (SFA; Seal Analytical Inc., AA3 HR Autoanalyzer). Detection limits for NOx, NO2

−, and PO4
3− 

reported at 0.02 and 0.2 μM for Si(OH)4
− (Rees et al., 2019). Nitrate was calculated by subtracting NO2

− val-
ues from NOx.

Where sampling lacked spatial resolution, temperature and salinity data was obtained from the Argo Pro-
file Data Collection (Integrated Marine Observing System and Australian Ocean Data Network). The data 
was paired with all sampling dates and locations during the voyage and used to assist in the identification 
of fronts and water masses in the region. The Southern Antarctic Circumpolar Front (SACCF) and South-
ern Boundary (SB) were identified by the 1.8 and 1.5°C isotherms at 200 m respectively and the Antarctic 
Slope Front (ASF) was identified by the 0°C isotherm (Orsi et al., 1995; Williams et al., 2010). Mixed layer 
depths (MLD) were defined using a potential density threshold of Δσθ = 0.03 kg m−3 (de Boyer Montégut 
et al., 2004). Euphotic depths (Zeu) were defined as the depth at which light was 1% of PAR at the surface 
(Lehmann et al., 2004; Vaillancourt et al., 2003).

2.2.3. Biogeochemical Calculations

Nutrient deficit was assessed using the Fe* calculation (developed from the N* calculation; Gruber & 
Sarmiento, 1997). Fe* is defined as the expected biological consumption of Fe based on the relative concen-
tration of a macronutrient (such as NO3

−, PO4
3− or Si(OH)4

−) subtracted from the observed concentration 
of Fe:

https://metadata.imas.utas.edu.au/
https://metadata.imas.utas.edu.au/
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Here we used 0.47  mmol:mol as the globally averaged uptake ratio of Fe/PO4
3− described by Parekh 

et al. (2005). In reality, this ratio will vary with different phytoplankton communities, Redfield Ratio re-
quirements and cellular stoichiometry (Bowie et al., 2009; Sunda & Huntsman, 1995), however this Fe* 
provide a broad estimate of Fe limitation for this area. Positive Fe* implies adequate Fe to support complete 
biological utilization of PO4

3−, while negative Fe* suggests a deficit of Fe.

Apparent Oxygen Utilization (AOU) was used to assess the rate of remineralization for Fe and is calculated 
based on the presumed oxygen (O2) concentration under atmospheric saturation for a given temperature 
(θ) and salinity (S), subtracted from the observed oxygen concentration (Gupta et al., 1976). Thus, AOU was 
calculated as:

         2 sat 2AOU O , S O 

where, O2sat is the oxygen concentration at the surface (saturation). This value therefore represents oxygen 
consumption by biological respiration, namely by heterotrophic microbial activity. Remineralization rates 
may then be calculated from the linear slope between AOU and a nutrient such as NO3

−, PO4
3− or Fe (Feely 

et al., 2004).

2.2.4. Bacterial Production

Bacterial production was determined using 14C-leucine and the microcentrifuge method of Kirchman (2001). 
For each depth sampled there were three replicates plus two controls incubated in the dark at 4°C for 2 hr. 
Samples were killed by adding 100% trichloroacetic acid (TCA) and centrifuged, then rinsed three times to 
remove excess isotope that was precipitated. For radioactive counts, 1 mL of Ultima Gold scintillation fluid 
was added to each microcentrifuge tube and measured using a Tri-carb 2910 TR liquid scintillation counter. 
Calculations for total bacterial production [μg C L−1 hr−1] through 14C-leucine incorporation followed that 
of Smith and Azam (1992). They assumed an intracellular isotope dilution factor of 2, a molar leucine:pro-
tein ratio of 0.073, and a carbon:protein ratio of 0.86 (by weight).

2.2.5. Chlorophyll-a

Chlorophyll-a (chl-a) fluorescence was measured on CTD deployments using a Chelsea Aquatracka III 
Fluorometer. The fluorometer was calibrated to manufacturers standards (Van Graas,  2019) and in situ 
measurements were compared against measured chl-a taken at various depths across 19 sites (R2 = 0.94). 
Data for these stations were assessed for non-photochemical quenching by comparing profiles of surface 
fluorescence (200 m) with seawater transparency (transmissometer). Where quenching was identified, cor-
rections were made from the Zeu to the surface using methods outlined by Xing et al. (2012).

2.3. Presence/Absence of Higher Trophic Levels

2.3.1. Antarctic Krill

Krill distribution and abundance were measured along the six transects using a calibrated scientific echo-
sounder Simrad EK60 (Horten, Norway). Acoustic data collection was collected throughout the survey, 
including during periods of other research activities at an average speed of 6 knots. Echosounder data were 
used to calculate krill areal density (g m−2) in the upper 200 m (Cox et al., 2011; Fielding et al., 2014). When 
testing the influence of krill presence in relation to TMR deployments across spatial ranges (see Section 2.4) 
acoustic data was used from up to 5 hr before and after trace element sampling.

2.3.2. Baleen Whales

Visual observations were made from observation boxes on a forward-facing platform (Deck 05) on RV Inves-
tigator, directly below the bridge (deck height 16.9 m, average observer eye height 18.36 (standing) or 18.07 
(sitting)). Observers scanned with naked eye or 7 × 50 binoculars. If weather conditions were not suitable 
for outside observations, systematic watch was kept from the bridge with two observers (average eye height 
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20.65 m). Data on survey effort, sightings and environmental conditions were collected using Logger soft-
ware which also collected data from the ship's system (GPS locations and headings; Double et al., 2019).

2.4. Statistical Analyses

Tracers of Fe sources were identified using Pearson tests for features which correlated with dFe. Reminer-
alization rates (AOU:dFe) were tested using several regression models, including basic linear, spline and 
Type II Regressions. All regression analyses were performed using R and the CRAN package “lmodel2” 
(Legendre, 2018).

Permutation tests were used to assess depth-integrated concentrations of dFe against the presence-absence 
of krill and whales. For tests to be performed, presence and absence thresholds were defined for krill and 
whale occurrence. As the survey also involved animals which were actively swimming over a 24 hr period 
around each station, the following spatial categories were chosen to determine if presence-absence of krill 
and whales influenced dFe measurements: (a) 5.5 km radius from the station, which represents the approx-
imate daily movement of seawater south of 62°S based on ADCP data collected onboard (Shanks, 2019), (b) 
15 km, the distance to the horizon from the observation deck based on average observer eye height 18.3 m 
above sea level, and (c) 50 km, the approximate distance a Humpback whale travels per day whilst foraging 
in East Antarctica during summer (Andrews-Goff et al., 2018). For this test, the null hypothesis assumed no 
spatial association between dFe concentrations and the presence of higher trophic levels.

3. Results
3.1. Hydrography

Water masses were identified using TS plots (Figure 2), neutral density definitions and characteristics de-
scribed by Orsi and Wiederwohl (2009) and Orsi et al. (1995). Water masses and depth profiles varied de-
pending on their position relative to the SACCF, SB, and ASF. Offshore water columns indicated shallow 
Antarctic Surface Waters (AASW; ɣn < 28.0), which transition to Upper Circumpolar Deep Water (UCDW; 
ɣn = 27.7–28.0) with the oxygen minimum (O2 < 200 μM) and then to Lower Circumpolar Deep Waters 
(LCDW; ɣn = 28.0–28.27) at the salinity maxima (SA > 34.75 g kg−1). Over the continental shelf, waters 

Figure 2. Temperature-Salinity plot of all stations (including ARGO data), isopycnals represent neutral density (ɣn) and major water masses are labeled as 
Antarctic Surface Water (AASW), Upper Circumpolar Deep Water (UCDW), Lower Circumpolar Deep Water (LCDW), modified Circumpolar Deep Water 
(mCDW) and Dense Shelf Water (DSW). Left: Colors represent stations/deployments relative to fronts, north of the SACCF (turquoise), between the SACCF and 
ASF (light blue), south of the ASF—off shelf (light brown), south of the ASF—on shelf (brown). Right: Color bar represents dissolved Fe concentrations (nM) 
which were collected on the ENRICH voyage.
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displayed similar temperature and salinity patterns, but with greater density at depth indicating the pres-
ence of Dense Shelf Waters (DSW; ɣn > 28.27, θ > −1.85°C). These shelf waters meet with CDW to form 
modified Circumpolar Deep Water (mCDW; ɣn  =  28.0–28.27), a precursor to Antarctic Bottom Water 
(AABW; ɣn >28.27) which is commonly found at depth, off the shelf (Doney & Hecht, 2002). Due to its deep 
occurrence, AABW was not sampled in this study, however the high oxygen concentration of DSW in this 
region suggests Adelie Land Bottom Water (ALBW) is actively formed here (Rintoul et al., 1998). In addi-
tion, no Ice Shelf Water (ISW; ɣn > 28.27, θ < −1.95°C) was observed in this study.

Transects 4 and 5 offer a detailed overview of watermass distributions across the shelf break, representative 
of the survey area. Shelf waters formed by the polynya settle into the Adelie Depression (143°E) and the 
Mertz Depression (148°E, Figure 1). Cool DSW was observed in this study (Figure 3) flowing from the two 
depressions. Turbidity was elevated along the continental shelf, near the seafloor (transmissometry ∼98%), 
where suspended particles from the seafloor most likely reduce seawater transparency. Mixing of DSW 
with offshore CDW to form less dense mCDW is observed reaching the basins via the Mertz Sill (Transect 
4), leading to relatively warm, saline, and low oxygen waters pushing onto the continental shelf (Silvano 
et al., 2016). In comparison, Transect 5 shows both an intrusion of CDW below 500 m, as well as cool, fresh-
er waters flowing from the shelf, where mCDW formation may occur. Detailed temperature and salinity 
data for all fronts are presented in Figure S1 of Supporting Information S1.

3.2. Dissolved Iron and Other Trace Elements

The highest average dFe concentrations (0.32  ±  0.09  nM) were observed in LCDW pushing onto the 
continental shelf (Figure 4), corresponding with the highest individual dFe concentrations measured of 
0.45 ± 0.01 nM at depths below 400 m (Stations 18 and 19). Over the continental shelf, dMn concentrations 
(Figure 5) measured 0.42 ± 0.06 nM and peaked at 0.84 nM in DSW near the shelf break. At T5 dMn con-
centrations from the shelf break were pushed offshore and reach shallower depths (0.45 nM at 100 m). In 

Figure 3. Conservative temperature (°C), absolute salinity (g kg−1) and neutral density (kg m3) section profiles across 
the continental shelf (Transects 4 and 5) with density contours displayed. Station numbers along transects are shown at 
top. Water masses defined as: Antarctic Surface Waters (AASW), Circumpolar Deep Water (CDW) offshore and Dense 
Shelf Water (DSW) and modified Circumpolar Deep Water (mCDW) over the shelf.
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contrast, dTi concentrations (Figure 5) were highly variable across depths and sites. Greatest dTi concentra-
tions were found between 300 and 1,000 m (0.3 ± 0.06 nM) at sites both on the shelf and in deeper water.

Dissolved Fe concentrations in waters offshore of the continental shelf correlated positively with dTi 
(R = 0.62, p < 0.001) which has been shown to indicate the presence of old, deep water (Orians et al., 1990). 
Here, the highest dTi concentrations were supplied by CDW, however the original source of dTi (and asso-
ciated dFe) may be supplied from lithogenic or sedimentary sources at depth. Mesoscale anticyclonic eddies 
may help to upwell high concentrations of dFe and dTi from deep waters to the surface, which are then 
transported westward along the shelf break by the ASF. The movement of dFe with currents and bathym-
etry in this region is illustrated in Figure 6; a rotating and animated version can be found online at https://
vimeo.com/615640381 or in Movie S1.

Second to CDW, mCDW on the shelf carried relatively high dFe concentrations (mean 0.29 ± 0.17 nM) at 
depth, ranging from below detection limits to a maximum of 0.49 nM. High oxygen concentrations and cool 
temperatures on the continental shelf suggest relatively low Fe DSW (0.19 ± 0.13 nM) were likely formed 
by the adjacent Mertz Polynya. On the shelf, dFe concentrations correlate positively with concentrations of 
dMn (R = 0.33, p < 0.001), indicating sediment input produced over the shelf break. Iron-rich waters are 
viewed more clearly at section T4 and in three dimensions in Figure 6, where DSW flows along troughs on 
the continental shelf to mix with CDW at the shelf break, forming mCDW. Due to sediment resuspension, 
concentrations of both dTi and dMn were elevated over the continental shelf, however dMn concentrations 
were significantly greater over the shelf (compared to deeper waters), allowing a distinction between shelf 
sediment dFe and deep water dFe (Morton et al., 2019). Evidence of a nepheloid layer was present with up 

Figure 4. Dissolved Fe concentrations (color scale) between the oceanographic fronts and across the continental shelf 
(Transects 4 and 5). Neutral density contours are given in the background. Station numbers are shown at top.

https://vimeo.com/615640381
https://vimeo.com/615640381
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Figure 5. Dissolved Mn and Ti concentrations across the continental shelf (Transects 4 and 5). Neutral density 
contours are displayed in gray to highlight water masses present. Fronts are displayed as vertical lines at their relative 
latitudes. Station numbers are shown at top.

Figure 6. Three-dimensional view of iron concentrations across the study area. Arrows illustrate geostrophic flow of Circumpolar Deep Water and channeling 
of Dense Shelf Water along shelf depressions to form modified Circumpolar Deep Water. Full rotational view available at https://vimeo.com/615640381. Credit: 
R. Schlitzer (Ocean Data View; GEBCO Bathymetry).
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to 2% reduction in seawater transparency within 200 m of the benthos at all shelf stations, correlating with 
both increased dFe and dMn.

At the surface, cool, fresh water (θ = −0.75°C; SA = 33.5) was encountered toward the eastern section of the 
study area (Stations 14, 16, and 17; Figure 3), indicating recent sea-ice melt. Typically, sea ice is considered 
rich in Fe (Lannuzel et al., 2011). However, strong positive correlations between dFe and salinity (R = 0.78, 
p < 0.001, Figure S2 in Supporting Information S1) suggest all available dFe from sea-ice melt was rapidly 
scavenged or consumed by phytoplankton and microbial communities. It may also be possible that melt-
waters no longer contribute dFe to the environment in late summer between late January and early March.

Across all samples, dFe showed a strong positive correlation (Pearson; R > 0.6) with depth, turbidity, color-
ed dissolved organic matter (CDOM), NOx, PO4

3−, Si(OH)4
−, NO3

−, absolute salinity and apparent oxygen 
utilization (see Section 3.3). Strong negative correlations (Pearson; R < −0.6) were observed between dFe 
and dissolved oxygen, fluorescence and NH4

+. A full matrix of correlated variables is available in Figure S2 
of Supporting Information S1.

3.3. Iron Remineralization

Linear models for remineralization ratios are susceptible to bias as they do not accurately reflect mixing of 
endmember water masses and ignore external nutrient inputs (such as sediment resuspension or ice melt). 
Consequently, some studies have shifted toward non-linear (polynomial) regressions to assess reminerali-
zation within defined water masses (De La Fuente et al., 2017). For this study, both a standard Type II re-
gression model and a spline polynomial regression model were fitted to AOU and dFe data (excluding data 
below detection limit) to reduce bias, however no significant difference was found between the two models 
(p = 0.13; Figure S3 in Supporting Information S1).

Figure 7. Remineralization relationship between dFe concentrations and Apparent Oxygen Utilization (AOU) across 
the continental shelf for water masses: Antarctic Surface Water (AASW; circles), Dense Shelf Water (DSW; gray 
triangles), modified Circumpolar Deep Water (mCDW; black squares) and Circumpolar Deep Water (CDW; white 
triangles). Type II regression (black line) R and R2 values are presented alongside each water mass: **p < 0.05.
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Regression models suggest the extent of Fe remineralization varied between water masses (and there-
fore density; Figure  7). Moreover, R values from the Type II regression found mCDW has the strongest 
remineralization ratio (R = 0.639, p < 0.001), followed by AASW (on-shelf R = 0.541, p < 0.001, and off-
shelf R = 0.533, p < 0.001). In contrast, DSW revealed a weakly positive but non-significant relationship 
(R = 0.525, p = 0.07), likely a result of the low sample density for this water mass (n = 13). Whereas dFe in 
off-shelf CDW displayed no trend with AOU (R = −0.252, p = 0.06, n = 54). Near consistent AOU measure-
ments in CDW samples (mean 127.3 ± 9.98 μmol L−1) occur due to the reduced consumption of oxygen in 
these old, deep water masses.

Despite increased remineralization ratios in AASW, bacterial production did not directly correlate with 
MLD-integrated dFe concentrations (R = −0.182, p = 0.471), this pattern is likely influenced by high de-
mand for and uptake of Fe in surface waters. Remineralization ratios calculated from AOU/dFe correlated 
strongly with bacterial production at the deep chlorophyll maxima (DCM; R = 0.71, p < 0.001), with greatest 
Fe remineralization and production occurring on the continental shelf toward the eastern section of the 
study area (Stations 14 and 16).

3.4. Phytoplankton Fluorescence and Limitation

Macro and micronutrient profiles were typical for the high-nutrient, low-chlorophyll (HNLC) Southern 
Ocean, being generally depleted in surface waters but increasing in concentration with depth. No signifi-
cant spatial patterns observed for dFe nor any macronutrient across the three frontal zones (p = >0.05). No-
table dFe supply was seen at depths below the MLD at all stations suggesting that vertical mixing of deeper 
waters continually supplied dFe to the surface.

During the survey, mean MLD-integrated chl-a fluorescence (across all sites) was 40.1 ± 38.9 mg m−2. Max-
imum integrated fluorescence was observed at Station 9 (151.6 mg m−2) and corresponded to the deepest 
MLD (53 m). In contrast, deep Zeu (deeper than MLD) occurred at 72% of stations sampled (including all 
on-shelf stations; Figure 8), meaning light limitation was unlikely to inhibit phytoplankton growth and 
nutrient uptake at these stations. Pearson's correlations between MLD-integrated dFe concentrations with 
microbial parameters measured on station revealed significant spatial patterns with integrated chlorophyll 
concentrations (R = 0.644, p = 0.004).

Phytoplankton in this study area were potentially Fe limited based on Fe* values, relative to PO4
3− re-

quirements. Above the MLD (∼40 m), Fe* values averaged at −0.64 ± 0.07 for mean dFe concentrations of 
0.03 ± 0.02 nM. Consequently, this region may be considered potentially Fe deficient as Fe* calculations for 
every measurement (all stations and depths) equaled less than 1. While our dFe and PO4

3− concentrations 
are in line with those reported for similar surveys (Rigby et al., 2020), it should be noted that Fe/PO4

3− as-
similation rates may vary from the globally averaged rate of 0.47 (Sunda & Huntsman,, 1995). Further work 
is required to identify the nutrient uptake rates of phytoplankton groups specific to this area to determine 
the accurate extent of Fe limitation.

3.5. Spatial Distribution of Krill and Baleen Whales

Active acoustic data revealed high densities of krill occurred along the shelf break (1,000 m isobath). How-
ever, the highest density of krill was detected north of the SACCF (near Station 15) producing density 
signals up to 1,497 g m−2. Swarms were also observed alongside TMR deployments at two stations (Stations 
3 and 19). A surface swarm of krill occurred directly above the ascending TMR at Station 3, where surface 
dFe was elevated (0.12 nM at 20 m) compared to deeper measurements (0.03 and 0.06 nM at 30 and 40 m, 
respectively).

Concurrently, a range of baleen whale species were recorded throughout this voyage including Antarc-
tic blue whales (Balaenoptera musculus ssp. intermedia), fin whales (B. physalus) and humpback whales 
(Megaptera novaeangliae; Miller et al., 2019). Passive acoustics by Miller et al. (2019) revealed a majority of 
whales occurred along the continental shelf break, with a few also detected in deep waters. However, few 
calls were heard over the continental shelf.



Global Biogeochemical Cycles

SMITH ET AL.

10.1029/2020GB006921

12 of 21

Figure 8. Iron (dFe; orange), chl-a fluorescence (green), macronutrient (Nitrate, square; Phosphate, triangle; Silicate, 
cross), and AOU (black) profiles for all stations to 200 m depth. Station numbers are colored according to their frontal 
positions (outlined in Figure 1). Mixed Layer Depth and Euphotic depth are presented by the black solid line and 
dashed blue line, respectively. The top x-axis represents AOU (linear), while the bottom (log) x-axis represents all other 
parameters.



Global Biogeochemical Cycles

SMITH ET AL.

10.1029/2020GB006921

13 of 21

Permutation tests were used to assess krill and whale presence/absence 
against dFe concentrations over three spatial ranges (5.5, 15 and 50 km). 
Krill occur in a variety of different densities and swarm types, with concen-
trations ranging between 150 – 60,000 individuals m−3 (Watkins, 2000). 
As low densities (10–100 g m−2) of krill were apparent throughout the 
survey area, only the presence of dense krill swarms (>100 g m−2) were 
assessed. Whale presence was defined as >1 individual within range of 
the station. Krill and whale presence was randomized against integrated 
dFe concentration in each permutation test. There was no significant pat-
tern between dFe concentration and the presence of krill nor whales irre-
spective of spatial range from stations (all comparisons p > 0.05, Table 1).

4. Discussion
Our understanding of the ocean iron cycle is incomplete, which drives 
the large variability observed in global biogeochemical models (Tagliabue 

et al., 2016). Increasing observational data coverage on the sources and mechanisms that supply and sustain 
iron in the upper ocean will improve our ability to quantitatively constrain global models and reduce uncer-
tainty in global climate projections (Tagliabue et al., 2019). In this study, we found dFe along the continen-
tal shelf, to be supplied from a combination of upwelled CDW (Section 4.1), shelf sediment resuspension 
(Section 4.2) and microbial remineralization (Section 4.3). However, previous coastal East Antarctic studies 
have suggested ice melt (Section  4.4) drives summer productivity (Dinniman et  al.,  2020), while others 
propose higher trophic levels such as Antarctic krill, seabirds, and marine mammals (Section 4.5) sustain 
surface Fe throughout late summer (Nicol et  al.,  2010; Schmidt et  al.,  2016; Shatova et  al.,  2016; Wing 
et al., 2014). Whilst we cannot quantitatively determine the most important source of Fe, we can explore 
the potential mechanisms which drive Fe supply in the Mertz Region during late summer, each of which 
are discussed in detail below.

4.1. Upwelling of Deep Water

Vertical upwelling and mixing of deep waters are a known source of dFe to surface waters off East Antarcti-
ca, particularly for regions such as the Mertz and nearby Ross Sea (Dinniman et al., 2020; Hatta et al., 2017 
and references therein). Circumpolar Deep Water is upwelled toward the surface by bathymetric features 
(such as shelf breaks) and eddies, allowing microbial communities to access the highest dFe concentrations 
measured in this region. Iron-rich CDW carried by the ACC is pushed onto the continental shelf as it shears 
eastward. Shelf features including the Adelie and Mertz depressions, banks and sills dictate the pooling of 
Fe-rich water which mixes with surface and shelf waters, forming nutrient-rich mCDW (Hatta et al., 2017; 
Williams et al., 2010).

Additionally, dTi has been described as a well-preserved tracer of deep water (Orians et  al.,  1990), and 
shows strong correlations with dFe concentrations from this study. However, Ti may enter the ocean via 
dust dissolution (Gao et al., 2019; Tagliabue et al., 2014), or sediment resuspension (Nameroff et al., 2002) 
meaning the origin of Ti in CDW is obscured for this data. Irrespective of the relationship between dTi and 
dFe, endmember characteristics for CDW densities, with increased salinity and decreased oxygen, suggest 
CDW represents a notable source of dFe to this region. Remineralization rates suggest CDW contributes the 
greatest concentration of regenerated Fe (0.15–0.58 nM), compared to other water masses. However, the 
Fe-AOU ratio does not account for additional sources influencing CDW, such as shelf sediments or hydro-
thermal vents which may also supply Fe (Tagliabue et al., 2019).

In the Amundsen Sea Polynya, moderate concentrations of dFe are supplied by CDW, however intrusions of 
CDW to the euphotic zone are limited by a lack of mixing, suggesting CDW alone cannot stimulate polynya 
productivity (Sherrell et al., 2015). Though the Mertz has a higher rate of vertical mixing to supply CDW 
to surface waters (Orsi et al., 1999), it is unlikely that CDW is responsible for the entire dFe supply and is 
likely supplemented by mixing with high dFe shelf waters where sediment dissolution and increased rem-
ineralization occurs.

Permutation with dFe concentration Range (km) P

Krill presence (>100 g m−2) 5.5 0.908

15 0.856

50 0.616

Whale presence (>1 individual) 5.5 0.475

15 0.498

50 0.614

Table 1 
Group Means Permutation Tests of Station Depth-Integrated dFe 
Concentrations Against Krill and Whale Presence Over Three Spatial 
Ranges
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4.2. Shelf Sediment Resuspension

Sediment resuspension is often associated with the supply of particulate Fe (Marsay et al., 2017) where 
increases in dFe concentrations are observed following diffusion across the sediment-seawater interface 
(Schoemann et al., 1998), or active leaching from particles. Suspension of particles into the water column is 
dependent on particle size, benthos composition (i.e., silt and rock), bathymetry structure and current flow 
along the seafloor. In our study region, the bathymetry of the shelf influences the flow of shelf waters, for 
example the Mertz Basin allows DSW to spill over the 1,000 m isobath, whereas the Mertz Sill prevents this 
spill to depth (Figure 1). These stations experience greater tidal forcing which drives sediment resuspen-
sion near the seafloor (Campagne et al., 2015). Such currents coupled with large sediment deposits at the 
base of the Mertz Glacier (Domack, 1982) may be the cause of increased dFe, dMn and turbidity over the 
continental shelf via resuspension. Despite these variables being statistically significant, correlations were 
weak indicating additional mechanisms may contribute to variability in dFe concentrations over the shelf.

In other studies, significant dMn concentrations have been recorded at depth along the Antarctic continen-
tal slope (Latour et al., 2021) and elevated dFe concentrations at the base of the Mertz Polynya have been 
attributed to continental margin sediment resuspension (Sedwick et al., 2008). However, between 2010 and 
2011 the calving and migration of the large B90b iceberg significantly altered the icescape and oceanogra-
phy of the Mertz Glacier Region (Tamura et al., 2012) with influences to polynya activity, leading to reduced 
sea ice production, altering shelf current dynamics (Silvano et al., 2016; Snow et al., 2018) and dFe supply 
today (Shadwick et al., 2017).

4.2.1. Lateral Transport

Other studies have observed increased dFe supply from sediment resuspension as a result of lateral trans-
port (Measures & Vink, 2001). Successful transport of Fe from sediments is dependent on organic mat-
ter deposition, turbulence, diffusion rates, particle sizes, complexation, scavenging and bacterial activity 
(Abadie et al., 2017; Blain et al., 2007; Cheize et al., 2019; de Jong et al., 2012). Janssen et al. (2020) suggest 
lateral transport may carry sediments (and Fe) downstream of surrounding sub-Antarctic islands. The Bal-
leny Islands are ∼500 km east of the ENRICH study area, meaning sediments would need to be carried 
westward by the Antarctic Slope Current (ASC; Williams et al., 2010). Interestingly, deep water at Transect 
5 (eastern-most transect, closest to the islands) had elevated dFe concentrations, compared to western-tran-
sects (Transects 3 and 4), indicating these waters may receive some dFe input from eastern sources such as 
the Balleny Islands. However, based on horizontal velocities (from onboard ADCP data), it would take the 
ASC approximately 90 days to transport Fe from the Balleny Islands to our eastern-most stations, Stations 12 
and 14. Iron transported near the surface is likely to be scavenged or removed via biological uptake during 
this time due to high demand, therefore any Fe from island sediments is likely to be in the form of well-pre-
served lithogenic particles. Alternative transported sources include transported shelf waters produced by 
the nearby Ninnis and Cook ice shelves. Iron-rich water may drain off the continental shelf break due to 
shelf bathymetry (i.e., via the Cook Depression or Ninnis Bank), however once in the ASC it may be trans-
ported west toward the Mertz (Miles et al., 2018; Moreau et al., 2019).

4.3. Microbial Remineralization

Microbial nutrient recycling supports extended dFe availability to phytoplankton blooms in late summer 
by elevating nutrient solubility through remineralization and the release of organic ligands (Fourquez 
et al., 2020; Liu et al., 2020; Marsay et al., 2017; Tagliabue et al., 2012). In our study, strong positive Fe:AOU 
trends suggest Fe recycling by microbial remineralization was significant in surface waters (R > 0.5, Fig-
ure 7). Remineralization ratios were greatest at the transition zone between Fe-rich CDW and oxygen rich 
waters (such as AASW and mCDW). On the shelf, highly oxygenated DSW sinks to meet nutrient-rich 
CDW (forming mCDW), thus releasing microorganisms from Fe limitation and providing sufficient oxygen 
for respiration. High levels of internal Fe recycling have been demonstrated in other HNLC regions such 
as south Pacific Ocean intermediate waters, where positive Fe:AOU remineralization coefficients occur 
(R = 0.66; Tagliabue et al., 2019).

Late summer surface waters typically host elevated dissolved organic carbon (DOC) concentrations fol-
lowing exudation by phytoplankton blooms, releasing heterotrophic bacteria from DOC-limitation 
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(Hernandez-Magana et al., 2021; Obernosterer et al., 2015). In this study, while phytoplankton at the DCM 
(below the MLD) may have access to increased dFe from depth, reduced fluorescence patterns suggest these 
blooms are senescent or declining (Baldry et al., 2020), leading to increased DOC exudation (though the 
availability of this DOC remains to be explored, Thornton, 2014). Further DOC may be released from phyto-
plankton cells via protozoan and zooplankton grazing, such as sloppy feeding, where 12%–50% of intercellu-
lar DOC is released into surrounding waters (Møller et al., 2003; Nagata et al., 2000). Antarctic krill release 
high but variable amounts of DOC (205 ± 77.7 mmol C m−2 d−1, Ruiz-Halpern et al., 2011) in their faecal 
pellets which may be colonized by bacteria following pellet fragmentation (Cavan et al., 2021). Krill may 
support heterotrophic bacteria and microbial remineralization of both carbon and dFe (Cavan et al., 2019). 
While DOC concentrations were not measured in the present study, the high abundance and consistent 
distribution of Antarctic krill throughout the survey area (in conjunction with other zooplankton species) 
suggests that euphausiids may have contributed DOC to stimulate heterotrophic bacteria in this region, 
subsequently influencing remineralization rates.

4.4. Melting Ice

Meltwater from both continental ice and sea ice around the Mertz polynya may also supplement Fe stocks 
(Dinniman et  al.,  2020), stimulating increased primary productivity each spring (Lannuzel et  al.,  2010; 
Schallenberg et al., 2016). In this study, dFe concentrations were low in cool and fresh surface waters, in-
dicative of sea-ice melt (Figure 4). In addition, no ISW was detected, indicating ice shelf basal melt did not 
supply significant dFe during this survey or dFe from ISW was indistinguishable from DSW due to mixing. 
The apparent lack of dFe input from ice during the ENRICH voyage may be the result of scavenging or ab-
sorption by primary and microbial producers in late summer (Wang et al., 2014).

Within a polynya (colloquially known as “sea-ice factories”), dFe inputs in the late summer are expected 
to be elevated following sea-ice melt (Sambrotto et al., 2003). Sea-ice has also been identified as a source of 
Fe-binding organic ligands which increases the solubility and accessibility of Fe to microbial communities 
(Genovese et al., 2018; Janssens et al., 2018). However, concentrations of Fe from melting sea-ice vary sea-
sonally, with field and lab-based work suggesting most dFe is released together with DOC and salts in the 
very early stages of the sea-ice melt (Lannuzel et al., 2008, 2013). Trace element data from the spring 2001 
SR3 study near the Mertz Glacier found no Fe contributions from melting sea-ice (Sedwick et al., 2008), sug-
gesting low Fe enrichment from sea-ice and snow melt is either the result of naturally low Fe concentrations 
in the ice (owing to drainage; Duprat et al., 2020) or rapid biological uptake.

4.5. Higher Trophic Levels

The presence of Antarctic krill surrounding South Georgia resulted in longer and more intense phytoplank-
ton blooms as a result of nutrient recycling via microbial remineralization, metabolic release, and preda-
tor-egestion pathways (Schmidt et al., 2016). Copepods have been observed to elevate Fe concentrations and 
strong Fe-complexing organic ligands present via fecal pellet release, which may be remineralized following 
sloppy feeding or coprophagy (Laglera et al., 2017, 2020). Other studies have proposed larger animals in-
cluding seabirds (Shatova et al., 2016), seals (Wing et al., 2014), and baleen whales (Nicol et al., 2010) may 
have a biogeochemical role, with incubation experiments finding additions of seabird guano and whale fecal 
material can stimulate phytoplankton photosynthetic performance (Shatova et al., 2016; Smith et al., 2013).

In this study, we found no significant relationship between elevated dFe concentration and the presence 
of krill or whales surrounding stations on three different spatial scales. This mesoscale assessment was 
conducted over a large area (∼100,000 km2), compared to previous studies which have considered Fe from 
marine animals, such as Schmidt et al. (2016) (∼30,000 km2). Although no relationship was detected, high 
remineralization rates were encountered in the surface waters where both krill and whales were present, 
however we cannot attribute this activity to the presence of higher trophic levels alone. Excretion products 
released by krill swarms (including DOC and ammonia) have been shown to stimulate rapid bacterial pro-
ductivity within 40–60 hr under non-limiting Fe conditions (Arístegui et al., 2014); similar to concentra-
tions reported by Tovar-Sanchez et al. (2007) within krill swarms. Furthermore, rapid sinking of particles 
and/or scavenging of Fe may reduce our ability to detect dFe in surface waters surrounding krill and whales. 
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For example, krill fecal pellet sinking rates are highly variable (between 15 and 1,218  m d−1, Atkinson 
et al., 2012; Belcher et al., 2017), potentially removing detectable dFe from surface waters. Lastly, as krill and 
whales are free-swimming animals it is possible an animal may travel through an area having no influence 
on dFe concentrations during that time. Therefore, our findings do not suggest higher trophic levels have an 
insignificant role in biogeochemical cycling, but rather Fe released from animals is unlikely to be detected 
across large spatial scales.

4.6. Future Research

The supply and contribution of different Fe sources to coastal regions varies seasonally across Antarc-
tica (Graham et al., 2015; Moreau et al., 2019; Sambrotto et al., 2003; Sedwick et al., 2008; Vaillancourt 
et al., 2003). In order to assess the contribution of each throughout the year, frequent trace element sam-
pling is required across the seasons. Differentiating the source of dFe (from deep water, sediments, or re-
generation) may be aided by trace element isotope (TEI) signatures (e.g., Abadie et al., 2017), therefore 
improving identification of Fe supply to multi-source regions such as the Southern Ocean and allowing a 
quantitative budget of Fe supply by each source (Ellwood et al., 2015). To explore recycling processes fur-
ther, future trace element studies should aim to directly quantify bacterial remineralization in situ, explor-
ing processes which may further limit (or co-limit) productivity (such as DOC availability).

The use of a tracer or proxy to identify animal-sourced Fe would aid the quantification of pelagic recycling 
on an oceanographic scale. For example, modern genetic approaches such as environmental DNA (eDNA, 
released by excretion or faeces; Ruppert et al., 2019) may become useful in identifying nutrients released 
by marine animals. Until a tracer is identified, future studies should consider sampling alongside animals 
closely and more frequently, over a longer time period (i.e., continuous sampling from a small boat over 
several days to weeks) to gain an accurate understanding of nutrient release By identifying dFe sources 
to the productive Mertz Glacier Region throughout the year we can predict how the MCP and BCP may 
change under different environmental conditions with implications to carbon export and productivity in 
coastal Antarctic areas.

5. Conclusions
We investigated the dFe sources around the Mertz Glacier Region during the late summer period. Our anal-
ysis showed CDW and shelf sediment resuspension in mCDW supply significant dFe to open waters and 
shelf waters respectively. We also found indications for microbial dFe remineralization in surface waters 
and within mCDW over the shelf. Bacterial production and remineralization are likely supported by oxygen 
supplied by shelf waters and Fe from CDW and sediment resuspension. Despite these sources, phytoplank-
ton communities remain potentially dFe deficient (relative to phosphorus concentrations) at all sites and 
depths across the study area. In addition, we explored previously proposed Fe recycling by higher trophic 
levels in the field, finding no significant relationship over a 5.5–50 km sampling radius. We explored the 
mechanisms driving Fe supply to this understudied region; however, the dominant source of Fe remains an 
open question. Increased local and seasonal sampling is required to properly distinguish Fe sources affect-
ing coastal Antarctic waters such as the Mertz Glacier Region, with additional measurements to examine 
microbial interactions with Fe as the season progresses.
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