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Bio-essential trace elements, such as iron (Fe) and zinc (Zn), also 
known as micronutrients, are critical for all life because of their 
biochemical roles in various metabolic processes. They are also pivotal 
for marine phytoplankton growth, the base of the marine food web. 
For instance, Fe participates in vital functions such as photosynthesis, 
respiration, and nutrient uptake, while Zn is present in nearly 300 
enzymes and is utilized in common enzymes such as carbonic 
anhydrase (CA) and alkaline phosphatase (AP) for CO2 hydration and 
organic phosphorus uptake, respectively. Moreover, other trace 
elements are not strictly bio-essential, for example, cadmium (Cd), has 
been shown to replace Zn in CA in marine diatoms when Zn becomes 
unavailable. As a result, the availability of these trace elements in 
oceans significantly impacts marine ecosystems and, hence, global 
climate. The availability of trace elements in oceans is influenced by 
external sources, chemical speciation, and biogeochemical processes 
such as biological uptake, remineralization, and scavenging, which 
regulate primary productivity in the surface ocean. However, 
dissolved concentrations of these elements are often low in the 
surface ocean where they are needed for primary productivity, 
making sampling and accurate analysis a challenge.    

In the oceans, High-Nutrient Low-Chlorophyll (HNLC) surface regions 
are characterized by sufficient macronutrient (e.g., phosphate, 
nitrite/nitrate, sillicate) supply but limited primary productivity due to 
the lack of Fe and light. As the largest HNLC region, the Southern 
Ocean is suggested to have a great potential to absorb a large amount 
of atmospheric CO2 if the phytoplankton requirements for Fe and light 
are fulfilled. For example, in coastal Antarctica, long-lasting 
phytoplankton blooms over spring and summer have been observed 
and attributed to increasing external Fe input, such as upwelling of 
deep water, continental sediments, and sea ice- or glacier-associated 
Fe. In addition to the exchange of atmospheric CO2, the Southern 
Ocean plays a vital role in the redistribution of heat and freshwater in 
the global climate system. For instance, dense water formation driven 
by extensive sea ice production and brine rejection during winter in 
coastal Antarctic regions contributes to the formation of Antarctic 
Bottom Water (AABW) that circulates northward into multiple ocean  



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 10PDF page: 10PDF page: 10PDF page: 10

9 | S U M M A R Y                                             

 

  basins and facilitates advection of water masses between high and 
low latitude oceans. Overall, given the importance of the Southern 
Ocean to the global climate and ocean circulation, it is crucial to 
understand its marine biogeochemistry, notably the cycling of trace 
elements in coastal Antarctic regions, and their influence on globally 
relevant processes. 

In the past two decades, the international GEOTRACES program has 
explored the biogeochemical cycles and oceanic distributions of trace 
elements and their isotopes in oceans. The combination of concurrent 
concentration and isotopic composition analyses of trace elements 
has greatly helped us to disentangle complex biogeochemical 
processes and identify different external sources. However, compared 
to the Pacific, Atlantic, Indian, and Arctic Oceans, dissolved trace 
element data in the Southern Ocean, especially around coastal 
Antarctica, are relatively scarce owing to limited sampling campaigns 
due to harsh weather conditions and poor accessibility related to 
extensive sea ice coverage in coastal Antarctica, as well as the 
requirement of relatively large water volumes needed to determine 
the extremely low concentrations (e.g., Fe) in the surface Southern 
Ocean. The scarcity of data has not only hindered our understanding 
of global nutrient cycling and how changes in coastal Antarctica (e.g., 
ice melting) impact nutrient supply, but also limited our 
computational ability (e.g., biogeochemical models) to accurately 
predict the changes in biogeochemistry and cycling of trace elements 
in the future at a global and long-term scale.    

In this thesis, two bio-essential trace elements, Fe and Zn, together 
with Cd, and their isotopic compositions, are studied in two distinct 
coastal Antarctic regions – the Amundsen Sea (AS) and the Weddell 
Sea (WS). The AS is characterized by the extensive intrusion of warm 
modified Circumpolar Deep Water (mCDW) onto the continental shelf 
through glacial troughs that lead to rapid ice sheet melting as it flows 
under ice shelves (i.e., Dotson Ice Shelf, DIS). The upwelling of mCDW 
also accelerates sea ice melting, creating polynyas (i.e., open areas 
surrounded by sea ice) that harbour productive and long-lasting 
phytoplankton blooms in spring-summer – the Amundsen Sea Polynya 
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  (ASP) shows the highest annual net primary production rate per unit 
area among Antarctica polynyas. The WS is part of the wind-driven 
Weddell Gyre, which is a crucial component of the global oceanic 
circulation as a primary formation region of deep-water masses. In the 
southern and western parts of the WS, dense, saline, cold shelf water 
forms through sea ice formation and brine rejection in winter, which 
subsequently descends along the continental slope, eventually exiting 
the WS through the Scotia Sea, contributing to AABW and the global 
ocean conveyor belt. Both the AS and the WS hold the potential to 
influence or be influenced by the global biogeochemical cycles of trace 
metals. 

Given the lack of dissolved and particulate data of Zn and Cd in the AS, 
the impacts of mCDW intrusion and ice shelf melting on the cycling of 
these two elements and their biogeochemistry in the ASP are 
understudied. In Chapter 2, I report the first combined dataset of 
dissolved and particulate Zn and Cd in the AS and evaluate potential 
external sources. The study reveals that upwelled mCDW is the 
primary source of dissolved Zn (dZn) and Cd (dCd), with continental 
shelf sediments being a modest source. Ice shelf melting from the DIS 
and sea ice melting are not significant contributors for dZn and dCd. 
Additionally, I compare the relative contributions of particulate Zn and 
Cd using two common approaches for evaluating particle 
composition: the operationally-defined labile and refractory fraction, 
and the elemental composition-based biogenic and lithogenic 
fraction. Findings indicate that in productive bloom regions like the 
ASP, the labile fraction does not always equate to the biogenic 
fraction. This discrepancy is attributed to inaccuracies in representing 
true phytoplankton uptake ratios through the slope of dissolved 
metal-phosphate relationships, and varying phytoplankton 
communities. Lastly, this study suggests that local variations in Fe 
availability can influence the uptake ratios of Cd and Zn across short 
spatial scales in the ASP, with different phytoplankton groups (such as 
haptophytes and diatoms) having distinct Zn, Cd, and P quotas. These 
insights into marine cycling and phytoplankton uptake ratios of Zn and 
Cd in the AS contribute to a deeper understanding of their 
biogeochemistry in Antarctic phytoplankton blooms. 
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Although a handful of studies of dissolved Fe concentration ([dFe]) in 
the open Southern Ocean have contributed to our understanding of 
the biogeochemistry and marine cycling of Fe, the identification of 
external sources of Fe, notably sedimentary input, and the 
biogeochemical processes that affect Fe cycling in Antarctic waters 
remain relatively unclear. In Chapter 3, I employ a combination of 
[dFe] and Fe isotopic composition (δ56Fe) to identify Fe sources and 
understand the biogeochemical processes in the region, especially 
around the DIS and within the ASP phytoplankton blooms. Firstly, I 
characterize two distinct sedimentary mechanisms – reductive 
dissolution (RD) and non-reductive dissolution (NRD). Along with 
upwelled mCDW, these two sedimentary sources are the primary Fe 
input in the AS, potentially fuelling phytoplankton blooms in the ASP. 
Secondly, I explore how rapid melting of the DIS impacts Fe cycling, 
hypothesising enhanced preservation of lithogenic colloidal Fe(III) 
from shelf melting and sedimentary NRD, and the differential loss of 
Fe2+ in combination with Fe-binding ligands. These factors 
predominantly influence [dFe] and δ56Fe beneath the ice shelf system. 
Lastly, I observe distinct Fe isotopic fractionation within two 
phytoplankton blooms, dominated by haptophytes and diatoms. This 
indicates differences in uptake mechanisms and pathways between 
species and suggests that biogeochemical processes like ligand 
complexation, scavenging, and remineralization play crucial roles in 
the highly productive ASP. Overall, Chapter 3 offers a further 
understanding of external Fe sources and biogeochemical processes 
in the AS. It provides a baseline for how changing conditions in 
Antarctica might affect Fe cycling in the Southern Ocean and beyond. 

Building on the insights from Chapter 2, in Chapter 4 I delve deeper 
into the sources of dZn and dCd in the AS by examining the isotopic 
composition of Zn (δ66Zn) and Cd (δ114Cd). This analysis aligns with the 
findings from Chapter 2, which utilized dissolved concentrations of Zn 
([dZn]) and Cd ([dCd]). These findings reconfirm that the primary 
source of dZn and dCd in the AS is upwelled mCDW, with minimal 
contributions from continental sediments and ice shelf meltwater. In 
the WS, I also explore the changes in [dZn], [dCd], δ66Zn, and δ114Cd 
during the formation of dense water, particularly focusing on the 
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  precursor of Weddell Sea Bottom Water (pre-WSBW), Warm Deep 
Water (WDW), and Weddell Sea Deep Water (WSDW). The findings 
indicate that physical mixing of these water masses is the key factor 
influencing the evolution of [dZn] and [dCd] in the process of WSBW 
formation. Interestingly, this mixing process results in almost no 
change in δ66Zn and δ114Cd, as these water masses share similar 
isotopic compositions. Lastly, the chapter sheds light on the variability 
in isotopic signatures in the surface waters of the AS and WS. This 
variability underscores the differences in surface processes affecting 
the cycling of Zn and Cd in Antarctic waters, such as adsorption and 
ligand complexation for Zn, and biological uptake for Cd. 

Besides Zn and Cd, I also focus on Fe in the WS, notably its potential 
sources and the processes influencing [dFe] and δ56Fe during the 
formation of WSBW in Chapter 5. I find that meltwater from the 
Antarctic Peninsula and continental shelf sediments contribute 
substantially isotopically light Fe to the shelf water, predominantly 
through RD, accounting for up to 90% of the input. This primary 
isotopically light signature in shelf water is initially preserved across 
varying [dFe]. However, as the dense shelf water moves down the 
continental shelf slope, this signature gradually shifts towards heavier 
signatures. I suggest that this transition in δ56Fe during the 
transformation of shelf water into pre-WSBW is mainly driven by 
physical mixing with WDW and WSDW. This implies that the sediment- 
and glacier-derived light Fe signature is likely diluted in the 
northward-flowing WSBW and AABW, underscoring the role of 
physical mixing in Fe cycling in these bottom waters. Additionally, I 
observe a consistent δ56Fe minimum at intermediate depths in the 
WS, indicative of long-range transport of an isotopically light Fe signal. 
Previous hypotheses attributed this to either subsurface 
remineralization or sedimentary light input, where this research 
supports the latter. My work suggests that sedimentary derived light 
Fe from the Antarctic Peninsula shelves can be preserved and 
transported over long distances, offering a distinct endmember for 
tracing sediment-derived δ56Fe beyond the shelf region. This insight 
enhances the potential of using δ56Fe as a tracer for sediment supply 
in the open ocean. 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 14PDF page: 14PDF page: 14PDF page: 14

13 | S U M M A R Y                                             

 

  
Overall, this thesis presents the first set of observational data for δ56Fe 
in both the AS and the WS, as well as the first data for δ66Zn and δ114Cd 
in the AS and greatly improved coverage of the WS. These insights are 
pivotal in understanding the external sources influencing the 
distributions of these elements in the Southern Ocean. Furthermore, 
this thesis delves into the isotopic systematics of these elements in 
the ocean. It illuminates the fractionation effects caused by various 
biogeochemical processes, such as biological uptake, adsorption, and 
ligand complexation. This investigation not only enhances our 
understanding of these processes but also provides valuable 
perspectives on using isotopic compositions as tools to investigate 
biogeochemical processes. Finally, given the limited availability of 
observational trace element data in the Southern Ocean and coastal 
Antarctica, the findings and discussions presented in this thesis can be 
applied to broader biogeochemical studies and enhancing the use and 
projection capability of environmental modelling.
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De sporenelementen ijzer (Fe) en zink (Zn) zijn micronutriënten, en 

cruciaal voor het leven vanwege de rollen die ze spelen in het geheel 

van biochemische processen dat plaatsvindt in cellen van organismen. 

Ze zijn dus ook essentieel voor de groei van marien fytoplankton, de 

basis van het mariene voedselweb. IJzer, bijvoorbeeld is onontbeerlijk 

in de fotosynthese, ademhaling en de opname van voedingsstoffen, 

terwijl Zn noodzakelijk is in bijna 300 enzymen waaronder 

koolzuuranhydrase (CA) en alkalische fosfatase (AP) voor 

respectievelijk CO2-hydratatie en organische fosfor-opname. 

Daarnaast zijn sommige andere sporenelementen niet bio-essentieel; 

bijvoorbeeld voor cadmium (Cd), is aangetoond dat het Zn in CA in 

mariene diatomeeën functioneel vervangt wanneer er niet genoeg Zn 

beschikbaar is. Als gevolg hiervan heeft de beschikbaarheid van de 

bio-essentiële sporenelementen, maar ook elementen zoals Cd, in 

oceanen een aanzienlijke impact op mariene ecosystemen en dus op 

het wereldklimaat. De beschikbaarheid van sporenelementen in 

oceanen wordt beïnvloed door externe bronnen, de verdeling over de 

opgeloste en vaste (deeltjesvorm) fase, chemische speciatie en 

biogeochemische processen zoals biologische opname, 

remineralisatie en adsorptie aan neerdwarrelende deeltjes. Samen 

reguleren deze factoren de primaire productiviteit die plaats vindt in 

het oppervlaktewater van de oceanen. Echter, de opgeloste 

concentraties van deze elementen zijn vaak laag in het 

oppervlaktewater, wat bemonstering en nauwkeurige analyse een 

uitdaging maakt. 

In de oceanen bestaan regio's waar ondanks voldoende toevoer van 

macronutriënten (bijv. fosfaat, nitriet/nitraat, silicaat) een beperkte 

primaire productiviteit is vanwege het gebrek aan Fe en licht, de 

zogenaamde High-Nutrient Low-Chlorophyll (HNLC) regio’s. De 

grootste HNLC-regio is de Zuidelijke Oceaan die daardoor een groot 

potentieel heeft om een grote hoeveelheid extra atmosferische CO2 

op te nemen als de fytoplankton vereisten voor Fe en licht worden 

vervuld. In tegenstelling tot de open oceaan, is er in veel kustzeeën 
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van Antarctica wel een langdurige fytoplanktonbloei gedurende de 

lente en zomer. Deze bloei wordt toegeschreven aan een lokale 

externe aanvoer van Fe, via bijvoorbeeld opwelling van diep water, 

van zeebodem sedimenten en Fe aanvoer van smeltend zee-ijs of 

gletsjers, waar de aanvoer van het cruciale Fe aan het veranderden is 

door klimaatverandering. Naast de uitwisseling met atmosferische 

CO2 speelt de Zuidelijke Oceaan een vitale rol in de herverdeling van 

warmte en van zoet water in het wereldwijde klimaatsysteem. 

Bijvoorbeeld, de vorming van water met relatief hoge dichtheid, 

aangedreven door uitgebreide zee-ijsproductie tijdens de winter in 

Antarctische kustzeeën draagt bij aan de vorming van Antarctic 

Bottom Water (AABW) dat noordwaarts stroomt in meerdere 

oceaanbekkens en de uitwisseling van watermassa's tussen hoge en 

lage breedtegraden vergemakkelijkt. Gezien het belang van de 

Zuidelijke Oceaan voor het wereldklimaat en de oceaancirculatie, is 

het cruciaal om de mariene biogeochemie te begrijpen. Hierin speelt 

de kringloop van sporenelementen in Antarctische kustzeeën een 

grote rol door hun invloed op processen die wereldwijd relevant zijn. 

In de afgelopen twee decennia heeft het internationale GEOTRACES-

programma de biogeochemische cycli en verspreiding van 

sporenelementen en hun isotopen in oceanen onderzocht. De 

combinatie van gelijktijdige analyses van de concentratie en de 

isotopische samenstelling van sporenelementen heeft ons enorm 

geholpen om complexe biogeochemische processen te ontwarren en 

externe bronnen te identificeren. Echter, vanwege beperkte 

bemonsteringscampagnes zijn gegevens over opgeloste 

sporenelementen in de Zuidelijke Oceaan, met name rondom 

Antarctica, relatief schaars vergeleken met de Stille, Atlantische, 

Indische en Arctische Oceanen. De barre weersomstandigheden en 

slechte toegankelijkheid door de uitgebreide zee-ijsbedekking 

rondom Antarctica, evenals de relatief grote waterhoeveelheden die 

nodig zijn om de extreem lage concentraties (bijv. Fe) in de 

oppervlakte Zuidelijke Oceaan te bepalen, liggen hieraan ten 
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grondslag. Dit gebrek aan gegevens heeft niet alleen ons begrip 

belemmerd over de wereldwijde cyclus van voedingsstoffen, maar 

ook hoe klimaatsveranderingen rondom Antarctica de toevoer van 

voedingsstoffen beïnvloeden. Dit beperkt ook ons vermogen om de 

veranderingen in de biogeochemie en kringloop van 

sporenelementen in de toekomst op een wereldwijde en lange 

termijn schaal nauwkeurig te voorspellen.  

In dit proefschrift worden de concentraties en isotopische 

samenstellingen van twee bio-essentiële sporenelementen, Fe en Zn, 

samen met Cd, bestudeerd in twee Antarctische kust zeeën - de 

Amundsenzee (AS) en de Weddellzee (WS). De AS wordt gekenmerkt 

door een forse intrusie van warm gemodificeerd Circumpolair Diep 

Water (mCDW) via gletsjertroggen in het continentale plat. Wanneer 

dit relatief warme water onder een ijskap of gletsjer komt, zoals de 

Dotson Ice Shelf (DIS), kan dit leiden tot afsmelten van de ijskap. De 

intrusie van mCDW leidt ook tot het smelten van zee-ijs, waardoor 

polynya's ontstaan (ijsvrije zee omringd door zee-ijs) die een 

productieve en langdurige fytoplanktonbloei in lente-zomer 

herbergen. De Amundsenzee Polynya (ASP) heeft de hoogste jaarlijkse 

netto primaire productie per oppervlakte-eenheid van alle 

Antarctische polynya's. De WS, een primaire regio voor de vorming 

van diepwatermassa’s, maakt deel uit van de door wind aangedreven 

Weddell Gyre, en de WS is hiermee een cruciaal onderdeel van de 

wereldwijde oceaancirculatie. Met name in de zuidelijke en westelijke 

delen van de WS vormt zich zout, koud water met hoge dichtheid door 

zee-ijsvorming in de winter, dat vervolgens langs de continentale 

helling afdaalt en uiteindelijk de WS verlaat via de Scotiazee, waarna 

het onderdeel wordt van AABW en de wereldomvattende 

oceaancirculatie. Zowel de AS als de WS zijn van invloed op, en staan 

onder invloed van de wereldwijde biogeochemische cycli van 

sporenelementen. 
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Door het gebrek aan gegevens over opgeloste en deeltjesvormige Zn 

en Cd in de AS, zijn de effecten van de mCDW-intrusie en het smelten 

van ijskappen op de kringloop van deze twee elementen en hun 

biogeochemie in de ASP onderbelicht. In hoofdstuk 2 rapporteer ik de 

eerste gecombineerde dataset van opgeloste en deeltjesvormige Zn 

en Cd in de AS en evalueer ik potentiële externe bronnen. Uit het 

onderzoek blijkt dat mCDW de primaire bron is van opgelost Zn (dZn) 

en Cd (dCd), met sedimenten van het continentale plat als een 

bescheiden bron. Het smelten van ijskappen, specifiek van de DIS, en 

het smelten van zee-ijs leveren geen significante bijdragen voor dZn 

en dCd. Daarnaast karakteriseer ik de deeltjes samenstelling van Zn en 

Cd met behulp van twee methoden: de operationeel gedefinieerde 

labiele en refractaire fractie, en de op elementaire samenstelling 

gebaseerde biogene en lithogene fractie. De bevindingen geven aan 

dat in productieve regio's zoals de ASP, de labiele fractie niet altijd 

overeenkomt met de biogene fractie in tegenstelling van wat vaak 

wordt aangenomen. Deze discrepantie wordt toegeschreven aan 

onnauwkeurigheden in het schatten van opnameratio’s, en 

variërende fytoplanktongemeenschappen. Tot slot suggereert deze 

studie dat lokale variaties in Fe-beschikbaarheid de opnameratio's van 

Cd en Zn kunnen beïnvloeden op beperkte ruimtelijke schalen in de 

ASP, waarbij verschillende fytoplanktongroepen (zoals haptophyten 

en diatomeeën) verschillende Zn-, Cd- en P-quota hebben. Deze 

inzichten in de mariene kringloop en opname door fytoplankton in de 

AS dragen bij aan een beter begrip van de biogeochemie van Zn en Cd 

tijdens een Antarctische fytoplankton bloei. 

Hoewel een handjevol studies van de opgeloste Fe-concentratie 

([dFe]) in de open Zuidelijke Oceaan heeft bijgedragen aan ons begrip 

van de biogeochemie en mariene kringloop van Fe, blijft de 

identificatie van externe bronnen van Fe, met name sedimentaire, en 

de biogeochemische processen die de Fe-kringloop in Antarctische 

kustzeeën beïnvloeden relatief onduidelijk. In hoofdstuk 3 gebruik ik 

een combinatie van [dFe] en isotopische samenstelling van Fe (δ56Fe) 
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om Fe-bronnen te identificeren en de biogeochemische processen in 

de regio beter te begrijpen, vooral rond de DIS en binnen de ASP 

fytoplanktonbloei. Ten eerste karakteriseer ik twee verschillende 

sedimentaire processen - reductieve oplossing (RD) en niet-reductieve 

oplossing (NRD). Samen met mCDW vormen RD en NRD de primaire 

Fe bronnen in de AS, en dus een belangrijke drijvende factor voor de 

fytoplanktonbloei in de ASP. Ten tweede onderzoek ik hoe het 

smelten van de DIS de Fe-kringloop beïnvloedt. Dit leidt tot de 

hypothese dat lithogeen colloïdaal Fe(III) uit smeltende ijskappen en 

uit het sediment in de waterfase in suspensie blijft, terwijl Fe2+ in het 

zuurstofrijke water neerslaat waarbij de resulterende deeltjes in het 

onderliggende sediment terechtkomen. Samen met mogelijke 

isotopische fractionering door binding van ijzer aan liganden, 

beïnvloeden deze factoren [dFe] en δ56Fe onder de ijskappen. Ten 

slotte observeer ik een verschil in isotopische fractionering binnen 

twee fytoplanktonbloei gemeenschappen, de ene gedomineerd door 

haptophyten en de andere door diatomeeën. Dit wijst op verschillen 

in opname mechanismen tussen verschillende soorten en suggereert 

dat biogeochemische processen zoals complexatie aan organische 

liganden, absorptie en remineralisatie cruciale rollen spelen in de zeer 

productieve ASP. Over het algemeen biedt hoofdstuk 3 een verdere 

verdieping van ons begrip van externe Fe-bronnen en 

biogeochemische processen in de AS. Het biedt inzicht in hoe 

veranderende omstandigheden in Antarctica de Fe-kringloop in de 

Zuidelijke Oceaan en daarbuiten kunnen beïnvloeden. 

Voortbouwend op de inzichten uit hoofdstuk 2, verdiep ik me in 

hoofdstuk 4 verder in de bronnen van dZn en dCd in de AS door ook 

de isotopische samenstelling van Zn (δ66Zn) en Cd (δ114Cd) te 

onderzoeken. Deze analyse sluit aan bij de bevindingen uit hoofdstuk 

2, waarbij gebruik werd gemaakt van opgeloste concentraties van Zn 

([dZn]) en Cd ([dCd]). Deze bevindingen bevestigen opnieuw dat de 

primaire bron van dZn en dCd in de AS mCDW is, met minimale 

bijdragen van sedimenten en het smeltwater van ijskappen. In de WS 
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onderzoek ik ook de veranderingen in [dZn], [dCd], δ66Zn en δ114Cd 

tijdens de vorming van diep bodemwater, met bijzondere aandacht 

voor de voorloper van Weddellzee Bodemwater (pre-WSBW), Warm 

Diep Water (WDW) en Weddellzee Diep Water (WSDW). De 

bevindingen geven aan dat fysieke menging van deze watermassa's de 

veranderende concentraties verklaart in het proces van WSBW-

vorming. Interessant is dat dit mengproces ondanks de grote 

veranderingen in concentraties, bijna geen verandering in δ66Zn en 

δ114Cd tot gevolg heeft, aangezien deze watermassa's vergelijkbare 

isotopische samenstellingen delen. Tot slot werpt het hoofdstuk licht 

op de variabiliteit in isotopische samenstellingen in de 

oppervlaktewateren van de AS en WS. Deze variabiliteit benadrukt de 

verschillen in oppervlakteprocessen die de kringloop van Zn en Cd in 

Antarctische wateren beïnvloeden, zoals adsorptie en complexatie 

aan organische liganden voor Zn, en biologische opname voor Cd. 

Naast Zn en Cd richt ik me in hoofdstuk 5 ook op Fe in de WS, met 

name op de potentiële bronnen en de processen die [dFe] en δ56Fe 

beïnvloeden tijdens de vorming van WSBW. Ik ontdek dat smeltwater 

van het Antarctisch Schiereiland en ijskappen voornamelijk lichte Fe 

isotopen bijdraagt aan het kustwater, voornamelijk door RD, wat tot 

90% van de aanvoer kan uitmaken. Dit leidt tot een isotopisch lichte 

signatuur in het kustwater en deze blijft aanvankelijk constant bij 

variërende [dFe]. Echter, als het kustwater met hoge dichtheid de 

continentale helling afstroomt, verschuift deze signatuur geleidelijk 

naar zwaardere waardes wat dus aangeeft dat er een bron is van 

zware Fe isotopen. Ik stel voor dat deze overgang in δ56Fe tijdens de 

transformatie van kustwater naar pre-WSBW voornamelijk wordt 

aangedreven door fysieke menging met WDW en WSDW. Dit 

impliceert dat de lichte Fe-signatuur van sedimenten en gletsjers 

waarschijnlijk verdund wordt in het noordwaarts stromende WSBW 

en AABW, waarmee de rol van fysieke menging in de Fe-kringloop in 

deze bodemwateren wordt benadrukt. Daarnaast observeer ik een 

consistent δ56Fe-minimum op intermediaire dieptes in de WS, wat 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 23PDF page: 23PDF page: 23PDF page: 23

                                      S A M E N V A T T I N G | 22 

 

  

wijst op langeafstandstransport van een isotopisch licht Fe-signaal. 

Eerdere hypotheses schreven dit toe aan ofwel remineralisatie 

danwel een sedimentair signaal, waarbij dit onderzoek het laatste 

ondersteunt. Mijn werk suggereert dat sedimentair Fe met een lichte 

signatuur vanuit de kustwateren van het Antarctisch Schiereiland over 

lange afstanden getransporteerd kan worden, wat de mogelijkheid 

biedt voor het traceren van de aanvoer van sedimentair Fe. Dit inzicht 

vergroot het potentieel van het gebruik van δ56Fe als tracer voor 

sedimentaanvoer naar de open oceaan. 

Samengevat presenteert dit proefschrift de eerste reeks 

observatiegegevens voor δ56Fe in zowel de AS als de WS, evenals de 

eerste gegevens voor δ66Zn en δ114Cd in de AS, plus een aanzienlijk 

verbeterde dekking in de WS. Deze inzichten zijn cruciaal voor het 

begrijpen van de externe bronnen die de verdeling van deze 

elementen in de Zuidelijke Oceaan bepalen. Bovendien gaat dit 

proefschrift dieper in op de isotopische systematiek van Fe, Zn en Cd 

in de oceaan. Het belicht de fractioneringseffecten veroorzaakt door 

biologische opname, adsorptie en ligandcomplexatie. Dit onderzoek 

verbetert niet alleen ons begrip van deze processen, maar biedt ook 

waardevolle perspectieven op het gebruik van isotopische 

samenstellingen als hulpmiddelen om biogeochemische processen te 

onderzoeken en beter te begrijpen. Ten slotte, gezien de beperkte 

beschikbaarheid van observationele sporenelementengegevens in de 

Zuidelijke Oceaan en de kustzeeën van Antarctica, kunnen de 

resultaten, conclusies en discussies die in dit proefschrift worden 

gepresenteerd, worden toegepast op bredere biogeochemische 

studies en kunnen ze bijdragen aan het verbeteren van modellen en 

hun voorspellingen voor de toekomst van Antarctica en onze planeet. 
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生物生長所必需的微量元素，例如鐵（Fe）和鋅（Zn），亦稱

為微量營養素，因為它們參與各種重要的生物生長代謝作用中，

因此對所有生命而言是不可或缺的。它們對海洋浮游植物－海洋

食物鏈的基底－的成長也扮演關鍵的角色。例如，Fe 參與如光

合作用、呼吸作用和營養鹽的攝取；Zn 存在於近三百種酶中，

包含用於二氧化碳水合作用的碳酸酐酶和參與有機磷攝取的鹼性

磷酸酶。此外，另一海洋微量元素，鎘（Cd），雖然並非生物

生長所需之營養鹽，但是當海水中 Zn 的濃度降低時，Cd 在部分

海洋矽藻中能夠取代 Zn 在碳酸酐酶的角色。因此，這些微量元

素在海洋中的可用性和海洋生態系統及地球氣候習習相關。海洋

中微量元素的可用性受到來源、化學物種型態以及生物地球化學

（簡稱生地化）作用如生物攝取、再礦化和清除作用的影響，進

而調節海洋表面的初級生產力。然而，在大部分浮游藻類生長的

海洋表層中，這些元素的溶解態濃度通常極低，使潔淨採樣和準

確分析成為極大的挑戰。 

在海洋中，存在一種極具特色的區域－高營養低葉綠素（HNLC）

區域－此區域具有充足的海洋營養素（例如，磷酸鹽、亞硝酸/

硝酸鹽、矽酸鹽），但由於缺乏 Fe 和光線，海水表層的初級生

產力受到抑制。假若 HNLC 內浮游植物對 Fe 和光線的需求能夠

受到補充，作為最大的 HNLC 區域，南大洋被認為具有吸收大量

大氣中的二氧化碳的潛力例如，在南極沿岸，大規模且持續性的

浮游植物藻華現象經常發生在春夏季節，進而增加海水對二氧化

碳的吸收。目前這個現象被歸因於 Fe 的輸入，來自於深層水的

湧升、大陸沉積物以及與海冰和冰川融冰。除了調控與大氣的二

氧化碳交換外，南大洋同時也對重新分配地球氣候系統中的熱量
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和淡水發揮著至關重要的作用。例如，在南極沿海地區，冬季大

量海冰生成及鹽水排斥產生高鹽度高密度的下沉海水，進而形成

南極底層水（AABW），該水體向北流動進入多個低緯度海洋盆

地，促進高緯度和低緯度海洋之間水團的交換。總體而言，鑑於

南大洋對地球氣候和大洋環流的重要性，有必要對於其海洋生地

化，尤其是在南極沿岸地區的微量元素循環以及它們對全球相關

作用的影響，進行深入探討。 

在過去二十年間，國際 GEOTRACES 計劃致力於探索海洋中微量

元素及其同位素的生地化循環和分布。透過結合微量元素濃度和

同位素組成，能幫助我們研究複雜的生地化過程以及鑒定不同的

微量金屬來源。然而，相較於太平洋、大西洋、印度洋和北冰洋，

目前於南大洋及南極沿岸所採集的微量元素數據相對稀少，這歸

因於採樣航次受限於南大洋惡劣的天氣條件和與南極沿岸大面積

海冰覆蓋，以及測定南大洋表層極低的微量元素濃度（例如 Fe）

所需相對較大海水體積的要求。數據的稀缺不僅阻礙了我們對海

洋營養鹽循環的理解以及南極沿岸變化（例如，冰融化）如何影

響營養物供應的探討，同時也限制了我們在預測未來全球和長期

尺度上微量元素的生地化和循環的變化的計算模擬能力（例如，

生地化模型）及準確性。 

在這篇論文中，研究了在兩個不同的南極沿岸地區 - 阿蒙森海和

威德爾海－其中兩種生物必需的微量元素（Fe 和 Zn）以及一非

分生必需微量元素（Cd），及其同位素組成。阿蒙森海受到水

溫相對高的變化環極深層水（mCDW）通過海底峽谷大量侵入

大陸棚，當其流動在冰架下（例如，道森冰架）時導致大量的冰

架融冰。mCDW 的湧升也加速了海冰融化，促進了冰間湖的形
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成（即被海冰包圍的開放區域），其在春夏季節孕育了生產力高

且持久的浮游植物（藻華現象）。過去研究發現， 阿蒙森冰間

湖（Amundsen Sea Polynya，簡稱 ASP）擁有在南極所有冰間

湖中每單位面積最高的年淨初級生產率。另一方面，威德爾海是

由風驅動的威德爾環流的一部分。位於威德爾海的南部和西部，

高鹽度高密度的海水藉由冬季海冰形成和鹽水排斥形成，隨後沿

著大陸棚坡下沉，最終通過斯科舍海離開威德爾海，形成南極底

層水（AABW）。作為此下沉深水團的主要形成區域，威德爾海

被視為全球海洋環流一個關鍵區域。綜合以上，阿蒙森海和威德

爾海都具有影響全球微量金屬生地化學循環的潛力。 

由於我們在阿蒙森海缺乏溶解態和顆粒態 Zn 和 Cd 的觀測數據，

目前對於 mCDW 的侵入和冰架融化對這兩種微量元素在 ASP 的

生地化循環尚未得到充分研究。在第二章中，我發表了首批結合

溶解態和顆粒態 Zn 和 Cd 在阿蒙森海中的數據，並評估潛在的

來源。結果顯示，湧升的 mCDW 是溶解態鋅（dZn）和鎘

（dCd）的主要來源；大陸棚沉積物僅貢獻微量的 dZn 和 dCd。

而來自道森冰架的融冰水和海冰融化對 dZn 和 dCd 的貢獻並不

顯著。此外，我比較文獻上用於評估顆粒組成的兩種常見方法，

並以此估算顆粒態鋅（pZn）和鎘（pCd）的相對貢獻。兩種方

法分別為以化學分析定義顆粒的 labile 相和 refractory 相，以及

基於元素組成的生物源（biogenic）相和岩石源（lithogenic）

相。研究發現，即便在 ASP 如此高生產力的區域，labile 相並不

總是等同於 biogenic 相。這種差異來自於用以估算 biogenic 相

的溶解金屬-磷酸鹽關係並不能代表真正的浮游植物攝取比例，

且無法反映浮游植物群落的變化。最後，這項研究表明，阿蒙森
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海中 Fe 的區域可用性變化會影響 ASP 內浮游植物對於 Zn 和 Cd

的攝取比率，以及不同的浮游植物組成（如纖毛藻和矽藻）具有

不同的 Zn、Cd 和磷配額。這些對阿蒙森海中 Zn 和 Cd 的海洋循

環和浮游植物攝取比率的發現有助於深入了解其在南大洋藻華中

的生地化反應與影響。 

自 1980 年代以來，海洋學家在南大洋中對溶解 Fe 濃度（[dFe]）

的測量已經促進我們對於 Fe 的海洋生地化循環已有一定程度的

了解，然而，我們目前對於 Fe 外部來源，特別是海洋與大陸棚

沉積物，以及影響南極水域 Fe 生地化循環及過程的了解仍相對

有限。在第三章中，我使用[dFe]和 Fe 同位素組成（δ56Fe）的

組合來研究在道森冰架周圍水域和 ASP 的 Fe 來源並深入探討該

地區藻華中的生地化反應。首先，我描述了兩種不同的沉積 Fe

輸出機制 － 還原性溶解（Reductive dissolution，簡稱 RD）

和非還原性溶解（Non-reductive dissolution ，簡稱 NRD）。

這兩種沉積 Fe 來源，加上湧升的 mCDW，是阿蒙森海中 Fe 的

主要輸入源，並為 ASP 中的浮游植物提供生長所需的 Fe。其次，

我調查道森冰架的快速融化如何影響鐵循環－提出調控[dFe]和

δ56Fe 於冰架系統底下的生地化作用，包含冰架融化和沉積物

NRD 中增強的岩石膠體三價鐵輸入、二價鐵的差異性移除與 Fe

結合的有機配位作用。最後，我在由纖毛藻和矽藻主導的兩個藻

華中觀察到明顯的 δ56Fe 分餾，這表明不同物種之間的攝取機制

和途徑的差異，並顯示有機配位作用、移除反應和再礦化作用這

樣的生地化過程在高生產力的 ASP 中扮演著關鍵角色。總體而

言，第三章為我們進一步了解阿蒙森海中外部 Fe 源和生地化過
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程提供了基礎，並為南極的環境變化可能如何影響南大洋及高緯

度地區的 Fe 循環提供了一個基線。 

在第二章的洞察基礎上，在第四章中，我利用分析 Zn 和 Cd 的

同位素組成（δ66Zn 和 δ114Cd）深入探討了阿蒙森海中 dZn 和

dCd 的來源。這項分析與第二章使用溶解態Zn 和Cd 濃度（[dZn]

和[dCd]）的發現一致。它再次證實阿蒙森海中 dZn 和 dCd 的主

要來源為湧升的 mCDW，大陸棚沉積物和冰架融冰的貢獻極小。

除此之外，在威德爾海，我還探討了高鹽度高密度的下沉水團形

成過程中[dZn]、[dCd]、δ66Zn 和 δ114Cd 的變化，其中包含了威

德爾底層水的前身（pre-WSBW）、溫暖深層水（WDW）和威

德爾深層水（WSDW）。結果表明，這些水團的物理混合是影

響[dZn]和[dCd]在威德爾底層水（WSBW）形成過程中的關鍵

因素。有趣的是，因為這些水團具有相似的同位素組成，這種混

合過程幾乎不會改變 δ66Zn 和 δ114Cd。最後，該章節揭示了阿蒙

森海和在威德爾海表層水中同位素特徵的變化，這種變化強調了

影響南極水域中 Zn 和 Cd 循環的作用的差異，如 Zn 的吸附和配

位體複合作用，以及 Cd 的生物吸收作用。 

除了 Zn 和 Cd 之外，在第五章中，我專注於研究威德爾海中的

Fe 的潛在來源和在 WSBW 形成過程中影響[dFe]和 δ56Fe 的作

用。我發現來自南極半島的融冰水和大陸棚沉積物通過 RD 貢獻

了低 δ56Fe 特徵的 Fe 到大陸棚上的水層中，佔整體 Fe 輸入的

90%。即便[dFe] 在此水層中從南極半島至大陸棚坡呈現降低趨

勢，δ56Fe 並無顯著改變，顯示這種輕同位素特徵在離開大陸棚

沉積物後能夠受到保存。然而，隨著高密度高鹽度的下沉海水沿

大陸棚坡向下移動，輕同位素逐漸轉變為較重的特徵。為此，我
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發現這樣的 δ56Fe 變化主要受於下沉海水與 WDW 及 WSDW 的

物理混合驅動。這意味著沉積物和冰川輸出的輕同位素 Fe 可能

在向北輸出的 WSBW 和 AABW 中被稀釋，強調了物理混合對於

這些底層水中的 Fe 循環所扮演的角色。此外，我在威德爾海次

表層觀察到一致的低 δ56Fe 訊號－過去文獻將此現象歸因於次表

層的再礦化作用或沉積物輕輸入，而這項研究支持後者。它表明，

來自南極半島大陸棚沉積物輸入的輕同位素 Fe 可以被保存並透

過長距離傳輸，增強了使用 δ56Fe 作為開放海洋中沉積物供應追

踪器的潛力。 

總體而言，這篇論文發表了的首批於阿蒙森海 δ56Fe、δ66Zn 和

δ114Cd 觀測數據、首批於威德爾海的 δ56Fe 觀測數據、以及對於

威德爾海的 δ66Zn 和 δ114Cd 數據的深化。這些研究結果對於理

解微量元素在南極海分布的來源至關重要。此外，本論文深入探

討了這些微量元素在海洋中的同位素系統，闡明了由各種生地化

作用（如生物攝取、吸附和配位體複合作用）引起的分餾效應。

這項調查不僅增強了我們對這些作用的理解，還提供了使用同位

素組成作為研究生地化學過程的知識。最後，鑑於目前於南大洋

和南極沿岸有限的微量元素觀測數據，本論文中呈現的結果和討

論可應用於更廣泛的生地化相關研究，如增強生地化模型的使用

和預測。 

 

 

 

 

 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 31PDF page: 31PDF page: 31PDF page: 31

                                               中 文 摘 要 | 30 

 

 

 

 

 

 

 

 

 

 

 

 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 32PDF page: 32PDF page: 32PDF page: 32

31 | C H A P T E R  1                                              

 

CHAPTER 1 
 

INTRODUCTION  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 33PDF page: 33PDF page: 33PDF page: 33

                                            C H A P T E R  1 | 32      

 

1 

1.1 Bioactive trace metals in the ocean: iron, zinc, and 
cadmium 

Biological importance 

The ocean plays a vital role in regulating the global carbon cycle and 
global climate (Falkowski et al., 1998). The global ocean has been 
estimated to have absorbed around one-quarter of anthropogenic 
carbon dioxide (CO2) emissions (Raven and Falkowski, 1999), in part 
due to the growth of marine phytoplankton. As the basis of the marine 
food web, marine phytoplankton control the energy cycle within 
marine ecosystems by performing photosynthesis to convert CO2 and 
water into organic compounds and oxygen in the euphotic zone , and 
are responsible for about half the photosynthetic fixation of CO2 on 
Earth (Field et al., 1998). Besides carbon, marine phytoplankton 
growth also requires macronutrients such as nitrate (NO3

-), phosphate 
(PO4

3-), and silicate (Si(OH)4) (Redfield, 1934) with typical 
concentrations in the nmol L-1 to µmol L-1 range in the ocean, as well 
as micronutrients (e.g., trace metals) such as iron (Fe), zinc (Zn), 
copper (Cu), manganese (Mn), nickel (Ni), and cobalt (Co) that occur 
at much lower concentrations (fmol L-1 to nmol L-1) in the ocean 
(Bruland et al., 2014; Morel et al., 2020).  

Despite the general scarcity of such trace metals in seawater, they are 
in fact as crucial as macronutrients to phytoplankton growth due to 
the various functions in different metabolic processes (Twining and 
Baines, 2013). For example, as the most abundant trace metal in 
phytoplankton, Fe, is central to electron transport in multiple critical 
physiological processes such as photosynthesis (de Baar and La Roche, 
2003; Tortell et al., 1996), respiration (Maranger et al., 1998), nutrient 
uptake via, for example, nitrogen fixation (Moore et al., 2001; Morel 
and Price, 2003) and nitrate reduction (Falkowski, 1997; Maldonado 
and Price, 1996). Another bio-essential trace metal, Zn, functions in 
nearly 300 enzymes (Vallee and Auld, 1990). The most important 
enzymes that require Zn are carbonic anhydrase (CA) (Lane and Morel, 
2000; Morel et al., 2002) and alkaline phosphatase (AP) (Coleman, 
1992; Plocke et al., 1962), which are responsible for hydration and 
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dehydration of CO2 and uptake of organic phosphorus, respectively 
(Morel et al., 1994). Zn is also found in RNA polymerase that itself 
facilitates the interactions of subunits of enzymes and is involved in 
DNA duplication (Coleman, 1998). Compared to Fe and Zn, Cd is not a 
bio-essential trace metal. Nevertheless, Cd has been found to be able 
to substitute for Zn when Zn becomes less available in seawater 
(Sunda and Huntsman, 1995; Yee and Morel, 1996). This CA-Cd 
functionality has been ubiquitously observed in marine algae species 
(Kellogg et al., 2020; Morel and Price, 2003; Morel et al., 2020; Park et 
al., 2007; Saito et al., 2008; Sunda and Huntsman, 1995, 1998a, 2000, 
2005; Xu and Morel, 2013), highting the potential biological role of Cd. 

Overall, given the biological importance of these three trace metals to 
marine organisms coupled to their low abundances in seawater, their 
marine cycling and biogeochemistry have significant impacts on global 
climate and marine ecosystems (Moore et al., 2013; Moore et al., 
2001). The effect of trace metals on carbon cycling and climate may 
be observed especially in regions where Fe availability is limited, such 
as the High-Nutrient Low-Chlorophyll (HNLC) Southern Ocean (Boyd 
et al., 2007; de Baar et al., 1990; de Baar et al., 1995; Martin et al., 
1990) and the equatorial Pacific Ocean (Behrenfeld et al., 1996; Coale 
et al., 1996; Tagliabue et al., 2020), as well as where Zn availability is 
limited, such as the oligotrophic Tasman Sea (Hassler et al., 2012) and 
Sargasso Sea (Jakuba et al., 2008). 

Oceanic distributions 

For the past two decades, the international GEOTRACES program has 
been dedicated to exploring the biogeochemical cycles and oceanic 
distributions of trace metals and their isotopes throughout the oceans 
(e.g., Conway and John, 2014a, b, 2015; Conway et al., 2016; 
Fitzsimmons et al., 2013; John and Adkins, 2010; John and Conway, 
2014; John et al., 2018; Radic et al., 2011; Schlitzer et al., 2018; Sieber 
et al., 2020, 2021; Sieber et al., 2023b; Wyatt et al., 2014). 
Distributions of trace metals are controlled by a combination of 
changes in their chemical speciation (e.g., redox reactions and 
complexation with organic compounds), biogeochemical processes 
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that transfer metals between the dissolved and particulate phases 
(e.g., biological uptake, remineralization, and scavenging/adsorption 
onto particles), input from external sources and/or removal into 
oceanic ‘sinks’ such as marine sediments (review by Bruland et al., 
2014).  

For Zn and Cd, although external sources (aerosol, rivers, marginal 
sediments) can be seen to affect their regional distributions, the 
global distributions of both elements follow nutrient-type 
distributions. Surface concentrations are depleted and as low as ~10 
pmol L-1 and ~10 fmol L-1, respectively, owing to biological uptake in 
surface waters, whereas in the underlying water column 
concentrations increase with depth to a maximum of ~10 nmol L-1 and 
~1 nmol L-1, respectively, due to remineralization of sinking biological 
particles (Bruland et al., 2014), and advection of water masses with 
different pre-formed nutrient concentrations (Middag et al., 2019; 
Middag et al., 2018; Vance et al., 2017). In general, the distributions 
of dissolved Zn ([dZn]) and Cd ([dCd]) are strongly correlated with 
Si(OH)4 and PO4

3-, respectively, with deeper remineralization for 
dissolved Zn and Si(OH)4 than dissolved Cd and PO4

3- (Boyle et al., 
1976; Bruland, 1980; Bruland et al., 2014; Conway and John, 2014b; 
Middag et al., 2019; Middag et al., 2018; Sieber et al., 2020; Sieber et 
al., 2019b; Vance et al., 2019; Wyatt et al., 2014).  

Initially, the coupling between Zn and Si was believed to result from 
the simultaneous uptake and regeneration of Zn and Si in the siliceous 
frustule of diatoms, or an association of Zn with a refractory organic 
phase, leading to the simultaneous release of Si and Zn at greater 
depth relative to other macronutrients and Cd, which behaves like 
phosphate (e.g., Lohan et al., 2002). However, studies have shown 
that the majority of assimilated Zn is associated with organic tissues, 
implying that the distribution of Zn should be coupled with NO3

- and 
PO4

3- rather than Si(OH)4 (Ellwood and Hunter, 2000; Twining and 
Baines, 2013; Twining et al., 2004; Twining et al., 2003). Vance et al. 
(2017) showed the global Zn-Si coupling is mainly controlled by the 
deep convection and export of Zn-rich diatom cells to the deep 
Southern Ocean in the Antarctic, coupled with northward advection 
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of low Zn and Si(OH)4 water to the low-latitude ocean, following the 
systematics previously described for silicate by Sarmiento et al. 
(2004). On top of this, it has been suggested that reversible scavenging 
of Zn is necessary to reproduce the whole ocean Zn distribution and 
Zn:Si ratios, notably in the Pacific (John and Conway, 2014; Sieber et 
al., 2023b; Weber et al., 2018). 

For Cd, although the cellular utility and reason for uptake remains 
unresolved, the general coupled distribution of Cd with PO4

3- results 
from uptake into by phytoplankton in surface waters and subsequent 
remineralization at depth (Boyle et al., 1976; Bruland, 1980). Despite 
the generally strong correlations of Zn-Si(OH)4 and Cd-PO4 in the 
global ocean, changes in the steepness of the slopes (so-called ‘kinks’) 
are observed among different water masses (e.g., Boyle, 1988; Cullen, 
2006; de Baar et al., 1994; Middag et al., 2019; Middag et al., 2018). 
Such kinks are primarily driven by the advection and mixing of 
different water masses with various ‘preformed’ Zn-Si(OH)4 and Cd-
PO4 ratios generated by variable uptake of Cd to P in high-latitude 
(often Fe limited regions), and then transport of these water masses 
through the global ocean to the low-latitude intermediate depths 
(e.g., Abouchami et al., 2014; Baars et al., 2014; de Souza et al., 2018; 
Middag et al., 2019; Middag et al., 2018; Sieber et al., 2019a; Vance et 
al., 2017; Xie et al., 2015). As such, it is both the one-dimensional cycle 
of uptake and regeneration and the three-dimensional movement of 
water masses that come together to create the global distributions of 
the nutrient-type trace metals. 

For Fe, a hybrid-type distribution is shaped by a combination of  
internal cycling, speciation, complexation with organic ligands, 
removal, and external sources (Tagliabue et al., 2017). In the surface 
ocean, although complexation with prevalent organic ligands assists 
in preserving Fe in the dissolved pool (e.g., Liu and Millero, 2002), the 
dissolved Fe concentration ([dFe]) is generally low (as low as 10 pmol 
L-1) due to biological assimilation, oxidation of Fe2+ to Fe3+ and 
subsequent precipitation as Fe(oxy)hydroxides, and adsorption onto 
particles (de Baar and de Jong, 2001; Gledhill and van den Berg, 1994; 
Johnson et al., 2007; Millero et al., 1995). Biogenic particles exported 
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from the euphotic zone remineralize, which leads to increasing [dFe] 
with depths (up to ~1 nmol L-1). As such, this aspect for Fe’s 
distribution is similar to a nutrient-type distribution (Bruland et al., 
2014) and often observed in remote open oceans where dust 
deposition and terrestrial input are limited (e.g., the Southern Ocean) 
(Ellwood et al., 2020; Klunder et al., 2011; Sohrin et al., 2000; 
Tagliabue et al., 2012). However, concentrations generally do not 
increase above 1 nmol L-1 in the open ocean due to solubility 
constraints, in contrast to nutrient type elements for which 
concentrations increase in deep water masses as they flow through 
the ocean. Additionally, Fe can also exhibit a scavenged-type 
distribution with decreasing [dFe] from the surface towards the deep 
due to adsorption in areas where high dust input into surface waters 
is present (Bruland et al., 2014; Tagliabue et al., 2017), such as the 
central North Pacific (Bruland et al., 1994) and the Northeast Atlantic 
Ocean (Sarthou et al., 2007). On top of these processes, the 
GEOTRACES program has convincingly shown that deep external 
sources such as continental shelves, deep-sea sediments, and 
hydrothermal venting can dominate the deep distribution of Fe 
(Bruland et al., 2014; Conway and John, 2014a; Fitzsimmons et al., 
2017; Homoky et al., 2012; Tagliabue et al., 2010), resulting in large 
location-dependent variability of [dFe] in the deep ocean (Schlitzer et 
al., 2018). It is worth noting that the vertical distributions mentioned 
above only consider two-dimensional changes (e.g., external input 
and removal), however, the ocean is essentially a three-dimensional 
body. Over the years, data collected for the GEOTRACES program has 
increasingly emphasised the importance of ocean circulation and 
water masses with different metal concentration on the global 
distributions of these metals (Schlitzer et al., 2018).  
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1.2 The marine stable isotopic system of iron, zinc, 
and cadmium 

Delta notation 

In the past 15 years, dissolved stable isotopic ratios of trace metals in 
the ocean have been increasingly investigated, although studies are 
still less numerous than investigations of dissolved concentrations 
(Schlitzer et al., 2018). The utilization of stable isotope ratios is based 
on isotopic fractionation effects – the partitioning of isotopes due to 
mass differences – induced by various chemical and physical 
processes (Conway et al., 2021; Dauphas et al., 2017; Horner et al., 
2021). As such, variation in isotopic ratios between reactants and 
products and/or between phases (e.g., dissolved and particulate 
pools) provides additional information on trace metal sources and 
cycling. Of the isotopic systems studied in this thesis, Fe, Zn, and Cd, 
Fe has four stable isotopes (% abundance), 54Fe (5.8%), 56Fe (91.8%), 
57Fe (2.1%), and 58Fe (0.3%); Zn five stable isotopes, 64Zn (49.2%), 66Zn 
(27.8%), 67Zn (4.0%), 68Zn (18.4%), and 70Zn (0.6%); Cd has eight stable 
isotopes, 106Cd (1.25%), 108Cd (0.89%), 110Cd (12.5%), 111Cd (12.8%), 
112Cd (24.1%), 113Cd (12.2%), 114Cd (28.7%), and 116Cd (7.49%). Stable 
isotope ratios of these metals are typically expressed in delta notation 
as of the measured ratios of samples relative to that of a reference 
material, or certified standard, in per mil (‰): 

 

δM (‰) = [
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 − 1]  × 1000 

 

Here, δ𝑀 denotes the isotopic composition for Fe (δ56Fe), Zn (δ66Zn), 
and Cd (δ114Cd), whereas 𝑅  denotes the isotopic ratio (56Fe/54Fe, 
66Zn/64Zn, 114Cd/110Cd. The commonly used certified standards for 
δ56Fe, δ66Zn, and δ114Cd are IRMM-014, JMC-Lyon, and NIST-3108, 
respectively. It is worth noting that different studies have chosen 
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different notation and isotope pairs but these three are the ones used 
most commonly, and by GEOTRACES data products. 

Applications of trace metal isotopic ratios 

Differences in isotopic ratio can arise due to a range of kinetic and 
equilibrium isotope effects (e.g., Dauphas et al., 2017). This makes 
stable isotopic ratios a promising tool to not only investigate 
biogeochemical processes that control the marine cycling and 
distribution of trace metals, but also to identify and constrain external 
sources (e.g., Bermin et al., 2006; Conway and John, 2014b; Conway 
et al., 2021; Ellwood et al., 2015; Fitzsimmons and Conway, 2023; 
Horner et al., 2021; John and Conway, 2014; Lacan et al., 2006; Radic 
et al., 2011; Ripperger et al., 2007; Sieber et al., 2021; Sieber et al., 
2019b; Vance et al., 2017).  

Applications of δ56Fe in oceans 

For Fe, one of the main applications of δ56Fe is to identify external 
marine sources since different sources may exhibit distinct isotopic 
signatures that could serve as “fingerprints” (recently reviewed in 
detail by Fitzsimmons and Conway (2023)). Atmospheric dust is 
characterized by a δ56Fe value of +0.1‰ (Beard et al., 2003; Conway 
et al., 2019), whereas anthropogenic combustion and biomass-
burning aerosols range from –4 to +0.3‰ (Conway et al., 2019; Kurisu 
et al., 2016a; Kurisu et al., 2021; Kurisu et al., 2016b). Within 
sediments, reductive dissolution (RD) facilitated by bacterial 
respiration and other microbially mediated redox reactions results in 
an isotopically light signature in porewater (as low as –1‰), with 
subsequent oxidation and release leading to sedimentary Fe fluxes 
characterized by δ56Fe ranging from –3.5 to –1‰ (Homoky et al., 
2013; Homoky et al., 2009; Homoky et al., 2021; Johnson et al., 2020; 
Severmann et al., 2006; Severmann et al., 2010). In contrast, non-
reductive pathways (NRD, e.g., desorption), notably via sediment 
resuspension, are found to have δ56Fe (+0.1‰) almost identical to 
lithogenic δ56Fe (i.e., upper crust) (e.g., Conway and John, 2014a; 
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Homoky et al., 2013; Homoky et al., 2021; Radic et al., 2011). 
Hydrothermal venting, a critical Fe source in the deep ocean, exhibits 
a wide range of δ56Fe. For example, vent fluids are relatively well 
constrained (–0.7 to –0.1‰, Beard et al., 2003; Bennett et al., 2009; 
Nasemann et al., 2018; Rouxel et al., 2003; Rouxel et al., 2016; 
Severmann et al., 2004), whereas the dispersal plumes and distal 
signals away from the vent source range from –4 to +0.5‰ due to 
chemical reactions upon mixing with ocean waters (Ellwood et al., 
2015; Fitzsimmons et al., 2017; Lough et al., 2017; Wang et al., 2021). 
Analogously, rivers exhibit large variability in δ56Fe highly dependent 
on chemical conditions such as colloidal concentration, pH, and 
mineral compositions between river characteristics and locations (–
1.3 to +1.8‰, Bergquist and Boyle, 2006; Dauphas et al., 2017; 
Escoube et al., 2009; Escoube et al., 2015; Mulholland et al., 2015). 
Compared to these sources, the cryosphere (e.g., sea 
ice/iceberg/glacial melting) is perhaps the least constrained source (–
2.1 to +0.9‰, Fitzsimmons and Conway, 2023), which largely depends 
on glacial bed weathering and reductive processes within sediments, 
as well as interactions with underlying waters (Henkel et al., 2018; 
Mikucki et al., 2004; Sieber et al., 2021; Stevenson et al., 2017; Tian et 
al., 2023a; Zhang et al., 2021).  

Possible retention of source signatures with transport of Fe across 
large distances has led to δ56Fe being used to study Fe sources in 
GEOTRACES studies in the Atlantic, Pacific, Southern and Arctic oceans 
(e.g., Abadie et al., 2017; Conway and John, 2015; Radic et al., 2011; 
Sieber et al., 2021; Zhang et al., 2021). Taking advantage of the 
constraints of external sources, Conway and John (2014a) also 
quantified the relative contributions from each source to an oceanic 
sample using two-component isotope mixing models in the North 
Atlantic Ocean.  

In addition to identification and quantification of external sources, 
δ56Fe has also been applied to investigate a suit of biogeochemical 
processes, including biological uptake (e.g., Ellwood et al., 2020; 
Ellwood et al., 2015), organic ligand complexation (e.g., Dideriksen et 
al., 2008; Ilina et al., 2013; Morgan et al., 2010), adsorption (e.g., 
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Johnson et al., 2008; Mulholland et al., 2015), scavenging (e.g., Radic 
et al., 2011), remineralization (e.g., Abadie et al., 2017; Klar et al., 
2018), and redox reactions of Fe species (e.g., Beard and Johnson, 
2004; Ellwood et al., 2015). Such processes are not easily disentangled 
based solely on dissolved Fe concentrations, and although it is also 
complicated to use δ56Fe in this way, it may provide more insights. For 
example, Ellwood et al. (2015) revealed how biogeochemical 
processes shift from photochemical (and biological) reduction at the 
onset of a phytoplankton bloom to biological uptake at the peak of 
the bloom, based on δ56Fe in the dissolved and particulate pool during 
the development of a subtropical phytoplankton bloom. Abadie et al. 
(2017) suggested the importance of non-reductive release of Fe from 
lithogenic particles, along with remineralization in the deep ocean. 
More recently, Sieber et al. (2021) used dissolved δ56Fe to unravel the 
processes (e.g., biological uptake, recycling, and ligand binding) that 
dominated Fe cycling in surface waters across all major zones of the 
Southern Ocean.  

Overall, the ongoing investigations on the constrains of isotopic 
signatures for different external sources and isotopic fractionation 
effects induced by different biogeochemical processes have improved 
our understanding of marine Fe cycling (Fitzsimmons and Conway, 
2023). Recently global ocean biogeochemical computational models 
also highlighted the importance of both constrains of external sources 
and fractionation effects by distinct processes (e.g., remineralization 
and abiotic removal) on understanding the global Fe cycling and δ56Fe 
systematics (König et al., 2021).  

Application of δ66Zn in oceans 

For Zn, although knowledge of δ66Zn signatures of external sources is 
perhaps not yet as extensive as for δ56Fe, we have gained primary 
constraints on sources including rivers (+0.21 to +0.58‰, Little et al., 
2014), aeolian dust (+0.08 to +0.54‰, Dong et al., 2013; Little et al., 
2014; Maréchal et al., 2000), anthropogenic aerosol (+0.01 to 
+0.30‰, Liao et al., 2020; Rosca et al., 2019), hydrothermal fluids (–
0.50 to +1.04‰, Conway and John, 2015; John et al., 2018; John et al., 
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2008; Lemaitre et al., 2020), lithogenic (crustal) materials (+0.20 to 
+0.34‰, Dong et al., 2013; Little et al., 2014; Maréchal et al., 2000) 
and marginal sediments (–0.8 to +0.35‰, Conway and John, 2014b; 
Liao et al., 2020; Little et al., 2016). These external sources are 
characterized by relatively light isotopic signatures (mostly lower than 
+0.58‰) compared to known sinks of Zn (e.g., Fe-Mn sediments, 
biogenic carbonate, and opal, ranged from +0.53 to +1.47‰, 
Andersen et al., 2011; Little et al., 2014; Maréchal et al., 2000; Pichat 
et al., 2003). Such imbalance for δ66Zn between sources and sinks 
implies an unknown light Zn sink, given that the global deep water 
exhibits homogeneous δ66Zn values (+0.44±0.08‰, Bermin et al., 
2006; Conway and John, 2014b; Lemaitre et al., 2020; Sieber et al., 
2020; Sieber et al., 2023a; Takano et al., 2017). This unknown sink was 
later found to result from the cellular uptake of light Zn in surface 
waters and subsequent export to the deep ocean with  preservation 
of this light signal due to authigenic mineral precipitation (e.g., Zn 
sulfides) within sediments (Little et al., 2016). This finding filled a gap 
in our understanding of the global marine Zn mass balance.  

Another application of δ66Zn is to investigate biogeochemical 
processes in the surface ocean. From culturing experiments, biological 
uptake is thought to preferentially take isotopically light Zn (John and 
Conway, 2014; John et al., 2007; Köbberich and Vance, 2017; Samanta 
et al., 2018). However, δ66Zn in the surface water of the global ocean 
displays a large range in δ66Zn values (~–0.20 to ~+0.70‰), within 
which the surface Southern Ocean exhibits similar δ66Zn to deep water 
values (Sieber et al., 2020; Wang et al., 2019; Zhao et al., 2014), while 
low-latitude waters show much more variability (Conway and John, 
2014b, 2015; John et al., 2018; Lemaitre et al., 2020; Liao et al., 2020; 
Vance et al., 2019). On the face of it, such patterns in surface δ66Zn 
appear inconsistent with culturing experiment results. Several 
hypotheses have been put forward to explain this wide range in δ66Zn 
in surface waters. For example, the culturing result (e.g., uptake of 
isotopically light Zn in culturing media) may be obscured by 
complexation with the used organic chelators (e.g., EDTA) in such 
experiments (Köbberich and Vance, 2019). This finding emphasizes 
the role of ligand complexation in Zn cycling and isotopic signatures in 
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the surface ocean and suggests that biological uptake may have a 
relatively small fractionation. Additionally, adsorption of isotopically 
heavy Zn is also found to play an essential role in setting surface δ66Zn 
systematics (John and Conway, 2014; Sieber et al., 2023b; Weber et 
al., 2018). Furthermore, shallow remineralization and/or scavenging 
has been invoked to explain shallow surface and subsurface 
excursions to low δ66Zn (Bermin et al., 2006; Ellwood et al., 2020; 
Sieber et al., 2020; Vance et al., 2019; Wang et al., 2019; Zhao et al., 
2014). Taken together, the various processes that can drive the cycling 
of Zn as well as their importance have now been revealed via a 
combination of observations of [dZn] and δ66Zn (Horner et al., 2021; 
Sieber et al., 2023b), making the use of combined concentrations and 
isotopic ratios a powerful tool. 

Applications of δ114Cd in oceans 

For Cd, constraints on δ114Cd in primary external sources have been 
investigated for lithogenic (crustal) materials (~–0.01‰, Rehkämper 
et al., 2012; Schmitt et al., 2009), hydrothermal vents (+0.05‰, 
Schmitt et al., 2009), rivers (–0.35 to +0.02‰, Gao et al., 2013; 
Lambelet et al., 2013;), and anthropogenic aerosols such as ash from 
metal (Pb-Zn) smelting (–0.70 to –0.10‰, Cloquet et al., 2006; Shiel et 
al., 2010) and ore minerals (Martinková et al., 2016; Wombacher et 
al., 2003). Constraints on δ114Cd in anthropogenic aerosols might be 
especially useful for tracing anthropogenic influences in the ocean, 
where such influence is significant (Rehkämper et al., 2012). For 
example, anthropogenic input has been observed and invoked to 
explain the surface δ114Cd systematic in some regions, such as the 
South China Sea (Yang et al., 2015) and the North Pacific Ocean (Sieber 
et al., 2023b). 

Akin to δ56Fe and δ66Zn, δ114Cd has also been utilized to investigate 
marine biogeochemical processes such as biological uptake. Although 
the actual reasons behind Cd uptake are not well understood, a strong 
influence of biological activity on δ114Cd distributions underscores the 
biological uptake of Cd like a nutrient. Generally, in the surface ocean, 
δ114Cd is primarily influenced by a biological preference for light Cd, 
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as observed both in culturing experiments and field observations, 
leading to isotopic signatures as high as ~+0.6 to +5‰ in seawater 
(e.g., Abouchami et al., 2011; Conway and John, 2015; John and 
Conway, 2014; John et al., 2018; Lacan et al., 2006; Ripperger et al., 
2007). To explain the reasons behind Cd uptake, Horner et al. (2013) 
proposed a “non-specific uptake” of accidental Cd into cell 
membranes while turning on transporters for the uptake of Fe and Zn, 
regardless of the species and their ability to use Cd, based on 
subcellular Cd isotope analysis in heterotrophic bacteria Escherichia 
coli. Further, Abouchami et al. (2011) suggested that the 
phytoplankton community structure may affect the magnitude of 
fractionation, implying that different species have diverse Cd uptake 
mechanisms. On the other hand, some regions have been observed to 
exhibit “muted” surface δ114Cd systematics where no apparent 
isotopically heavy Cd is observed in surface waters (Gault-Ringold et 
al., 2012; George et al., 2019; Janssen et al., 2017; Sieber et al., 2019a; 
Sieber et al., 2023b; Xie et al., 2017), explained by other processes 
such as ligand complexation, remineralization, and external inputs to 
the surface ocean. (Guinoiseau et al., 2018; Ratié et al., 2021; Sieber 
et al., 2019b; Xie et al., 2017; Xue et al., 2013). Combined with such 
insights into surface sources and processes derived from δ114Cd 
measurements, the physical mixing and transport of Cd in different 
water masses can be further investigated using δ114Cd. For example, 
upwelled Cd-rich deep water in the surface Southern Ocean leads to 
biological uptake of Cd with a preference for isotopically light Cd, 
leaving behind surface water masses characterized by ‘preformed’ 
isotopically heavy signatures. Such preformed heavy signatures are 
then subsequently imprinted into northward moving water masses 
Antarctic Intermediate Water (+0.45‰) and Subantarctic Mode 
Water (+0.65‰, Abouchami et al., 2014; Sieber et al., 2019a; Xue et 
al., 2013) that carry preformed Southern Ocean Cd:P and δ114Cd into 
the Atlantic and Pacific Oceans (e.g., Abouchami et al., 2014; Conway 
and John, 2015; Sieber et al., 2019b; Xue et al., 2013). These 
observations provide additional evidence that Southern Ocean 
processes (e.g., surface biological uptake and mixing of different 
water masses) have significant impacts on the global distribution of 
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Cd and its isotopes (Middag et al., 2018; Sieber et al., 2019a; Vance et 
al., 2017). By contrast, the Southern Ocean appears to have little 
corresponding influence on global δ66Zn distributions, showing that Zn 
is both more complex with multiple fractionation inducing processes, 
rather than fractionation mainly by biological activity (Sieber et al., 
2020). 

1.3 The Southern Ocean and coastal Antarctic 
regions: the Weddell and Amundsen Seas 

The Southern Ocean is the fourth largest ocean on earth, constituting 
about 20% of the global ocean's surface area, situated between the 
Antarctic continent and the Polar Front (PF). It plays a vital role in the 
redistribution of heat and freshwater in the global climate system 
(Lumpkin and Speer, 2007; Marshall and Speer, 2012; Watson et al., 
2014) and also in the exchange of CO2 between the atmosphere and 
ocean (Boutin et al., 2008; Ito et al., 2010; Le Quéré et al., 2009; Sabine 
et al., 2004; Sallée et al., 2012).  

One of the most critical circulation features of the Southern Ocean is 
the Antarctic Circumpolar Current (ACC), the largest wind-driven 
ocean current in the world, that circulates south of the Subantarctic 
Front (SAF) around Antarctica without encountering barriers (e.g., 
Belkin and Gordon, 1996; Deacon, 1959; Pollard et al., 2002). Since the 
ACC connects all the major oceans, including the Atlantic, Indian, and 
Pacific Oceans, the Southern Ocean acts as a global hub for the 
exchange of water masses from different basins, and, as such, 
influences global oceanic elemental distributions. Specifically, 
upwelling of the upper part of Circumpolar Deep Water (CDW) to the 
surface oceans occurs and this upwelled water advects both north and 
southwards. The northward advecting water crosses the Antarctic 
Polar Front (APF) and subsequently subducts to intermediate depths  
south of the SAF to form Antarctic Intermediate Water (AAIW, ~500 
to 1000 m) and Subantarctic Mode Water (SAMW, overlying AAIW) 
north of the SAF, facilitating the transport of Southern Ocean surface 
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water northward to low latitude regions (review by Pollard et al., 
2002).  

In addition to northward transport in the surface and subsurface, the 
southward advecting portion of the upwelled CDW contributes to the 
formation of Antarctic Bottom Water (AABW) around coastal 
Antarctica flowing northward along the seafloor (> 4000 m), further 
transporting polar-derived waters into the low latitudes of the major 
basins. As one of the major sites of AABW formation, the Weddell Sea 
(WS) is estimated to supply ~50% of global AABW (Beckmann et al., 
1999). Here, extensive sea ice production and brine rejection during 
winter form highly saline and dense water in the southern and 
western WS (e.g., Filchner‐Ronne Ice Shelf); this dense water then 
mixes with Warm Deep Water (WDW) and Weddell Sea Deep Water 
(WSDW) as it descends along the continental shelf slope, eventually 
forming Weddell Sea Bottom Water (WSBW) (Nicholls et al., 2009; 
Orsi et al., 2002). Ultimately, part of WSBW and WSDW continue 
flowing northward and overflow into the Scotia Sea (e.g., Wilchinsky 
and Feltham, 2009), entering the Atlantic sector of the Southern 
Ocean as part of AABW. Another key feature in the WS is the wind-
driven cyclonic Weddell Gyre (WG) around 50°S, between ~60°W and 
~20ºE (Deacon, 1979; Park et al., 2001; Vernet et al., 2019). Following 
the eastward ACC, CDW enters the WG east of 20-30ºE and 
subsequently travels along the southern limb of the WG to the 
western boundary of the WG (50°W) bordered by the Antarctic 
Peninsula (Deacon, 1979; Gouretski and Danilov, 1993). The gyre turns 
northward along the Antarctic Peninsula and is completed by 
eastward movement along the northern boundary (55-60°S), 
bordered by the frontal structure of the southern ACC. Taken 
together, the deep-water formation and the WG circulation facilitate 
the exchange of WS water masses with the open Southern Ocean, 
connecting the influence of coastal Antarctica with the low latitude 
oceans (Vernet et al., 2019). 

Another prominent feature of the Southern Ocean is that it is the 
largest HNLC region of the world oceans, with replete macronutrients 
(e.g., NO3

- and PO4
3-) in the surface water due to upwelling of nutrient-
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rich deep water (Pollard et al., 2006) that are not fully utilised, in 
contrast to many other ocean regions. In the Southern Ocean, 
phytoplankton growth is primarily limited by the low availability of the 
micronutrient Fe due to few proximal local sources, low atmospheric 
dust input and low solubility of Fe in seawater (Boyd and Ellwood, 
2010; Boyd et al., 2007; de Baar et al., 1990; de Baar et al., 1995; 
Martin et al., 1990). Phytoplankton may also be limited by low 
irradiance due to long dark winter and intense storm mixing as well as 
grazing pressure (Boyd et al., 2001; Mitchell et al., 1991; Strzepek et 
al., 2012) and or co-limitation or limitation by other metals such as 
manganese (Browning et al., 2021; Hawco et al., 2022) and cobalt 
(cobalamin, vitamin B12, Bertrand et al., 2015). However, despite 
generally low primary productivity over most of the open Southern 
Ocean, long-lasting phytoplankton blooms are observed along the 
downstream of Antarctic islands and peninsula (Klunder et al., 2014; 
Sieber et al., 2021) and coastal polynyas (open areas surrounded by 
sea ice) that are driven by seasonal warming and upwelling of warm 
CDW, as well as the offshore movement of sea ice by katabatic wind 
or currents (Arrigo and van Dijken, 2003; Pease, 1987), during Austral 
spring and summer (Alderkamp et al., 2015; Arrigo and van Dijken, 
2003; Arrigo et al., 2012; Gerringa et al., 2012, 2020b). Of the 37 
known coastal polynyas around Antarctica, the Amundsen Sea (AS) 
possesses the most productive polynya with highest rate of annual 
NPP (per unit area) in the Amundsen Sea Polynya (ASP) (Arrigo and 
van Dijken, 2003; Arrigo et al., 2012). As such, the AS plays a 
disproportionate role in carbon uptake (Alderkamp et al., 2012; Lee et 
al., 2012; Mu et al., 2014). In such coastal polynyas, increasing 
irradiance and additional local Fe sources are thought to trigger and 
sustain phytoplankton blooms (Alderkamp et al., 2012; Arrigo et al., 
2012; Gerringa et al., 2012, 2020b; Park et al., 2017). These additional 
Fe inputs are essentially associated with deeper water (CDW), benthic 
sediments, and/or glacial melting. The AS is one of the sites where 
warm and saline CDW intrudes onto the continental shelf via glacial 
troughs and flows underneath ice shelves (Jacobs et al., 1996; Kim et 
al., 2021; Kim et al., 2017; Miles et al., 2016; Thoma et al., 2008; 
Wåhlin et al., 2013), causing extensive melting of the Dotson Ice shelf 
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(DIS) (Gourmelen et al., 2017), Pine Island Glacier (PIG) (Dutrieux et 
al., 2014; Jacobs et al., 1996; Jenkins et al., 2010), and Getz Ice Shelf 
(GIS) (Jacobs et al., 2012). Upwelling of Fe-rich CDW, supplemented 
by subsequent melting of ice shelves and sea ice, and bottom 
resuspension of particles and porewater dFe induced by CDW, may 
supply additional Fe to the surface AS (Gerringa et al., 2012, 2020b; 
Sherrell et al., 2015; Tian et al., 2023a; van Manen et al., 2022). Given 
its high productivity, and resultant outsized impact on carbon cycling, 
the ASP is an ideal region to investigate the response of marine 
ecosystems to rapid environmental changes (e.g., intensive CDW 
intrusion and increasing ice shelf-derived materials input). 

1.3 Objectives of this thesis   

Considering the biogeochemical importance of the AS and WS to both 
coastal Antarctica and the Southern Ocean, it is crucial to comprehend 
the marine biogeochemistry and the cycling of bioactive Fe, Zn, and 
Cd within these regions, and their influence on globally relevant 
processes such as carbon cycling or nutrient export. Studies of 
dissolved concentrations of these elements and their isotope ratios 
can be useful in this regard (Fitzsimmons and Conway, 2023; Horner 
et al., 2021). To date, an array of studies have focused on examining 
dissolved Fe concentrations within the AS, including studies by 
Gerringa et al. (2012), Alderkamp et al. (2012), Sherrell et al. (2015), 
Alderkamp et al. (2015), Kim et al. (2016), van Manen et al. (2022), 
and Herbert et al. (2023). In contrast, research focusing on dissolved 
Zn and Cd concentrations in the AS is notably scarce (Sherrell et al., 
2015). Further, despite the demonstrated utility of the isotopic 
compositions of these metals in probing biogeochemical processes, 
there have been no studies investigating the dissolved isotopic 
compositions of any of these three metals in the AS.  

In the WS, investigations of dissolved Fe, Zn, Cd concentrations are 
more abundant compared to the AS (Baars and Croot, 2011; Baars et 
al., 2014; Buma et al., 1991; Croot et al., 2011; de Baar et al., 1990; 
Klunder et al., 2014; Lannuzel et al., 2008; Lin et al., 2011; Nolting et 
al., 1991; Sañudo-Wilhelmy et al., 2002; Westerlund and öhman, 
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1991). However, even though limited studies have examined 
dissolved δ56Fe in the north-eastern WG (Abadie et al., 2017; Sieber 
et al., 2021), there are no δ56Fe data from within the main WS, 
particularly the southern and western areas where dense waters 
form, nor from shelves that have been previously shown to be Fe 
sources (Hatta et al., 2013; Klunder et al., 2014; Sieber et al., 2021). 
The same is true for δ66Zn and δ114Cd, with only a single study available 
for the former (Zhao et al., 2014), and merely three for later 
(Abouchami et al., 2011; Abouchami et al., 2014; Xue et al., 2013). 
Furthermore, in the case of Cd, most of these investigations were 
based on a few stations and primarily focused on the eastern region 
of the WS along the Greenwich Meridian.  

In light of the limited research conducted on the biogeochemistry and 
oceanic cycling of Fe, Zn, and Cd, and their isotopic systems within the 
Southern Ocean and coastal Antarctica, this thesis endeavours to 
expand our understanding of these crucial bioactive elements in the 
dynamic Southern Ocean. Chapters 2, 3, and 4 delve into the 
biogeochemical aspects of these elements in the AS, while Chapters 4 
and 5 focus on the WS. These regions hold particular significance due 
to their potential regional biogeochemical dynamics, which may have 
global repercussions. I utilized stable isotopic compositions as a tool 
to unravel the complex dynamics of these elements in these rapid 
changing environments. 

In Chapter 2, the biogeochemistry of Zn and Cd in the AS in austral 
summer (December 2017 to February 2018) was studied. Firstly, I 
presented the distributions of dissolved and particulate Zn and Cd in 
the AS, following the inflow and outflow to and from both the Dotson 
and Getz Ice Shelf. Secondly, the compositions of suspended particles 
were investigated to estimate the relative contributions of biogenic 
and lithogenic sources. Lastly, I assessed the uptake ratios (Zn/P and 
Cd/P) by phytoplankton in two distinct bloom compositions 
(haptophytes versus diatoms) in the ASP, providing insights into the 
uptake mechanisms and nutrient requirements of both common 
Southern Ocean species in the costal phytoplankton blooms. 
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In Chapter 3, I studied [dFe] and δ56Fe in the ASP during austral 
summer with the aim to gain insights for external Fe sources and to 
characterize Fe isotope systematics in coastal Antarctica. My primary 
objectives were to unravel external sources of Fe and to characterize 
the Fe isotope systematics within the coastal Antarctic region. By 
utilizing both [dFe] and δ56Fe, I characterized two distinct sedimentary 
mechanisms – RD and NRD – which were responsible for supplying Fe 
from continental shelf sediments into the overlying waters. My efforts 
also entailed estimating the relative contributions of major Fe 
sources, including CDW, RD, and NRD, within the AS. Moreover, I 
probed into the influence of rapid melting of the DIS on the cycling of 
Fe. Lastly, I observed distinct Fe isotopic fractionation effects within 
two blooms characterized by different phytoplankton communities, 
shedding light on the various mechanisms involved in biological Fe 
uptake, as well as the interplay of other biogeochemical processes 
such as ligand complexation, scavenging, and remineralization, in 
addition to external sources. 

In Chapter 4, I extended our research to encompass dissolved Zn and 
Cd within two distinct coastal Antarctic systems – the AS and WS – 
where the AS is influenced by the intrusion of CDW and the WS serves 
as a primary site of the formation AABW. Both regions hold the 
potential to influence or be influenced by the global oceanic 
circulation of trace metals. My investigation of δ66Zn and δ114Cd 
aligned with previously identified external sources of Zn and Cd from 
Chapter 2 that was primarily based on dissolved concentration data. 
Additionally, for the WS, I discussed the role of glacial meltwater input 
in the cycling of Zn and Cd, as well as the isotopic compositions (δ66Zn 
and δ114Cd) within different water masses contributing to the 
formation of AABW, including the precursor of WSBW, WDW, WSDW, 
and WSBW. Lastly, I highlighted the variability in isotopic signatures 
observed in surface waters of the AS and WS, indicating differences in 
surface processes governing the cycling of Zn and Cd within Antarctic 
surface waters. 

In Chapter 5, the fate of sedimentary Fe and evidence for its long-term 
transport were investigated in the WG. Initially, I probed potential 
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sources of Fe, including meltwater and shelf sediments. Subsequently, 
I scrutinized the processes influencing [dFe] and δ56Fe during the 
formation of WSBW, hence offering insights into the cycling of Fe as 
dense shelf water descends along the continental shelf slope and how 
δ56Fe is set in deep waters before WSBW exits the WS. Finally, I 
presented indications of the transport of sedimentary Fe, particularly 
isotopically light Fe from sources such as RD, at intermediate depths 
within the WS, following the circulation of the WG. In conjunction with 
previous investigations of δ56Fe in the open Southern Ocean, my 
findings underscored the critical role of external Fe sources in the 
Southern Ocean, with potential significant impacts on Fe cycling and 
supply to the WS. 
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Abstract 

The trace metals zinc (Zn) and cadmium (Cd) are involved in metabolic 
processes of marine phytoplankton, and both metals play important 
roles in ocean biogeochemical cycles. In Antarctica, the Amundsen Sea 
(AS) experiences rapid ice shelf melting and the Amundsen Sea 
polynya (ASP) hosts seasonal phytoplankton blooms in Austral 
summer, with important implications for atmospheric carbon 
drawdown. The impact of ice melt and phytoplankton blooms on Zn 
and Cd biogeochemistry in the ASP is not well-understood. This study 
presents the first dataset of dissolved and particulate Zn and Cd in the 
AS, including areas around the Dotson and Getz Ice Shelves. It 
evaluated the sources of these metals in the region and analysed 
particle composition in the ASP. We found the most prominent source 
for both dissolved Zn (dZn) and Cd (dCd) is Circumpolar Deep Water 
(CDW) with modest sedimentary input from the shelf sediments. 
Aerosol deposition, ice shelf melt, and sea ice melt are not deemed 
significant sources. Labile particulate Zn and Cd dominate the total 
particulate pool in the surface layer, indicating that biological uptake 
is a predominant process for the cycling of both metals, whereas 
sediment resuspension and ice shelf melt do not supply a significant 
amount of either particulate Zn or Cd. Additionally, we used two 
commonly used approaches to estimate biogenic and lithogenic 
particulate concentrations and relative contributions. The results 
show high surface biogenic particulate concentrations decrease over 
depth while lithogenic particulate concentrations remain low 
throughout the water column, indicating regeneration plays an 
important role in the cycling of particulate metals. We also found the 
estimated uptake ratios of Zn and Cd relative to phosphorus in the 
surface layer are lower than in the open Southern Ocean, likely related 
to spatial and temporal variability of Fe in the AS. Overall, these new 
observations provide insights into the biogeochemistry of Zn and Cd 
in the AS which may have implications for the larger scale cycling of 
trace metals in the Southern Ocean.  
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2.1 Introduction 

Marine primary productivity is known to be regulated by the 
availability of sunlight, macronutrients (nitrate, phosphate, silicate), 
and micronutrients such as vitamin B12 and trace metals (e.g., iron 
(Fe), zinc (Zn), manganese (Mn), cobalt (Co), copper (Cu), and nickel 
(Ni), Morel et al., 2020; Twining and Baines, 2013; Croft et al., 2005). 
Among these bio-essential trace metals, Zn is involved in nearly 300 
enzymes that are used in a range of processes in marine organisms 
(Vallee and Auld, 1990). For example, Zn is an essential component of 
both carbonic anhydrase (CA) and alkaline phosphatase (AP), enzymes 
which are responsible for the hydration/dehydration of carbon 
dioxide (CO2) and the hydrolysis of phosphate esters, respectively 
(Morel et al., 1994). Similar to Zn, Cd may be involved in plankton 
metabolism, although Cd is not generally considered a bioessential 
metal. For instance, Cd, together with Co, has been shown to be able 
to replace Zn in CA function in marine algae Thalassiosira weissflogii 
(Morel and Price, 2003; Sunda and Huntsman, 1995, 1998b), 
Phaeodactylum tricornutum and Pseudonitzschia delicatissima 
(Kellogg et al., 2020), as well as Emiliania huxleyi (Saito et al., 2008; 
Sunda and Huntsman, 2000, 2005; Xu and Morel, 2013), when 
ambient bioavailable Zn becomes depleted.  

The distributions of both Zn and Cd in the ocean typically correlate 
well with macronutrients; the global distribution of Zn is more closely 
correlated to Si than PO4 or NO3, with a concentration maximum at 
greater depth (e.g., Wyatt et al., 2014; Vance et al., 2017; Weber et 
al., 2018; Middag et al., 2019), whereas Cd is more closely correlated 
to PO4 (e.g., Boyle et al., 1981; Bruland, 1980; Middag et al., 2018). 
Nevertheless, the relationship between either Zn and Si, or Cd and 
PO4, is not linear globally – changes in the steepness of the slopes in 
both global Zn:Si and Cd:PO4 relationships (so-called ‘kinks’) are 
observed (e.g., Boyle, 1988; Cullen, 2006; de Baar et al., 1994; Middag 
et al., 2019; Middag et al., 2018). Such kinks are primarily driven by 
the advection and mixing of different water masses with various 
preformed Zn:Si and Cd:PO4 ratios that are transported from high 
latitude regions (e.g., the Southern Ocean) to low latitude oceans 
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(e.g., Baars et al., 2014; Vance et al., 2017; Sieber et al., 2019a; 
Abouchami et al., 2014; Xie et al., 2015; de Souza et al., 2018; Middag 
et al., 2019; Middag et al., 2018), underlining that the distribution of 
macro/micronutrients and their elemental ratios in the global ocean 
are influenced by the waters from – and thus processes occurring in – 
the polar regions (e.g., Abouchami et al., 2014; Xie et al., 2015; Sieber 
et al., 2019a; Sieber et al., 2020). Overall, the Southern Ocean is a hub 
of ocean circulation and a region of deep-water formation, playing a 
major role in redistributing elements through the global ocean. 
However, trace metal observations remain scarce in remote polar 
regions such as coastal Antarctica and the wider Southern Ocean. 

Located adjacent to the Southern Ocean and West Antarctica, the 
Amundsen Sea (AS) is affected by the Southern Ocean circulation via 
Circumpolar Deep Water (CDW) (Fig. 2.1) (Jacobs et al., 1996; Kim et 
al., 2021; Kim et al., 2017; Miles et al., 2016; Thoma et al., 2008; 
Wåhlin et al., 2013), a relatively warm and saline water mass that 
blends with different deep-water masses, including North Atlantic 
Deep Water (NADW), Pacific Intermediate Water (PIW), Antarctic 
Bottom Water (AABW), and Antarctic Intermediate Water (AAIW). As 
CDW intrudes onto the continental shelves, it mixes with shelf waters 
and then becomes modified CDW (mCDW) (Arneborg et al., 2012). 
This mCDW flows underneath the ice shelves along the eastern flanks 
of deep troughs (inflow) (Assmann et al., 2013; Wåhlin et al., 2013), 
and subsequently leaves the ice shelves along the western flanks of 
these troughs (outflow) (Ha et al., 2014; Miles et al., 2016), which 
drives rapid melting of the Dotson Ice shelf (DIS) (Gourmelen et al., 
2017), Pine Island Glacier (PIG) (Dutrieux et al., 2014; Jacobs et al., 
1996; Jenkins et al., 2010), and Getz Ice Shelf (GIS) (Jacobs et al., 
2012). Glaciers and ice shelves near the AS are observed to experience 
extremely fast thinning and collapsing (Rignot et al., 2008) and the AS 
is the primary area for accelerated melting of the West Antarctic Ice 
Sheet (WAIS). The melt of WAIS is currently contributing to global sea 
level rise with an increasing rate of currently 0.3 mm per year 
(Shepherd et al., 2012). Such massive melt water input has been 
attributed to an increasing extent of warm CDW intrusion onto 
Antarctic continental shelves (Jacobs et al., 2011; Jenkins et al., 2010; 
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Shepherd et al., 2004) and potentially affects the cycling and 
distribution of ice shelf-derived materials, notably bio-essential 
elements, and thus could alter the biogeochemistry in the AS 
(Gerringa et al., 2012; Henley et al., 2020; Miles et al., 2016; 
Planquette et al., 2013; Sherrell et al., 2015).  

 

Figure 2.1 GPpr12 Sampling stations in the Amundsen Sea. Two transects – Dotson 
transect (DIS) that includes 10 stations (Stns 53, 52, 50, 49, 48, 45, 42, 36, 34, and 
33) and Getz transect (GIS) that includes 3 stations (Stns 55, 24, and 57). 
Approximate location of water mass flows are shown. 

Melting of sea ice by seasonal warming and upwelling of warm CDW, 
as well as the offshore movement of sea ice by katabatic wind or 
currents, results in the formation of seasonal or year-round Antarctic 
coastal polynyas (Anderson, 1993; Arrigo and van Dijken, 2003; Pease, 
1987) – open areas surrounded by sea ice. In such polynyas, sunlight 
directly reaches surface waters, stimulating primary production (i.e., 
leading to phytoplankton blooms), but also allowing dramatic heat 
and air-sea exchange (Arrigo et al., 2012; Smith Jr and Gordon, 1997; 
Smith Jr and Comiso, 2008). Remarkably, the highest net primary 
production (NPP) recorded in the global ocean has been found in such 
coastal polynyas (Arrigo and van Dijken, 2003; Gerringa et al., 2012; 
Mu et al., 2014). The phytoplankton blooms in Antarctic coastal 
polynyas thus promote considerable atmospheric CO2 uptake, even 
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though the largest CO2 net sink occurs in the sub-Antarctic zone where 
productivity per unit area is lower, but the area is much larger (Lenton 
et al., 2013; Sallée et al., 2012). Specifically for the ASP bloom, the 
highest rate of annual NPP (per unit area) (Arrigo et al., 2012) among 
Antarctic polynyas has been observed, proposed to be fuelled by 
external Fe input which includes the upwelling of relatively Fe-rich 
CDW (Gerringa et al., 2012; Gerringa et al., 2020b), melting of the DIS 
(Sherrell et al., 2015), melting of sea ice (Lannuzel et al., 2007; Sherrell 
et al., 2015), sedimentary diffusion and sediment resuspension 
(Ardelan et al., 2010; Gerringa et al., 2012; Sherrell et al., 2015).  

To date, studies in the AS have suggested changes in both 
biogeochemistry and elemental cycling, with variability in both also 
influencing local biological activity, under scenarios of continued rapid 
climate change. However, although Zn and Cd can regulate rates of 
primary production and influence phytoplankton community 
composition (Bruland et al., 1991; Sunda and Huntsman, 2000; 
Twining and Baines, 2013), less attention has been given to Zn and Cd 
in the AS compared to Fe. There has been only one dataset of 
dissolved Zn in the AS (Sherrell et al., 2015), and to date there are no 
published data for dissolved Cd. Sherrell et al. (2015) speculated that 
sedimentary Zn input from the trough walls at the shelf break, 
together with Zn brought in by CDW, were important sources of Zn to 
the AS. Furthermore, they concluded that strong biological removal in 
the surface layer and regeneration at depth was likely to be a 
dominant driver of the dissolved Zn distribution (Sherrell et al., 2015). 
Nevertheless, due to the limited amount of dissolved Zn data, a lack 
of particulate Zn data, and rapid changes in the region, we still have a 
limited understanding of the distributions and cycling of Zn and Cd, 
including the interaction between biological activity and these two 
metals, in coastal Antarctic regions.  

In this study, to unravel the sources of both metals, we analysed both 
dissolved and particulate Zn and Cd in samples collected using trace-
metal-clean procedures during Austral summer (December 2017 to 
February 2018) along transects that followed the main flow of mCDW 
(both inflow and outflow) in the AS (Fig. 2.1). Moreover, to investigate 
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the particle composition and the metal uptake ratios, two particulate 
fractions – labile and refractory – were operationally separated for 
further discussion. These results provide the first investigation and a 
better understanding of the biogeochemistry of these bioactive 
dissolved and particulate metals (Zn and Cd) in the AS.  

2.2 Material and Methods 

2.2.1 Sampling region and dissolved/particulate 
metal sampling 

During Austral Summer 2017/2018 (December 2017 to February 
2018), seawater samples and suspended particles were collected 
cleanly along two water column transects in the AS (Fig. 2.1) from the 
Korean icebreaker R/V Araon during a GEOTRACES process study 
(GPpr12; expedition ANA08B). The first transect followed CDW that 
intruded from the open Southern Ocean onto the Antarctic 
continental shelf via a subglacial trough, with CDW then becoming 
mCDW that flows south-eastward towards and underneath the DIS 
and subsequently leaves the DIS flowing north-westward (Fig. 2.1). 
The mCDW inflow and outflow were verified by shipboard 
measurement of current velocity and regular CTD data onboard R/V 
Araon (Kim et al., 2021). This transect is henceforth referred to as the 
Dotson transect and it included an open ocean station (Stn 53), a shelf 
break station (Stn 52), mCDW inflow stations (Stns 50, 49, 48, 45, 42), 
and mCDW outflow stations (Stns 36, 34, 33). The second transect 
followed CDW that flowed south-westward towards the GIS from the 
open ocean (Fig. 2.1). The second transect is henceforth referred to as 
the Getz transect, including an off-shelf station (Stn 55), a shelf break 
station (Stn 24), and a shelf station (Stn 57). Each station comprised 
10-14 sampling depths from the near surface (~10 m) to 1000 m, or 
10-20 m above the seafloor for the stations shallower than 1000 m. 
However, it is noted that samples below 200 m at Stn 36 (part of the 
mCDW outflow) were not successfully collected due to a 
malfunctioning of the sampling system and therefore no metal data 
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(and corresponding CTD and oxygen isotope data) is shown for this 
part of the water column.  

Both dissolved and particulate samples from a total of 13 stations 
were collected using the Royal Netherlands Institute for Sea Research 
(NIOZ) “Titan” ultra clean sampling system for trace metals (de Baar 
et al., 2008) that is made of titanium and equipped with high purity, 
light-proof polypropylene (PP) samplers (modified from Rijkenberg et 
al., 2015). The sampling system was deployed on a 11 mm Dyneema 
cable without internal conducting wires and an SBE 17 plus V2 Searam 
in a titanium housing provided power, saved the CTD data, and closed 
the sampling bottles (23 L) at pre-programmed depths. After recovery, 
the “Titan” sampling system was immediately transported into a 
clean, positive pressure sampling container (temperature close to the 
ambient water temperature) where subsampling was conducted.  

Dissolved seawater samples were filtered (0.2 µm filter cartridge, 
Sartorius, Sartobran-300, precleaned with sample seawater) into 125 
mL Nalgene LDPE bottles (precleaned following GEOTRACES 
protocols, as described in Middag et al., 2019) under 0.5 bar of 
prefiltered nitrogen gas. The filtered samples were then acidified to 
0.024 M HCl using 12 M ultrapure concentrated HCl (Baseline, Seastar 
Chemicals Inc), resulting in a final pH of ~1.8. Acidified samples were 
stored at room temperature for over 5 months before measurement 
of the concentrations back on shore at NIOZ.  For particulate samples, 
unfiltered seawater (6-8 L) was subsampled as soon as the Titan 
system entered the sampling container, and the seawater was stored 
in acid-cleaned LDPE carboys that were covered by dark plastic bags 
until the moment of filtration (less than 3 hours) close to the in-situ 
water temperature (Rauschenberg and Twining, 2015; Planquette and 
Sherrell, 2012). Before filtration, polyethersulfone (PES) disc filters (25 
mm, 0.45 μm Pall Supor) placed on polypropylene filter holders 
(Advantec) with polypropylene luer-locks (Cole-Palmer) attached to 
the carboy caps. Filters and filter holders were acid-cleaned 
beforehand with 3 times sub-boiled distilled 1.2 M HCl (VWR 
Chemicals – AnalaR NORMAPUR) at 60°C for 24 hours, then rinsed 
with ultrapure water (MQ, <18.2 MΩ cm-1) water 5 times and 
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eventually stored in ultrapure water before use following Ohnemus et 
al. (2014). Subsequently, carboys were mounted upside down, 
hanging from the Titan frame and connected to filtered nitrogen gas 
(0.3 bar overpressure). The volumes of filtration ranged from 0.25 L  
(surface samples) to 8 L (deep ocean samples), with a maximum 
duration of filtration of 2 hours (GEOTRACES cookbook 2017). 
Eventually, the PES filters were folded in half and stored in acid-
cleaned vials (Eppendorf) at –20˚C before analysis at NIOZ.   

2.2.2 Sample processing and analysis 

2.2.2.1 Basic parameters (salinity, temperature, 
depth, fluorescence, and nutrients) 

For basic parameters, a calibrated CTD (Seabird SBE 911+) with 
auxiliary sensors was mounted on the Titan sampling system to 
measure salinity (conductivity), temperature, depth (pressure), and 
fluorescence. Unfiltered seawater samples (~50 mL) were collected 
for inorganic nutrients analysis, including phosphorus (PO4) and silicic 
acid (Si(OH)4). Inorganic nutrients were measured during the cruise 
using a four-channel Auto-Analyzer (QuAATRo, Seal Analytical, 
Germany), according to the Joint Global Ocean Flux Study (JGOFS) 
protocols described by Gordon et al. (2001). The precisions for the PO4 
and Si(OH)4 measurements were ±0.02 and ±0.28 µmol kg–1, 
respectively (Jeon et al., 2021).  

2.2.2.2 Phytoplankton pigment composition analysis 

On selected stations (Stns 33, 34, 36, 42, 45, 49, 55, 24 and 57), 
samples were taken for pigment-based phytoplankton taxonomic 
composition analysis at one depth in the upper few tens of meters. 
Seawater samples were filtered at 1°C through a GF/F glass fiber filter 
(45 mm diameter; Whatman, Cytiva, Marlborough, USA), using a 
vacuum pump (Pall, Port Washington, NY, USA) set at 200 mbar. The 
average sample volume that was needed to display green colour on 
the filter was 1.7 L (range from 0.75 to 2.7 L). Filters were double-
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wrapped in aluminium foil, snap-frozen in liquid nitrogen and stored 
at –80°C until analysis. For  analysis, the filters were freeze dried and 
pigments were dissolved in acetone (van Leeuwe et al., 2006). A 
Zorbax Eclipse XDB-C8 column (3.5 μm particle size) was used for High-
Performance Liquid Chromatography (HPLC) pigment separation (Van 
Heukelem and Thomas, 2001). Detection based on retention time and 
diode array spectroscopy (Waters 996) at 436 nm was used. Most 
pigments were quantified manually using standards (DHI LAB 
products). The taxonomic composition of the phytoplankton 
(expressed as % of total chlorophyll a concentration) was determined 
using CHEMTAX (version 1.95, Mackey et al., 1996) as described by 
Selz et al. (2018). The starting ratios used for analysis have previously 
been used for Antarctic shelf regions (Selz et al., 2018). The 
endmember pigment compositions are re-defined and reported by 
Eich et al. (2022). 

2.2.2.3 δ18O analysis  

The stable oxygen isotope ratio of a water sample is expressed as δ18O 
with respect to Vienna Standard Mean Ocean Water (VSMOW). Water 
samples for δ18O were drawn from the Niskin bottles mounted on the 
regular CTD rosette of the R/V Araon rather than the Titan system, 
that was deployed at the same stations. Water from matching depths 
was collected by gravity filtration through inline pre-combusted filters 
held in acid-cleaned polycarbonate filter holders. A 30 mL glass vial 
with polypropylene cap and polypropylene-coated insert was used to 
collect the water sample. The glass vial was sealed with a Parafilm and 
stored in refrigerators at 4°C until analysis. 

The δ18O samples were processed using Finnigan DELTA plus and 
Elementar Isoprime precision mass spectrometers at ILTS laboratory, 
Hokkaido University, Japan. The DELTA plus was coupled with an 
equilibration system, automatically shaking for about 8 hours in an 
18°C water bath to equilibrate with CO2, while the Isoprime Precision 
was coupled with an equilibration system consisting of a metal 
insulator set up for about 16 hours at 30°C. The accuracy of the 
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analysis was estimated to be 0.02‰ based on duplicated 
measurements (Nakamura et al., 2014).  

2.2.2.4 Dissolved metal sample processing 

Back on shore, in the NIOZ clean laboratory (ISO class 7, ISO class 5 in 
working hoods), various trace metals including dissolved Zn (dZn) and 
dissolved Cd (dCd) were extracted and preconcentrated from acidified 
filtered seawater samples using a commercially available seawater 
preconcentration system (seaFAST-pico, ESI). The SeaFAST-pico 
preconcentration procedure used followed Gerringa et al. (2020a). 

2.2.2.5 Particulate metal sample processing 

As described by van Manen et al. (2022), particulate samples were 
operationally divided into two fractions – a labile particulate metal 
(LpMe) including Zn (LpZn) and Cd (LpCd), defined based on Berger et 
al. (2008), as modified by Rauschenberg and Twining (2015), and a 
refractory particulate metal (RpMe) phase including Zn (RpZn) and Cd 
(RpCd), defined based on Planquette and Sherrell (2012). For LpMe, 
briefly, 1.8 mL of a solution of 4.35 M acetic acid (double distilled from 
VWR NORMAPUR by PFA Savillex Stills) and 0.02 M hydroxylamine 
hydrochloride (Sigma-Aldrich, 99.999% trace metal basis) was added 
to each Eppendorf vial (containing PES filters). The vials were then 
heated at 95˚C in a water bath for 10 minutes and subsequently 
cooled down to room temperature. Once the total contact time of 
samples and leach solution reached 2 hours, the filters were removed 
and placed into 30 mL perfluoroalkoxy beakers (PFA, Savillex) to 
facilitate further RpMe digestion. The remaining leachates were 
centrifuged at 16000 Relative Centrifugal Force (RCF) for 10 minutes. 
Subsequently, without disturbing the remaining particles, 1.8 mL of 
the solution was transferred to another PFA Teflon beaker and 100 µL 
of concentrated HNO3 (AnalaR NORMAPUR, 2 times Savillex 
distillation) was added. This mixture was subsequently dried down at 
110˚C. Once dried, the samples were re-dissolved in 2 mL 1.5 M HNO3 
with 10 ng mL-1 Rh as internal standard and refluxed again at 110˚C 
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for 30 minutes. This final fraction was ready for ICP-MS analysis and 
was considered to contain LpMe.  

For RpMe, the solution and particles that remained after 
centrifugation in the LpMe leaching procedure, were then placed in 
the same PFA beakers in which the filters removed from the 
Eppendorf vials were placed, with addition of a solution of 8 M HNO3 
and 2.9 M HF (Supelco, Ultrapur 48%). Given that the remaining 
solution (0.2 mL) is assumed to contain a small portion of LpMe, hence 
a correction was applied to RpMe. The samples were refluxed capped 
at 110˚C for 4 hours. Afterwards, the solutions were transferred into 
a second set of PFA beakers, and the filter remained in the original 
vial. Ultrapure water was used to rinse the remaining filters in the 
original beakers and the rinsing solution was transferred into the 
second PFA beakers with the samples. These samples were then dried 
down at 110˚C. Subsequently, samples were re-dissolved and refluxed 
with 1 mL of solution of 8 M HNO3 and 15% H2O2 at 110˚C for 1 hour 
and dried down again at 110˚C afterwards. Finally, a solution of 2 mL 
1.5 M HNO3 with 10 ng mL-1 Rh was added to samples and refluxed at 
110˚C for 30 minutes to re-dissolve. This final fraction was ready for 
analysis and was considered RpMe. The sum of LpMe and RpMe is 
defined as total particulate metal (TpMe, labile+refractory). 

2.2.3 Trace metal concentration measurements 

All samples were analysed for trace metal concentrations using 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) on a Thermo 
Scientific Sector Field High Resolution Element 2 at NIOZ. A microFAST 
introduction system (ESI, USA) equipped with a PFA nebulizer with a 
sample introduction rate of 55 μL min-1 was used. The analytical 
procedure for ICP-MS measurements for dissolved and particulate 
metals are similar, and based on Gerringa et al. (2020a). For the 
dissolved samples, an average of concentration of triplicate 
measurements (performed in three different analytical runs) was 
calculated and calibrated by a suite of calibrations prepared by adding 
a mixed stock solution of multiple standards to both low-metal 
seawater and 1.5 M HNO3 – the former was preconcentrated in the 
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same way as samples through seaFast and used to quantify the 
concentration of dissolved samples; the latter was used to monitor 
the recovery of the seaFast on a daily basis after Biller and Bruland 
(2012). For particulate metals, a calibration was prepared based on 
standard additions to the same 1.5 M HNO3 as used to dissolved 
samples.  

2.2.3.1 Blank, precision, and accuracy of ICP-MS 
measurement   

(1) Dissolved metals 

The procedural blank for dissolved Zn and Cd (n=9) were established 
at NIOZ by analysing acidified MQ (~1.8 pH) processed using the same 
procedure as for real samples (Table 2.1); blank values are the 
equivalent of less than 2% of real samples (Table 2.1). The precision 
and accuracy of measurements was evaluated by analysis of 
GEOTRACES reference seawater (n=3, SAFe D1, Johnson et al., 2007) 
and GSC (n=3, GEOTRACES coastal surface seawater, 2009), which was 
treated identically to dissolved samples. Measurements of both 
reference seawaters in this study were mostly within the community 
consensus range (Table 2.1).  

(2) Particulate metals 

For particulate metals, the procedural blank (n=9) was evaluated using 
a blank filter that had not been in contact with seawater, processed 
through the leach and digestion procedure as done for real samples. 
The procedural blank of selected element – aluminium (Al), 
phosphorus (P), and Cd only accounted for less than 2% of average 
concentrations of real samples (total fraction), whereas for Zn the 
procedural blank accounted ~20% of real samples. These blank values 
of this study were in the same order of magnitude as the blank values 
found by previous studies (Table 2.2) (Ohnemus et al., 2014; 
Rauschenberg and Twining, 2015). To assess the accuracy of the 
analysis of particulate metals, two certified reference materials 
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(CRMs) – BCR-414 (freshwater phytoplankton, European 
Commission’s Joint Research Centre) and PACS-2 (marine sediments, 
National Research Council of Canada), were processed and measured 
identically to the particulate filter samples (filters included). The 
recovery of target elements (Zn, Cd, Al, and P) from both CRMs was 
93-113% (Table 2.2). It should be noted that [RpCd] is significantly 
lower than [LpCd] (20-50 times lower). Given that [RpCd] is corrected 
for carry-over from the labile leach (0.2 mL solution from the labile 
leach ends up in the refractory fraction), this leads to additional 
uncertainty of the refractory fraction. Assuming 5% uncertainty in the 
labile leach measurement, this adds an additional uncertainty of ~9% 
if there is a factor 20 difference between liable and refractory, and an 
additional ~28% if the difference is a factor 50. 

Table 2.1. Blank, precision, and accuracy of selected reference seawater (SAFe D1 
and GSC) of dissolved metal measurement. SaFe D1 seawaters were collected at 
the North Pacific Ocean at 1000 m during Sampling and Analysis of Fe program 
(2004) and the consensus values were reported by May 2013; GSC seawaters were 
GEOTRACES standards collected at 2 m at the North Pacific Ocean (coastal Santa 
Barbara Channel, 2009). All consensus values can be found on GEOTRACES website 
(https://www.geotraces.org/). Both selected reference seawater were measured in 
one analytical session. All units are in nmol L-1, converted from nmol kg-1 to nmol L-

1 by using average seawater density (1.025 g/cm-3).  

 

 

 

 

 

https://www.geotraces.org/


634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 66PDF page: 66PDF page: 66PDF page: 66

65 | C H A P T E R  2                                             

 

 2 

Table 2.2 Blank, precision, and accuracy of selected certified reference materials 
(BCR-414 and PACS-2) of particulate metal measurement. BCR-414 is reference 
standard (plankton) certified by BCR (Community Bureau of Reference, the former 
reference materials programme of the European Commission), details can be found 
on the website of European Commission's Joint Research Centre (JRC, 
https://ec.europa.eu/info/departments/joint-research-centre_en). PACS-2 is 
reference standard (marine sediment) collected and certified by the National 
Research Council of Canada's (NRC, https://nrc.canada.ca/en). Units are a: nmol 
filter-1; b: pmol filter-1; c: µg g-1; d: ng g-1; e: mg g-1.  

 

2.3 Results 

2.3.1 Hydrographic conditions   

2.3.1.1 Water masses 

The water column of the AS during our study comprises the three 
major water masses that are typically observed in the AS (Randall-
Goodwin. et al., 2015; Yager et al., 2012): Antarctic Surface Water 
(AASW), Winter Water (WW), and the least modified CDW that 
becomes more modified CDW on the continental shelf due to the 
mixing with overlying water (Fig. 2.2a). Located at the surface, AASW 
is relatively warm and fresh (Fig. 2.2a, Ɵ: –0.6 - –0.7˚C, S<33.8), a 
result of enhanced solar irradiation in summer and associated sea ice 
melt. Along the Dotson transect, AASW is observed in the upper 40 m 
at mCDW inflow stations (Stns 50, 49, 48, and 45) and mCDW outflow 
stations (Stns 34 and 33) (Figs 2.3a and 2.3b). In contrast, AASW is not 

https://ec.europa.eu/info/departments/joint-research-centre_en
https://nrc.canada.ca/en
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clearly observed in the surface along the Getz transect (Figs 2.3d and 
2.3c). Underlying AASW, remnant WW from the winter season is 
colder and more saline (Fig. 2.2a, Ɵ: –1.7 - –1.8˚C, S: 34.3-34.4) due to 
brine rejection during sea ice formation, as well as the cooling of 
surface water during the cold season. Underlying WW, the least 
modified CDW consists of warmer and more saline water (Fig. 2.2a, 
Ɵ>1˚C, S>34.7).  

 

Figure 2.2 Potential temperature (˚C), salinity, [dZn] and [dCd] (nmol L-1) plotted 
against salinity for all GPpr12 stations. a. Ɵ-S diagram, three water masses are 
identified: Antarctic Surface Water (AASW), Winter Water (WW), and Circumpolar 
Deep Water (CDW). b. [dZn] on Ɵ-S diagram. c. [dCd] on Ɵ-S diagram. Ɵ was derived 
using ODV version 5.3.0 (Schlitzer, 2020). 
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Due to the mixing with overlying WW and melt water from the ice 
shelf, the temperature and salinity of mCDW is diluted along the 
transects (Fig. 2.3). Relatively high temperatures are observed at 500 
m at the mCDW inflow stations (Stns 45 and 42) and below 200 m at 
the mCDW outflow stations (Stns 36 and 34) (Figs 2.3a and 2.3b), 
identifying the core of mCDW inflow and mCDW outflow, respectively. 

 

Figure 2.3 Section plots of ancillary hydrographic parameters along both transects 
of GPpr12. Dotson: a. potential temperature (˚C), b. salinity, and c. fluorescence; 
Getz: d. potential temperature (˚C), e. salinity, and f. fluorescence. It is noted that in 
Fig 2.3a there is an artefact at below 300 m at Stn 36 due to a malfunction of 
sampling bottles and therefore no data is shown for this depth interval.  

2.3.1.2 Freshwater input (δ18O) 

The size of the ASP changes during Antarctic summer due to seasonal 
melting and wind-driven transport of surrounding sea ice. To assess 
the change of sea ice coverage in the ASP during our sampling period, 
satellite data with 0.05˚×0.05˚ resolution from the Operational Sea 
Surface Temperature and Ice Analysis (OSTIA) system is used. In the 
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beginning of the sampling period (23-01-2018) (Fig. 2.4a), the ASP was 
enclosed. It gradually opened to the open ocean by the end of the 
sampling period (02-02-2018) (Fig. 2.4b). Along the Dotson transect, 6 
stations (Stns 33, 34, 36, 42, 45, and 48) were in the ASP during the 
entire sampling period, whereas the other 4 stations (Stns 49, 50, 53, 
and 53) were either on the edge of the sea ice or covered by sea ice. 
Along the Getz transect, Stns 24 and 55 were covered by sea ice during 
the sampling period, whereas Stn 57 was on the edge of the sea ice in 
the beginning and became ice free during the sampling period.  

 

Figure 2.4 Sea ice coverage during GPpr12 sampling. Data are derived from the 
Operational Sea Surface Temperature and Ice Analysis (OSTIA) system (0.05 × 0.05 
degree) from a. the beginning of the sampling period (23-01-2018), and b. the end 
of the sampling period (02-02-2018). 

To further assess freshwater input into the ASP during the sampling 
period, measurements of oxygen isotopes (δ18O) of seawater and 
salinity are utilized to differentiate between sea ice melt, meteoric 
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input, and CDW, which are quantified in a three end-member mass 
balance approach after Östlund and Hut (1984) and Meredith et al. 
(2013). Following Randall-Goodwin. et al. (2015), we assign three 
different endmembers in the AS, based on salinity and δ18O. A mass 
balance is calculated utilizing three equations:  

 

𝑓𝑠𝑖𝑚 + 𝑓𝑚𝑒𝑡 + 𝑓𝐶𝐷𝑊 = 1………. (Eq. 1) 

𝑓𝑠𝑖𝑚 × 𝑆𝑠𝑖𝑚 + 𝑓𝑚𝑒𝑡 ×  𝑆𝑚𝑒𝑡 + 𝑓𝐶𝐷𝑊 × 𝑆𝐶𝐷𝑊 = 𝑆𝑜𝑏𝑠………. (Eq. 2) 

𝑓𝑠𝑖𝑚 × 𝛿𝑠𝑖𝑚 + 𝑓𝑚𝑒𝑡 ×  𝛿𝑚𝑒𝑡 + 𝑓𝐶𝐷𝑊 × 𝛿𝐶𝐷𝑊 = 𝛿𝑜𝑏𝑠………. (Eq. 3) 

 

Here, sim, met, CDW, and obs, denote sea ice melt, meteoric water, 
circumpolar deep water, and observed values, respectively, and f, S, 
and δ, represent fraction, salinity, and oxygen isotope value (δ18O), 
respectively. 𝑆𝑠𝑖𝑚,  𝑆𝑚𝑒𝑡, 𝑆𝐶𝐷𝑊, 𝛿𝑠𝑖𝑚,  𝛿𝑚𝑒𝑡, 𝛿𝐶𝐷𝑊 , are required to be 
constrained to obtain the contributions of each fraction 
(𝑓𝑠𝑖𝑚, 𝑓𝑚𝑒𝑡, 𝑓𝐶𝐷𝑊). Following Randall-Goodwin. et al. (2015), we assign 
7, 0 and 34.62, as the salinity of 𝑆𝑠𝑖𝑚, 𝑆𝑚𝑒𝑡, and 𝑆𝐶𝐷𝑊, respectively, 
and 2.1‰, –25‰, and –0.059‰ as the δ18O endmember values for 
𝛿𝑠𝑖𝑚, 𝛿𝑚𝑒𝑡, and 𝛿𝐶𝐷𝑊, respectively. The observed salinity in CDW at 
some stations appears higher than the endmember as used by 
Randall-Goodwin. et al. (2015) but as noted by them, all endmembers 
are likely to vary seasonally and yearly. For consistency and 
comparison to previous studies, we adopt the same endmembers as 
used before. The results of this calculation show the extent of melting 
of sea ice/ice shelves and the distribution of CDW (Fig. 2.5). It should 
be noted the CDW endmember represents inflowing seawater that 
gets modified by the processes of sea ice melt and formation and 
meteoric water input that contribute to formation of AASW and WW. 
Thus, AASW and WW are not further distinguished in this model.  
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Figure 2.5 a. GPpr12 Oxygen isotope composition (δ18O) versus salinity, and b. – g. 
section plots of the fraction of freshwater and CDW along both transects. The 
fraction of sea ice melt (𝑓𝑠𝑖𝑚), meteoric water (𝑓𝑚𝑒𝑡), and CDW (𝑓𝐶𝐷𝑊) along the DIS 
transect – b. to d., and the GIS transect – e. to g. Endmembers of δ18O of 𝑓𝑠𝑖𝑚, 𝑓𝑚𝑒𝑡 , 
and 𝑓𝐶𝐷𝑊, are 2.1, -25, -0.0059, respectively; whereas the endmembers of S are, 7, 
0, 34.62, respectively. Note that the scales differ between Figs 2.5b to 2.5g. 

Relatively elevated 𝑓𝑠𝑖𝑚 (1-3%) was observed in the upper 40 m along 
both transects, specifically at the open ocean station (Stn 53), the 
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shelf break station (Stn 52), and mCDW inflow stations (Stns 50 and 
49) along the Dotson transect (Fig. 2.5b), and the off-shelf station (Stn 
55), and the shelf break station (Stn 24) along the Getz transect (Fig. 
2.5e). This result corresponds with the observations of the changing 
sea ice cover during the sampling period – the stations with elevated 
𝑓𝑠𝑖𝑚 (Stns 53, 52, 50, 49, 55, and 24) were located either within the 
sea ice or on the edge of the sea ice (Fig. 2.4). Secondly, along the 
Dotson transect, elevated fmet (>2.5%) was observed in the upper 145 
m at the mCDW inflow station (Stn 42) and mCDW outflow stations 
(Stns 36, 34, and 33) (Fig. 2.5c), indicating surface meltwater input 
form the ice shelf in the surface, consistent with the distribution of 
salinity (Fig. 2.3b). Along the Getz transect, comparatively smaller 
𝑓𝑚𝑒𝑡  (2-2.5%) than along the Dotson transect was observed in the 
upper 245 m of the shelf station (Stn 57) and the maximum depth 
extent of 𝑓𝑚𝑒𝑡 gradually decreased offshore (Fig. 2.5f).  

2.3.2 Phytoplankton abundance  

Along the Dotson transect, chlorophyll a autofluorescence was 
relatively elevated in the upper 100 m of most stations (Fig. 2.3c, Stns 
33, 34, 36, 42, 45, 48, 49, and 50). At the shelf break station (Stn 52) 
and the open ocean station (Stn 53), fluorescence had a maximum at 
a shallower depth compared to the other stations (Fig. 2.3c). Along 
the Getz transect (Stns 55, 24, and 57), elevated fluorescence 
occurred over a shallower depth range (upper 40 m) at all three 
stations (Fig. 2.3f) than the Dotson transect. From here on, the surface 
layer is referred to as the water column between the surface and the 
depth where maximum fluorescence was observed. Deeper than this 
surface maximum, the fluorescence signal rapidly declined. The 
stations with elevated fluorescence in the surface layer (relative to 
other stations) along the Dotson transect (Stns 33, 34, 36, 42, 45, 48, 
49, and 50) and Getz transect (Stn 55, 24, and 57) are referred as 
phytoplankton bloom stations in the following sections as they have 
high standing stock and it is well established there is an annual 
phytoplankton bloom in the ASP (Alderkamp et al., 2015; Arrigo et al., 
2012; Gerringa et al., 2012; Yager et al., 2012). The phytoplankton 
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community composition along the Dotson transect was dominated by 
haptophytes (59% to almost 100%) with highest values at Stn 45 and 
Stn 49 (99.98 and 99.36%, respectively) (Fig. 2.6), whereas the Getz 
stations were dominated by diatoms (54-91%), especially at Stn 55 
(91.3%) and Stn 24 (87.9%) (Fig. 2.6).  

 

Figure 2.6 Abundance of different phytoplankton groups in the surface layer along 
both Dotson transect (Stns 33, 34, 36, 42, 45, 49) and Getz transect (Stns 55, 24, 
57). 

2.3.3 Dissolved metal concentration 

Generally, dissolved Zn concentrations ([dZn]) and dissolved Cd 
concentrations ([dCd]) were elevated in mCDW compared to WW and 
AASW (Figs 2.2b and 2.2c). Along the Dotson transect, [dZn] ranged 
from 1.22 to 8.12 nmol L-1 (Fig. 2.7a), whereas [dCd] ranged from 0.29 
to 0.83 nmol L-1 (Fig. 2.8a). The highest [dZn] and [dCd] were observed 
close to the sea floor (~540 m) of Stn 48 (Figs 2.7a and 2.8a), with the 
lowest [dZn] and [dCd] observed in the upper 50 m of most of the 
bloom stations (Stns 33, 34, 45, 48, 49, 50), where fluorescence was 
relatively high compared to the other stations (Figs 2.3c, 2.7a, and 
2.8a). Generally, the distribution trends of dZn and dCd were similar, 
with elevated [dZn] (>5.2 nmol L-1) and [dCd] (>0.73 nmol L-1) following 
the distribution of mCDW (Fig. 2.3a and 2.3b). Along the Getz transect, 
[dZn] and [dCd] ranged from 0.91 to 7.14 nmol L-1 and 0.06 to 0.79 
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nmol L-1, respectively – much lower dissolved concentrations of both 
metals were observed in the upper 40 m of the off-shelf station (Stn 
55) and the shelf break station (Stn 24), where fluorescence was 
elevated (Figs 2.3f, 2.7d, and 2.8d), compared to the Dotson transect. 
Akin to the Dotson transect, the distribution of [dZn] followed the 
distribution of mCDW, with highest concentrations near the seafloor 
(Figs 2.3a, 2.3b and 2.7d). However, in contrast to [dZn], the highest 
[dCd] along the Getz transect were not observed near the sea floor; 
instead, elevated [dCd] (0.75 to 0.79 nmol L-1) were observed in the 
water column at 300-400 m at the off-shelf station (Stn 55), 400-500 
m at the shelf break station (Stn 24), and 310-570 m at the shelf 
station (Stn 57) (Fig. 2.8d). 

2.3.4 Particulate metal concentration 

2.3.4.1 Labile particulate metal concentrations 

The distributions of LpZn and LpCd followed similar patterns; labile 
particulate Zn concentrations ([LpZn]) and labile particulate Cd 
concentrations ([LpCd]) were both generally low below 100 m along 
the Dotson transect and below 40 m along the Getz transect (all 
[LpZn]<0.2 nmol L-1; all [LpCd]<0.01 nmol L-1, Figs 2.7b, 2.7e, 2.8b and 
2.8e). In the surface layer along the Dotson transect, relatively 
elevated [LpZn] (>1.5 nmol L-1) and [LpCd] (>0.1 nmol L-1) were found 
at the off-shelf station (Stn 53) and the shelf break station (Stn 52), 
most mCDW inflow stations (Stns 49, 48, and 45), and most mCDW 
outflow stations (Stns 33 and 34) (Figs 2.7b, and 2.8b), whereas low 
[LpZn] (<0.56 nmol L-1) and [LpCd] (<0.01 nmol L-1) were observed at 
the same depth at Stn 42 (inflow) and Stn 36 (outflow), coinciding with 
lower fluorescence (Fig. 2.3c). In the surface layer of the Getz transect, 
[LpZn] (>2 nmol L-1) and [LpCd] (0.2 to 0.4 nmol L-1) were higher than 
along the Dotson transect, particularly at the off-shelf station (Stn 55) 
and the shelf break station (Stn 24); whereas at the shelf station (Stn 
57) [LpZn] (~1.3 nmol L-1) and [LpCd] (0.1 to 0.2 nmol L-1) were lower 
than Stn 55 and Stn 24. (Figs 2.7e and 2.8e). 
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Figure 2.7 GPpr12 section plots of [dZn], [LpZn], and [RpZn] (nmol L-1) along both 
transects. Dotson transect: a. dZn, b. LpZn, c. RpZn; Getz transect: d. dZn, e. LpZn, f. 
RpZn.  

2.3.4.2 Refractory particulate metal concentrations 

Generally, [RpMe] were much lower than [LpMe] in this study – 
refractory particulate Zn concentrations ([RpZn]) were 3 to 5 times 
lower than [LpZn], and refractory particulate Cd concentrations 
([RpCd]) were 20 to 50 times lower than [LpCd]. Along the Dotson 
transect, compared to the deep, relatively elevated [RpZn] were 
observed at ~50 m at one of the mCDW inflow stations (Stn 45), and 
in the upper 20 m and around ~100 m of the mCDW outflow station 
(Stn 34) (Fig. 2.7c). Furthermore, a slight increase in [RpZn] was found 
at 500-550 m of Stn 42 (0.14 nmol L-1) and Stn 34 (0.2 nmol L-1) (Fig. 
2.7c). Along the Getz transect, [RpZn] were generally low (<0.1 nmol 
L-1), except for an elevation (0.17 nmol L-1) at 100 m at the shelf station 
(Stn 57) (Fig. 2.7f).  

In the case of RpCd, elevated [RpCd] were observed in the surface 
layer of most stations (with the exception of Stns 42 and 36), along 
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the Dotson transect; particularly, maxima in [RpCd] were found in the 
upper 50 m of the mCDW inflow station (Stn 45, 0.005 nmol L-1) and 
the mCDW outflow station (Stn 33, 0.005 nmol L-1) (Fig. 2.8c). Along 
the Getz transect, [RpCd] were relatively elevated (~0.01 nmol L-1) in 
the upper 40 m of the shelf break station (Stn 24) and the shelf station 
(Stn 57), whereas concentrations were lower (<0.01 nmol L-1) at the 
same depth for off-shelf station (Stn 55) (Fig. 2.8f). Below the surface 
later, [RpCd] were homogeneously low (<0.001 nmol L-1) along both 
transects. Since [RpCd] were significantly lower than [LpCd], such 
discrepancy results in a large uncertainty for measured [RpCd], 
especially in the surface layer where [LpCd] were elevated (see details 
in section 2.4.2.2).  

 
Figure 2.8 GPpr12 Section plots of [dCd], [LpCd], and [RpCd] (nmol L-1 ) along both 
transects. Dotson transect: a. dCd, b. LpCd, c. RpCd; Getz transect: d. dCd, e. LpCd, 
f. RpCd.  
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2.4 Discussions 

2.4.1 Sources of dZn, dCd, pZn, and pCd to the AS 

In this study, the results demonstrate that the dissolved phase 
dominates the total particulate (labile+refractory) concentrations at 
depth – [dZn] and [dCd] were generally 9 to 13 times higher than total 
particulate Zn concentrations ([TpZn]) and total particulate Cd 
concentrations ([TpCd]), compared to nearly equivalent particulate 
and dissolved concentrations for both metals in the surface layer (Figs 
2.7 and 2.8). This implies that scavenging by, and/or precipitation onto 
particles, are not dominant processes for the cycling for Zn and Cd, 
relative to external dissolved sources and regeneration of biogenic 
particles. However, external input of pZn and pCd followed by 
solubilization could also serve as a potential source of dZn and dCd. 
To understand the cycling of both metals in the coastal Antarctic area, 
one of the objectives of this study is to assess the diverse sources of 
both dissolved and particulate Zn and Cd in the ASP. Here we evaluate 
the potential sources of trace metals to our transects and the wider 
region, including (i) atmospheric deposition; (ii) mCDW; (iii) shelf 
sediment sources; (iv) Dotson Ice Shelf (meltwater induced by 
mCDW); (v) sea ice. 

2.4.1.1 Atmospheric deposition 

Atmospheric deposition is an important input route of trace metals to 
the ocean (Mahowald et al., 2018). Aerosols supply trace metals via 
dissolution of particles. It has also been suggested that atmospheric 
deposition (notably of anthropogenic particles) may be an important 
source for Zn and Cd in some oceanic regions (Liao et al., 2020; Ho et 
al., 2011). Although dust from continental landmasses and inter‐
hemispheric transport from the Northern Hemisphere has been 
observed in the surface waters of the open Southern Ocean (Li et al., 
2008), it is believed that the transport of atmospheric terrigenous and 
anthropogenic aerosols from lower latitudes to the Antarctic region is 
limited because of its remoteness from non-ice covered continents 
(Planquette et al., 2013; Fan et al., 2021; Gerringa et al., 2012).  
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In this study, [LpZn] and [LpCd] in the surface were relatively elevated, 
whereas [dZn] and [dCd] were relatively low in the surface of both 
Dotson and Getz transects, except for the stations right in front of the 
DIS (Stns 42 and 36; Figs 2.7 and 2.8). The low dissolved 
concentrations in combination with elevated LpMe implies biological 
uptake. On the other hand, both [RpZn] and [RpCd] in the surface 
were much lower than [LpZn] and [LpCd] (Figs 2.7 and 2.8), implying 
little addition of lithogenic material. In fact, [RpZn] were only 
relatively elevated at Stn 34 which was close to the shore (Figs 2.1 and 
2.7c), implying an input of lithogenic particles from the coast, rather 
than atmospheric deposition. For RpCd, relatively elevated 
concentrations (<0.004 nmol L-1) in the surface layer compared to at 
depth (<0.0001 nmol L-1) at most of bloom stations, coincided with 
both high fluorescence and elevated [LpCd] (Figs 2.3 and 2.8). Given 
that dust deposition is believed to be limited in this area and the 
lithogenic pCd only accounts for a minor fraction of the particle 
composition (further discussed in section 2.4.2), we believe that the 
elevation of RpCd in the surface likely result from incomplete leaching 
of biogenic Cd in the labile phase (perhaps relatively refractory 
biogenic pCd) and thus partly shows up in the refractory fraction, as 
the elevated RpCd was two orders of magnitude lower than LpCd (~0.2 
nmol L-1). Overall, we conclude that atmospheric deposition is not a 
significant source of either Zn or Cd to the ASP during our study, 
consistent with that concluded for Fe in the AS (Gerringa et al., 2012; 
Planquette et al., 2013) and for Zn on the west Antarctic Peninsula 
(Fan et al., 2021). 

2.4.1.2 mCDW as a source of Zn and Cd to the AS 
region 

It has been suggested that mCDW is a potential source of trace metals 
to shallower coastal Antarctic waters as it is a macro/micronutrient-
rich water mass and it upwells along the continental slope or intrudes 
via glacial troughs (e.g., Gerringa et al., 2012; Planquette et al., 2013; 
Sherrell et al., 2015). Previous work in the AS by Sherrell et al. (2015) 
showed [dZn] of 5 to 7 nmol L-1 in mCDW. In this study we observed 
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similar [dZn] within the least modified CDW (6.47±0.39 nmol L-1, 
mean±1 SD) (Fig. 2.2b), namely deeper than 145 m at the open ocean 
station (Stn 53) and deeper than 310 m at the off-shelf station (Stn 55) 
(Figs 2.7a, and 2.7d), consistent with the previous observation that 
nutrient-rich mCDW carried dZn into the AS (Sherrell et al., 2015).  

In the case of Cd, however, although [dCd] was also elevated in the 
least modified CDW (0.75±0.02 nmol L-1, mean±1 SD) (Fig. 2.2c) at the 
open ocean station (Stn 53) and the off-shelf station (Stn 55), the 
relative dCd maximum within mCDW was shallower than that of dZn 
(Figs 2.8a and 2.8d). This could be explained by the regeneration of 
dZn at greater depth (Lohan et al., 2002; Zhao et al., 2014) and/or 
higher [dCd] in upper mCDW relative to lower mCDW (Sieber et al., 
2019a). Nevertheless, [dCd] (0.73-0.79 nmol L-1, mean±1 SD) in mCDW 
were generally higher than in WW and AASW (Figs 2.2c), suggesting 
that mCDW is a source of dCd to the AS. To the best of our knowledge, 
there are no previous data reported on dCd in mCDW in the AS region. 
However, [dCd] in mCDW reported in this study are comparable to 
prior observations in the nearby Ross Sea region by Gerringa et al. 
(2020a), who reported an average [dCd] of 0.78±0.02 nmol L-1 in 
overall mCDW and suggested that mCDW is a source of dCd to 
Antarctic shelf regions.  

Since our results confirm that mCDW is an important source of both 
dZn and dCd to the AS, we estimate the metal flux from mCDW to the 
AS. Arneborg et al. (2012) reported a estimation of CDW flux (~0.21 
Sv) in the Amundsen Sea in 2010. Based on this estimation of CDW 
flux, we estimate that dZn and dCd fluxes from mCDW to the AS are 
42.8 mol year-1 and 5.0 mol year-1, respectively. However, Ha et al. 
(2014) reported that CDW flux increased to ~0.34 Sv in 2011, which 
results in the metal fluxes to the AS from mCDW rising to 69.4 nmol 
year-1 and 8.0 mol year-1 for Zn and Cd, respectively. Such a large 
interannual variability of mCDW intrusion onto Antarctic continental 
shelf has been attributed to not only the variability of the wind field 
and atmospheric circulation (Connolley, 1997; Hosking et al., 2013) 
but also the local Ekman pumping induced by spatial stress imbalance 
due to sea ice dynamic in austral summer (Kim et al., 2021). Our result 
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shows that this interannual fluctuation of mCDW intrusion could 
influence the flux of dZn and dCd (and potentially other trace metals) 
to the AS, potentially affecting the biogeochemistry and inventories of 
these metals in the AS.   

In contrast to dZn and dCd, both LpMe and RpMe displayed 
consistently and extremely low concentrations within CDW at Stn 53 
and Stn 55 (Figs 2.7 and 2.8), likely since mCDW is a mixture of old and 
deep-water masses from which particles have settled or have been 
remineralized. Therefore, mCDW does not appear to be a source of 
pZn or pCd to the AS.  

2.4.1.3 Sedimentary input of Zn and Cd to mCDW at 
depth 

Based on the observation of high dZn and dCd in mCDW (Figs 2.3, 2.7, 
and 2.8), we are confident that the intrusion of nutrient rich mCDW 
brings metal-rich waters onto the continental shelf that are 
subsequently mixed with overlying, relatively trace metal-poor 
seawater, with relatively high [dZn] and [dCd] present even after 
mixing (Figs 2.7 and 2.8). Since mCDW travels along the seafloor of the 
continental shelf (Fig. 2.3), sedimentary input induced by particle (and 
porewater) resuspension or porewater diffusion might supply 
additional dZn and dCd to mCDW (Schmitt et al., 2009; Sherrell et al., 
2015). However, such sedimentary input was suggested to be only a 
modest source for dZn in the AS, compared to the incoming mCDW 
(Sherrell et al., 2015). To assess whether sediment-derived dZn and 
dCd is added to mCDW along its transport path, as well as to quantify 
any such contribution, we evaluated the conservative mixing lines in 
waters up to 100 m above the seafloor at stations located on the 
continental shelf and the shelf break (Fig. 2.9).  

Based on the Ɵ-S diagram and section profile of the inflow (Figs 2.2a 
and 2.3), WW and the least modified CDW were the two primary 
water masses involved in mixing over this depth range (100 m above 
the seafloor). Assuming that WW and the least modified CDW 
(referred to as CDW in this section) were the only two components of 
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mixing, changes in [dZn] and [dCd] in mCDW should follow the mixing 
line of WW-CDW if distributions of the metals were only controlled by 
conservative mixing. The endmembers for salinity (S), [dZn], and [dCd] 
used for this mixing line are the average values (mean±1 SD) of WW 
(SWW: 34.18±0.03, [dZn]WW: 5.81±0.44 nmol L-1, [dCd]WW: 0.73±0.02 
nmol L-1) and CDW (SCDW: 34.72±0.03, [dZn]CDW: 6.47±0.39 nmol L-1, 
[dCd]CDW: 0.75±0.02 nmol L-1) respectively. Specifically, the 
endmember for CDW is selected from the observed salinity from this 
study (Stns 53 and 55, where the least modified CDW was located), 
rather than using the value reported by Randall-Goodwin. et al. (2015) 
as used for freshwater calculation in section 2.3.1.2. This is because 
there is no reported [dZn] endmember data for pure CDW in this 
region and this calculation assesses the effects of mixing between 
local, already partly modified water masses. This mixing line can then 
be used differentiate and quantify any local input (source; points 
above the mixing line) or output (sink; points below the mixing line) 
(Fig. 2.9).  

In the case of dZn, all samples from both the Dotson and Getz 
transects plot above the mixing line (Fig. 2.9a), indicating a consistent 
external dZn source to mCDW. By calculating the average difference 
between the mixing line and individual samples, we estimate that this 
Zn source supplies ~0.42±0.22 nmol L-1 (mean±1 SD) of dZn to mCDW. 
This result agrees with previous suggestions that benthic input 
supplies modest dZn to the AS (Sherrell et al., 2015), compared to dZn 
originating within CDW. This additional Zn source could result from 
sediment resuspension followed by desorption and/or porewater 
diffusion (e.g., Conway and John, 2014b; Lemaitre et al., 2020). The 
same assessment for dCd, however, suggests only limited 
sedimentary dCd input at most stations along the Dotson transect 
(0.030±0.023 nmol L-1, mean±1 SD), which is an order of magnitude 
smaller than dZn (Fig. 2.9b). In contrast, along the Getz transect, the 
near-bottom samples at Stn 24 and Stn 57 plot below the mixing line 
with an estimated dCd reduction of 0.025±0.016 nmol L-1 (mean±1 
SD). Thus, compared to dZn, our results show that the sedimentary 
input of dCd is spatially variable and a relatively small influence, if at 
all, in the AS. Although sedimentary input contributes modest dZn and 
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dCd relative to CDW along the DIS transect, which accounts for 7% and 
4% for dZn and dCd respectively in mCDW, it is still considered a 
source for this part of the AS (but not for the GIS transect). We 
estimated fluxes from the sediment for both Zn and Cd, assuming the 
volume of CDW intrusion onto the continental shelf remains constant; 
estimated sedimentary metal fluxes are about 4.5 mol year-1 and 0.3 
mol year-1 of dZn and dCd to the overlying water, based on the 
calculated CDW flux in the AS in 2011 (Ha et al., 2014). However, it 
should be noted that these values are first-hand estimates which 
could vary since the spatial and temporal variability of sedimentary 
fluxes are unknown in the region.    

 

Figure 2.9 [dZn] and [dCd] versus salinity close to the AS seafloor (~ 100 m). a. [dZn] 
versus salinity. b. [dCd] versus salinity. Black circles represent the average dissolved 
metal, as well as average salinity for both WW and CDW. Average values were 
selected using Ɵ-S diagram (Fig. 2.2) and section profile (Figs 2.7a, 2.7d, 2.8a, and 
2.8d). The endmembers (mean±1SD) for salinity (S), [dZn], and [dCd], in WW and 
CDW are – SWW: 34.18±0.03, [dZn]WW: 5.81±0.44 nmol L-1, [dCd]WW: 0.73±0.02 nmol 
L-1; SCDW: 34.72±0.03, [dZn]CDW: 6.47±0.39 nmol L-1, [dCd]CDW: 0.75±0.02 nmol L-1. 
Dashed lines represent the mixing line between WW and CDW.  

In the case of the particulate metals, both [LpZn] and [LpCd] 
decreased with depth ([LpZn]<0.2 nmol L-1; [LpCd]<0.01 nmol L-1, Figs 
2.7b, 2.7e, 2.8b and 2.8e) compared to the surface layer along both 
transects and near bottom. Similarly, [RpCd] were extremely low at 
depth (<0.01 nmol L-1) along both transects (Figs 2.8c and 2.8f), 
implying that sedimentary input does not contribute a significant 
amount of LpZn, LpCd, or RpCd to the water column and/or 
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regeneration of labile particles at depth. On the other hand, [RpZn] is 
elevated between 400-600 m in the near-shore area (~0.09 nmol L-1, 
Stns 42 and 34) (Fig. 2.7c), suggesting a source of RpZn limited to shelf 
sediments near the ice shelf which potentially consists of glacial 
particles (terrestrial input). 

2.4.1.4 The influence of the DIS on Zn and Cd in the AS 

Ice shelves are considered sources of both dissolved and particulate 
trace metals, with potential offshore transport of these metals. For 
example, it has been suggested that basal melt beneath the DIS adds 
dissolved Fe (e.g., mCDW) (Alderkamp et al., 2015; Sherrell et al., 
2015; Yager et al., 2012) as well as particulate Fe (van Manen et al., 
2022) to underlying waters. Additionally, mCDW may carry sediment-
derived and ice shelf-derived particles into Antarctic coastal waters – 
Herraiz-Borreguero et al. (2016) found significant Fe input from the 
Amery Ice Shelf due to the melting of marine ice (i.e., an accreted ice 
layer formed by supercooling of accumulated frazil ice platelets 
underneath the ice shelf) potentially contain fine sediments and 
biogenic materials. However, whether the melting of ice shelves could 
be a source of dissolved and particulate Zn and Cd, to Antarctic coastal 
waters remains practically unknown. Previously, Sherrell et al. (2015) 
suggested that mCDW outflow from the DIS brings only modest 
amounts of dZn to the Amundsen Sea. For dCd, there is no evidence 
showing that the DIS melting adds Cd to mCDW outflow, however, 
Sieber et al. (2019a) suggested a Cd input associated with the 
meltwater of the Mertz Glacier to nearby surface waters in East 
Antarctica. 

In our study, according to the distribution of salinity, temperature, 
and δ18O (Figs 2.3 and 2.5) – the inflowing mCDW (with additional 
sediment derived trace metals) was characterized close to the floor of 
the continental shelf (~500 m), whereas the outflowing mCDW was 
observed between 200 and 400 m, which is in general agreement with 
previous observations (Randall-Goodwin. et al., 2015; Miles et al., 
2016), although the depth can change depending on the geographical 
location. In addition to the mCDW inflow, mCDW outflow, and ice 
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shelf melt water, the water at the edge of the DIS (a mixture of WW 
and AASW, hereby referred to as shelf water) also plays an important 
role in the cycling of metals in the ice shelf system due to physical 
mixing process (van Manen et al., 2022). Here, we utilize the same 
three-endmember mass balance approach described in section 
2.3.1.2, but with different (local) endmembers. Assuming physical 
mixing between three water masses – mCDW inflow, shelf water, and 
ice shelf meltwater – was the main mechanism that altered dissolved 
metal concentrations, the equations can be modified: 

 

𝑓′𝐼𝑆 + 𝑓′𝑖𝑛𝑓𝑙𝑜𝑤  + 𝑓′𝑠𝑤 = 1………. (Eq. 4) 

𝑓′𝐼𝑆 × 𝛿′𝐼𝑆 + 𝑓′𝑖𝑛𝑓𝑙𝑜𝑤 × 𝛿′𝑖𝑛𝑓𝑙𝑜𝑤  + 𝑓′𝑠𝑤  ×  𝛿′𝑠𝑤 = 𝛿′𝑜𝑢𝑡𝑓𝑙𝑜𝑤…(Eq. 5) 

𝑓′𝐼𝑆 × 𝑆𝐼𝑆 + 𝑓′𝑖𝑛𝑓𝑙𝑜𝑤 × 𝑆𝑖𝑛𝑓𝑙𝑜𝑤 +  𝑓′𝑠𝑤  ×  𝑆𝑠𝑤 = 𝑆𝑜𝑢𝑡𝑓𝑙𝑜𝑤………(Eq. 6) 

𝑓′𝐼𝑆 × 𝑀𝐼𝑆 + 𝑓′𝑖𝑛𝑓𝑙𝑜𝑤 × 𝑀𝑖𝑛𝑓𝑙𝑜𝑤 +  𝑓′𝑠𝑤  ×  𝑀𝑠𝑤 = 𝑀𝑜𝑢𝑡𝑓𝑙𝑜𝑤…(Eq. 7) 

 

Here, 𝑓′ , 𝛿 , 𝛿 , and 𝑀  denote the volume fraction, endmember 
δ18O value, salinity, and endmember metal concentration (depth-
weighted averages, i.e., data integrated over depth and divided by the 
depth of (part of) the water column to account for unequal spacing 
between sampled depths), respectively, whereas 𝐼𝑆 , 𝑖𝑛𝑓𝑙𝑜𝑤 , 𝑠𝑤  
and 𝑜𝑢𝑡𝑓𝑙𝑜𝑤 , stand for ice shelf meltwater, mCDW inflow, shelf 
water, and mCDW outflow, respectively. To get four unknowns (𝑓′𝐼𝑆, 
𝑓′𝑖𝑛𝑓𝑙𝑜𝑤, 𝑓′𝑠𝑤, and 𝑀𝐼𝑆), the other endmembers are defined based on 

observations or previously reported values (Table 2.3). For the mCDW 
inflow, the endmembers are defined based on Stn 45 and Stn 48 
(between the sediments and 100 m above the seafloor). Please note 
that the endmembers of 𝛿  and 𝛿  of mCDW used here are different 
than the CDW endmember used in section 2.3.1.2 that is based on 
values reported by Randall-Goodwin. et al. (2015) for consistency with 
previous studies. The purpose of that calculation was to evaluate the 
freshwater input (sea ice melt water and ice shelf melt water). 
However, in this section, the aim is instead to assess the mixing of 
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inflowing mCDW, ice shelf melt water, outflowing mCDW, and shelf 
water at a much smaller scale and thus we choose the endmembers 
based on observations in this study. For shelf water, the endmembers 
are chosen based on temperature (Ɵ<–1.5˚C) at Stn 45 (72-235 m) 
(Table 2.3). However, depths from 72 m to 136 m are excluded in this 
definition due to high production of labile particles produced from 
intense biological activity. It is noted that Stn 42 is excluded in the 
selection for both mCDW inflow and shelf water as it is deemed to be 
strongly influenced by terrestrial input, based on elevated [dFe] (van 
Manen et al., 2022). However, it is possible the Zn endmember is likely 
an under”stimation as mCDW may pick up more sediment-derived 
dZn between Stn 45 and the ice shelf, resulting in an overestimation 
of ice shelf-derived Zn. For the mCDW outflow, the endmembers are 
chosen from the first outflow station (Stn 36, 294 m) (Fig. 2.3 and 
Table 2.3). Using this approach, the output (𝑓′𝐼𝑆 × 𝑀𝐼𝑆) gives a first 
order estimate of the concentration contributed by ice shelf melt – a 
positive value would imply ice shelf melt contributes dissolved metals 
to mCDW outflow, whereas a negative value would imply net removal.  

The results of this calculation show that the mCDW outflow Is 
composed of 0.6% ice shelf meltwater, 24.5% shelf water, and 74.9% 
mCDW inflow, with positive (𝑓′𝐼𝑆 × 𝑀𝐼𝑆) values (Table 2.3), implying a 
contribution from ice shelf melt. In the case of Zn, estimated [dZn] in 
the ice shelf meltwater (5.3±5.9 nmol L-1, mean±1 SD) are lower than 
other water masses involved in the mixing (Table 2.3) with an 
estimated input of 0.034±0.038 nmol L-1 (Table 2.3). This implies that 
the ice shelf meltwater is not a relatively important source of dZn, 
even though there is a large uncertainty on this estimate and the 
endmember. Furthermore, [dZn] in shelf water (5.76±0.16 nmol L-1) 
was lower than in the incoming mCDW (7.01±0.19 nmol L-1); whereas 
in the mCDW outflow (6.69 nmol L-1) it appeared to be comparable to 
the mCDW inflow, although given the single observation available to 
estimate the outflow endmember, this cannot be stated with 
certainty. This observation also implies DIS meltwater does not add a 
significant amount of dZn and suggests an effective dilution by mixing 
with shelf water once the outflowing mCDW leaves DIS, similar to 
recent observations for Fe (van Manen et al., 2022). On the other 
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hand, estimated [dCd] in the ice shelf meltwater (4.5±0.1 nmol L-1) are 
much higher than in other water masses (Table 2.3), meaning the DIS 
is a source of dCd to the outflowing mCDW. However, the overall 
[dCd] in the inflow and outflow are similar (Table 2.3), and it is 
estimated that DIS melt only adds 0.029±0.0004 nmol L-1 of dCd to the 
outflow, likely due to a small contribution of meltwater (0.6%). The 
same calculations were also done for both fractions of particulate 
metals. A negligible contribution (or minor removal) is estimated from 
ice shelf melt ([LpZn]: –0.03±0.01 nmol L-1, [RpZn]: 0.047±0.0001 nmol 
L-1, [LpCd]: 0.001±0.0001 nmol L-1, and [RpCd]: 0.001±0.00001 nmol L-

1) (Table 2.3). In a previous study, Sieber et al. (2019a) suggested that 
glacial melt water may contribute dCd to surface waters from the 
Mertz Glacier (east Antarctica), possibly originated in particulate 
form. However, input of pCd from the DIS is not observed in the 
current study. 

Our results thus suggest that DIS melt is only a negligible source of dZn 
and dCd, which agrees with the findings of Sherrell et al. (2015), and 
that DIS melt is not a discernible source of pZn and pCd. However, the 
caveat of this approach is that it is based solely on physical mixing with 
best estimates for the endmembers involved. From the 
measurements in this study, we are unable to quantify any 
biogeochemical process (e.g., adsorption onto particles and 
regeneration) or physical processes (e.g., particle settling) that might 
remove/add both metals underneath DIS. To further investigate this 
issue, a more direct proxy than dissolved metal concentrations is 
required, such as trace metal isotope ratios that could help to 
differentiate between coinciding metal sources and sinks during 
mCDW-induced ice sheet melt (e.g., Conway and John, 2014b; Sieber 
et al., 2019a; Sieber et al., 2020).   
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2.4.1.5 Sea ice as a negligible source of dissolved 
metals to the ASP 

Sea ice is considered an important local source of trace metals in the 
polar regions, notably for Fe (Duprat et al., 2020; Lannuzel et al., 2008; 
Moreau et al., 2019; Arrigo et al., 1997; Lannuzel et al., 2010; Sedwick 
and DiTullio, 1997). Although observations for Zn and Cd in sea ice are 
relatively scarce, Lannuzel et al. (2011) reported that dZn and dCd are 
not particularly enriched in sea ice near East Antarctica, relative to 
seawater concentrations, suggesting that that sea ice is not a 
significant source of dZn and dCd to surface waters in that region. 
However, given the strong melt of sea ice in the AS during the period 
of sampling (Fig. 2.4), sea ice melt might be a source of trace metals, 
especially in the offshore area. In this study, several stations (Stns 53, 
52, 50, 49, 55, and 24) were located within the sea ice or on the edge 
of the sea ice region (Fig. 2.4). Furthermore, a positive sea ice melt 
fraction was found in the upper 20 m of these stations, as well as at 
Stn 48 and Stn 57 (Fig. 2.5), suggesting these stations are subject to 
the influence of sea ice melt. To further evaluate the influence of sea 
ice melt on the metal concentrations in the surface (~20 m), the open 
ocean station (Stn 53), the shelf break station (Stn 52), and the bloom 
stations (Stns 50, 49, 48, 55, 24, and 57) are selected for comparison.  

If sea ice melt were a strong source and the main driver of dissolved 
metal concentrations in the surface, both [dZn] and [dCd] should co-
vary with salinity and 𝑓𝑠𝑖𝑚  (i.e., concentrations increase with 
decreasing salinity and increasing 𝑓𝑠𝑖𝑚). However, [dZn] and [dCd] in 
the region with a positive 𝑓𝑠𝑖𝑚  displays an increasing trend with 
increasing salinity and decreasing 𝑓𝑠𝑖𝑚 (Fig. 2.10). Additionally, in the 
surface layer, higher metal concentrations are observed at the non-
bloom stations, whereas at the bloom stations lower metal 
concentrations are found (Figs 2.3, 2.7, and 2.8). This implies that the 
dissolved metal concentrations in the upper 20 m in the region with a 
positive 𝑓𝑠𝑖𝑚  are not only influenced by sea ice melt, but 
predominantly controlled by other processes – biological uptake 
and/or sorption onto (biogenic) particles, which is supported by 
increasing LpMe observed at the bloom stations (Figs 2.3, 2.7, and 
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2.8). This complicates any assessment of sea ice melt as a metal source 
since biological uptake and scavenging processes could balance out 
any primary contribution from sea ice melt. Nevertheless, with the 
parameters obtained in this study, we speculate that sea ice melt is 
not a strong source of either dZn or dCd in the AS. Similar observations 
are reported for sea ice in East Antarctic waters (Lannuzel et al., 2011). 
This is contrast to observations in Arctic sea ice which is found to be 
enriched in Zn and Cd, compared to surface seawater and therefore 
suggested to be a significant source to seawater (Tovar-Sánchez et al., 
2010). The discrepancy between Arctic and Antarctic sea ice might 
result from the influence of anthropogenic aerosol deposition in the 
Arctic – Marsay et al. (2018b) found Zn and Cd in aerosol particles 
collected in the Arctic region to be significantly higher than crustal 
values, implying the transport of anthropogenic aerosols from nearby 
landmasses. More direct measurements, such as metal 
concentrations in sea ice and meltwater, and other proxies such as 
metal stable isotopic composition, are needed to further unravel the 
dynamics of dissolved metals and assess the relative influence of 
chemical (e.g., biological assimilation and sorption) and physical (e.g., 
mixing with underlying waters) processes in Antarctic coastal regions. 

Likewise, since biological activity is dominant in the surface layer, 
leading to a significant production of labile particles, it is impossible to 
distinguish whether sea ice melt released LpZn and LpCd to the 
surface or not, based on the available data. In contrast to labile 
particles, refractory particles are not expected to be produced or 
influenced by biological activity, and accordingly RpZn and RpCd at the 
stations located within the sea ice or on the edge of the sea ice region 
(Stn 53, 52, 50, 49, 55, and 24) are consistently low ([RpZn]: ~0.1 nmol 
L-1, [RpCd]: <4 pmol L-1) in the upper 20 m. Based on these low 
refractory concentrations, we thus conclude that sea ice melt is not a 
strong source of RpZn and RpCd. Nevertheless, [RpCd] in the surface 
layer were elevated compared to deeper water, suggesting there 
might be a small source of RpCd. However, the much higher labile 
concentrations lead to a large uncertainty in the determination of the 
refractory fraction; this effect, in addition to the possibility of 
incomplete leaching of LpCd as noted in section 2.4.2.2, means a 
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minor contribution from sea ice melt cannot be ruled out based on 
the current data. 

 

Figure 2.10 GPpr12 [dZn] and [dCd] versus salinity (in blue) and the fraction of sea 
ice melt (𝒇𝒔𝒊𝒎) (in green) at the surface (~ 20 m) of the open ocean station (Stn 
53), the shelf break station (Stn 52) and the bloom stations (Stn 50, 49, 48, 55, 24, 
57).  a. [dZn] b. [dCd]. The regression lines show significant trends (all p values < 
0.05) excluding Stn 52 and 53 and the arrows indicate the direction of the trends.  

To sum up, mCDW, together with sedimentary input (7% for dZn and 
4% for dCd in the DIS region), is the main source for both dZn and dCd 
to the AS, whereas sea ice melt does not seem to supply either 
dissolved metal to the water column, and the effect of ice shelf melt 
is convoluted by water mass mixing process. Our results imply that the 
increasing flux of warm mCDW intruding into the AS (Jacobs et al., 
2011) could potentially increase the flux of both dZn and dCd, by 
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enhancing the ice shelf melt-driven circulation (meltwater pump, St-
Laurent et al., 2017), affecting the biogeochemical cycling of the ASP. 
Such stronger circulation would increase the supply via both mCDW 
upwelling (with its sedimentary derived component) and any supply 
from the ice shelf. Although particulate metals are only a relatively 
minor component of the overall metal pools in this study, especially 
below the surface layer, biogenic particles could play an important 
role in the cycling of dZn and dCd in the upper ocean due to (varying) 
uptake by different phytoplankton communities, as discussed in the 
next sections. 

2.4.2 Particle composition  

The highest [LpZn] and [LpCd] were found in surface waters, notably 
at the bloom stations, coinciding with relatively low [dZn] and [dCd]. 
Observed concentrations of both particulate and dissolved phases 
were roughly equal (or particulate concentrations were 1-2 times less 
than dissolved concentrations at some stations) (Figs 2.7 and 2.8); this 
likely indicates strong biological uptake of dissolved metals and/or 
scavenging onto suspended particles. Consistent with this, the 
phytoplankton biomass (indicated by fluorescence) was also relatively 
high at these stations. Generally, there are multiple pathways for 
bioactive metals to partition between the dissolved phase and the 
particulate phase – biological assimilation, adsorption onto particles 
(e.g., biogenic/authigenic/abiotic particles), competition between 
metal binding ligands and particles, and regeneration (e.g., Bruland et 
al., 2013). The importance of each process varies per metal depending 
on the environmental conditions (e.g., biological activity and redox 
conditions), which could alter the compositions of particulate metals. 
Furthermore, particulate metal compositions can also be controlled 
by external sources and interactions near the sea floor, such as 
sediment resuspension and authigenic mineral formation (e.g., 
Planquette et al., 2013; Raiswell et al., 2016). To understand the 
interaction between dissolved and particulate phases, we discuss (i) 
origins of particles collected in the surface layer, and (ii) the 
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concentration and relative origin contributions to particulate metal 
concentrations (biogenic and lithogenic) of both metals. 

2.4.2.1 Particle origins based on relationships with Al 
and P 

To assess the particle origin, we assume all P in the particles is biogenic 
and all Al is from lithogenic materials (e.g., Planquette et al., 2013). 
The total particulate Zn (TpZn), total particulate Cd (TpCd), total 
particulate P (TpP), total particulate Al (TpAl), and the inter-
relationships (intercept not forced to 0) between these quantities can 
be used to assess whether there is a consistent biogenic or lithogenic 
fraction of Zn and Cd. The regression between TpMe and TpP indicates 
that biogenic metals dominate the TpMe pools in the surface layer at 
both the bloom stations (R2

TpZn-TpP=0.69, R2
TpCd-TpP=0.88, n=37, both 

p<0.05) and the non-bloom stations (R2
TpZn-TpP=0.66, R2

TpCd-TpP=0.85, 
n=8, both p<0.05). Subsequently, the coefficient of determination (R2) 
decreases below the surface layer (Table 2.4), suggesting a smaller 
contribution of particles of biogenic origin to the overall particulate 
pool, likely due to regeneration of biogenic particles. Interestingly, at 
the bloom stations, the R2 value for Cd remains high below the surface 
layer, while that for Zn decreases more notably (Table 2.4). This 
suggests that either biogenic pZn remineralizes much faster than 
biogenic pCd in the water column, or there is a possible input of 
abiotic pZn (e.g., sedimentary or scavenging-derived pZn) increases 
with depth much more than for pCd (details discussed in section 
2.4.2). On the other hand, the coefficients of determination of the 
regressions between TpMe and TpAl in the surface layer of the bloom 
stations are comparable (R2

TpZn-TpAl=0.36, R2
TpCd-TAl=0.41, n=37, both 

p<0.05), and slightly increases for TpZn-TpAl (but not TpCd-TpAl) 
below the surface layer, (Table 2.4). Together with the weakening 
regression between TpZn and TpP below the surface layer, this result 
implies lithogenic pZn becomes more prevalent at depth, whereas this 
effect is less profound for pCd. 
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Table 2.4 Regression of TpMe/TpP (and TpAl) in (and below) the surface layer. 

 

2.4.2.2 Estimated biogenic (and lithogenic) metal 
concentrations and relative contributions    

The varying regression between TpMe and TpP (and TpMe-TpAl) only 
indicates relative changes in particle composition and inferred origin 
– quantifying the concentrations of particles of biogenic and lithogenic 
origin requires further investigation. To date, there are several 
common approaches taken to estimate biogenic and lithogenic 
components of bulk particles. The first approach is to separate bulk 
particles into labile and refractory fractions by using chemical leaching 
techniques (Berger et al., 2008; Fitzwater et al., 2003; Tang and Morel, 
2006; Tovar-Sanchez et al., 2003), and assuming labile and refractory 
fractions represent biogenic and lithogenic fractions, respectively. A 
second approach is to use uptake ratios (metal/P) by phytoplankton 
to calculate the biogenic particulate metal concentrations, assuming 
that all P measured in bulk particles is biologically assimilated (i.e., 
lithogenic or authigenic P is negligible). The metal/P uptake ratios 
used in this approach come from uptake experiments using 
phytoplankton or from the slope of regression between dissolved 
metals and PO4 in the upper ocean, assuming biological uptake is the 
main driver for variation in metal concentrations and nutrients (Liao 
et al., 2017; Planquette et al., 2013). In a similar fashion, this approach 
can also be used to estimate lithogenic metal concentrations, by 
multiplying crustal ratios (metal/Al or metal/Ti) with particulate Al or 
Ti concentrations in bulk particles (Liao et al., 2017; Little et al., 2016; 
Planquette et al., 2013) based on the assumption that all Al measured 
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in bulk particles has a lithogenic origin and the used ratio is 
representative for all lithogenic particles. 

Here, we compare the estimated biogenic and lithogenic metal 
concentrations and their relative contributions to the bulk particle 
concentration in both the productive (the bloom stations) and less 
productive areas (Stns 53 and 52, here referred to as the non-bloom 
stations) using the two approaches described above – the first 
approach is referred to as “analytical leaching approach” the 
hereafter and the second approach is referred to as the “fixed ratio 
approach” hereafter.  The concentrations and relative contributions 
are calculated by both approaches for each sample and summarized 
in depth intervals (depth-weighted averages for data in the bins, 0-50 
m, 50-100 m, 100-200 m, 200-400 m, 400-600 m, 600-800 m, 800-
1000 m, Fig. 2.11). 

(1) Biogenic metal concentration and contribution 

For the “analytical leaching approach”, biogenic concentrations and 
contributions are derived from [LpMe] and [LpMe]/[TpMe], 
respectively, assuming LpMe is biogenic. Within 0-50 m at the bloom 
stations, elevated biogenic [pZn] and [pCd] are estimated (1.22±0.61 
nmol L-1; n=10, and 0.14±0.10 nmol L-1; n=10, mean±1 SD, 
respectively), with concentrations decreasing with depth (Table 2.5, 
Figs 2.11b and 2.11f). Similarly, a decreasing trend in biogenic pZn 
contributions from the surface (86%, 0-50 m) to greater depths (60%, 
600-800 m) is calculated (Fig. 2.11a). Together, as suggested by the 
relationship of TpP and TpZn, these results indicate a consistent and 
significant production of biogenic pZn in the surface of the ASP, as well 
as regeneration of biogenic pZn over depth. On the other hand, while 
elevated biogenic pCd within 0-50 m compared to deeper depths at 
the bloom stations (Table 2.5 and Fig. 2.11f), biogenic pCd 
contribution does not decrease significantly over depth (95-97%, Fig. 
2.11e). This indicates that biogenic pCd still dominates the particulate 
pool at depth, despite regeneration. At the non-bloom stations, lower 
biogenic [pZn] (0.86±0.21 nmol L-1) and biogenic [pCd] (0.08±0.01 
nmol L-1) are estimated in the upper water layer (0-50 m) compared 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 95PDF page: 95PDF page: 95PDF page: 95

                                            C H A P T E R  2 | 94 

 

 2 

to the bloom stations, and both biogenic concentrations decrease 
over depth (Table 2.5). Lower biogenic metal concentrations at the 
non-bloom station suggests a relatively small biogenic particle 
production in the surface layer, coincident with lower fluorescence 
(Fig. 2.3c), likely due to the decreased availability of Fe compared to 
the bloom stations (van Manen et al., 2022). Interestingly, within 0-50 
m, higher biogenic pZn contribution is estimated at the non-bloom 
stations (96%) than the bloom station (86%) within 0-50 m implies less 
abiotic pZn input to the non-bloom stations. On the other hand, akin 
to the bloom stations, biogenic pCd contribution is equally high 
(~97%) within 0-50 m (Figs 2.11e and 2.11g), suggesting abiotic pCd 
input is not significant compared to biogenic pCd at both non-bloom 
and bloom stations. 

In comparison to the “analytical leaching approach”, for the “fixed 
ratio approach”, we use TpP combined with the slope of regression 
between dissolved metals and PO4 in the surface layer (Table 2.5) as 
an estimation of the metal uptake ratios to estimate the biogenic 
concentration and relative contribution (Planquette et al., 2013; van 
Manen et al., 2022). The slope of regression is used as there is a lack 
of culture studies on metal and P uptake by haptophytes, and the 
discrepancy in phytoplankton community between blooms may affect 
in-situ metal uptake ratios. Lower biogenic concentrations and 
contributions (LpMe/TpMe) are derived (Fig. 2.11) – within all depth 
intervals, biogenic concentrations calculated by the “analytical 
leaching approach” are up to 5.1 times and up to 2.6 times higher than 
estimated by the “fixed ratio approach” for Zn and Cd, respectively 
(Fig. 2.11). However, the decreasing trends for both metals from the 
surface to the deep are similar between two approaches. One 
explanation for the discrepancy between these two commonly used 
approaches is that the ratios derived from the slope of the metal-PO4 
relationships do not accurately represent the true phytoplankton 
uptake ratios. Indeed, it is well established that care should be taken 
when assuming regression slopes are representative of uptake ratios, 
as such slopes may also be influenced by both water mass mixing and 
sources or sinks not associated with uptake and regeneration (e.g., 
Middag et al., 2019; Middag et al., 2018). Additionally, the uptake of 
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metal and PO4 also differs between different phytoplankton species 
and under different environmental conditions (e.g., Ho et al., 2003), 
meaning that a universal slope of the dissolved metal-PO4 may not 
represent true (variable) uptake ratios. On the other hand, our 
definition of the ‘labile’ fraction might not necessarily equate to the 
biogenic fraction. For example, it has been found that labile pMe can 
include not only metals of biogenic origin such as living organisms (soft 
tissue and hard skeletal materials such as calcite and aragonite) and 
biodetritus (e.g., dead phytoplankton cells, fecal pellets), but also 
metals associated with fresh authigenic particles (e.g., amorphous Fe-
Mn oxyhydroxide), as well as metals weakly bound to lithogenic 
particles (e.g., alumino-silicate clay minerals or crystalline 
oxyhydroxide minerals) (Berger et al., 2008, Rauschenberg and 
Twining, 2015). Moreover, other sources of labile particles such as 
sediments that have different metal/P values, can result in variation 
in the observed ratios. Nevertheless, from this dataset, both 
approaches showed dominant biogenic contributions in the surface 
compared to the deep, indicating that the TpMe pool in the surface of 
the ASP is mainly controlled by biological activity. 

Overall, by comparing two different approaches, we found that there 
is no perfect approach to accurately determine the biogenic fraction 
– the estimation strongly depends on the chosen fixed ratios and the 
leaching selectiveness – in regions with high productivity and without 
significant input of other labile particulate sources, the “analytical 
leaching approach” could give representative results and would be 
less labor intensive, although inherently there is a risk of including 
adsorbed/scavenged metals or authigenic particles. On the other 
hand, the “fixed ratio approach” would be an ideal fit if the 
phytoplankton community and its uptake ratio during the 
development of blooms could be simultaneously monitored, rather 
than relying on estimates based on dissolved concentrations. Overall, 
with the data available in this study, we deem a variation of the 
“analytical leaching approach” most suitable to assess the metal 
uptake ratios in the biogenic fraction. 
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Figure 2.11. Relative contributions and concentrations of biogenic, labile, 
lithogenic, and refractory fractions at both bloom (coastal) stations and non-
bloom (oceanic) stations during GPpr12. Biogenic and lithogenic contributions (and 
concentrations) were calculated using the “fixed ratio approach”, whereas labile 
and refractory contributions (and concentrations) were calculated using the 
“analytical leaching” approach. a. and c. relative biogenic pZn contributions. b. and 
d. biogenic pZn concentrations. e. and g. relative biogenic pCd contributions. f. and 
h. biogenic pCd concentrations. Each contribution is calculated based on the 
corresponding ratios described in section 2.4.2.2.  
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 (Continue for Figure 2.11) 

 

(2) Lithogenic metal concentration and contribution 

To estimate the lithogenic concentration and contribution, the 
“analytical leaching approach” assumes RpMe is lithogenic and uses 
RpMe/TpMe for the estimation of contribution, whereas the “fixed 
ratio approach” uses upper crustal metal/Al ratios (Zn/Al: 0.34 mmol 
mol-1; Cd/Al: 0.45 μmol mol-1, Rudnick and Gao, 2003) to derive 
lithogenic concentrations (based on TpAl) and contributions 
(lithogenic metals/TpMe). Since the bloom stations are on the shelves 
(close to the coast), we refer to them as the coastal stations in this 
section, whereas the non-bloom stations are referred to as the 
oceanic stations.
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Based on the “analytical leaching approach”, elevated lithogenic [pZn] 
(but much lower than biogenic [pZn]) are estimated at the coastal 
stations (75±38 pmol L-1, mean±1 SD) compared to the oceanic 
stations (17±10 pmol L-1) (Table 2.5). A similar elevation of lithogenic  
[pZn] at the coastal stations (18±5 pmol L-1) is estimated by the “fixed 
ratio approach”, compared to the oceanic stations (1.2±0.7 pmol L-1). 
Both approaches thus indicate some lithogenic pZn input from the 
Antarctic continental shelf. In contrast, lithogenic [pCd] derived by the 
“analytical leaching approach” are very low and variable for both 
station groups (bloom stations: 0.95±1.49 pmol L-1; oceanic stations: 
0.59±0.91 pmol L-1). For the “fixed ratio approach”, estimated 
lithogenic [pCd] are even lower at both station groups (<0.03 pmol L-

1; Table 2.5), suggesting that the input of lithogenic pCd is negligible. 
Interestingly, the “analytical leaching approach” estimates higher 
coastal lithogenic concentrations in the surface (within 0-50 m) than 
in the deep (600-800 m) for both metals at both station groups (Table 
2.5). This decreasing trends over depth are reversed compared to 
estimation by the “fixed ratio approach” (Table 2.5). We speculate 
that the surface elevation of lithogenic concentrations (derived by the 
“analytical leaching approach”) is likely affected by the high labile 
particle concentration in the surface layer where some LpMe is 
inevitably leached into refractory fraction, given that RpMe was very 
low and nearly 8 (for Zn) and 35 (for Cd) times lower than LpMe in the 
surface (Fig. 2.7). The lithogenic pZn contribution at the coastal 
stations increase from the surface to the deep, ranging from 2% (0-50 
m) to 18% (600-800 m) estimated by the “fixed ratio approach”, which 
is lower than the estimation by the “analytical leaching approach” that 
ranges from 13% (0-50 m) to 40% (600-800 m) (Fig. 2.11). A similar 
scenario is also observed at the oceanic stations. Together with 
decreasing biogenic [pZn] (and contribution) over depth (Fig. 2.11), 
this indicates degradation of biogenic particle at depth as well as 
increasing (but relatively small) lithogenic input from shelf sediment.  
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2.4.3 Different uptake ratios (Zn/P and Cd/P) in the 
two sampling regions 

As discussed in section 2.4.2, high biogenic particulate metals in the 
surface of the ASP correspond with phytoplankton blooms. However, 
assessing the biogenic contribution to the particulate metal pool is 
complicated, with both the fixed ratio and the leaching approach 
having caveats. Given that the blooms were dominated by different 
phytoplankton species – haptophytes (typically Phaeocystis spp.) and 
diatoms were the main groups dominating in the Dotson and the Getz 
regions, respectively (Fig. 2.6), the uptake of Zn and Cd is expected to 
vary both in different blooms as well as during the development of the 
bloom through time. In this setting, we deem using the slopes of the 
regression between LpMe and labile pP (LpP) has fewer underlying 
assumptions and may thus be better than using reported fixed ratios 
(fixed ratio approach) in addition to averaging out variation in 
individual labile fractions (analytical leaching approach). Hence, we 
use the slopes of LpMe and LpP (intercept set to 0, referred as to 
LpMe/LpP slope ratios hereafter) in the surface layer at the bloom 
stations to evaluate differences in uptake ratios of both metals.  

Uptake of Cd by phytoplankton is thought to be related to Zn2+ 

availability, which in turn can affect the uptake ratios of both metals. 
For example, Sunda and Huntsman (2000) reported increased Cd 
uptake relative to PO4 by some oceanic diatoms (e.g., Thalassiosira 
oceanica) under Zn-depleted conditions (when [Zn2+] decreased to 
0.01 nmol L-1). When dZn is depleted, Cd may substitute for Zn in some 
carbonic anhydrases, with some species even containing a Cd-based 
enzyme (Morel et al., 2020, and references therein). However, even 
though we have no estimates of [Zn2+], [dZn] in the ASP is always 
relatively high (>1 nmol L-1), even in the surface layer where strong 
biological uptake occurs, implying relatively high [Zn2+] as well (e.g., 
Baars and Croot, 2011). As such, it is unlikely that such effects (Cd 
substitution for Zn) play an important role in driving dCd uptake or 
Cd:P ratios in the ASP and indeed no relationships between uptake 
ratios and dissolved metals concentrations were apparent in the 
current data that suggested a dominant role for substitution. 
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Therefore, we do not focus on the interplay between Zn and Cd 
substitution in our discussion of the ASP. 

 

Figure 2.12 Labile particulate composition (LpMe/LpP) versus dissolved PO4 in the 
surface layer at the GPpr12 bloom stations. a. LpZn/LpP vs PO4 b. LpCd/LpP vs PO4. 
The black dash line represents the regression line.    

We compare LpMe/LpP slope ratios with reported metal 
stoichiometric values for Phaeocystis antarctica (P. antarctica) and 
Antarctic diatoms, from published field observations in the Southern 
Ocean and coastal Antarctica, as well as culture experiments (Table 
2.6). In the diatom-dominated bloom, The LpZn/LpP (3.19±0.30 mmol 
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mol-1) and LpCd/LpP (0.48±0.04 mmol mol-1) ratios are lower than 
previously reported in the Southern Ocean (Table 2.6). This variation 
is likely related to the availability of Fe as it has been suggested Fe 
replete conditions can increase the uptake of P relative to Zn and Cd 
(“growth rate dilution”, Cullen et al., 2003), and/or reduce Zn and Cd 
uptake through putative non-specific divalent metal transporters that 
are up-regulated under Fe-limitation condition (Kustka et al., 2007; 
Lane et al., 2008; Lane et al., 2009). Both mechanisms would result in 
higher uptake ratios of Zn and Cd in the Fe-depleted open Southern 
Ocean (de Baar et al., 1990; de Baar et al., 1999; Martin et al., 1990). 
The ASP is expected to be supplied by Fe from the melting of ice 
shelves and/or sea ice (Gerringa et al., 2012, 2020b; Sherrell et al., 
2015; van Manen et al., 2022), as well as upwelling of Fe-rich deep 
water (Sherrell et al., 2015), which could lead to higher Fe supply. 
Indeed, for the non-bloom stations (Stns 53 and 52) where less 
phytoplankton biomass was observed (most likely due to less available 
Fe supply; van Manen et al., 2022), higher LpZn/LpP (11.6±1.87 mmol 
mol-1) and LpCd/LpP (1.02±0.10 mmol mol-1) ratios are observed 
compared to both bloom stations (Table 2.6). This gradient in 
LpMe/LpP slope ratios between the bloom stations and the non-
bloom stations is consistent with the effect of Fe availability on Zn and 
Cd uptake in the ASP as suggested previously based on culture 
experiments (Twining et al., 2004) and shipboard incubations (Cullen 
et al., 2003; Table 2.6). Additionally, a significant regression is found 
between LpMe/LpP slope ratios and dissolved PO4 (both p<0.05) in the 
surface layer for the bloom stations. This relationship suggests that 
LpMe/LpP slope ratios decrease when PO4 decreases, indicating a 
growth rate dilution effect in the central ASP as lower PO4 implies 
more growth (Fig. 2.12). In contrast, no co-variance is observed for the 
non-bloom stations (Fig. 2.12), most likely due to lower Fe supply and 
smaller PO4 uptake. The observed gradients in LpMe/LpP slope ratios 
suggests uptake ratios could vary even over short distances or with 
depth in the ASP due to differences in Fe or light availability; such 
variation in uptake ratios has been suggested before (e.g., Alderkamp 
et al., 2015; Twining and Baines, 2013), but mainly as differences 
between geographical regions and between Fe-addition (culture) 
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experiments. Our data suggest that (known) local gradients in Fe 
availability can indeed affect uptake ratios of Cd and Zn over short 
spatial scales in the ASP, notably between coastal and open ocean 
regions.  

The LpZn/LpP (7.16±0.40 mmol mol-1) and LpCd/LpP (0.64±0.02 mmol 
mol-1) ratios observed in the haptophyte-dominated bloom are 
comparable to those found at a P. antarctica-dominated station in the 
Ross Sea (7.7 mmol mol-1 and 0.65 mmol mol-1 for Zn and Cd , 
respectively, Gerringa et al., 2020a), implying the haptophyte-
dominated bloom could be P. antarctica-dominated. These ratios in 
the P. antarctica-dominated bloom are higher than in the diatom-
dominated bloom, which suggests P. antarctica might have higher 
metal/P ratios than diatoms in Antarctic coastal waters. This result is 
different from previous studies that suggested diatoms have higher 
cellular metal/P ratios than Phaeocystis in the Southern Ocean (e.g., 
Twining and Baines, 2013). A potential explanation is that Phaeocystis 
regulates cellular nutrient (metal) requirements in adaptation to 
dynamic environmental conditions (e.g., McCain et al., 2022) – 
Sedwick et al. (2007) suggested that Phaeocystis lowers its Fe 
requirement under increasing irradiation enabling a longer bloom 
period in the Ross Sea. Since the interplay between the availability of 
Fe and light controls the development of phytoplankton blooms in the 
ASP (Park et al., 2017), we speculate that P. antarctica might increase 
their Zn and Cd uptake (relative to P) towards the end of the P. 
antarctica-dominated bloom period when Fe is scarce and growth 
rates are reduced, resulting higher LpMe/LpP slope ratios than 
estimated for diatoms in this study. 
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2.5 Conclusions 

In this study we report the first combined dataset of dissolved and 
particulate Zn and Cd for the AS shelf region and the ASP. Our results 
reveal the most prominent sources of both metals to the ASP and 
highlight the importance of biological uptake and recycling for both 
the particle composition. We conclude that the inflowing mCDW is the 
main source of dZn and dCd to the AS, with mCDW picking up a 
relatively small amount of additional dZn and sometimes dCd from 
shelf sediments (Fig. 2.13). Ice shelf melt is not a significant source for 
either metals due to the small melt water contribution and mixing 
with low metal shelf waters, whereas an assessment of sea ice melt-
derived metal remains obscured by strong biological uptake in the 
surface layer. For pZn and pCd, our data indicate that LpZn and LpCd 
are largely controlled by biogenic particle formation in the surface 
layer during the bloom period. We attribute RpZn to resuspension of 
lithogenic particles from the shelf sediments and terrestrial material 
near the ice shelf, whereas by contrast no significant lithogenic source 
of pCd was observed (Fig. 2.13). High concentrations and 
contributions of biogenic particulate metals in surface waters that 
decreased with depth along both transects were calculated using two 
commonly used approaches and gave the same pattern, despite 
absolute differences. Our estimated LpMe/LpP slope ratios in the 
diatom-dominated stations are much lower than published for the 
open Southern Ocean, which may be linked to the availability of Fe in 
coastal Antarctic regions and the Southern Ocean. Additionally, we 
observe different LpMe/LpP slope ratios between two different 
blooms in this study that were dominated by haptophytes and 
diatoms, implying these two phytoplankton groups might have 
different Zn, Cd, and P quota in the biogeochemically dynamic ASP.  

Given that the volume of mCDW intruding onto the continental shelf 
is increasing as a result of global climate change (Jacobs et al., 2011, 
Mankoff et al., 2012), the supply of dZn and dCd to the AS would 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 107PDF page: 107PDF page: 107PDF page: 107

                                           C H A P T E R  2 | 106 

 

 2 

potentially increase from both mCDW and the coastal sediments. Both 
these sources would be expected to increase nutrient (macronutrients 
as well as micro-nutrients including Fe and Zn etc) supply as well. Such 
spatial and temporal variability could potentially affect the 
productivity and biogeochemistry in the ASP (e.g., changes in uptake 
and uptake ratios of bioavailable metals). Albeit regional, the findings 
of this study may have implications for the larger scale cycling of trace 
metals in the Southern Ocean and this should be further explored in 
future studies. 

 

Figure 2.13 Schematic of the sources of dissolved and particulate metals (Zn and 

Cd), as well as biogeochemical processes in the ASP. Blue arrows (from dark blue 

to light blue) represent the route of mCDW from the open SO to the ASP, modified 

by mixing with other water masses. Black and gray arrows indicate the sources of 

dMe and lithogenic pZn, respectively. Green arrows represent the production of 

biogenic pMe. 
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Abstract 

Seasonal phytoplankton blooms in the Amundsen Sea Polynyas are 
believed to be fuelled by iron (Fe). However, largely due to the limited 
amount of Fe data reported for the Amundsen Sea Polynyas, 
understanding of the sources and processes that affect the 
biogeochemistry of Fe in this region remains limited. Here, we present 
the first investigation of dissolved Fe isotopic compositions (δ56Fe) in 
the Amundsen Sea. This dataset allows us to characterize and 
compare the dissolved δ56Fe signatures of incoming modified 
Circumpolar Deep Water (mCDW) and of sedimentary sources from 
the continental shelf. The range in dissolved δ56Fe (–1 to +0.1‰), 
coupled with elevated dissolved Fe concentrations ([dFe], up to 1.6 
nM), observed close to the seafloor, suggests Fe is released from shelf 
sediments via a combination of reductive and non-reductive 
processes, with the latter being relatively more important (20-56%) 
than the former (4-12%) at this location. At the Dotson Ice Shelf, 
comparison of δ56Fe in the mCDW inflow (–0.70‰) with the mCDW 
outflow (–0.23‰), together with a negligible change in [dFe], points 
to modification of Fe biogeochemistry underneath the ice shelf. We 
speculate that this shift in dissolved δ56Fe is driven by a combination 
of enhanced preservation (and addition) of lithogenic colloidal Fe(III), 
together with the differential loss of Fe2+ and complexation with Fe-
binding ligands. We also found distinct δ56Fe in surface waters, with 
modest isotopic fractionation in a bloom dominated by haptophytes 
(~+0.68‰) and apparent preferential uptake of isotopically light Fe in 
another bloom dominated by diatoms (up to +1.06‰), compared to 
winter water. Despite prominent biological uptake, we suggest other 
factors such as adsorption, regeneration, bacterial regeneration, and 
complexation with organic ligands, together with the supply of 
lithogenic particles also play important roles in setting surface 
dissolved δ56Fe in the Amundsen Sea Polynyas. Overall, this study 
provides a further understanding of the external Fe sources and the 
biogeochemical processes in the Amundsen Sea and thus a baseline 
on how changing conditions in Antarctica can affect Fe cycling in the 
Southern Ocean and beyond.     
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3.1 Introduction 

Iron (Fe) is an essential micronutrient participating in many important 
metabolic processes (e.g., nitrogen fixation and photosynthesis) for 
marine phytoplankton (e.g., Morel and Price, 2003). In the Southern 
Ocean, the largest high-nutrient low-chlorophyll region, the 
availability of Fe and the intensity of irradiation are generally the 
limiting factors for the growth of marine organisms (Boyd et al., 2007; 
de Baar et al., 1995; Martin et al., 1990). Pervasive Fe limitation over 
large regions of the surface Southern Ocean results from a 
combination of a limited supply of dissolved Fe (dFe) from upwelling 
deep waters compared to macronutrients, and very limited external 
Fe sources to the region (e.g., Tagliabue et al., 2014b). However, in 
contrast to the open Southern Ocean, coastal polynyas – areas of 
reduced ice cover driven by offshore katabatic winds and/or the 
intrusion and subsequent upwelling of warm and saline Circumpolar 
Deep Water (CDW) (Jacobs et al., 2011; Jenkins et al., 2010; Vaughan, 
2008; Wåhlin et al., 2010; Walker et al., 2007) – are observed to be 
seasonally highly productive, notably in austral spring and summer 
(Arrigo et al., 2008; 2012). The intrusion of CDW in the Amundsen Sea 
(AS) occurs on the continental shelf as CDW passes the continental 
shelf break and/or upwells via local Ekman pumping (e.g., Jacobs et 
al., 1996; Jenkins et al., 2010; Kim et al., 2021). Depending on the 
extent of mixing, CDW may be modified and is then described as 
modified CDW (mCDW) (Wåhlin et al., 2010). The inflowing mCDW 
subsequently flows underneath (and flows out from under) the 
Dotson Ice Shelf (DIS), causing significant basal melting of the ice shelf 
in the shelf cavity. Such upwelling of CDW accelerates the thinning, 
melting and subsequent collapse of Antarctic ice shelves that form 
drifting icebergs (Gourmelen et al., 2017; Jacobs et al., 2011; Rignot et 
al., 2008) and releases glacial/ice sheet-derived Fe to seawater 
(Klunder et al., 2011; Raiswell et al., 2006; Sedwick and DiTullio, 1997). 
Moreover, the reduction of ice cover in the polynya and consequent 
enhanced irradiation, in combination with an additional Fe supply, 
enables the formation of phytoplankton blooms in Antarctic coastal 
polynyas (Alderkamp et al., 2012; Arrigo et al., 2008), which are 
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potentially responsible for a large proportion of carbon uptake in the 
Southern Ocean (Arrigo and van Dijken, 2003; Sarmiento et al., 2004). 
Amongst all the Antarctic polynyas, the Amundsen Sea Polynya (ASP), 
in which the rates of ice-sheet thinning are the highest of all Antarctica 
(Paolo et al., 2015; Rignot et al., 2019), exhibits the highest rate of 
annual net primary production per unit area (160±37 g C m-2y-1, Arrigo 
and van Dijken, 2003; Arrigo et al., 2008).  

As the ASP is one of the most productive polynyas, understanding 
rapid changes in the ice sheet dynamics and biogeochemistry (e.g., Fe 
supply to coastal waters) is key to understanding how climate change 
impacts both the Antarctic ecosystem and elemental cycling in the 
Southern Ocean. However, due to the remoteness of Antarctica and 
limited accessibility underneath ice shelves, there was an absence of 
data on whether mCDW-induced melting serves as an additional Fe 
supply for spring/summer phytoplankton blooms in the ASP until the 
first investigation of dissolved Fe (dFe) at the Pine Island Glacier 
(Alderkamp et al., 2012; Gerringa et al., 2012, 2020b) and subsequent 
studies focusing on dFe and particulate Fe (pFe) in the CDW inflow and 
outflow at the Dotson Ice Shelf (DIS) (Planquette et al., 2013; Sherrell 
et al., 2015). Based on dFe and pFe concentrations, these 
investigations suggested that the inflowing mCDW, characterized as 
‘Fe-rich’ deep water, with an addition of sedimentary Fe input and ice-
shelf derived Fe, provides a continuous dissolved Fe supply fuelling 
phytoplankton blooms in the surface of the ASP via buoyancy-driven 
mixing (‘the meltwater pump’) underneath the ice shelf (Sherrell et 
al., 2015; St-Laurent et al., 2019). However, a recent study in the ASP 
argued instead that ice-shelf dFe is most likely negligible compared to 
sediment input and mCDW, based on a conservative mixing model 
(van Manen et al., 2022); that study also speculated that a fast 
equilibrium between dFe and labile pFe underneath the DIS 
moderated the concentrations of dFe in the mCDW outflow, as well 
as the amount of Fe supplied to the surface polynya via the ‘meltwater 
pump’.  

In the last 10-15 years, dissolved Fe isotope ratios (δ56Fe) has provided 
considerable insight into the differing regional importance of external 
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sources of Fe to the ocean, as well as enhancing understanding of the 
internal biogeochemical cycling processes that affect the distribution 
and cycling of Fe in the oceans (recently reviewed in detail by 
Fitzsimmons and Conway (2023)). The δ56Fe endmember signatures 
of different external sources to the oceans are now reasonably well 
constrained, although uncertainties and caveats remain. For example, 
atmospheric desert dust is well characterized at +0.1‰ (Beard et al., 
2003; Conway et al., 2019), while anthropogenic combustion and 
biomass burning aerosols may range from –4‰ to +0.3‰ (Conway et 
al., 2019; Kurisu et al., 2016a; Kurisu et al., 2021; Kurisu et al., 2016b). 
In sediments, different mechanisms lead to diverse sedimentary δ56Fe 
signatures. For example, reductive dissolution (RD) leads to elevated 
concentrations of reduced Fe in porewater that can diffuse into 
bottom waters, where the size of the flux depends on the 
absence/presence (and thickness) of an overlying oxygenated surface 
sediment layer where Fe2+ can be oxidized prior to diffusion. However, 
likely due to differences in the intensity of reduction processes within 
sediments and oxidation of Fe in an oxygenated surface sediment 
layer or in near bottom seawater, reductive dissolution is 
characterized by a wide range of isotopically light signatures (–3.5 to 
–1‰, e.g., Homoky et al., 2021; Johnson et al., 2020; Severmann et 
al., 2006). Conversely, non-reductive dissolution (NRD) induced via 
particle and colloid weathering and ligand mediated dissolution, often 
facilitated by sediment resuspension, have been suggested to exhibit 
a relatively consistent isotopic signature (~+0.1‰, e.g., Homoky et al., 
2013; Homoky et al., 2021; Radic et al., 2011) compared to RD. High 
temperature hydrothermal vent fluids are also fairly well constrained 
(–0.7 to –0.1‰), but chemical complications upon mixing with ocean 
waters lead to a wide range of vent-specific signatures (–4 to +0.5‰; 
e.g., Ellwood et al., 2015; Fitzsimmons et al., 2017; Lough et al., 2017; 
Wang et al., 2021). Rivers are perhaps the least well constrained (–1.3 
to +1.8‰), with large variability in δ56Fe between river types and 
locations highly dependent on chemical conditions such as colloidal 
concentration, pH, and mineral compositions (Dauphas et al., 2017; 
Fitzsimmons and Conway, 2023). Most relevant for this work, a limited 
number of studies suggests that dissolved δ56Fe signatures of polar 
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sources are often driven by biogeochemical processes rather than 
being representative of source material. For example, while dissolved 
δ56Fe measured in Greenland glacier streams was close to crustal due 
to physical weathering (Schroth et al., 2011; Stevenson et al., 2017; 
Zhang et al., 2015), in Arctic subglacial streams dissolved δ56Fe 
reached values as light as –2.1‰, attributed to silicate weathering, 
pyrite oxidation and dissimilatory Fe reduction from glacial sediments 
(Henkel et al., 2018; Stevenson et al., 2017). Dissolved δ56Fe measured 
in arctic sea ice, meltwater ponds and snow has also been found to be 
isotopically light, due to photoreduction or biological activity (Marsay 
et al., 2018a). In Antarctica, the saline Fe-rich ‘Blood falls’ from the 
Taylor Glacier had an δ56Fe signature of –2.6±0.5‰ (Mikucki et al., 
2004), indicative of reductive dissolution of sediments. At the broader 
scale, recent polar Fe and δ56Fe studies have implicated Antarctic and 
Arctic marginal processes in supplying isotopically light Fe from non-
reductive dissolution to Arctic shelf environments and to Antarctic 
coastal and offshore waters (Sieber et al., 2021; Zhang et al., 2021), 
with evidence of long distance transport of Antarctic margin derived-
Fe into the Southern Ocean and the South Atlantic (e.g., de Jong et al., 
2012; Hatta et al., 2013; Klunder et al., 2014; Measures et al., 2013; 
Sieber et al., 2021). However, despite the obvious importance of the 
Southern Ocean to the global ocean and global climate, and the role 
of sedimentary margins in fuelling productivity in coastal Antarctica 
and beyond, there is still a paucity of dissolved δ56Fe data from the 
Southern Ocean and coastal Antarctica, with only three studies 
published (Abadie et al., 2017; Ellwood et al., 2015; Sieber et al., 
2021).  

In addition to constraining external Fe sources, various processes 
including biological uptake (e.g., Ellwood et al., 2020; Ellwood et al., 
2015), organic ligand complexation (e.g., Dideriksen et al., 2008; Ilina 
et al., 2013; Morgan et al., 2010), adsorption (e.g., Johnson et al., 
2008; Mulholland et al., 2015), scavenging (e.g., Radic et al., 2011), 
regeneration (e.g., Abadie et al., 2017; Klar et al., 2018), and redox 
reactions of Fe species (e.g., Beard and Johnson, 2004; Ellwood et al., 
2015) may fractionate Fe isotope ratios. In turn, δ56Fe provides 
additional opportunities to disentangle a suite of processes that are 
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not easily evaluated by [dFe] alone. For example, Ellwood et al. (2015) 
utilized δ56Fe of dFe and pFe during the development of a subtropical 
phytoplankton bloom to reveal how the dominant processes that 
influenced Fe cycling developed from photochemical (and biological) 
reduction at the onset of the bloom to biological uptake at the peak 
of the bloom. More recently, Sieber et al. (2021) used dissolved δ56Fe 
to fingerprint the processes (e.g., biological uptake, recycling, and 
ligand binding) that dominated Fe cycling in surface waters across all 
major zones of the Southern Ocean. In the ASP, the interplay of 
multiple biogeochemical processes and long-lasting phytoplankton 
blooms provide an ideal opportunity to investigate δ56Fe systematics.   

Here, following a previous study on dissolved and particulate Fe 
concentrations in the ASP (samples collected during the same 
expedition as this study, van Manen et al., 2022), we present the first 
dataset of δ56Fe from the Amundsen Sea (AS), from a transect 
following the inflowing mCDW and its passage through the AS and its 
outflow from the DIS. We use this dataset to build on the previous 
study and further evaluate the sources of sedimentary Fe and ice-shelf 
melt derived Fe, as well as to investigate the processes occurring 
underneath the DIS that determine the speciation and magnitude of 
Fe being released by the meltwater pump. Additionally, we 
characterize dissolved Fe isotopic signatures in ASP surface waters 
during two austral summer phytoplankton blooms dominated by two 
different phytoplankton communities (haptophytes and diatoms), 
specifically allowing us to study a combination of biological 
fractionations and physical processes that result in variable Fe isotope 
signatures in the surface waters of the polynyas. 

3.2 Material and Methods 

3.2.1 Sampling region and sampling for dissolved Fe 

GEOTRACES process study (ID: GPpr12; expedition: ANA08B) was 
conducted on the Korean icebreaker R/V Araon in the AS during 
Austral Summer 2017/2018 (December 2017 to February 2018). 
Seawater samples from two transects through the ASP presented in 
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this study were collected between 24th January and 2nd February 2018. 
The first transect (24th-29th January) followed CDW intrusion from the 
Antarctic continental shelf break onto the continental shelf via the 
Dotson-Getz trough (modified to mCDW since it mixes with overlying 
shelf waters), the subsequent flow south-eastward into the cavity 
underneath the Dotson Ice Shelf (DIS), and then the later emergence 
at shallower depths from underneath the DIS. The second transect 
(1st-2nd February) followed mCDW inflow along Siple trough towards 
Getz Ice Shelf (GIS) (Fig. 3.1). Each station comprised 10-14 sampling 
depths from the near-surface (~10 m) to 1000 m, or 10-20 m above 
the seafloor for stations shallower than 1000 m. The stations located 
in the mCDW inflow (Stns 50, 49, 48, 45, and 42) and the mCDW 
outflow (Stns 36, 34, and 33) in the DIS region are henceforth referred 
to as the DIS(inflow) stations and the DIS(outflow) stations, respectively. 
Additionally, seawater samples were also collected at three stations 
in GIS region (referred to as the GIS(inflow) stations: Stns 55, 24, and 57) 
along the mCDW inflow (Fig. 3.1).  

The sampling procedure for dissolved metals was as previously 
reported by van Manen et al., 2022. Briefly, samples for dissolved Fe 
isotope analysis were collected using the Royal Netherlands Institute 
for Sea Research (NIOZ) “Titan” ultra-clean sampling system for trace 
metals (de Baar et al., 2008; Rijkenberg et al., 2015), equipped with 
multiple auxiliary sensors for basic parameters (e.g., salinity, 
temperature, and fluorescence). Subsequently, seawater samples 
were filtered through 0.2 µm filter cartridge (Sartobran-300, Sartorius, 
precleaned with MQ water, 18.2 MΩ cm-1) into 4 L LDPE cubitainers 
(for surface samples) and 1 L LDPE bottles. All containers used in the 
sampling were precleaned following GEOTRACES cookbook (version 
3.0, 2017) and Middag et al. (2019). The filtered samples were then 
acidified to 0.024 M HCl using 12 M ultrapure concentrated HCl 
(Baseline, Seastar Chemicals Inc.), resulting in a final pH of ~1.8. 
Acidified samples were stored at room temperature for over five 
months before processing for isotope ratios at NIOZ.   
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Figure 3.1 GPpr12 sampling stations at the Dotson Ice Shelf (DIS) and Getz Ice Shelf 

(GIS) regions in the Amundsen Sea. Stations are grouped based on the direction of 

mCDW intrusion – the DIS(inflow) stations (Stn 50, 49, 48, 45, and 42), the DIS(outflow) 

stations (Stn 36, 34, and 33), and the GIS(inflow) stations (Stn 55, 24, and 57). The white 

dashed line indicates the sea ice cover during the sampling period.  

3.2.2 Analytical methods for Fe isotopes 

Initial chemical processing of samples took place at NIOZ, with 
subsequent purification and analysis at the University of South Florida 
(USF). Dissolved Fe isotope ratios were measured by Thermo Neptune 
multi-collector ICPMS (MC-ICPMS) using a double spike analytical 
technique modified from Conway et al. (2013). Sample processing for 
Fe isotope analysis was carried out in the clean room at NIOZ (ISO class 
7, ISO class 5 in working hoods), or in an ISO class 6 clean laboratory 
at USF. All containers and components used for chemical analysis 
were precleaned following GEOTRACES cookbook (version 3.0, 2017) 
and Middag et al. (2019), and all reagents were double distilled from 
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VWR NORMAPUR (NIOZ) or Fisher Scientific Trace Metal Grade (USF) 
by PFA Savillex Stills prior used for analysis. Acidified seawater 
samples were spiked with a 57Fe-58Fe double spike at least 48 hours 
prior to further treatment (extraction and purification) with a sample-
to-spike ratio of 1:2 (nmol L-1: nmol L-1) (Sieber et al., 2021), guided by 
sample dFe concentrations measured independently by a SeaFAST 
system and Element 2 ICPMS as reported previously (van Manen et 
al., 2022).  

3.2.2.1 Extraction and purification 

An extraction and purification procedure for Fe from seawater was 
based on Conway et al. (2013) and was modified at NIOZ. The 
extraction procedure is shown in Table 3.1; for exaction, 
polypropylene tubes with polyethylene frits fitted to the bottom of 
the tubes were attached under separatory FEP funnels (Thermo 
Scientific™ Nalgene™, volume: 1 and 2 L). The tubes were filled with 
Nobias PA-1 chelating resin (~2 mL) and rinsed with MQ (15 mL, repeat 
three times) prior to loading samples. The pH values of samples were 
adjusted to 4.5±0.05 using ammonia acetate (pH=6.5) before eluted 
with 8 mL 3 M HCl (Table 3.1).  After processing each sample, funnels 
and tubes (with resins loaded) were cleaned with 3 M HNO3 and 
samples were then purified using LDPE microcolumns (with 
polyethylene frits) loaded with 30 µL BioradTM AGMP-1 resin to 
separate Fe from interfering elements (the purification procedure is 
shown in Table 3.1). After processing each sample, AGMP-1 resin was 
discarded and the microcolumns (with frits) were cleaned in 1 M HCl 
at 60◦C. The samples (0.5-1 mL) were shipped to USF for Fe isotope 
analyses in 8 mL LDPE bottles (Nalgene) that are routinely used for 
trace metal sampling. Samples were then re-purified using AGMP-1 
microcolumns at USF (Sieber et al., 2021) prior to MC-ICPMS analysis. 
This second purification at USF was to ensure complete removal of Ca 
and Na from samples, as these elements can cause inaccuracy in Fe 
isotope analysis (Lacan et al. (2021) and our in-house experience). 
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An estimation of the procedural blank for the method was determined 
by processing acidified ultrapure water through the full method 
described in Table 3.1. The extraction blank was 0.38±0.08 ng (n=11), 
the NIOZ purification blank was 0.15±0.09 ng (n=6), and the USF 
second purification blank was 0.13±0.15 ng (n=5). The total blank 
value (~0.66 ng per sample) is generally two orders of magnitude 
lower than natural Fe in our samples after the pretreatment, as well 
as being too small to measure the blank isotopic composition; as such 
we follow Sieber et al. (2021) and do not apply blank corrections to 
dFe or δ56Fe.  

3.2.2.2 Measurements of Multi-Collector ICPMS (MC-
ICPMS) 

Fe isotope analysis was carried out using a double-spike technique on 
a Thermo Neptune Plus MC-ICPMS in the Tampa Bay Plasma Facility 
at USF. The details of the instrumental settings, including introduction 
system, cones, cup configuration, mass bias correction, and double 
spike technique performance, are identical to those described by 
Sieber et al. (2021). Here, we express Fe isotope ratios in typical delta 
notations relative to the IRMM-014 standard:  

 

δ 𝐹𝑒56  (‰) = [
( 𝐹𝑒56 𝐹𝑒54⁄ )𝑠𝑎𝑚𝑝𝑙𝑒

( 𝐹𝑒56 𝐹𝑒54⁄ )𝐼𝑅𝑀𝑀−014

 − 1]  × 1000 

 

External precision at USF is approximated by the long-term 
instrumental precision on the secondary NIST SRM 3126a, with a value 
of +0.36±0.05‰ (mean±2SD, n=524) obtained over 37 sessions (Hunt 
et al., 2022), which agrees with literature values (Conway et al., 2013; 
+0.35±0.08‰; +0.39±0.13‰, Rouxel and Auro, 2010; +0.32±0.02‰, 
Sun et al., 2021). We thus consider 0.05‰ to be a conservative 
estimate of uncertainty and apply this to all samples, except for those 
where the 2 SE of an individual analysis is larger, in which case we use 
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this as a measure of uncertainty. The accuracy of the modified 
extraction and purification procedure was also tested by doping the 
same secondary Fe standard (NIST-3126) into acidified MQ that was 
processed as a sample and measured alongside natural samples. The 
average δ56Fe of +0.35±0.02‰ (2 SD, n=3) of this test agrees with the 
expected value.  

 

Figure 3.2 Linear regressions of dissolved Fe concentrations ([dFe]) derived from 
ICPMS (Element 2) versus concentrations derived from ICPMS (Neptune Plus) for 
ANA08B expedition. Measurements were conducted at NIOZ (Element 2) and the 
USF (Neptune Plus). The blue-dashed line and the black solid line represents the 
regression line and 1:1 line. Note that the intercept of regression is set to 0. [dFe] 
used in this study are means of two measurements. However, for samples that 
showed large absolute difference of concentrations between two measurements – 
namely, the absolute difference is larger than 0.1 nmol L-1 plus 10% of Element 2-
derived [dFe] – [dFe] are selected based on oceanic consistency; these data is 
highlighted in grey. If only the Element 2-derived [dFe] was selected (i.e., the 
Neptune Plus-derived [dFe] was excluded), the δ56Fe value was also not included in 
this study. In contrast, if only Neptune Plus-derived [dFe] was selected (i.e., Element 
2-derived [dFe] was excluded), the δ56Fe value was still included. The average of 
absolute standard deviation for both measurements is 0.08±0.07 nmol L-1 (mean±1 
SD).  
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Uncertainty on Fe concentrations using this method is typically 
assumed to be 2% (Conway et al., 2013), and the accuracy of this 
method has been demonstrated previously (Conway et al., 2016; 
Conway et al., 2013). Further, dFe concentrations derived from the 
isotope dilution technique after measurement using the Neptune Plus 
MC-ICPMS agreed well with dFe concentration obtained from the 
SeaFAST based measurements on the Element 2 ICPMS (Fig 3.2; van 
Manen et al., 2022). In this study, since there is good agreement 
between the two methods for dFe in most samples, we use the mean 
dFe concentration calculated for each sample from the two methods. 

3.3 Results 

3.3.1 Oceanographic setting 

In the AS, three water masses – Antarctic Surface Water (AASW), 
Winter Water (WW), and CDW (and mCDW) – are typically observed 
during austral summer (Randall-Goodwin. et al., 2015; Yager et al., 
2012) and were observed during this expedition (Fig. 3.3). AASW is a 
result of enhanced solar irradiation and associated sea ice melt in 
summer, with conservative temperature (Ɵ) from –0.6 to –0.7˚C and 
absolute salinity (SA) less than 33.8. AASW was observed in the upper 
40 m at the DIS(inflow) stations and DIS(outflow) stations (Fig. 3.4a); 
whereas it was not clearly observed in the surface waters of the 
GIS(inflow) stations (Fig. 3.4d). WW, located below AASW, is a remnant 
from the winter season due to brine rejection and cooling of surface 
water, with an Ɵ minimum (~–1.8˚C) and SA from 34.3 to 34.4 (Fig. 
3.4). As CDW (i.e., off-shelf waters before intruding onto the 
continental shelf) mixes with overlying WW, it is modified from the 
off-shelf endmember to form mCDW, with Ɵ ranging from –0.5 to 
1.5˚C and SA higher than 34.7 (Figs 3.3 and 3.4).  

3.3.2 Chlorophyll a Fluorescence 

Chlorophyll a fluorescence was relatively elevated in the upper 100 m 
of most DIS(inflow) stations and DIS(outflow) stations and in the upper 40 
m of all GIS(inflow) stations (Figs 3.4c and 3.4f), except one DIS(outflow) 
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station (Stn 36) where fluorescence is relatively low compared to 
other stations. From here on, we define the surface layer as the water 
column between the surface and the depth where maximum 
fluorescence was observed; the fluorescence signal declined rapidly 
below this surface maximum (mostly within upper 200 m). The 
stations with elevated fluorescence are referred to as phytoplankton 
bloom stations (DIS bloom: Stns 33, 34, 42, 45, 48, 49, and 50; GIS 
bloom: Stns 24, 55, and 57) in this study as they have high chlorophyll 
a standing stock. These observations agree broadly with previous 
observations of annual phytoplankton blooms in the ASP (Alderkamp 
et al., 2015; Arrigo et al., 2012; Gerringa et al., 2012, 2020b; Yager et 
al., 2012). 

 
Figure 3.3 Conservative temperature (Ɵ)-absolute salinity (SA) diagram. Three 

water masses are identified – Antarctic Surface Water (AASW), Winter Water (WW), 

and modified Circumpolar Deep Water (mCDW). The star signs represent the 

selected members used for conservative mixing discussed in section 3.4.2.1. 
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3.3.3 Dissolved δ56Fe and [dFe] 

In the surface layer, dissolved Fe concentrations ([dFe]) were 
generally low at all stations – the DIS(inflow) stations (average: 0.25 nmol 
L-1, ranging from 0.12 to 0.59 nmol L-1); the DIS(outflow) stations 
(average: 0.14 nmol L-1, ranging from 0.03 to 0.26 nmol L-1); and the 
GIS(inflow) stations (average: 0.18 nmol L-1, ranging from 0.08 to 0.26 
nmol L-1) (Fig. 3.5). On average, dissolved δ56Fe exhibited elevated 
values in the GIS(inflow) stations (mean: +0.58‰, ranging from +0.22 to 
+1.06‰), and lower (near to crustal values) in both the DIS(inflow) 

stations (mean: +0.10‰, ranging from –0.23 to +0.68‰) and the 
DIS(outflow) stations (mean: –0.03‰, ranging from –0.23 to +0.21‰) 
(Fig. 3.5). Between 200 and 400 m in the DIS(outflow) stations, [dFe] was 
elevated compared to the surface layer, with an average of 0.46 nmol 
L-1 that ranged from 0.29 to 0.66 nmol L-1 (the highest at Stn 36) (Fig. 
3.5), which was lower than [dFe] in the core of mCDW inflow (Stns 45 
and 42, 400-750 m) (Fig. 3.5). In terms of δ56Fe, it was generally lower 
than that of the surface layer, ranging from –0.36 to +0.01‰ with a 
mean of –0.19‰ (Fig. 3.5). 

Within 200 m above the seafloor, [dFe] increased at all stations 
compared to the water column above. In particular, elevated [dFe] 
was observed at depth in the DIS(inflow) stations (average: 0.76 nmol L-

1, ranging from 0.41 to 1.63 nmol L-1) and the DIS(outflow) stations 
(average: 1 nmol L-1, ranging from 0.57 to 2.03 nmol L-1) with only 
relatively modest near-bottom elevations at the GIS(inflow) stations 
(average: 0.48 nmol L-1, ranging from 0.39 to 0.64 nmol L-1) (Fig. 3.5). 
For δ56Fe, light Fe signals were observed close to the seafloor, with an 
average of –0.33‰ (ranging from –0.97 to +0.1‰), –0.56‰ (ranging 
from –1.08 to –0.24‰), and –0.11‰ (ranging from –0.25 to +0.08‰), 
for the DIS(inflow) stations, the DIS(outflow) stations, and the GIS(inflow) 
stations, respectively (Fig. 3.5). Stns 36 and 55 are excluded from the 
discussion below on sedimentary input as the bottom is much deeper 
than the Titan sampling system could reach due to the limited length 
of the cable used (Stn 55) and a malfunction of the system (Stn 36) 
respectively.  
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Figure 3.5 Vertical water column profiles of dissolved Fe concentration ([dFe]) and 

δ56Fe from GPpr12 stations. dFe (red dots) corresponds to the bottom x-axis; 

whereas δ56Fe (blue dots) corresponds to the top x-axis (error bar show two 

standard deviation (SD) for most samples, for samples that have 2 standard error 

lower than the long-term 2 SD of the internal standard – NIST SRM 3126a 

(+0.36±0.05‰, n=524), 0.05 is assigned as 2 SD). The grey dashed line indicates 0‰ 

of δ56Fe, whereas the black dotted line indicates the bottom depth. The grey shading 

marks the surface layer (surface to fluorescence maximum depth); whereas the red 

and blue bars mark the depth of the mCDW inflow and outflow, respectively.  

3.4 Discussion 

In this study, we use the first dataset of dissolved δ56Fe from the AS to 
investigate the varying importance of the external sources of dFe and 
the processes that control the biogeochemistry of dFe in the ASP. 
First, we discuss the importance of benthic sedimentary input, 
identifying the likely sedimentary release mechanisms (non-reductive 
vs reductive dissolution), and quantifying their relative contributions 
to the dFe pool. Second, we investigate the effect of potential 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 126PDF page: 126PDF page: 126PDF page: 126

125 | C H A P T E R  3                                             

 

 3 

processes occurring in the cavity under the DIS on dFe and δ56Fe in the 
outflow, and discuss the hypothesis that relatively low [dFe] in the 
outflow is due to conservative mixing of the inflow with low dFe 
waters that are adjacent to the ice shelf, and dissolved-particle 
interactions (van Manen et al., 2022). Finally, we explore the isotopic 
fractionation of dFe in two different phytoplankton blooms, 
dominated by haptophytes and diatoms, and thus provide insights 
into the dynamics of Fe isotope composition in productive Antarctic 
coastal polynyas.  

3.4.1 Benthic shelf sediments and CDW as dFe 
sources to the AS 

Before intruding onto the continental shelf and transforming into 
mCDW, CDW exhibits relatively elevated [dFe] compared to surface 
waters (0.2-0.4 nmol L-1, Sedwick et al., 2008; Sieber et al., 2021; 
Tagliabue et al., 2012; van Manen et al., 2022). Previously, it was 
estimated that incoming mCDW and benthic sediments contributed 
roughly equal amounts to the observed [dFe] (0.38 nmol L-1 and 0.33 
nmol L-1, respectively) in the mCDW near the DIS (van Manen et al., 
2022), based on the distribution of dFe. However, with merely [dFe] it 
is difficult to distinguish different sources and processes as both RD 
and NRD could lead to release of dFe to bottom waters. Hence, while 
benthic sediments have previously been confirmed as an important Fe 
source in the AS, the dominant release mechanisms for sedimentary 
dFe input into the AS remain unknown. Here, we use dissolved δ56Fe 
measurements in mCDW along the flow path into the AS to identify 
the different sedimentary input sources of dFe (RD-dFe and NRD-dFe) 
and present a first attempt to quantify their relative contributions to 
mCDW in this region. As the core of mCDW inflow was located within 
200 m above the seafloor (relatively well oxygenated with dissolved 
oxygen concentrations of 193-228 mol L-1) in our dataset (van Manen 
et al., 2022), we only include samples in this depth range in our 
discussion. 
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3.4.1.1 Constraining RD and NRD contributions to 
mCDW using δ56Fe  

Within 200 m above the seafloor at the DIS(inflow) stations, δ56Fe ranged 
from +0.10 to –0.97‰  with values becoming lower from offshore 
towards the DIS, while [dFe] increased from 0.41 nmol L-1 to 1.63 nmol 
L-1  (Fig. 3.5). Both of these findings provide clear evidence for Fe 
addition from benthic sediments as mCDW travels towards the DIS. 
Likewise, at GIS(inflow) stations (Stns 24 and 57), low δ56Fe (down to –
0.25‰) with elevated [dFe] (up to 0.64 nmol L-1) was observed close 
to the seafloor near the ice shelf (Fig. 3.5). In both cases, these 
isotopically light Fe signatures linked to elevated [dFe] are diagnostic 
of an input of dFe from RD (e.g., Homoky et al., 2009; John et al., 2012; 
Severmann et al., 2006; Severmann et al., 2010). Previously, elevated 
[Fe2+] (e.g., RD derived) was observed in porewater samples collected 
in the AS, where a shallow oxygen penetration depth of only 1.8-3.6 
cm (Kim et al., 2016) can enable diffusion of Fe2+ from porewaters into 
bottom water. Typically, RD-derived dFe initially ranges from −2 to 
−1.5‰; but the values can become even lower following precipitation 
of relatively heavy Fe(III) oxyhydroxides (typically ≥−3.5‰) (Crosby et 
al., 2007; Fitzsimmons and Conway, 2023; Homoky et al., 2009; 
Severmann et al., 2010). To date, a range of endmember δ56Fe 
compositions have been previously reported or assumed for the 
signature of the benthic flux of Fe derived from RD into bottom waters 
(–3.5 to –0.93 ‰ as summarised by Johnson et al. (2020) and 
Fitzsimmons and Conway (2023)), with variability likely dependent on 
sediment and bottom water conditions (e.g., redox cycles in 
porewater particulates).  

Previously, the proportion of dFe in mCDW to dFe in sediment was 
estimated to be 1.2:1 (0.38:0.31 nmol L-1) based on concentration 
data and the assumption that there were no other sources involved at 
the same depth along the DIS inflow transect (van Manen et al., 2022). 
If RD was the main sedimentary process supplying dFe to the mCDW 
inflow, then the expected dissolved δ56Fe in the outflow should range 
from –1.6 to –0.4‰, based on the roughly equal proportions of dFe in 
the mCDW to dFe in sediment (1.2:1) and assuming similar δ56Fe as 
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previously reported elsewhere for RD fluxes to bottom waters (–3.5 
to –0.93‰) and a mCDW signature of ~0‰ (Sieber et al., 2021) (see 
also section 3.4.1.2). However, while this range overlaps with our 
observations near the DIS, some of our samples are notably heavier 
(up to +0.1‰), suggesting an additional heavier dFe source (e.g., NRD) 
other than CDW and RD. Previously, a near-crustal δ56Fe value for NRD 
(+0.2±0.2‰) was reported for porewater samples collected from the 
Cape margin (South Africa), a passive-tectonic and semi-arid ocean 
margin (Homoky et al., 2013; Homoky et al., 2009), as well as from 
seawater near the Papua New Guinea coast (Radic et al., 2011). Most 
recently, the signature of NRD was more tightly constrained at 
+0.07±0.07‰ based on lithogenic colloidal Fe in porewaters collected 
from across the Southwest Atlantic Ocean (Homoky et al., 2021). Such 
lithogenic colloidal Fe has been suggested to result from physical 
weathering of sediments, which is more likely decoupled from organic 
matter content and oxygen concentrations, in contrast to RD, and has 
potential to enable long term transport of Fe after it leaves the 
sediments (e.g., Conway and John, 2014a; Homoky et al., 2021; Jensen 
et al., 2020). 

Therefore, although there are no direct porewater δ56Fe 
measurements in the AS, we note that, with higher δ56Fe compared to 
RD endmembers, NRD (~+0‰) likely contributes isotopically-heavier 
crustal dFe to the mCDW, explaining the higher δ56Fe signal than 
expected based solely on a binary mixture of background CDW and 
RD. Using a simple mixing model based on both concentrations and 
isotopic composition, we are thus able to estimate the relative 
contributions of these three sources. 

3.4.1.2 Relative contribution of dFe from CDW, RD and 
NRD 

Using the combination of δ56Fe and [dFe] within 200 m above the 
seafloor, we identified sedimentary dFe input from two different 
processes (section 3.4.1.1). Here, we use a simple two-component 
isotope mixing model to estimate the relative contribution of RD and 
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NRD for the samples collected within 200 m above the seafloor at the 
DIS(inflow) stations, assuming negligible isotope fractionation following 
addition to the water column. This assumption is consistent with a 
growing range of studies which suggest that the characteristically 
isotopically light Fe signatures from RD can persist in oxygenated 
ocean waters (e.g., Hunt et al., 2022; Severmann et al., 2010).  The 
mixing model is described using the following equations: 

 

𝑑𝐹𝑒𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝑑𝐹𝑒𝐶𝐷𝑊 + 𝑑𝐹𝑒𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡… (Eq. 1) 

𝑓𝐶𝐷𝑊 + 𝑓𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 = 1… (Eq. 2) 

𝑓𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 = 𝑓𝑅𝐷 + 𝑓𝑁𝑅𝐷… (Eq. 3)  

𝛿56𝐹𝑒𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 = 𝛿56𝐹𝑒𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝛿56𝐹𝑒𝐶𝐷𝑊 = 𝑓𝑅𝐷 × 𝛿56𝐹𝑒𝑅𝐷 +
𝑓𝑁𝑅𝐷 × 𝛿56𝐹𝑒𝑁𝑅𝐷… (Eq. 4) 

 

where 𝑑𝐹𝑒 , 𝑓 , and 𝛿56𝐹𝑒  denote the dissolved Fe concentration, 
fraction, and Fe isotopic signature, respectively. To derive 
𝑑𝐹𝑒𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡, 𝑑𝐹𝑒𝐶𝐷𝑊 was taken from van Manen et al. (2022) (0.38 
nmol L-1) where the least modified CDW was observed in the AS but 
located distant from the continental shelf (Stns 52 and 53, which were 
not measured for their Fe isotopic composition). To derive 𝑓𝑅𝐷  and 
𝑓𝑁𝑅𝐷 , an endmember estimate for 𝛿56𝐹𝑒𝑁𝑅𝐷  of +0.1‰ (Homoky et 
al., 2021) was used. For 𝛿56𝐹𝑒𝑅𝐷 , since a wide range has been 
reported (–3.5 to –0.93‰), we chose the minimum (–3.5‰), the 
maximum (–0.93‰), and the mean of the two extremes (–2.2‰), to 

account for uncertainty in the anticipated 𝛿56𝐹𝑒𝑅𝐷  benthic flux 
endmember. For 𝛿56𝐹𝑒𝐶𝐷𝑊, the endmember (0‰) was taken from 
Sieber et al. (2021) observed in the upper CDW in the Southern Ocean, 
as no unmodified CDW was measured for δ56Fe in this study. 
Consequently, the relative contribution of each of the three 
components – CDW-dFe (𝑓𝐶𝐷𝑊), RD-dFe (𝑓𝑅𝐷), and NRD-dFe (𝑓𝑁𝑅𝐷) – 
was estimated for two depth intervals of (1) within 200 m above the 
seafloor; and (2) within 100 m above the seafloor.  
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The results of this calculation are shown in Fig. 3.6 and Table 3.2. 
Generally, 𝑓𝑁𝑅𝐷 was higher than 𝑓𝑅𝐷, with relatively small uncertainty 
(color shadings in Fig. 3.6) in 𝑓𝑁𝑅𝐷  at most stations, except a large 
uncertainty in both 𝑓𝑁𝑅𝐷  and 𝑓𝑅𝐷  at Stn 45 within 100 m above the 

seafloor when applying the minimum 𝛿56𝐹𝑒𝑅𝐷  and maximum 
𝛿56𝐹𝑒𝑅𝐷  (Fig. 3.6b). This overall limited variability in 𝑓𝑁𝑅𝐷  indicates 

that the choice of 𝛿56𝐹𝑒𝑅𝐷 endmembers does not significantly affect 
our estimation of 𝑓𝑁𝑅𝐷. This finding is helpful because it means that 
any possible fractionation of the RD isotope endmember by removal 
processes within bottom waters would not change our conclusions. 
Therefore, we use the mean 𝛿56𝐹𝑒𝑅𝐷  of the two extreme 
endmembers of the reported ranges (–2.2 ‰ ) as the general 
endmember for RD for the following discussion. Notably, this value is 
similar to that used previously by Conway and John (2014a), who 
chose –2.40‰ to best represent reductive sedimentary endmember, 
based on modelled RD Fe fluxes from the San Pedro basin (John et al., 
2012). 

At the DIS(inflow) stations, 𝑓𝐶𝐷𝑊  within 200 m of the seafloor ranged 
from 38 to 76%, generally decreasing from the open ocean towards 
the DIS; meanwhile, 𝑓𝑁𝑅𝐷  increased from 20 to 56% while 𝑓𝑅𝐷 
remained relatively stable (4-12%) (Fig. 3.6a, Table 3.2). Since 
sediment resuspension is considered to be an important release 
pathway for NRD-dFe colloids (Homoky et al., 2021), our calculated 
higher 𝑓𝑁𝑅𝐷  than 𝑓𝑅𝐷  at these stations suggests resuspension is 
important for supplying dFe to bottom waters, linked to the turbulent 
flow of mCDW. Such resuspension would bring both RD-dFe (e.g., 
porewater reduced Fe2+, Kim et al., 2016) into the overlying water as 
well as NRD-dFe, contributing more dFe than simple diffusion of Fe by 
RD from the sediment pore waters. In fact, 𝑓𝑁𝑅𝐷 was highest at Stn 42 
(up to 56%, higher than both 𝑓𝐶𝐷𝑊  and 𝑓𝑅𝐷 , Fig. 3.6a), suggesting 
accumulation of colloidal phase NRD-dFe in the inflow as it travelled 
towards the coast, and/or terrestrial input of lithogenic colloids from 
the Antarctic shore (van Manen et al., 2022). This finding, from an 
isotopic perspective, also corroborates the previous idea that particle 
resuspension from benthic sediment influences the magnitude and 
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distribution of [dFe] in the AS (Sherrell et al., 2015). Alternatively, 
spatial and temporal heterogeneity of sediment conditions can also 
result in the difference in 𝑓𝑁𝑅𝐷 and 𝑓𝑅𝐷, assuming dFe derived from 
CDW stays constant during the course of inflow transport: more 
reducing sediment or thinner oxygenated surface layers may lead to 
more RD-dFe in porewater (e.g., Henkel et al., 2018), whereas more 
oxygenated sediments may result in relatively higher colloidal NRD-
dFe in porewaters (e.g., Homoky et al., 2021). Indeed, δ56Fe exhibits 
heterogeneity in the bottom-most samples along the DIS(inflow) stations 
(Fig. 3.5), suggesting both the flux and mechanism of supply of dFe 
varies geographically within the AS. However, as sediment samples 
were not collected during the ANA08B expedition and the 
composition of sediments was not determined, we cannot determine 
whether spatial heterogeneity or simultaneous release of both RD and 
NRD is the main driver of the observed isotopic signatures. 

When investigating closer to the seafloor in the AS, and comparing 
samples from within 100 m to within 200 m from the seafloor (see 
above), a similar increasing trend in each sediment-derived fraction 
and [dFe] towards the DIS is observed (Fig. 3.6b); however, 𝑓𝑁𝑅𝐷, 𝑓𝑅𝐷, 
and total [dFe] (i.e., sum of CDW-dFe, NRD-dFe, and RD-dFe) are all 
greater within 100 m compared to within 200 m above the seafloor 
(Table 3.2), indicating that benthic sediment input has a greater effect 
on dFe closer to the sediments, linked to the core of mCDW being 
situated close to the bottom, while dFe may be lost due to removal 
(e.g., particle scavenging) or dilution (i.e., conservative mixing) further 
above the seafloor.  

The relationship between [dFe] and absolute salinity (SA) within 100 
m (and 200-300 m) above the seafloor provides insights for assessing 
the role of conservative mixing – at stations distant from the DIS (Stns 
50, 49, and 48) (Fig. 3.7a), the relationship follows a mixing line which 
indicates that physical mixing and dilution drive reduction of dFe away 
from the source, whereas close to the DIS (Stns 42 and 45), a sudden 
increase of dFe (up to 1.6 nM) at high salinity indicates a prominent 
addition of dFe, compared to Stns 50, 49, and 48 (Fig. 3.7a), 
accompanied by lower δ56Fe values observed close to the seafloor at 
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Stns 42 and 45 (down to –0.85‰) than at Stns 50, 49, and 48 (Fig. 3.5). 
A strong correlation (R2=0.822, p<0.05, excluding one sample at 689 
m at Stn 42) between the fractions of RD-dFe and NRD-dFe indicates 
simultaneous addition of dFe from both sources (Fig. 3.7b), lending 
weight to the idea that sediment resuspension is important, as Fe 
derived from the two sources are thought to be present in different 
forms and sediment disturbance – not just simple diffusion from pore 
waters – is needed to release both at once (dFe2+ vs colloidal Fe(III), 
Homoky et al., 2013; Homoky et al., 2009; Homoky et al., 2021). 

 

Figure 3.6 Fractions of reductive dissolution (RD) (𝒇′𝑹𝑫), non-reductive dissolution 
(NRD) (𝒇′𝑵𝑹𝑫) and circumpolar deep water (CDW) (𝒇𝑪𝑫𝑾) and [dFe] at the GPpr12 
DIS(inflow) stations (in each depth interval the means were calculated). RD (blue 
triangle), NRD (red square), and CDW (pink dot) corresponds to left y-axis, whereas 
dFe (black solid line) corresponds to the right y-axis. For RD, three different 
endmembers are used to account for the uncertainties – solid line (–2.2 ‰) and 
upper and lower estimates (–0.93‰ and –3.5‰). The coloured shading indicates 
the range, simply based on interpolation of the upper and lower estimates.  (a) 
samples located within 200 m above the seafloor; (b) samples located within 100 m 
above the seafloor.   
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Figure 3.7 Relationship of [dFe] and absolute salinity (SA), dFe derived from non-
reductive dissolution (NRD-dFe) and from reductive dissolution (RD-dFe) 
(coloured for neutral density) within 300 m above the seafloor, of the GPpr12 
DIS(inflow) stations. (a) [dFe] versus SA. Solid coloured dots and triangles represent 
stations relatively far from the DIS (Stn 48, 49, and 50) and stations close to the DIS 
(Stn 42 and 45), respectively. Empty black dots represent the averages (within 100 
m above the seafloor and 200-300 m above the seafloor) from Stn 48, 49, and 50; 
whereas the black arrow and the dashed line indicate the addition of sediment-
derived Fe and the conservative mixing line, respectively. (b) NRD-dFe versus RD-
dFe. The dashed line represent the regression line. Note that the correlation 
excludes Stn 42 (689 m). 

3.4.2 Biogeochemical processes under the DIS  

Due to global warming, ice shelves and glaciers located near the AS 
have been experiencing rapid collapsing and melting (Gourmelen et 
al., 2017; Jacobs et al., 1996; Jenkins et al., 2010; Rignot et al., 2008). 
It was previously proposed that rapid melting of glaciers and ice 
sheets could be an important source of Fe (Alderkamp et al., 2012; 
Gerringa et al., 2020a; Gerringa et al., 2012, 2020b). For example, 
Sherrell et al. (2015) observed elevated dFe (0.62-0.77 nmol L-1, 80-
600 m) in the mCDW outflow from the DIS compared to surface 
polynya waters (~0.15 nmol L-1) , likely sourced from a combination of 
mCDW, shelf sediments, and DIS-sourced dFe. This [dFe] range is 
comparable to [dFe] observed in the mCDW outflow in this study 
(0.64±0.06 nmol L-1, 195-294 m, Stn 36). However, from our previous 
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work, the addition of DIS-sourced dFe itself to the mCDW outflow was 
estimated to be negligible (van Manen et al., 2022). In fact, [dFe] 
effectively decreased slightly in the outflow compared to the inflow 
(average of 0.99±0.17 (n=3) vs 0.64±0.06 (n=3) nmol L-1; Fig. 3.5), likely 
due to extensive mixing of the dFe-rich outflow with relatively low dFe 
water close to the ice shelf, based on a conservative mixing model 
(van Manen et al., 2022). However, the observations from van Manen 
et al., 2022 were solely based on [dFe] and as such, any change in [dFe] 
underneath the DIS due to biogeochemical processes or from 
different sources/sinks remained unconstrained. Therefore, although 
the δ56Fe of cryospheric sources and processes involved remain 
relatively poorly constrained (Fitzsimmons and Conway, 2023), in the 
following section we attempt to use δ56Fe to investigate the sources 
of dFe and potential biogeochemical processes in the ice shelf cavity. 

3.4.2.1 Is conservative mixing and addition of heavy Fe 
driving dissolved δ56Fe underneath the DIS? 

In our study, we observed a change in δ56Fe of –0.70±0.13 to –
0.23±0.15‰ between DIS inflow and outflow (Δδ56FeDIS of +0.47‰), 
coupled with the decline in [dFe] of ~1 to 0.6 nmol kg-1 that was 
previously attributed to the effects of conservative mixing (van Manen 
et al., 2022). To evaluate whether conservative mixing can feasibly 
explain this observed change in the δ56Fe distribution 
underneath/adjacent to the DIS (or whether other processes are 
required), we compared δ56Fe values from four water masses (defined 
as endmembers from representative samples) that are most probably 
the main components involved in conservative mixing: 

(1) mCDW inflow: we chose a ϴ isotherm of 0°C which is ~100 m 
above the seafloor (usually around 500 m) for the DIS(inflow) 
stations to represent the mCDW inflow (Fig. 3.4a). This depth 
interval for the mCDW inflow has been previously described for 
this region (Miles et al., 2016; Sherrell et al., 2015; van Manen et 
al., 2022), and is characterized by δ18O (>–0.2‰ ) and high SA 
(>34.5) (Figs 3.4a and 3.4b). This depth interval is also comparable 
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to the depth of the grounding line of the DIS (~420 to 500 m, 
Jordan et al., 2020). To represent the properties of the mCDW 
inflow prior to entering the ice cavity, we selected samples at Stn 
45 (442 to 507 m). The Fe isotopic composition of the defined 
mCDW inflow endmember (δ56Feinflow) is –0.70±0.13‰ (mean±1 
SD) (Table 3.3). Here, it should be noted that we choose Stn 45 
over Stn 42 (i.e., the closest station to the DIS in the mCDW inflow) 
to represent the mCDW inflow better because the samples in deep 
water at Stn 42 were found to be affected by lithogenic material 
from the DIS and perhaps also by mCDW outflow (based on 
elevated dissolved Fe and particulate Fe concentrations; van 
Manen et al., 2022); this assertion is also supported by a δ56Fe 
anomaly (close to 0‰) observed between 690 and 715 m at Stn 
42, different from the samples above and below (Fig. 3.5), 
indicating a lithogenic signal at this depth.  

(2) ice shelf meltwater: the meltwater from the ice shelf where the 
melting is induced by inflow of relatively warm mCDW. Since we 
do not have direct measurements of meltwater, this water mass 
has an unknown Fe isotopic composition (δ56Feicemelt) that will be 
further evaluated in this section.   

(3) shelf water: we defined a water mass geographically adjacent to 
the ice shelf, which mixes with the mCDW inflow and ice shelf 
meltwater as a third component for the conservative mixing 
model.  The Fe isotopic composition of the shelf water 
endmember (δ56Feshelfwater) is –0.22±0.09‰ (mean±1 SD) (Table 
3.3). Samples collected at similar depth as the mCDW outflow, but 
outside the region where outflow occurs, were chosen to 
represent the endmember for shelf water (Stn 42, 145 to 300 m, 
Figs 3.3 and 3.4a). The rationale of choosing Stn 42 is that it is the 
station closest to the DIS that thus may best exhibit the properties 
of this water immediately prior to mixing. This shelf water has 
similar ϴ and SA to WW (Fig. 3.3). 

(4) mCDW outflow: the water mass that is the result of conservative 
mixing between the mCDW inflow, shelf water, and ice shelf 
meltwater. This outflowing water mass was identified below ~200 
m at Stn 36, based on elevated ϴ (>–1°C), δ18O (~–0.4‰), and SA 
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(>34.1), compared to the remainder of the water column (Figs 3.3, 
3a and 3b). The Fe isotopic composition of the defined mCDW 
outflow endmember (δ56Feoutflow) is –0.23±0.15‰  (mean±1 SD)  
(Table 3.3). Since samples below 400 m at Stn 36 were not 
available due to a technical issue with the sampling system, we 
chose samples collected between 200 and 400 m at this station to 
represent the mCDW outflow. This depth interval is comparable 
to previously reported depths for the core of mCDW outflow in the 
same region (Miles et al., 2016; Randall-Goodwin. et al., 2015).  

Table 3.3 Endmembers selected for section 3.4.2.1. Between these three δ56Fe 
endmembers based on averaged observations (δ56Feoutflow, δ56Feinflow, and 
δ56Feshelfwater), there was a significant difference (p<0.05), determined using a test of 
analysis of variance (one-way ANOVA), where a follow-up Post-Hoc test 
(Bonferroni correction) showed that δ56Feinflow differed significantly from (was 
lighter than) the other two endmembers (δ56Feoutflow and δ56Feshelfwater).  

 

Previously, the fractions of each water mass were estimated based on 
δ18O, where the mCDW inflow, ice shelf meltwater, and shelf water, 
accounted for 74.9%, 0.6%, and 24.5%, respectively (Tian et al., 
2023b). Based on these estimated fractions and selected 
endmembers, δ56Feicemelt can be estimated (assuming conservative 
mixing) based on the following mixing model: 
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0.749 × 𝛿56𝐹𝑒𝑖𝑛𝑓𝑙𝑜𝑤 + 0.245 × 𝛿56𝐹𝑒𝑠ℎ𝑒𝑙𝑓𝑤𝑎𝑡𝑒𝑟  +  0.006 ×

𝛿56𝐹𝑒𝑖𝑐𝑒𝑚𝑒𝑙𝑡 = 𝛿56𝐹𝑒𝑜𝑢𝑡𝑓𝑙𝑜𝑤 … (Eq. 5) 

 

Using this equation, we calculated a δ56Feicemelt endmember of 
+5.78 ‰ . Although there is a paucity of data for δ56Fe values in 
Antarctic glacial systems (Henkel et al., 2018; Mikucki et al., 2004; 
Sieber et al., 2021), and the variability in dissolved δ56Fe in meltwater 
is highly dependent on subglacial weathering (physical and chemical) 
in individual glacial systems (Krisch et al., 2021; Stevenson et al., 2017; 
Zhang et al., 2015),  a value of +5.78 ‰  is clearly unfeasible for 
δ56Feicemelt, which is more likely close to crustal δ56Fe (+0.09‰, Beard 
and Johnson, 2004) as most Fe in an ice shelf derives from lithogenic 
materials when the ice sheets move towards the shore and interact 
with the underlying bedrock (Raiswell et al., 2006), or perhaps slightly 
isotopically lighter due to reductive dissolution. Indeed, van Manen et 
al. (2022) found the mCDW outflow was enriched in refractory 
particulate Fe (most likely lithogenic Fe) compared to labile 
particulate Fe and dissolved Fe. Further, +5.78‰ is much heavier than 
any δ56Fe values reported for any dFe source in the marine system 
(Fitzsimmons and Conway, 2023; Johnson et al., 2020). If we instead 
assign a crustal signature to δ56Feicemelt (+0.09‰), the constrained 
contribution of 0.6% from ice shelf melt could not result in the 
δ56Feoutflow as observed – the estimated overall δ56Fe signal in the 
outflow would be –0.61‰, which is much lighter than the observed 
δ56Feoutflow (–0.23±0.15‰). Obviously, choosing a lighter endmember 
for δ56Feicemelt would only exacerbate this issue. Thus, although 
conservative physical mixing with shelf water provides a plausible 
explanation for the observed [dFe] changes between the inflow and 
outflow, it cannot explain the observed positive change in δ56Fe (at 
best only a Δδ56Fe of +0.09‰, from –0.70 to –0.61‰). Instead, other 
processes must be driving an apparent fractionation in dissolved δ56Fe 
within the DIS system. 

Indeed, it has been hypothesized, based on Arctic systems, that the 
residence time of inflowing water underneath ice shelf/glacier system 
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may enable significant chemical alternation (e.g., changes in nutrient 
availability and/or input of ice sheet-derived materials) between the 
inflow and the outflow, especially for non-conservative elements 
(e.g., Fe) (Krisch et al., 2021), especially if the residence time of water 
is long. For example, the residence time of inflowing water masses 
underneath the ‘79°N Glacier’ is around 5.4 months (Schaffer et al., 
2020). Krisch et al. (2021) suggested that thermodynamic equilibrium 
between dFe, labile particulate Fe, and ligands in the ice cavities could 
play an important role in subglacial nutrient supply as well as driving 
the δ56Fe of the dFe pool to heavier values than known Fe sources. 
Although the residence time of the mCDW inflow underneath the DIS 
is much shorter than the ‘79°N Glacier’ (estimated to only be 
approximate 2 months; Girton et al., 2019; Yang et al., 2022), our 
isotopic data imply that, in addition to ice shelf-derived Fe and mixing 
with shelf water, processes occurring underneath the DIS may be 
responsible for an additional δ56Fe shift (Δδ56Fe of at least +0.38‰, 
from –0.61 to –0.23‰), which cannot be easily explained by simple 
addition of dFe without further fractionation.  

3.4.2.2 Potential processes occurring underneath the 
DIS leading to heavier Fe in the outflow  

While understanding the fractionation of Fe isotope ratios resulting 
from different processes in the oceans is the subject of ongoing 
investigations (Fitzsimmons and Conway, 2023), studies have 
identified various internal cycling processes that could result in 
isotopic fractionation of the dissolved pool. Here, we evaluate several 
processes that could potentially result in a shift towards isotopically 
heavy dFe (Δδ56Fe=+0.38‰) underneath the DIS; these include the 
enhanced preservation and addition of lithogenic colloidal Fe(III) 
together with the preferential loss of Fe2+, and complexation with Fe-
binding ligands. 

Preferential preservation of one Fe species over another underneath 
the ice shelf could result in an overall change in the δ56Fe of the whole 
dFe pool. For example, addition and preservation of ‘lithogenic’ 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 140PDF page: 140PDF page: 140PDF page: 140

139 | C H A P T E R  3                                             

 

 3 

derived colloidal Fe(III) that is matched by an equivalent loss of Fe2+ or 
Fe(III) species could be responsible for an overall change in ‘dissolved’ 
δ56Fe. Previously, the speciation of NRD-dFe as lithogenic colloidal 
Fe(III) has been highlighted by Homoky et al. (2021) who observed 
near-crustal δ56Fe in the colloidal fraction in core-top porewater and 
suggested such colloidal Fe is likely formed by weathering of 
lithogenic particles via a non-reductive process. In this study, benthic 
sediments supply both particles and NRD-derived dFe (see Section 
3.4.1.1), and ice shelf melt (or glacial melt) supplies a significant 
amount of particulate Fe into the AS via the mCDW outflow (Gerringa 
et al., 2012, 2020b; Planquette et al., 2013; van Manen et al., 2022). 
Notably, particulate Fe concentrations ([pFe]) were two to three 
orders of magnitude higher than [dFe] in the AS, and elevated [pFe] 
was observed especially in the DIS(outflow) stations (van Manen et al., 
2022), with refractory [pFe] (34.4±11.4 nmol L-1, 2 SD) and labile [pFe] 
(12.6±2.2 nmol L-1, 2 SD) relative to 0.6 nM [dFe]. Such high loading of 
pFe could facilitate exchange of Fe between the dissolved pool and 
labile particulate pool (‘a reversible equilibrium’; Fitzsimmons et al., 
2017; van Manen et al., 2022), acting to ‘reset’ or moderate dissolved 
δ56Fe signatures whilst [dFe] stays relatively stable. This idea is 
consistent with previous suggestions that isotopic composition can be 
modified due to extensive exchange between particles and seawater 
whilst dissolved concentrations do not change significantly; this 
concept, termed ‘boundary exchange’, was observed for Neodymium 
isotope systematics (e.g., Lacan and Jeandel, 2005) and later inferred 
for other trace metals (e.g., Fe, Jeandel, 2016), as well as being 
observed in deep nepheloid layers of the North Atlantic, where 
dissolved δ56Fe values approach crustal composition with no 
accompanying change in [dFe] (Conway and John, 2014a). It has also 
been observed that isotopically light Fe2+ (ranging from –0.89 to –
0.12‰) released from basal meltwater and/or subglacial discharge 
was lost during extensive reworking of Fe phases (e.g., dissolved, 
ligand-bound, particulate and sedimentary phases) in the glacial cavity 
of the ‘79°N Glacier’, leading to a near-crustal δ56Fe signature 
(+0.07±0.09 ‰ ) in the glacial outflow (Krisch et al., 2021) where 
sediment resuspension in nepheloid layers of the ice cavity was 
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suggested a main driver of lithogenic Fe input (Chen et al., 2022). This 
observation implies that the loss of Fe2+ may be more significant than 
the addition of Fe(III) species underneath the ice sheet systems, 
especially in systems where particle loading is prominent (van Manen 
et al., 2022). 

Organic ligand complexation could also contribute to the change in 
δ56Fe under the ice shelf. Complexation of Fe by organic ligands tends 
to bind isotopically heavy Fe, leading to high δ56Fe values for the 
dissolved Fe pool, especially due to ligands with a strong affinity for 
Fe (e.g., siderophores) (Dideriksen et al., 2008; Morgan et al., 2010). 
Additionally, although the jury remains out on the effect of particle 
scavenging on δ56Fe, with limited open ocean studies showing 
negligible to only small fractionation (0 to –0.3‰; Fitzsimmons and 
Conway, 2023; Radic et al., 2011), particle dissolution coupled to 
organic-ligand complexation as well as scavenging has been invoked 
to explain isotopically heavy dFe in North Atlantic surface waters 
(+0.8‰, Conway and John, 2014a; John and Adkins, 2012). In the AS, 
Thuróczy et al. (2012) found organic ligands (originating from mCDW 
and/or sediments) to be nearly saturated with Fe near the ice shelves 
of Pine Island Glacier, with only modest capacity for complexing 
additional dFe from glacial meltwater. Under such conditions, the 
ligands are already saturated before the mCDW enters the ice shelf 
cavity, leaving little capacity for either complexation or a role in 
adjusting the composition of dissolved δ56Fe. However, in the DIS 
outflow, van Manen et al. (2022) showed that ligand to dFe ratios 
were above two at Stns 36 and 42, indicating Fe-binding ligands were 
unsaturated, which implies a potential for ligands to bind additional 
dFe under the ice shelf. However, that study also showed that even 
though the outflow was rich in Fe-binding ligands, dFe did not seem 
to increase in contrast to particulate Fe, implying the ligands were not 
strong enough to compete with adsorption onto particles that were 
also supplied from ice shelf melt (van Manen et al., 2022), consistent 
with a possible preferential loss of reactive species such as Fe2+ or 
Fe(III) species, balanced by an increase in lithogenic colloids under the 
DIS. A similar scenario of weak complexation by organic ligands 
compared to particle scavenging was also observed near the terminus 
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of the ‘79°N Glacier’ (Ardiningsih et al., 2020). However, even if 
ligands are not strong enough to effectively compete with particle 
scavenging in the ASP, and weak ligands would be expected to drive a 
smaller fractionation factor than strong ligands (Morgan et al., 2010), 
they could still play a role in setting the resulting overall isotopic 
signature of the dFe pool in the DIS outflow. 

Overall, although we cannot tease out the effects of these competing 
processes, we propose that particles, together with colloids from 
NRD-dFe, contribute ‘lithogenic’ colloidal Fe(III) (with near-crustal 
δ56Fe) to the dissolved pool in the DIS outflow, with particles also likely 
scavenging truly dissolved Fe species (e.g., Fe2+ ) in competition with 
Fe binding ligands. The net effect of these processes on the isotopic 
composition would be to drive dissolved δ56Fe towards crustal values 
under the DIS, as was observed at the ‘79°N Glacier’ (Krisch et al., 
2021).  

3.4.3 Fractionation of Fe isotopes in ASP 
phytoplankton blooms   

Phytoplankton blooms are an annual feature in the ASP during austral 
spring and summer (Alderkamp et al., 2015; Arrigo et al., 2012; Park 
et al., 2017) where the surface dFe distribution was found to be the 
opposite of the distribution of phytoplankton mass (Alderkamp et al., 
2012). In our study in the surface layer of both the DIS and GIS regions, 
low [dFe] also coincided with elevated fluorescence, indicative of 
phytoplankton blooms (Figs 3.4 and 3.5). It is thus likely biological 
uptake is the main process driving the drawdown of dFe in the surface 
ASP (Alderkamp et al., 2012; Sherrell et al., 2015; van Manen et al., 
2022). Biological uptake may also affect dissolved Fe isotopic 
composition. We observed elevated remnant dissolved δ56Fe in the 
surface layer of the GIS bloom (up to +1.06‰), that was significantly 
higher than that following the DIS bloom (~+0.68‰) (p<0.05, Table 2). 
Generally, isotopically heavier remnant dFe following biological 
uptake is consistent with the limited previous studies that looked at 
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blooms or the effect of uptake (Ellwood et al., 2020; Ellwood et al., 
2015; Sieber et al., 2021). 

The difference in δ56Fe between blooms could result from the extent 
of Fe uptake in the surface layer, namely, with more dFe assimilated, 
one might expect to observe heavier δ56Fe in seawater – Yager et al. 
(2016) argued that a longer opening time of the polynya may lead to 
higher Fe uptake, hence potentially also a stronger biological-driven 
isotope fractionation effect. Here, we compared [dFe] in the pre-
bloom stage (estimated starting concentrations) and the bloom stage 
(observed concentrations) to evaluate the Fe uptake in the DIS and 
GIS bloom respectively. The sampling period for the two blooms was 
from 24th January to 2nd February. For the pre-bloom stage, we 
assume [dFe] in WW (ϴ<–1.5˚C) represented the starting 
concentrations as WW is a remnant of the cold winter mixed layer 
overlain by a relatively warm and fresh AASW that forms from WW by 
sea ice melting and warming due to incident irradiance during 
summer (e.g., Mosby, 1936). The comparison is detailed in Table 3.4. 
The results showed no statistically significant difference of starting 
[dFe], nor of observed [dFe], between the DIS and GIS bloom (Table 
3.4), suggesting a comparable amount of Fe uptake between two 
blooms (assuming there were no differences in supply during the 
bloom period). Additionally, integrated particulate organic carbon 
(POC) and nitrogen (PON) concentrations are also not significantly 
different between two regions (Table 3.4), implying that primary 
production was likely at comparable levels in the two blooms. 
Therefore, a differential degree of Fe uptake with the same 
fractionation factor cannot explain the observed difference in δ56Fe in 
the surface layers of the two regions.  

Alternatively, different phytoplankton communities in the two blooms 
could potentially fractionate Fe isotope ratios via different 
fractionation factors during uptake (Ellwood et al., 2015). Pigment-
based phytoplankton taxonomic composition analysis showed that 
the dominant phytoplankton species differed between the blooms; 
haptophytes dominated the DIS bloom (64-94% of total abundance), 
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whereas diatoms dominated the GIS bloom (40-91% of total 
abundance) (Fig. 2.6, Chapter 2). We thus hypothesize that the 
difference in remnant surface dissolved δ56Fe between blooms could 
result from different dominant phytoplankton communities. Although 
there is little understanding about how different species fractionate 
Fe via biological uptake, the utilization of Fe and uptake mechanisms 
by phytoplankton are better constrained. For example, diatoms and 
haptophyte species have different strategies in terms of utilizing Fe 
and may allocate resources (e.g., Fe and other nutrients) distinctly 
(Alexander et al., 2015; Litchman et al., 2007; Margalef, 1978). For 
instance, diatoms tend to maximize growth rates under nutrient-
replete environments (Endo et al., 2018), whereas haptophytes 
allocate nutrients not only to reproduction but also to other activities 
to maintain a constant population size (Endo et al., 2018; Parry, 1981). 

Table 3.4 Comparison of δ56Fe, [dFe], and POC and PON, in the surface layer of two 
ASP blooms. Starting [dFe] is estimated based on [dFe] in WW (Ɵ<–1.5˚C). Note that 
WW samples for determining the starting [dFe] were selected from the GIS(inflow) 
stations and the DIS(inflow) stations (except Stn 42 due to extensive particles exported 
from the DIS that could already alter [dFe] (e.g. scavenging and regeneration, van 
Manen et al., 2022). All values are presented as mean ± 1 SD.  

 

Such diversity in the use of Fe between diatoms and haptophytes 
implies they assimilate Fe via different pathways, such as transporters 
for specific Fe compounds, direct Fe(II) transporters, or reduction of 
Fe(III) to Fe(II) on the cell surface (e.g., ligand-bound Fe) (Hutchins et 
al., 1999; Morel et al., 2008), which could result in different isotopic 
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fractionation factors. Moreover, Ellwood et al. (2015) pointed out that 
small phytoplankton (e.g., Synechococcus) and large phytoplankton 
(e.g., diatoms) may cause isotopic fractionation at different levels. 
Similarly, the size of haptophytes (generally <5 µm) and diatoms (2 to 
200 µm) is markedly different (e.g., Cuvelier et al., 2010; Halse and 
Syvertsen, 1996; Masquelier et al., 2011), implying haptophytes and 
diatoms might induce different Fe isotopic effects during assimilation. 
However, further investigations such as culture experiments on 
biological fractionation by these two common Southern Ocean 
phytoplankton are required to support our speculation.     

Although biological uptake is considered to be the main process 
controlling [dFe] in the surface of the ASP (Alderkamp et al., 2015; van 
Manen et al., 2022; this study), we do not exclude the idea that other 
processes may also influence surface dissolved δ56Fe. If biological 
uptake was the dominant process fractionating dFe isotopes in the 
bloom under a closed system, the isotopic fractionation could be 
described with a Rayleigh fractionation factor. Previously, such a trend 
was observed and the fractionation factor (α) (α = Rbiomass/Rseawater) of 
biological uptake was predicted to range from 0.9977 to 0.9990 in 
Southern Ocean eddies (Ellwood et al., 2020) and in the Mertz Glacier 
Polynya (α=0.999, Sieber et al., 2021). In our δ56Fe data, while the dFe 
systematics of the GIS diatom bloom can be described using a closed 
Rayleigh model with an α of between 0.9982 and 0.9990 (except Stn 
24), the DIS haptophyte bloom cannot be described simply in this way 
(Fig. 3.8). This suggests that biological assimilation may be a dominant 
factor in the fractionation of dFe in the GIS bloom, but not in the DIS 
bloom. This disparity could imply that any biological fractionation in 
the DIS region is overprinted by other dFe sources (e.g., icebergs and 
ice shelves), rendering the assumption of a closed system less valid, or 
that uptake by haptophytes does not follow a simple Rayleigh trend. 
When comparing the two regions, both meteoric water input and  
higher refractory particulate Fe input were estimated to be higher in 
the DIS region (van Manen et al., 2022), potentially suppling more dFe 
with a lithogenic isotopic signature (~0 ‰ ) to the DIS bloom and 
buffering the isotopic composition of the remnant dFe pool (Fig. 3.5). 
Alternatively, other processes such as rapid recycling (e.g., adsorption 
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and regeneration), bacterial regeneration, and complexation with 
organic ligands may also play a role in fractionating Fe along with 
biological uptake (Ellwood et al., 2015; Sieber et al., 2021), resulting 
in a non-Rayleigh fractionation trend in the DIS bloom. Indeed, a 
combination of these factors was found to best explain surface data 
previously in Southern Ocean eddies by Ellwood et al. (2020). Overall, 
while our findings do provide support for uptake of light Fe and also 
for variable fractionation factors between species, our results suggest 
that the role of biogeochemical conditions (the interplay of biological 
uptake and other processes) in setting surface δ56Fe are variable in the 
surface ASP and likely between Antarctic polynyas. 

 

Figure 3.8 Fe isotope systematics in the surface layer of the GPpr12 ‘bloom’ 
stations (red: GIS diatom bloom; blue: DIS haptophyte bloom), in comparison with 
data derived from Mertz glacier polynya (Sieber et al., 2021). The dashed lines 
represent predicted Rayleigh fractionation trends with different fractionation 
factors (α=Rbiomass/Rseawater) based on a defined starting point (empty white dot, 
observed [dFe] and δ56Fe values in winter water). 
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3.5 Conclusions  

In this study, we characterized Fe isotope systematics in one of the 
most productive Antarctic coastal polynyas (the ASP), focusing on 
external Fe sources, the change of [dFe] and δ56Fe in the Dotson ice 
shelf system that experiences rapid melting due to the intrusion of 
mCDW, and Fe isotopic fractionation resulting from different 
phytoplankton blooms (summarized in Fig. 3.9). By utilizing the 
isotopic composition of Fe, we show that two sedimentary processes 
(RD and NRD) both supply dFe from benthic sedimenzts into overlying 
mCDW within the AS. Additionally, we show that while NRD is a more 
important process than RD for releasing dFe from benthic sediments 
into overlying waters in the AS (with 20-56% from NRD and 4-12% 
from RD), both are derived from sediment resuspension. While 
inflowing mCDW is enriched in dFe from sediments, the DIS itself does 
not appear to add any extra dFe, previously attributed to the mixing 
of the outflow with relatively Fe-poor shelf waters. From an Fe 
isotopic perspective, however, a concomitant observed change in 
δ56Fe cannot be explained solely by conservative mixing with low [dFe] 
shelf water. Instead, we propose that [dFe] and δ56Fe are affected by 
a combination of enhanced preservation and addition of lithogenic 
colloidal Fe(III) together with the differential loss of Fe2+ and 
complexation with Fe-binding ligands, driving δ56Fe to heavier values 
in the outflow than the inflow. The phytoplankton bloom regions in 
the ASP displayed distinct Fe isotopic signatures in the surface layer 
where δ56Fe is much heavier in the diatom (GIS) bloom compared to 
the haptophyte (DIS) bloom. Based on our field data, we speculate 
that haptophytes and diatoms may fractionate Fe differently or to 
different extent due to different uptake mechanisms for Fe, however, 
this requires further investigation, for example using culture 
experiments. Furthermore, we found that, even in productive surface 
waters, differences in dissolved δ56Fe are not likely to be controlled by 
biological activity alone; external sources (e.g., particulate and 
dissolved Fe input from ice shelf melt) and various other 
biogeochemical processes such as adsorption and regeneration, and 
complexation with organic ligands also likely play a role.  
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Overall, our isotopic data provides insights about the external sources 
of Fe, the role of the DIS in regional Fe cycling, and potential biological 
fractionation effects within phytoplankton blooms. However, it is 
worth noting that the ASP is a complex and understudied system in 
terms of nutrient cycling, biological activity and mixing of different 
water masses. Therefore, any prediction about how ongoing rapid 
changes in Antarctic coastal regions (e.g., nutrient supply) will affect 
marine ecosystems (notably phytoplankton communities) remains 
challenging and speculative. For example, as ice shelf melting 
increases due to increased inflow of mCDW (Jacobs et al., 2011; 
Mankoff et al., 2012), more ice shelf-derived particles are expected in 
the water column, but in how far this affects the current dissolved-
particulate balance is unknown. Hence, we do not have enough 
information to predict how Fe sources and sinks might change, nor 
what the net effect would be on dFe cycling in this region.  
Additionally, increasing CDW intrusion would also result in increasing 
supply of other bio-active metals, such as Zn, Cd, and Co since CDW is 
a major source of various metals to the ASP (Sherrell et al., 2015; Tian 
et al., 2023b; van Manen et al., 2022). As a result, the dominant 
species of phytoplankton blooms could experience several shifts in 
species composition over a longer bloom period as susceptibility to 
(co-)limitation (e.g., Fe and B12, and the requirements for various 
metals differs between different species , Bertrand et al., 2007; 
Bertrand et al., 2015). However, we have little knowledge on how 
these shifts would affect the cycling of various bio-active metals or 
how the availability of bio-active metals influences community 
composition and the development of phytoplankton blooms in the 
ASP. Thus, while continued climate change will undoubtedly affect the 
biogeochemical cycling of trace metals in the ASP, sustained 
interdisciplinary investigations are required to better understand this 
system and predict the local and global consequences of changes in 
the ASP.
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Abstract 

Coastal Antarctica is experiencing rapid environmental climate change 
with potential effects on regional marine trace metal 
biogeochemistry. This research investigates the biogeochemistry of 
two dissolved bioactive trace metals, zinc (dZn) and cadmium (dCd), 
and their isotopic ratios (δ66Zn and δ114Cd) in two coastal marginal 
seas with distinct oceanographic features – the Amundsen Sea (AS) 
the Weddell Sea (WS). In the AS, our isotopic data are consistent with 
previous studies indicating only a negligible addition of Zn and Cd from 
continental sediments and ice shelf meltwater. In the WS, δ66Zn and 
δ114Cd exhibited homogeneity in the waters across the Antarctic 
Peninsula shelf as well as through different deep-water masses. As a 
result, while Zn and Cd concentrations increase via physical mixing 
with deep water masses, isotope ratios remain unchanged. We 
observed apparent isotopic fractionation of Cd induced by biological 
uptake of Cd in the surface waters of both regions, with distinct 
Rayleigh uptake fractionation factors (α = Rbiomass/Rseawater) observed 
between haptophyte (0.99930 to 0.99960) and diatom (0.99970 to 
0.99990) blooms. In contrast, surface δ66Zn seem to be governed 
instead by a complex interplay of biological uptake and other factors 
such as ligand complexation and adsorption. Nevertheless, estimated 
α values for δ66Zn in haptophyte (0.99995) and diatom (0.99980 to 
0.99995) blooms are comparable to previously reported values in the 
Southern Ocean for biological uptake (0.99995±0.00001). At depths of 
250-1500 m in the WS, significantly lower δ114Cd was found in the 
inner gyre compared to the outer gyre, possibly related to 
regeneration of Cd and reduced water ventilation in the inner gyre. 
This pattern was not seen in δ66Zn, and we postulate that the small 
difference falls within analytical uncertainty. This study not only 
highlights the role of Circumpolar Deep Water as a dominant source 
of Zn and Cd in the AS, and the importance of physical mixing to global 
dissolved Zn and Cd distribution during the formation of Antarctic 
Bottom Water in the WS, but also presented the first order 
observation of isotopic systematics of both bio-active metals in the 
surface water of two distinct coastal systems. 
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4.1. Introduction 

Marine phytoplankton significantly impact global climate via 
photosynthesis and their role in the marine carbon cycle (Field et al., 
1998; Martin et al., 1990). Besides essential macronutrients 
(phosphate, nitrate, and silicate), various ‘micronutrients’ are 
required in the metabolic processes of phytoplankton. For instance, 
zinc (Zn) is the second most abundant micronutrient in marine 
phytoplankton (Twining and Baines, 2013) and is necessary for 
metalloproteins like carbonic anhydrase and alkaline phosphatase, 
which are related to carbon fixation and phosphate acquisition, 
respectively (Morel et al., 1994; Shaked et al., 2006). Additionally, 
although Cd is generally considered toxic to organisms, multiple 
marine algae have evolved to utilize Cd as a substitute for Zn in 
carbonic anhydrase (e.g., Park et al., 2007; Price and Morel, 1990; 
Sunda and Huntsman, 1995). Consequently, Zn and Cd exhibit 
nutrient-type distributions similar to major macronutrients like 
silicate (Si) and phosphate (PO4) throughout the oceans, with lower 
dissolved Zn and Cd concentrations ([dZn] and [dCd]) in the upper 
ocean due to biological uptake and increasing concentrations with 
increasing depth due to remineralization (Bruland, 1980) and 
advection of nutrient-rich deep water masses (Middag et al., 2019; 
Middag et al., 2018). Notably, the vertical profile of dZn is more closely 
correlated to Si, whereas dCd is more closely coupled to PO4 (Bruland 
et al., 2014). These differences are thought to be driven by differences 
in the biogeochemical processes and physical controls on the coupling 
of these elements (Middag et al., 2019; Middag et al., 2018; Vance et 
al., 2017; Weber et al., 2018). Nevertheless, given their coupled 
characteristics, the cycling and distribution of Zn and Cd can provide 
insights into global macro nutrient cycling in the past and the future.    

Over the past 15 years, measurements of oceanic dissolved Zn and Cd 
isotopic ratios (δ66Zn and δ114Cd) have added to our understanding of 
the marine Zn and Cd biogeochemistry and their cycling (Conway et 
al., 2021; Horner et al., 2021; Schlitzer et al., 2018). The deep ocean is 
relatively homogenous for both isotope systems with values of 
+0.44±0.08‰ (mean±2 SD) for δ66Zn (e.g., Bermin et al., 2006; 
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Conway and John, 2014b; Lemaitre et al., 2020; Sieber et al., 2020; 
Sieber et al., 2023a; Takano et al., 2017) and +0.25±0.06‰ for δ114Cd 
(Abouchami et al., 2014; Conway and John, 2015; George et al., 2019; 
Xie et al., 2017). In the surface ocean, dissolved δ114Cd is influenced 
by a biological preference for light Cd, as observed both in culturing 
experiments and field observations, leading to isotopic signatures as 
high as ~+1 to +5‰ in seawater (e.g., Abouchami et al., 2011; Conway 
and John, 2015; John and Conway, 2014; John et al., 2018; Lacan et 
al., 2006; Ripperger et al., 2007). Cadmium isotopic fractionation 
during biological uptake of Cd is especially influential in the Southern 
Ocean where nutrients are high in surface waters – the upwelling of 
upper Circumpolar Deep Water (UCDW) at the Antarctic Polar Front 
(APF) supplies nutrient-rich waters to the surface, facilitating 
phytoplankton growth and resulting in isotopically heavy dissolved Cd 
signatures in the surface (e.g., Antarctic Surface Water). 
Subsequently, subduction of this water forms northwards advecting 
Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water 
(AAIW) by deep winter convection, carrying heavy Cd signatures 
further north into the subsurface of the Atlantic Ocean (Abouchami et 
al., 2014; Conway and John, 2015; Xie et al., 2017) and the Pacific 
Ocean (Sieber et al., 2019b; Sieber et al., 2023b). The imprint of these 
Antarctic processes on the δ114Cd distribution of the lower latitudes 
oceans highlights the importance of the Southern Ocean as a driving 
force for the global Cd (and other nutrient-type element) 
distributions. While biological uptake and ocean circulation are a first 
order control on the distribution of δ114Cd, other processes such as 
ligand complexation (Ratié et al., 2021) and shallow remineralization 
(Sieber et al., 2019b; Xue et al., 2013), as well as supply from external 
Cd sources (Cloquet et al., 2006; Lambelet et al., 2013; Schmitt et al., 
2009; Sieber et al., 2023a; Yang et al., 2015) may also influence surface 
water dissolved δ114Cd. 

For Zn, the pattern is much less clear, with surface waters displaying a 
large range in δ66Zn values (~–0.20 to ~+0.70‰), seemingly 
inconsistent with culturing experiments that suggested the 
preferential uptake of isotopically light Zn isotopes (John and Conway, 
2014; John et al., 2007; Köbberich and Vance, 2017; Samanta et al., 
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2018). This may also vary regionally, as surface Southern Ocean 
waters are generally similar to deep water values (Wang et al., 2019 
Sieber et al., 2020; Wang et al., 2019; Zhao et al., 2014), while low-
latitude waters show much more variability (Conway and John, 2014b, 
2015; John et al., 2018; Lemaitre et al., 2020; Liao et al., 2020; Vance 
et al., 2019). As such, a range of processes have been invoked to 
explain the patterns of light or heavy Zn seen in surface waters. For 
example, Köbberich and Vance (2019) noted that the uptake of light 
Zn in culturing media might be obscured by complexation with organic 
chelators (e.g., EDTA), emphasizing the role of ligand complexation in 
Zn cycling and isotopic signatures in the surface ocean. Furthermore, 
a combination of field data and culturing experiments suggested that 
adsorption favours isotopically heavy Zn, highlighting reversible 
scavenging, as an essential factor to explain δ66Zn systematics in lower 
latitudes surface oceans (John and Conway, 2014; Sieber et al., 2023b; 
Weber et al., 2018). Shallow remineralization may also play an 
important role in driving dissolved δ66Zn isotopically light in the 
surface and subsurface (Bermin et al., 2006; Ellwood et al., 2020; 
Wang et al., 2019; Zhao et al., 2014). Thus, together with biological 
uptake, the interplay of all these processes leads to more complex 
surface δ66Zn systematics (Horner et al., 2021; Sieber et al., 2023b).  

The current study focusses on two different coastal Antarctic regions 
– the Amundsen Sea (AS) and the Weddell Sea (WS). In the AS, the 
intrusion of warm modified Circumpolar Deep Water (mCDW) onto 
the continental shelf through glacial troughs drives rapid ice sheet 
melting as it flows beneath ice shelves (Dutrieux et al., 2014; 
Gourmelen et al., 2017; Jacobs et al., 2012; Jacobs et al., 1996; Kim et 
al., 2021; Miles et al., 2016; Wåhlin et al., 2013). Outflowing mCDW 
emerging from under ice shelves can also accelerate sea ice melting, 
resulting in the formation of polynyas where highly productive and 
long-lasting austral spring-summer phytoplankton blooms are 
observed (Arrigo and van Dijken, 2003). Among all the Antarctic 
polynyas, the Amundsen Sea Polynya (ASP) exhibits the highest 
recorded rate of annual net primary production (per unit area) (Arrigo 
and van Dijken, 2003; Arrigo et al., 2012), likely due to additional 
dissolved Fe input from Fe-rich mCDW and particulate Fe input from 
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ice shelf melting (Gerringa et al., 2012, 2020b; Planquette et al., 2013; 
Sherrell et al., 2015; Tian et al., 2023a; van Manen et al., 2022). On the 
other side of the continent, the Weddell Sea (WS) is situated in the 
western part of the predominantly wind-driven cyclonic Weddell Gyre 
(WG) that plays a vital role in global oceanic circulation, as it is the 
primary source of global deep-water masses (Orsi et al., 1999, 2002). 
In the southern and western WS, extensive sea ice formation coupled 
with brine rejection in winter, results in the formation of dense, saline, 
and relatively cold shelf water that subsequently descends along the 
continental slope (Nicholls et al., 2009; Orsi et al., 2002). Ultimately 
the descending dense water exits the WS through the Scotia Sea, 
forming equatorward Antarctica Bottom Water (AABW) as it enters 
the lower part of the global ocean conveyor belt (Jullion et al., 2014; 
Orsi et al., 1999; Orsi et al., 2002; Vernet et al., 2019). Since about 50% 
of AABW is formed in the WS (Beckmann et al., 1999), the WS plays a 
critical role in global climate pathways and global thermohaline 
circulation (Fahrbach et al., 1994; Foldvik et al., 1985; Marinov et al., 
2006), and potentially global nutrient cycling.  

Given the diverse characteristics of the AS and the WS, as well as the 
biogeochemical functions of Zn and Cd, it is conceivable that both 
regions may exhibit spatial variability in the cycling and distribution of 
both metals, with potential impacts at the global scale. To date, 
compared to other Southern Ocean regions, there is a limited number 
of studies investigating Zn and Cd isotopic compositions in the AS and 
the WS. In the WS, within the framework of the International Polar 
Year (IPY 2007-2008) and the International GEOTRACES program, 
Zhao et al. (2014), and Abouchami et al. (2014) and Abouchami et al. 
(2011) presented vertical profiles of δ66Zn and δ114Cd, respectively, 
from a transect in the eastern WG along the Greenwich Meridian, 
while Xue et al. (2013) presented vertical profiles of δ114Cd from two 
selected stations located in the western WG, adjacent to the tip of the 
Antarctic Peninsula. In contrast, no studies have investigated either 
δ66Zn or δ114Cd in the AS thus far. In this study, we present the first 
combined dataset of [dZn], [dCd], δ66Zn, and δ114Cd from transects in 
the AS (near Dotson Ice Shelf and Getz Ice Shelf) and the WS (from 
Antarctic Peninsula towards the central WG) to investigate the 
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sources, cycling, and biogeochemistry of Zn and Cd in coastal 
Antarctica. 

4.2 Materials and methods 

4.2.1 Shipboard sampling  

Two GEOTRACES process studies (ID-expedition: GPpr12-ANA08B and 
GApr12-PS117) were conducted onboard the Korean icebreaker R/V 
Araon and German icebreaker R/V Polarstern during Austral Summer 
(December 2017 to February 2018 and December 2018 to February 
2019), respectively. Dissolved and particulate Cd and Zn 
concentrations were previously published for GPpr12 by Tian et al. 
(2023b), dissolved Fe and Mn concentrations by van Manen et al. 
(2022), and dissolved Fe isotope ratios by Tian et al. (2023a). The 
sampling procedure for water samples on these cruises has been 
described previously (Tian et al., 2023a). The only notable difference 
in sampling between the two cruises is the filter used for sample 
collection; samples in the WS were collected through AcroPak-400 
filters (VWR, precleaned with HCl and stored in MQ before used), 
whereas in the AS Sartobran-300 filters (Sartorius, only rinsed with 
MQ) were used. Just prior to use, all filters were rinsed with sample 
seawater, as were the used sampling containers. 

For the ANA08B expedition, filtered seawater samples (4 L and 1 L, 4 
L for near surface samples) were collected in the AS (71-74ºS, 112-
128ºW) from two transects – the Dotson Ice Shelf (DIS) transect (10 
stations, Stns 53, 52, 50, 49, 48, 45, 42, 36, 34, and 33) that follows 
the pathway of mCDW inflow towards and outflow emitted from the 
DIS, and the Gets Ice Shelf (GIS) transect (3 stations, Stns 55, 24, 57) 
that follows the mCDW inflow. These transects are referred to as the 
DIS transect and the GIS transect in this study, respectively (Fig. 4.1). 
Here, and in another publication emerging from this expeditions data 
set (Tian et al., 2023b), we group stations by geographical location – 
the open ocean station (Stn 53), the off-shelf station (Stn 55), the shelf 
break stations (Stns 52 and 24), the mCDW inflow stations (Stns 50, 
49, 48, 45, 42), and the mCDW outflow stations (Stns 36, 34, 33) (Fig. 
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4.1). For the PS117 expedition, seawater samples (4 L and 1 L) were 
collected from a transect in the western WS (63-66ºS, 36-54ºW, 
referred to as the WS transect in this study) (Fig. 4.1) in which 12 
stations are grouped into the shelf stations (Stns 95, 93, and 91), the 
continental shelf slope stations (Stns 82, 85, 75, 73, 70, and 67), and 
the off-shore stations (Stns 65, 61, and 56) (Fig. 4.1).  

 

Figure 4.1 Sampling stations of expedition ANA08B (the Amundsen Sea) and PS117 
(the Weddell Sea). Samples were collected during Austral Summer (December 2017 
to February 2018 and December 2018 to February 2019), respectively. Expedition 
ANA08B comprised two transects – the DIS transect (Stns 53, 52, 50, 49, 48, 45, 42, 
36, 34, and 33) and the GIS transect (Stns 55, 24, and 57), whereas expedition 
PS117consist of one transect – the WS transect (Stns 95, 93, 91, 82, 85, 75, 73, 70, 
67, 65, 61, and 56). 

4.2.2 Sample processing for isotopic analysis 

All seawater samples were acidified shipboard to pH ~1.8 with 0.024 
M HCl in an ISO class 5 laminar flow hood as described for the 
concentration samples (Tian et al., 2023b; van Manen et al., 2022). 
Thereafter, samples were transported to the clean room (ISO class 7, 
ISO class 5 in working hoods) at the Royal Netherlands Institute 
(NIOZ), where all further processing was done. All water used was 
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ultrapure water (MQ, <18.2 MΩ cm-1) and all reagents were of 
ultrapure quality (Tian et al., 2023a; Tian et al., 2023b). 

4.2.2.1 Pretreatment (extraction and purification)     

Extraction and purification procedures used in this study (see Table 
3.1, Chapter 3) were modified from Conway et al. (2013) and Sieber 
et al. (2019a), and have been described in detail by Tian et al. (2023a). 
Prior to processing natural samples, a series of tests (procedural blank 
and recovery) were conducted to validate the modified method for Zn 
and Cd isotopic analysis. 

4.2.2.2 Procedural blank and recovery 

The procedural blank for the methods was tested by processing 
acidified MQ (pH ~1.8 with 0.024 M HCl) through either extraction or 
purification portions of the method. For Zn, extraction and 
purification blanks are 0.08±0.07 ng (n=12) and 0.12±0.10 ng (n=6), 
respectively, whereas for Cd the blanks are 0.012±0.001 ng (n=12) and 
0.0030±0.0021 ng (n=6), respectively. Such low combined blank 
values (0.2 ng for Zn and 0.009 ng for Cd) are several orders of 
magnitude lower than natural concentrations of dissolved samples in 
this study. To test the efficiency of the extraction method, multiple 
AAS single element standards (LabKings, AA grade) together with a 
lutetium (Lu) – indium (In) spike (internal standard) were added to 
both acidified metal-free seawater (pre-cleaned by Nobias PA1 resin) 
with varying dissolved concentrations in a range of natural 
concentrations in seawater (Middag et al., 2015). Seawater with 
standard added was then processed using the extraction procedure 
and measured by Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) on a Thermo Scientific Sector Field High Resolution Element 
2 at NIOZ, whereas a suit of 3M HNO3 with the same standard added 
for metal-free seawater (but with higher metal concentrations) were 
directly measured for dissolved concentrations by ICP-MS. Following 
Middag et al. (2015), the recovery of extraction was calculated using 
the seawater and HNO3 calibration lines after normalisation to the 
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internal standards – the recovery for Zn and Cd was ~105% and ~98%, 
respectively. To test the purification procedure, a 7 M HCl solution 
with added metal (Ca, Ni, Pb, Co, Cu, Fe, Mo, Zn, Cd) in the expected 
concentration range for extracted samples, was put through the 
purification procedure for which the elution profile is shown in Fig. 4.2 
and the overall recovery for Zn and Cd was ~98% and ~90%, 
respectively. 

 

Figure 4.2 Elution profile and recovery of the purification procedure modified from 
Conway et al., 2013 (detailed in Table 3.1, Chapter 3). Test sample was prepared 
by spiking single element standards with post-extraction concentrations after pre-
concentration (factor of ~20000, i.e., 4 L samples concentrated in 200 µL-1) based on 
natural concentrations (~4 L, Fe: 0.5, Zn: 1, Cd: 0.8, Cu: 2, Cr: 3, Ni: 9, Pb: 0.04, Mo: 
100 nmol L-1) in 200 µL 7 M HCl. To test the recovery, a subsample of mimic sample 
was diluted and measured on an Element 2 ICPMS at NIOZ (referred to as initial 
sample). Subsequently, subsamples (eluate, every 60 µL) was collected during 
purification, and diluted and measured on an Element 2 ICPMS. The recovery was 
then calculated based on individual eluate relative to initial sample, taking the 
dilution factors into account.  
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4.2.2.3 Antarctic seawater samples      

Filtered seawater samples (4 L and 1 L) were spiked with 64Zn-67Zn and 
111Cd-113Cd double-spike with a sample-to-spike ratio of 1:1 (Sieber et 
al., 2019a, 2020), at least 48 hours prior to further treatment, guided 
by dissolved concentrations measured independently by a SeaFAST 
system and ICP-MS as reported previously (Tian et al., 2023b; van 
Manen et al., 2022). Samples were then processed using the method 
shown in Table 3.1, Chapter 3.  

4.2.3 Double spike preparation and analysis with 
Multi-Collector ICPMS (MC-ICPMS) 

Zn and Cd isotope analysis was carried out using a double-spike 
technique on a Thermo Neptune Plus Multi-collector ICPMS (MC-
ICPMS) at NIOZ (Siebert et al., 2001). Double spike solutions (64Zn-67Zn 
and 111Cd-113Cd) were prepared separately from single spikes – 64Zn 
(0.9910%), 67Zn (0.8960%), 111Cd (0.9590%), and 113Cd (0.9330%) 
purchased from Isoflex USA. Single spikes were dissolved separately 
in 7 M HNO3 and diluted with MQ. The single spikes were mixed with 
approximate ratios of 60:40 and 62:38 for 64Zn-67Zn and 111Cd-113Cd, 
respectively to match the optimal double spike ratios previously 
described for Zn (Bermin et al., 2006) and for Cd (Sieber et al., 2019a; 
Xue et al., 2012).  

The prepared double-spikes were then purified from impurities using 
a scaled-up version of column purification used for samples as shown 
in Table 3.1 (Chapter 3, also described in Tian et al., 2023a). After 
purification, pure double-spikes and pure primary standards (IRMM-
3702 for Zn and NIST-3108 for Cd) together with a suite of mixtures of 
spike – primary standard (with mixing ratios from 1:10 to 10:1), were 
used to calibrate the isotopic compositions of double-spikes (Siebert 
et al., 2001). The calibrated isotopic compositions for 64Zn-67Zn 
double-spike are 66Zn/64Zn=0.03028; 67Zn/64Zn=0.58562; 
68Zn/64Zn=0.03376; whereas for 111Cd-113Cd double spike are 
112Cd/111Cd=0.03726; 113Cd/111Cd=0.57566; 114Cd/111Cd=0.01347. The 
concentrations of double-spike were determined using reverse 
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isotope dilution against AAS single element (Zn and Cd) standards 
(LabKings, AA grade). 

The details of the instrumental settings, including introduction 
system, cones, and cup configuration are described in Table 4.1. Here, 
we express Zn and Cd isotope ratios in typical delta notations relative 
to their commonly accepted zero standards for Zn (JMC-Lyon) and Cd  
(NIST-3108) respectively:  

 

δ 𝑍𝑛66  (‰) = [
( 𝑍𝑛66 𝑍𝑛64⁄ )𝑠𝑎𝑚𝑝𝑙𝑒

( 𝑍𝑛66 𝑍𝑛64⁄ )𝐽𝑀𝐶−𝐿𝑦𝑜𝑛
 − 1]  × 1000      

and 

δ 𝐶𝑑114  (‰) = [
( 𝐶𝑑114 𝐶𝑑110⁄ )𝑠𝑎𝑚𝑝𝑙𝑒

( 𝐶𝑑114 𝐶𝑑110⁄ )𝑁𝐼𝑆𝑇−3108
 − 1]  × 1000    

 

Table 4.1 Instrumental settings for Zn and Cd isotopic analysis on Thermo Neptune 
Plus Multi-Collector ICPMS at NIOZ.  

 

However, since the JMC-Lyon standard has nearly run out, we use 
IRMM-3702 as a primary standard, and convert δ66ZnIRMM-3702 to 
δ66ZnJMC-Lyon by +0.29‰ (Archer et al., 2017; Moeller et al., 2012). As 
such, all δ66Zn results reported in this study are relative to δ66ZnJMC-

Lyon.  
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Accuracy and external precision of MC-ICPMS analysis for δ66Zn and 
δ114Cd was assessed using the long-term delta value and precision of 
secondary isotope standards. For Zn, this was AA ETH (obtained from 
ETH Zürich) and for Cd this was BAM-I012 (purchased from BAM 
Federal Institute for Materials Research and Testing). Our long-term 
values were δ66Zn of +0.27±0.04‰ and δ114Cd of –1.33±0.05‰ 
(mean±2 SD, n=71, 15 analytical sessions for Zn and n= 66, 14 
analytical sessions for Cd) for AA ETH and BAM I012 respectively; both 
values agree well with previously reported values (summarized in Fig. 
4.3). Consequently, we consider 0.04‰ and 0.05‰ to be conservative 
estimates of uncertainty for δ66Zn and δ114Cd, respectively, and apply 
these to all samples, except for those with 2 SE of an individual 
analysis larger than those values, in which case we use 2 SE as a 
measure of uncertainty (following Sieber et al., 2019a).  

The accuracy of the modified extraction and purification procedure 
was also tested by doping the same secondary standards into either 
metal-free seawater or acidified MQ (pH ~1.8 with 0.024 M HCl) that 
was processed as a sample and measured alongside natural samples. 
The average δ66Zn and δ114Cd obtained from these tests were 
+0.26±0.05‰ (n=4, 2 for seawater, 2 for MQ) and –1.32±0.01‰ (n=4, 
2 for seawater, 2 for MQ), respectively, in agreement with the 
expected values (Fig. 4.3). As a test of the accuracy of the dissolved 
concentration measurements, concentrations derived from the 
isotope dilution technique using Neptune ICPMS agree well with 
concentrations obtained from the SeaFAST-based measurements on 
the Element 2 ICPMS (slopes: 0.9982 and 0.9992 for Zn and Cd, 
respectively, Fig. 4.4). In this study, since there is good agreement 
between the two methods for dZn and dCd for most samples, we use 
the mean dissolved concentrations calculated for each sample in the 
discussion. 
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Figure 4.3 Procedural test of extraction and purification for (a) Zn and (b) Cd 

isotopic analysis and comparison with reported values. For the procedural test, a 

secondary isotope standard (Zn: AAETH; Cd: BAM-I12) was spiked in metal-free 

seawater (Zn: ~0.08 nmol L-1, Cd: ~0.003 nmol L-1, per-extracted by Nobais PA1 

following the same extraction steps) and acidified MQ, both in 4 L (n=1) and 1 L 

(n=2), processed by the extraction and purification procedure (Table 1). Averages of 

all the samples mentioned above are calculated as a whole for both δ66Zn and δ114Cd 

values reported. For the comparison of δ66Zn values obtained for AAETH, previous 

reported values are compiled from an inter-comparison study by Archer et al., 

(2017), whereas for δ114Cd values of BAM-I012 are compiled from individual studies. 

The black dashed line and grey shading represent the means and 2 standard 

deviation (SD), respectively, of previously reported values (i.e., A-G). All error bars 

reported here (including the values for this study) are 2 SD. 
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Figure 4.4 Linear regression of dissolved metal concentrations derived from ICPMS 
(Element 2) versus concentrations derived from ICPMS (Neptune Plus) for (a) [dZn] 
and (b) [dCd]. The blue-dashed line and the black solid line represents the 
regression line and 1:1 line. Note that the intercept of regression is set to 0. 
Dissolved metal concentrations used in this study are means of two measurements. 
However, for samples that showed a large absolute difference of concentrations 
between two measurements – namely, the absolute difference is larger than 0.2 
nmol L-1 plus 10% of Element 2-derived [dZn] or larger than 0.05 nmol L-1 plus 10% 
of Element 2-derived [dCd] – [dZn] and [dCd] are selected based on oceanic 
consistency; these data is highlighted in grey. If only the Element 2-derived 
concentration was selected (i.e., the Neptune Plus-derived concentration was 
excluded), the isotopic value was also not included in this study. In contrast, if only 
Neptune Plus-derived concentration was selected (i.e., Element 2-derived 
concentration was excluded), the isotopic composition was included. 

4.2.4 Auxiliary parameters, macronutrients, and 
oxygen isotopic composition (δ18O) 

4.2.4.1 Auxiliary parameters (salinity, temperature, 
depth) and fluorescence calibration 

A calibrated CTD (Seabird SBE 911+) with auxiliary sensors was 
mounted on the Titan sampling system to measure salinity 
(conductivity), temperature, depth (pressure), and fluorescence. The 
CTD-derived fluorescence was subsequently calibrated by measured 
total chlorophyll a concentrations. Briefly, particulate samples for 
pigment-based phytoplankton taxonomic composition were collected 
through a GF/F glass fiber filter (45 mm diameter; Whatman, Cytiva, 
Marlborough, USA) at 1 ˚C, using a vacuum pump (200 mbar; Pal, Port 
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Washington, NY, USA). Filters were double-wrapped in aluminium foil, 
snap-frozen in liquid nitrogen and stored at –80 ˚C. Further, filters 
were freeze dried and pigments were dissolved in acetone (van 
Leeuwe et al., 2006), and measured on High-performance liquid 
chromatography (HPLC). The detailed procedure of this analysis is 
described in van Manen et al. (2022). The correlation between CTD-
derived fluorescence and measured total chlorophyll a concentrations 
is used to derive calibrated total chlorophyll a concentrations ([chl a]):  

ANA08B: [chl a] (µg L-1)=0.9584×fluorescence (arb); 

PS117: [chl a] (µg L-1)=0.7735×fluorescence (arb) 

4.2.4.2 Macronutrients (PO4 and Si(OH)4)  

Nutrient data for the ANA08B expedition were published by Tian et al. 
(2023b). For the PS117 expedition, unfiltered seawater samples (~50 
mL) were collected for inorganic nutrient analysis, including 
phosphorus (PO4) and silicic acid (Si(OH)4). In the NIOZ shipboard 
analytical container, the nutrient samples were transferred into 5 ml 
polyethylene vials (ponyvials) after rinsing three times with the 
sample before being capped and stored in the refrigerator at 4°C. Prior 
to analysis, all samples and standards were brought to room 
temperature (~21-21.5°C) within two hours in a dark drawer. The caps 
were then removed and the ponyvials covered with parafilm against 
evaporation and placed in the sampler. Subsequently, these nutrients 
were analysed on a Bran and Luebbe trAAcs 800 Autoanalyzer. All 
analyses were generally made within four to five hours after sampling. 
A detailed protocol has been described in Gerringa et al. (2019). The 
accuracy and precision for the PO4 and Si(OH)4 measurements were 
determined by measuring a natural sterilized reference material 
nutrient sample (CA, Kanso, Japan) at 21.5 °C for which values of 
1.458±0.008 and 36.899±0.172 µmol L–1, respectively (n=196). 
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4.2.4.3 Oxygen isotopic composition (δ18O) 

Oxygen isotope analysis of ANA08B expedition was published in Tian 
et al. (2023b). For the PS117 expedition, dissolved seawater samples 
for δ18O were collected in 2 mL glass vials with polypropylene caps and 
polypropylene-coated inserts. The glass vial was then stored in 
refrigerators at 4°C until analysis. The δ18O samples were measured 
using Liquid Water Isotope Analyzer (LWIA) (Los Gatos Research) at 
NIOZ. The precision of the analysis was estimated to be 0.16‰ (n=13) 
based on duplicated measurements of in-house standard (North Sea 
seawater-2018) over 13 analytical sessions. The stable oxygen isotope 
ratio in this study is expressed as δ18O with respect to Vienna Standard 
Mean Ocean Water (VSMOW, International Atomic Energy Agency). 

4.2.5 Phytoplankton pigment composition analysis 

Samples were taken for pigment-based phytoplankton taxonomic 
composition analysis at one depth in the upper few tens of meters at 
selected stations in the AS (Stns 33, 34, 36, 42, 45, 49, 55, 24 and 57), 
whereas in the WS samples were taken at every station. The details of 
taxonomic composition analysis are described in Tian et al. (2023b). 

4.3 Results  

4.3.1 Oceanographic setting  

In the AS, three main water masses are characterised – mCDW, Winter 
Water (WW), and Antarctic surface water (AASW) based on potential 
temperature (referred to as θ hereafter) and salinity (referred to as S 
hereafter) (Fig. 4.5a), as previously defined (e.g., Randall-Goodwin. et 
al., 2015). Following the intrusion to the AS, mCDW at the least 
modified sites (below 200-400 m at the open ocean station and the 
off-shelf station) is characterized by θ of >1°C and S of >34.5 (Figs 4.5a, 
4.5b, and 4.5c). As the inflowing mCDW (~200 m above the mCDW 
inflow stations) moves towards the DIS, θ and S gradually decrease 
and reach ~–0.2°C and 34.3, respectively, due to mixing with overlying 
waters, before flowing underneath the DIS (Fig. 4.5a). The outflowing 
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mCDW emitted from the DIS (below 200 m at Stn 36, Tian et al., 
2023b) exhibits an even lower θ (~–0.2 to –0.85°C) and S (~34.1) (Fig. 
4.5a). As a remnant of waters formed via sea ice formation and brine 
rejection in winter, WW is generally situated between AASW and 
mCDW with a θ minimum as low as –1.8°C and S between 34 and 34.2 
(Figs 4.5a, 4.5b, and 4.5c). Within the surface and ~70 m (Stns 50, 49, 
48, 45, 34, and 33), due to enhanced irradiation and melting of sea ice, 
AASW exhibits elevated θ (>1.8°C) and decreases S (<34) relative to 
WW along the DIS transect, whereas AASW along the GIS transect was 
located over a shallower depth interval (~25 m). 

In the WS, five water masses – AASW (θ>–1.7°C; S< 34.3), WW (θ 
minimum below AASW), Warm Deep Water (WDW, 0>θ>0.8°C, 
34.64<S<34.72), Weddell Sea Deep Water (WSDW, –0.7°C<θ<0°C, 
34.64<S< 34.68) and a precursor of Weddell Sea Bottom Water (pre-
WSBW, θ<–0.7°C at depth) – are identified (Fig. 4.5a) (e.g., Fahrbach 
et al., 2004; Klatt et al., 2005). AASW and WW are situated in the 
upper ~70 m and upper ~70-250 m, respectively. In the eastern WS, 
CDW travels through the Antarctic Circumpolar Current (ACC) at mid-
depth and enters the WG at its eastern edge following the gyre 
circulation (e.g., Donnelly et al., 2017; Reeve et al., 2016), resulting in  
WDW (situated at 230-1800 m) via mixing of CDW and other WS water 
masses (AASW and WW). Subsequently, mixing of WDW and uplifting 
WSBW generates WSDW at >1500 m (Fig. 4.5c) (Foster and Carmack, 
1976). In the western WS, dense and saline shelf water forms via 
surface cooling and brine rejection on the continental shelf of the 
Antarctic Peninsula (i.e., the shelf stations) in winter. During summer 
(sampling period of GApr12-PS117), waters on the continental shelf 
stratify due to elevated temperature near the surface (AASW) (Figs 
4.5a and 4.5d). For clarity, the term “dense shelf water” refers to the 
dense and cold water formed in winter (this process is not observed 
during sampling in summer), whereas the term “WS shelf water” 
refers to the shelf water observed at the shelf stations (deeper than 
AASW) in this study. Subsequently, dense shelf water descends and 
interacts with multiple water masses (WDW and WSDW) along the 
slope and eventually forms WSBW (Foster and Carmack, 1976; Vernet 
et al., 2019), therefore, we characterise this descending water mass 
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(also observed in summer) as the precursor of WSBW (pre-WSBW, θ<–
0.7°C, 150-200 m above the continental shelf slope sediments, Figs 
4.5a and 4.5d) in this study. Ultimately, the mixture of pre-WSBW, 
WDW, and WSDW in the southern and western WS leaves the WS at 
north-western site, becoming a main source of global deep waters 
(i.e., AABW) (Orsi et al., 1999). It should be noted that WSBW is usually 
situated deeper than 4000 m in this region (Middag et al., 2013), 
which it is not observed in this study since most stations were located 
closer to the Antarctic Peninsula with shallower depths (Fig. 4.5d). 

4.3.2 Weighted average of chlorophyll a 
concentration ([chl a] wt.avg) 

The calibrated chlorophyll a concentration ([chl a]) increases from the 
surface to ~70 m and ~90 m where the maximum was observed, in the 
AS and the WS, respectively. In this study, we define this layer (from 
the surface to the depth of [chl a] maximum) as the surface layer. 
Further, to represent the productivity in the surface layer, we 
calculated the weighted average of [chl a] ([chl a]wt.avg) based on the 
samples located in the surface layer (Fig 4.6a). Generally, [chl a]wt.avg 
is much higher in the AS (3.48±2.89 µg L-1) than in the WS (0.13±0.09 
µg L-1). In the ASP, most stations exhibit [chl a]wt.avg >2 µg L-1, except 
the open ocean station and the shelf break station (i.e., Stn 52). 
Therefore, for the discussion of biological activity, we refer the 
stations with [chl a]wt.avg >2 µg L-1 as bloom stations including the DIS 
bloom stations (Stns 50, 49, 48, 45, 42, 36, 34, and 33) and GIS bloom 
stations (Stns 55, 24, 57), whereas the stations with homogeneously 
low [chl a]wt.avg in the WS are simply referred to as the WS stations 
(Fig. 4.6a).  
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Figure 4.5 (a) Potential temperature (θ)-salinity (S) diagram of all ANA08B (the 

Amundsen Sea) and PS117 (the Weddell Sea) stations, and section profiles of θ and 

S of (b) the Dotson Ice Shelf (DIS) transect, (c) the Getz Ice Shelf (GIS) transect, and 

(d) the WS transect. The color grading and density isocline in (b) to (d) represent θ 

and S, respectively. 
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4.3.3 Phytoplankton community composition  

In the AS, the phytoplankton community composition along the DIS 
transect was dominated by haptophytes (59% to almost 100%) with 
highest contributions at Stn 45 and Stn 49 (99.98 and 99.36%, 
respectively), whereas the Getz stations were dominated by diatoms 
(54-91%), especially at Stn 55 (91.3%) and Stn 24 (87.9%) (Tian et al., 
2023b, Fig. 4.6b). In contrast, along the WS transect, the 
phytoplankton community composition was not dominated by either 
species – dinoflagellates, cryptophytes, chlorophytes, and 
pelagophytes also accounted for up to ~21% to ~59% (Fig. 4.6b).     

 

Figure 4.6 (a) Weighted average of [chl a] ([chl a]wt.avg) and (b) phytoplankton 

community composition of all (the Amundsen Sea) and PS117 (the Weddell Sea) 

stations. [chl a]wt.avg is calculated based on depths within the surface layer.  
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4.3.4 Freshwater input (δ18O)  

In this study, we use δ18O to estimate freshwater input which includes 
sea-ice melt and meteoric water (e.g., ice sheet melt or iceberg melt). 
Previously, the fraction of sea-ice melt and meteoric water were 
estimated for the AS (Tian et al., 2023b), using a three-component 
mass balance model as described in Randall-Goodwin. et al. (2015) . 
Since the WS shelf stations are located near Antarctic Peninsula where 
large ice shelves are situated (e.g., Larsen Ice shelf, Nicholls et al., 
2009), meltwater from the ice shelf may have biogeochemical impacts 
on these shelf stations. Here, we modified the mass balance model 
used in Tian et al. (2023b) to estimate the fraction of meteoric water 
in the WS shelf region:  

 

𝑓𝑚𝑒𝑡 + 𝑓𝑠𝑖𝑚 + 𝑓𝑤𝑤 = 1… (Eq. 1) 

𝑓𝑚𝑒𝑡 × 𝛿18𝑂𝑚𝑒𝑡 + 𝑓𝑠𝑖𝑚 × 𝛿18𝑂𝑠𝑖𝑚  +  𝑓𝑤𝑤  ×  𝛿18𝑂𝑤𝑤 =
𝛿18𝑂𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑… (Eq. 2) 

𝑓𝑚𝑒𝑡 × 𝑆𝑚𝑒𝑡 + 𝑓𝑠𝑖𝑚 × 𝑆𝑠𝑖𝑚 +  𝑓𝑤𝑤  ×  𝑆𝑤𝑤 = 𝑆𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑… (Eq. 3) 

 

Where 𝑠𝑖𝑚, 𝑚𝑒𝑡, 𝑤𝑤, and 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑, denote sea ice melt, meteoric 
water, WW, and observed values, respectively, and 𝑓 and 𝑆 represent 
fraction and salinity, respectively. The rationale for designating WW 
as the ocean endmember is because WW, as the remnant water mass 
from winter, can best represent the initial water prior to mixing with 
ice shelf meltwater. To derive 𝑓𝑚𝑒𝑡 , 𝑆  and 𝛿18𝑂  of sea ice melt, 
meteoric water, and WW need to be constrained. Previously, Brown 
et al. (2014) used a four-components mixing model – fraction, salinity, 
δ18O and a fourth tracer PO’ that is derived from dissolved oxygen and 
PO4 concentrations– to estimate 𝑓𝑚𝑒𝑡 in the WS (2.5-3% in upper 100 
m close to the tip of Antarctic Peninsula). However, due to a 
malfunctioning of the oxygen sensor on the Titan system, oxygen is 
not available and so we can only use a three-component mass balance 
model. Following the rationale of endmember choice described in 
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Brown et al. (2014), we assign 0, –18‰, 5, and 1.8‰ for 𝑆𝑚𝑒𝑡 , 
𝛿18𝑂𝑚𝑒𝑡, 𝑆𝑠𝑖𝑚, and 𝛿18𝑂𝑠𝑖𝑚, respectively. Using these endmembers, 
the estimated 𝑓𝑚𝑒𝑡  in the upper 250 m at the shelf stations ranged 
from 0.3% to 4.8%, in agreement with estimates by Brown et al. 
(2014), where the highest 𝑓𝑚𝑒𝑡   estimates were found close to the 
shore (i.e., Stn 95) with lower values towards offshore (i.e., Stn 91) 
(Fig. 4.7).   

 

Figure 4.7 Estimated fraction of meteoric water (𝒇𝒎𝒆𝒕) of the shelf stations along 
the WS transect. 

4.3.5 Dissolved Zn and Cd concentrations and 
isotopic compositions  

4.3.5.1 The AS 

The dissolved Zn and Cd concentrations ([dZn] and [dCd]) for the AS 
from this cruise were previously described in depth by Tian et al. 
(2023b). As such, we just provide a simple overview here and focus 
more strongly on the isotope ratios. In the AS, [dZn] and [dCd] ranged 
from 0.87 to 7.67 nmol L-1 and from 0.05 to 0.87 nmol L-1, respectively 
(Fig. 4.8). The lower end of this range was generally observed in the 
surface layer of the bloom stations whereas concentrations were 
higher in surface waters at non-bloom stations (i.e., Stns 53 and 52), 
except for two bloom stations near the DIS (i.e., Stns 42 and 36); [dZn] 
and [dCd] in the surface layer of the GIS bloom stations (0.87 to 5.47 
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nmol L-1 and 0.05 to 0.71 nmol L-1, respectively) were lower than at 
DIS bloom stations (1.33 to 6.80 nmol L-1 and 0.30 to 0.77 nmol L-1, 
respectively) (Fig. 4.8). Generally, both [dZn] and [dCd] increased with 
increasing with depth – highest [dZn] (>7 nmol L-1) and [dCd] (>0.8 
nmol L-1) were observed close to the seafloor of the continental shelf 
(where the mCDW inflow was observed) and in the deep waters of the 
open ocean and off-shelf station where the least modified CDW was 
located (based on higher T at these stations relative to the other 
stations) (Fig. 4.8).  

Dissolved Zn and Cd isotopic compositions (δ66Zn and δ114Cd) in the 
AS ranged from +0.35 to +0.64‰ and +0.11 to +0.95‰, respectively 
(Fig. 4.8). The heaviest isotopic signatures in these ranges for both 
metals were observed in the surface layer of GIS bloom stations, 
whereas at DIS bloom stations the values were lower for both (δ66Zn: 
~+0.44‰; δ114Cd ~+0.65‰) (Fig. 4.8). Most δ114Cd values decreased 
with increasing depth and became relatively constant (+0.21±0.07‰) 
below ~100 m, whereas for δ66Zn the decreasing trend (from the 
surface to ~100 m) was only apparent at GIS bloom stations, the open 
ocean/shelf break/off-shelf stations and two of the mCDW outflow 
stations (i.e., Stns 34 and 33); the other stations were characterised 
by relatively homogeneous δ66Zn from the surface to the deep ocean 
(+0.45±0.05‰) (Fig. 4.8). 

4.3.5.2 The WS  

In the WS, [dZn] and [dCd] ranged from 3.56 to 8.57 nmol L-1 and from 
0.56 to 0.64 nmol L-1, respectively (Fig. 4.9). δ66Zn and δ114Cd ranged 
from +0.34 to +0.50‰ and +0.07 to +0.44‰, respectively, smaller 
ranges than that for the AS (Fig. 4.9). The lowest [dZn] and [dCd] and 
the highest isotope ratios were typically observed in the upper 50 m 
of the surface layer. Generally, [dZn] and [dCd] increased (and isotopic 
ratios decreased) with increasing depth below the surface layer. The 
vertical profiles varied with station type going offshore: 

Shelf stations (Stn 91, 93, and 95): at Stns 93 and 91, [dZn] and [dCd] 
reached maximum values of 5.63±0.39 nmol L-1 and 0.76±0.02 nmol L-
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1, respectively, below 100-150 m; whereas Stn 95 exhibited relatively 
constant and lower [dZn] (4.58±0.29 nmol L-1) and [dCd] (0.69±0.02 
nmol L-1) throughout the water columns (Fig. 4.9). At all three stations, 
δ66Zn was relatively homogeneous from the surface to ~450 m 
(+0.42±0.04‰), whereas δ114Cd decreased from ~+0.41‰ at the 
surface to ~+0.20 to +0.30‰ at ~100 m and became homogeneous 
below 100 m (+0.27±0.04‰) (Fig. 4.9), except two samples that 
exhibited much lower δ114Cd (+0.13‰ and +0.17‰ at 20 m and 40 m 
at Stn 95, respectively).  

Continental shelf slope stations (Stn 67, 70, 73, 75, 82, and 85): 
compared to the shelf stations, the increasing trends of [dZn] and 
[dCd] with depth stopped around 100-150 m above the sediments of 
the continental shelf slope where descending pre-WSBW was located 
with lower [dZn] (5.73±0.39 nmol L-1) and [dCd] (0.75±0.01 nmol L-1) 
(Fig. 4.9). Across the shelf slope stations, δ66Zn were homogeneous in 
the upper ~500 m (+0.41±0.05‰), except for Stn 75 where δ66Zn 
decreased from ~+0.50‰ at the surface to ~+0.35‰ at ~125 m and 
then increased to ~+0.45‰ at ~500 m. Below 500 m, δ66Zn 
(+0.45±0.04‰) was relatively homogeneous with higher values than 
in the upper 500 m until near bottom depths within 100-150 m above 
the continental shelf slope sediments where δ66Zn became slightly 
lower (+0.43±0.04‰) (Fig. 4.9). In contrast to δ66Zn, δ114Cd was as high 
as ~+0.40‰ in the surface layer of several continental shelf slope 
stations (i.e., Stns 82, 85, 75, and 73), whereas the other two stations 
were relatively lower (+0.23±0.09‰). These high δ114Cd values 
decreased with increasing depth. Below 500 m, δ114Cd at all 
continental shelf slope stations was homogeneous (+0.24±0.05‰), 
except for Stn 82 where δ114Cd reached +0.15 within 100-150 m above 
the continental shelf slope sediments (Fig. 4.9).  

Off-shore stations (Stn 56, 61, and 65): here, [dZn] and [dCd] reached 
maximum concentrations (as high as 8.34 nmol L-1 and 0.94 nmol L-1) 
around ~500 m and ~250 m, respectively. Below these depths, both 
[dZn] and [dCd] decreased with increasing depth to values of ~7.10 
nmol L-1and 0.80 nmol L-1, respectively (Fig. 4.9).  At these stations, 
δ66Zn was homogeneous from the surface to the bottom 
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(+0.42±0.04‰) and slightly increased to +0.45±0.07‰ below 500 m. 
For δ114Cd, although values decreased with increasing depth at all 
three off-shore stations, the minimum δ114Cd was reached at different 
depths. A minimum of +0.13‰ was observed at ~40 m at Stn 65 and 
gradually increased to homogeneous values below 500 m 
(+0.23±0.03‰). In contrast, a minimum of +0.07‰ was observed at 
~230 m at Stns 61 and 56 followed by a slight increase to +0.12-
+0.17‰ in the deepest part of the water column (Fig. 4.9).  

 

 

 

 

 

 

 

 

 

 

 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 176PDF page: 176PDF page: 176PDF page: 176

175 | C H A P T E R  4                                             

 

 4 

 

Figure 4.8 Dissolved metal concentrations ([dZn] and [dCd]) and isotopic 

compositions  (δ66Zn and δ114Cd) of all Amundsen Sea (ANA08B) stations. (a) to (d) 

the open ocean/shelf break/off-shelf stations; (e) to (h) the mCDW inflow stations; 

(i) to (l) the mCDW outflow stations. The grey shadings indicate the deep-water 

signature of δ66Zn (+0.44±0.08‰, Bermin et al., 2006; Conway and John, 2014b; 

Lemaitre et al., 2020; Sieber et al., 2020) and of δ114Cd (+0.25±0.06‰, Abouchami 

et al., 2014; Conway and John, 2015; George et al., 2019; Xie et al., 2017). The error 

bars for δ66Zn and δ114Cd are two standard deviations. 
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Figure 4.9 Dissolved metal concentrations ([dZn] and [dCd]) and isotopic 

compositions (δ66Zn and δ114Cd) of all Weddell Sea (PS117) stations. (a) to (d) the 

shelf stations; (e) to (h) the continental shelf slope stations; (i) to (l) the off-shore 

stations. The grey shadings indicate the deep-water signature of δ66Zn 

(+0.44±0.08‰) and of δ114Cd (+0.25±0.06‰). The dotted lines and arrows in (a) to 

(d) indicate the layers of WS shelf water defined based on a neutral density of <28.0 

kg m3  and θ<–0.7 ºC at the shelf stations, whereas the dotted lines and arrows in 

(e) to (h) indicate the layers of pre-WSBW defined based on θ<0.7 ºC. In (k) and (l), 

the open symbols represent the data obtained from a station previously reported 

by Xue et al. (2013), which was close to the offshore stations in this study. The error 

bars for δ66Zn and δ114Cd are 2 standard deviations. 
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4.4 Discussion 

4.4.1 δ66Zn and δ114Cd signatures of potential external 
sources previously identified 

The inward flow of nutrient-rich mCDW supplies most of the dissolved 
Zn and Cd to the AS, with only a small component from local margin 
sources (Sherrell et al., 2015; Tian et al., 2023b). In this study, the 
isotopic compositions of the least modified CDW (δ66Zn: 
+0.44±0.03‰; δ114Cd: +0.20±0.03‰, Figs 4.8b and 4.8d) are 
equivalent to homogeneous global deep-water signals for δ66Zn 
(+0.44±0.08‰, Bermin et al., 2006; Conway and John, 2014b; 
Lemaitre et al., 2020; Sieber et al., 2020; Takano et al., 2017) and for 
δ114Cd (+0.25±0.06‰, Abouchami et al., 2014; Conway and John, 
2015; George et al., 2019; Xie et al., 2017). These signatures did not 
change significantly (overlapping within uncertainty) over the 
continental shelf (i.e., the shelf break stations, the mCDW inflow 
stations, and the shelf station) within 200 m above the seafloor (δ66Zn: 
+0.46±0.04‰; δ114Cd: +0.21±0.06‰) (Figs 4.8f and 4.8h), consistent 
with the notion that mCDW provides the dominant supply of dissolved 
Zn and Cd to the AS (Tian et al., 2023b).  

As mCDW flows over the continental shelf into the AS it acquires Zn 
and Cd from shelf sediments, with Tian et al. (2023b) estimating that 
shelf sediments supply around 0.42 nmol L-1 and 0.03 nmol L-1 of [dZn] 
and [dCd], respectively, to the overlying water. This sediment source 
is a minor contribution to dZn and dCd, corresponding to 7% and 4% 
of observed [dZn] and [dCd], respectively, based on a binary mixing 
model of dissolved metal concentrations and S (Tian et al., 2023b). 
Reported isotopic compositions in marginal sediments and lithogenic 
sources (δ66Zn: –0.72 to +0.32‰, compiled by Conway and John, 
2014b; Little et al., 2016; δ114Cd: –0.01±0.04‰, Rehkämper et al., 
2012; Schmitt et al., 2009) are often lower than deep-water signatures 
– a sedimentary input of both metals might thus be expected to lead 
to lighter dissolved isotopic signatures relative to the deep ocean. 
However, the homogeneity of isotopic signatures in mCDW suggests 
that either the external sedimentary input either are similar to the 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 179PDF page: 179PDF page: 179PDF page: 179

                                                                                              C H A P T E R  4 | 178 

 

 4 

deep-water signals, or more likely, the magnitude of addition is too 
small to leverage changes to mCDW isotopic signatures. Taken 
together with observations by Tian et al. (2023b), our isotopic data 
suggests a minor sedimentary supply for Zn and Cd in the AS with a 
signature that is likely on the heavy end of the previously reported 
spectrum for sedimentary input. However, this would need to be 
confirmed in future research by taking sediment and porewater 
samples on the Antarctic continental shelf for isotopic analysis.  

To date, there is limited constraints of glacially-derived δ66Zn and 
114Cd – Sieber et al. (2020) speculated that glacial meltwater may 
supply isotopically light Zn to the surface water (within tens of meters) 
near the Mertz Glacier (East Antarctica), whereas for Cd there is no 
evidence that glaciers are an isotopically light source; we might also 
expect both to have lithogenic isotopes signatures (+0.3‰ and 0‰ 
for δ66Zn and 114Cd, respectively; Horner et al., 2021). Previously, we 
showed that ice shelf meltwater only supplies a small amount of dZn 
and dCd to the outflowing mCDW, and conservative mixing of the 
mCDW outflow, shelf waters, and ice shelf meltwater plays the 
primary role in regulating metal concentrations in the outflowing 
water (Tian et al., 2023b; van Manen et al., 2022). The shelf water 
endmember used in previous studies was defined as a water mass 
geographically adjacent to the ice shelf (with similar θ and S to WW) 
that mixes with the mCDW inflow (Tian et al., 2023a). In this study, to 
distinguish this shelf water from shelf water observed in the WS (i.e., 
WS shelf water), we refer it to as ASP shelf water. The results show 
that, although the mean δ66Zn and 114Cd in the mCDW inflow and ASP 
shelf water seem slightly higher than in the mCDW outflow, there is 
no statistically significant difference between the three water masses 
(Table 4.2). The homogeneity in the isotopic compositions of the 
mCDW inflow and outflow observed in this study confirms that the DIS 
is a negligible source of Zn and Cd as suggested before (Tian et al., 
2023b), and as such, conservative mixing is likely the main process 
driving the changes in [dZn] and [dCd].  
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Table 4.2 δ66Zn and δ114Cd in the mCDW outflow, the mCDW outflow, and ASP 
shelf water along the DIS transect. For the mCDW inflow, following the path of the 
inflow (Fig.4.5, δ66Zn and δ114Cd within 100 m above the seafloor at st. 45 were 
selected (Tian et al., 2023a; Tian et al., 2023b) as Stn 45 is expected to represent the 
mCDW inflow better than Stn 42 that is closer to the DIS due to potential lithogenic 
material input at Stn 42 (van Manen et al., 2022). For the mCDW outflow, δ66Zn and 
δ114Cd between 195 to 295 m at Stn 36 were selected, based on potential 
temperature (>−1˚C) and salinity (S>34.1). The outflow was located at a similar 
depth as previously reported for the core of mCDW outflow (200 to 400 m, Miles et 
al., 2016; Randall-Goodwin. et al., 2015). For the ASP shelf water, to represent the 
ambient waters located around the DIS, δ66Zn and δ114Cd were selected from the 
closest station (i.e., Stn 42) to the DIS within the depth (145 to 300 m) of mCDW 
outflow (Tian et al., 2023b). 

 

4.4.2 Isotopic signatures of Zn and Cd in the WS  

In contrast to the AS where mCDW intrusion plays a critical role in 
trace metal biogeochemistry, the WS is characterised by a gyre 
circulation and the formation of the pre-WSBW that eventually flows 
northward and enters the main basins of the global ocean along with 
WSDW (reviewed by Vernet et al., 2019). Therefore, the trace metal 
biogeochemistry in the WS may influence regional and global cycling 
of trace metals via export of the WS seawaters into global deep 
waters. In the following section, we discuss 1) the role of glacial 
meltwater input in the WS; 2) isotopic compositions in different water 
masses and pre-WSBW; 3) observed differences between the inner 
and outer WG. 
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4.4.2.1 The shelf station (Stn 95): glacial meltwater 
input? 

At the shelf stations, meteoric water input (𝑓𝑚𝑒𝑡) is greatly elevated at 
Stn 95 (up to 4.8% above ~250 m) and gradually decreases towards 
the central WS basin (Fig. 4.7), which is much higher than the 𝑓𝑚𝑒𝑡 
(~0.64%) estimated in the mCDW outflow in the AS (Tian et al., 2023b). 
Since glacier-derived dZn and dCd in the surface layer (approximately 
in the upper 90 m) may be modulated by biological activity such as 
biological uptake, it is more sensible to assess samples below the 
surface layer (~90 m), where meltwater fractions are still high, in order 
to evaluate meltwater influence. Within this depth range (90 to 250 
m), homogeneously lower [dZn] (4.57±0.23 nmol L-1) and [dCd] 
(0.69±0.04 nmol L-1) are observed at Stn 95 compared to the other 
two shelf stations with lower meltwater contributions ([dZn]: 
5.50±0.55; [dCd]: 0.75±0.02 nmol L-1) (Figs 4.9a and 4.9c), implying 
glacial meltwater may actually not supply a significant amount of dZn 
and dCd. Despite the resolvable difference in dissolved concentrations 
between Stn 95 and the other two shelf stations, δ66Zn (+0.42±0.05‰) 
and δ114Cd (+0.27±0.06‰) show values indistinguishable from deep-
water signals at all three shelf stations within the 90-250 m depth 
range (Figs 4.9b and 4.9d). Taken together, our result suggest that 
glacial meltwater is not enriched in dZn and dCd relative to the 
ambient seawater, and thus that glacial meltwater may essentially 
only supply a negligible amount that is not sufficient to be reflected in 
the observed isotopic compositions. Instead, conservative mixing of 
shelf waters (low [dZn] and [dCd]) with offshore water masses (high 
[dZn] and [dCd], e.g., WDW) may result in the observed variability in 
concentrations between shelf stations (Fig. 4.9). Indeed, a strong 
linear relationship (p<0.001) of S and [dZn] and [dCd] between WS 
shelf water and WDW indicates the increase in dissolved 
concentrations results from conservative mixing between water 
masses, explaining the increase of [dZn] and [dCd] in the other two 
shelf station compared to Stn 95, whilst isotopic compositions remain 
homogeneous between water masses (Fig. 4.9e and 4.9f). 
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4.4.2.2 The continental shelf slope stations: isotopic 
compositions in different water masses and pre-
WSBW  

At the continental shelf slope stations, although most δ66Zn and 
δ114Cd values throughout the water column are equivalent to deep-
water composition, there is variability from the surface to the deep, 
indicating biogeochemical processes (Fig. 4.9). A decrease in δ66Zn and 
δ114Cd together with increasing [dZn] and [dCd] is observed in WW 
(~60-220 m), compared to AASW (the upper 60 m) (Figs 4.9e, 4.9f, 
4.9g, and 4.9h), implying less biological uptake and/or increased 
preferential regeneration of light isotopes that are assimilated in the 
surface (e.g., Bermin et al., 2006; Conway and John, 2015; Sieber et 
al., 2020; Zhao et al., 2014). This is supported by the strong linearity 
of the relationship of dZn and dCd with PO4 – dZn and dCd increase 
with PO4 from the surface towards the deep (Fig. 4.10), indicating 
uptake in the surface and subsequent remineralization of organic 
particles over depth in WW. Additionally, the linear relationship 
between Zn and Si as well as Cd and PO4 has been observed in the 
deep Southern Ocean (Zn/Si=0.064 mmol mol-1, Middag et al., 2019; 
Sieber et al., 2020; Vance et al., 2017); Cd/PO4=0.35 mmol mol-1, 
Middag et al., 2018; Sieber et al., 2019a). At the continental shelf slope 
stations, despite the strong linearity of the relationship between Zn 
and Si, minor but apparent changes are observed – samples in AASW 
plot below the deep Southern Ocean Zn-Si trend (Fig. 4.10a); whereas 
in WW most samples plot above the trend, suggesting a higher uptake 
of Zn in the surface and shallower regeneration of Zn, compared to Si 
(e.g., Sieber et al., 2020). At depth, dZn reached a maximum of ~7.5 
nmol L-1 and remained relative constant in WDW and WDW while Si 
continued to increase (Fig. 4.10a). In the case of Cd and PO4, most 
samples plotted below the deep Southern Ocean Cd-PO4 trend (Fig. 
4.10c), likely due to a lower Cd uptake relative to PO4 in the surface 
(e.g., different phytoplankton community) and subsequent 
regeneration of both elements (with lower Cd/PO4 ratio than reported 
value) over depth.   
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Figure 4.10 Zn-Si, Zn-PO4, 
and Cd-PO4 relationships 
at the continental shelf 
slope stations. The solid 
lines in (a) and (b) 
represent the deep 
Southern Ocean trends 
for Zn-Si (0.064 mmol mol-
1, Middag et al., 2019; 
Sieber et al., 2020; Vance 
et al., 2017) and Cd-PO4 
(0.35 mmol mol-1, Middag 
et al., 2018; Sieber et al., 
2019a). 
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In WDW, homogeneous δ66Zn (+0.44±0.05‰) and δ114Cd 
(+0.23±0.04‰) and relatively elevated [dZn] (7.03±0.62 nmol L-1) and 
[dCd] (0.79±0.02 nmol L-1) are comparable to the values in the least 
modified CDW observed in the AS in this study (δ66Zn: +0.45±0.04‰, 
[dZn]: 6.89±0.50 nmol L-1; δ114Cd: +0.20±0.06‰, [dCd]: 0.79±0.05 
nmol L-1) (Fig. 4.8). This observation suggests that both δ66Zn and 
δ114Cd in WDW (also known as the WS version of CDW) are not 
noticeably affected by biogeochemical processes (e.g., 
remineralization or scavenging) or input from external sources during 
the transport in the WS, and that the observed [dZn] and [dCd] 
maximum in WDW is essentially driven by CDW.   

Since the WS exports a major component of northwards-advecting 
AABW (formed from WSDW and WSBW) into the global ocean (e.g., 
Huhn et al., 2008; Orsi et al., 1999; Vernet et al., 2019), one of the 
objectives of this study was to investigate any evolution of [dZn], 
[dCd], δ56Zn, and δ114Cd during WSBW formation. Pre-WSBW is 
characterised by a slightly elevated [dZn] and [dCd] compared to WS 
shelf water (Figs 4.9a and 4.9c), implying an external source (e.g., 
sediments) along the slope or mixing with metal-rich water masses 
(i.e., WDW or WSDW). The linear relationship of S and dissolved metal 
concentrations between WS shelf water, pre-WSBW, WDW (Stns 82 
to 67), and WSDW (Stns 75 to 67) suggest that physical mixing is 
actually the main driver for the increase of dissolved metal 
concentrations during the development and advection of pre-WSBW 
(Figs 4.11a and 4.11d). However, a few samples at shallower depths 
(90 to 190 m) with high [dCd] (0.72 to 0.76 nmol L-1) at lower S (34.43 
to 34.53) do not follow the general mixing trend; these may result 
from shallow remineralization since PO4 is also elevated in these 
samples (Figs 4.11d and 4.11e) (e.g., Sieber et al., 2019b).  

In contrast to [dZn] and [dCd], δ66Zn and δ114Cd are homogeneous in 
abovementioned water masses and hence there is also no relationship 
between S and isotopic compositions (Figs 4.11c and 4.11f). The 
consistent δ66Zn and δ114Cd signatures observed from the continental 
shelf to the continental shelf slope also imply that there is little input 
of metals from sediments along the continental slope as this should 
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have resulted in a lighter isotopic composition in the dissolved pool 
(e.g., Conway and John, 2014b; Liao et al., 2020; Little et al., 2016; 
Rehkämper et al., 2012; Schmitt et al., 2009); this observation in the 
WS is consistent with that in the AS (section 4.4.1). Unfortunately, we 
do not have data of pre-WSBW (or WSBW) available in the stations 
further into the basin (Stns 67, 65, 61, and 56) that could allow us to 
track whether these consistent isotopic signatures change before the 
deep water eventually is exported from the WS. Nevertheless, a 
comparison of δ66Zn and δ114Cd in the water masses with values 
previously reported for WSBW and WSDW in the WS (Abouchami et 
al., 2014; Xue et al., 2013; Zhao et al., 2014) as well as AABW further 
north in the global basin (Conway and John, 2014b, 2015; John et al., 
2018) shows that most samples exhibit nearly identical δ66Zn and 
δ114Cd among different deep-water masses (Figs 4.11c and 4.11f), 
suggesting that the universal homogeneous isotopic compositions of 
Zn and Cd in deep water is already present in forming AABW (i.e., 
dense shelf water and pre-WSBW) and remains unaltered during its 
transport pathway as it flows into the deep global ocean, whereas the 
dissolved concentrations may change via conservative mixing 
between different deep-water masses. This is in agreement with 
previous observations that showed fresh ventilated deep water can 
preserve the signals of relatively low dissolved macro/micronutrients 
concentrations (e.g., Middag et al., 2013) as well as its δ114Cd 
signature (Xue et al., 2013), and transports such signals into the deep 
WS basin, suggesting that biogeochemical features (e.g., uptake in the 
surface and regeneration over depth) on the shelf predominantly set 
the isotopic signatures for deep waters.  

 

 

 

 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 186PDF page: 186PDF page: 186PDF page: 186

185 | C H A P T E R  4                                             

 

 4 

 

Figure 4.11 Correlations of salinity with (a) [dZn]; (b) [Si]; (c) δ66Zn; (d) [dCd]; (e) 

[PO4]; (f) δ114Cd in different water masses observed along the Weddell Sea transect 

(dense shelf water, pre-WSBW, WDW, and WSDW). For (d) and (e), the open 

symbols indicate the samples with shallow remineralization signals; the correlation 

does not include these samples. For (c), open symbols represent the previously 

reported δ66Zn values (±2 SD) in AABW (South Pacific: John et al., 2018; North 

Atlantic: Conway and John, 2015), WSDW and WSBW (East WG: Zhao et al., 2014). 

For (f), the open symbols represent the previously reported δ114Cd values (±2 SD) in 

AABW (South Pacific: John et al., 2018; North Atlantic: Conway and John, 2015), 

WSDW and WSBW(East WG: Xue et al., 2013; West WG: Abouchami et al., 2014). 
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4.4.2.3 The offshore stations: difference between the 
outer and inner WG 

At the offshore stations, akin to the continental shelf slope stations, 
δ66Zn remains within the range of deep-water isotopic composition 
(Fig. 4.9j). On the other hand, a striking feature is observed for δ114Cd 
at both offshore Stns 61 and 56 where δ114Cd is extremely low (as low 
as +0.07‰) between ~250 m and ~1500 m and gradually increases 
towards (but not fully, ~+0.17‰) the global deep-water signal below 
1000 m, whereas Stn 65 exhibits homogeneous δ114Cd below ~250 m 
(+0.23±0.04‰) (Fig. 4.9l). Previously at a nearby location, Xue et al. 
(2013) observed a similar low δ114Cd signal (~+0.10‰) between 200 
m and 400 m at a station in the WS (i.e., their station 198, ~65°S, 
~36°W) for samples collected around eleven years prior to the current 
samples, but δ114Cd abruptly returned to global deep-water signature 
below 400 m (Fig. 4.9l). Using a mass balance model, they concluded 
that such low δ114Cd values may result from remineralization of 
biomass with isotopically light Cd produced in the surface, which 
agrees with our observation that [dCd] reaches a maximum at ~250 
m, coinciding with the lowest δ114Cd. However, this theory can only 
explain the isotopically light signature between 200 m and 400 m (Xue 
et al., 2013). Here, we speculate there may be a continuation of such 
light signature from 400 m to ~1500 m due to slow ventilation in the 
inner gyre (i.e., Stns 61 and 56) compared to the outer gyre (i.e., Stn 
65) (Fig. 4.1). Specifically, apparent oxygen utilization (AOU) is higher 
between 250 m to 1500 m in the inner gyre (i.e., Stn 61, AOU data in 
Stn 56 is unfortunately not available) than the outer gyre (Fig. 4.12a), 
implying older water with a stronger remineralization signal at the 
former station down to at least 1500 m. Below 1500 m, δ114Cd 
gradually increases, likely due to reduced influence of 
remineralization and mixing with underlying WSDW. Furthermore, the 
highest potential temperature (>0.75°C) is observed between 200 m 
and 400 m near the outer gyre (Stn 65, 64°S, 48°W), compared to 
relatively low temperatures (<0.75°C) at the inner gyre (Stns 61 and 
56) at similar depth (Fig. 4.12b), indicating the western boundary 
current (southwest-northeast ward) of the WG likely separates Stn 61 
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and 56 from the remainder of the WS stations. This temperature 
gradient has been described before and is attributed to the gyre 
structure of the western WG (e.g., Fahrbach et al., 1994). Additionally, 
the location of the western boundary of the WG (i.e., between Stns 65 
and 61) is in agreement with previous Argo float data that showed the 
north-eastward limb of the WG was situated between ~63-65ºS and 
~40-50°W (Reeve et al., 2016). We suggest that the relatively slow 
ventilation of waters inside the central gyre results in relatively 
isolated water that, with time, is subject to accumulative 
remineralization as deep as ~1500 m (with a resulting isotopically light 
Cd signature), whereas waters towards the edge of the gyre are likely 
more affected by the lateral circulation of WDW. Overall, the 
difference in δ114Cd between Stns 61 and 56 and Stn 65 may thus 
indicate distinct biogeochemical features between the inner and 
outer WG.  

 

Figure 4.12 (a) Apparent oxygen utilization (AOU) and (b) potential temperature 

(θ) at the offshore stations along the Weddell Sea transect. AOU is converted by 

Ocean Data View (ODV version 5.3.0, Schlitzer, 2020), using dissolved oxygen data 

obtained from oxygen sensor installed on the regular CTD deployed by the research 

team of Alfred Wegener Institute for Polar and Marine Research, at stations close 

to the trace metal stations (where the Titan CTD system without functioning oxygen 

sensor was used). The dashed lines indicate Stns 65 and 61 (AOU at Stn 56 is not 

available). The location of the gyre limb is determined based on the observation of 

Reeve et al., (2019) and the section profiles of AOU and θ. The black cross and circle 

indicate the direction (pointing into the screen) of the WG.  
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Conversely, in the case of Zn, there is no apparent difference in δ66Zn 
between the inner and outer gyre (Fig. 4.9j). We postulate that this 
observation of δ66Zn may results from a larger analytical uncertainty 
than any isotopic effects of remineralization (Fig. 4.9j) since Zn is 
characterised by a much smaller and much less unidirectionally clear 
isotopic fractionation during uptake, for instance, a more complex 
interaction of surface processes that sets the δ66Zn in particulate 
materials (e.g., frustule, organic tissues, or adsorbed), and that 
perhaps a mixture of phases of Zn that is regenerating over depth. 
Nevertheless, since δ66Zn data in the WG are relatively scarce (Zhao et 
al. (2014) in the east WG and this study at the west WG) compared to 
δ114Cd, we note that this speculation requires further investigation, 
for example, particulate Zn isotopic compositions may provide 
valuable information on whether speciation, scavenging (John and 
Conway, 2014; Sieber et al., 2023b; Weber et al., 2018) or 
remineralization drive δ66Zn in both the inner and outer WG.  

4.4.3 Variability in isotopic signatures in the surface 
water of the AS and the WS 

Previously, it was observed that biological assimilation plays a critical 
role in regulating the dissolved pool of Zn and Cd in coastal Antarctica 
surface waters such as the AS and the WS (Abouchami et al., 2014; 
Sherrell et al., 2015; Tian et al., 2023b; Zhao et al., 2014). Since 
biological uptake for both metals has been found to result in isotopic 
fractionation in seawater (Conway and John, 2014b; Köbberich and 
Vance, 2019; Lacan et al., 2006; Ripperger et al., 2007; Samanta et al., 
2018), dissolved δ66Zn and δ114Cd in the AS and the WS provide the 
potential to further investigate uptake of Zn and Cd by phytoplankton 
in both regions, as well as the potential mechanisms that control the 
isotopic systematics of both metals. In this section, we focus on data 
in the surface layer (i.e., between the surface and [chl a] maximum 
depth) for both the AS bloom stations (except Stns 36 and 42 as 
elevated surface [dZn] and [dCd] suggests terrestrial input that may 
hinder the investigation of biological uptake processes, Fig. 4.8) and 
the WS stations.  
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4.4.3.1 δ114Cd systematics in the surface layer: 
biological uptake predominantly drives δ114Cd 

In the case of Cd, the effect of biological uptake clearly dominates 
surface δ114Cd signatures; δ114Cd in the surface layer ranges from 
+0.25 to +0.95‰ and +0.13 to +0.44‰ in the AS bloom stations and 
the WS stations (relative to a deep ocean of +0.25‰),  respectively, 
with the lowest [dCd] corresponding to the higher end of the above 
ranges for most samples (Figs 4.13d, 4.13e, and 4.13f), indicating 
preferential uptake of isotopically lighter Cd in the surface as reported 
before (e.g., Conway and John, 2014b; Lacan et al., 2006; Sieber et al., 
2019b). There is an inverse relationship between [dCd] and δ114Cd that 
follows Rayleigh fractionation trends (closed system) with 
fractionation factors (α, where α = Rbiomass/Rseawater) ranging from 
0.99930 to 0.99995 in the AS and 0.99800 to 0.99950 in the WS (Figs 
4.13d, 4.13e, and 4.13f), in good agreement with previous 
observations in the Southern Ocean (0.99955±0.00002, Abouchami et 
al., 2011; Sieber et al., 2019a; Xue et al., 2013) and culture 
experiments (0.99974±0.00005, Horner et al., 2013). Furthermore, by 
assuming WW preserves the initial conditions prior to seasonal 
biological uptake, the removal of dCd and the change in δ114Cd 
(Δδ114Cd) display a strong correlation in which the highest dCd 
removal and largest δ114Cd difference relative to WW correspond to 
the highest [chl a]wt.avg (Figs 4.6 and 4.14). This indicates that biological 
uptake predominantly controls both [dCd] and δ114Cd in the surface 
layer (e.g., Conway and John, 2015) as there is no evidence for an 
influence of other sources (Tian et al., 2023b) to the surface layer. 
Data from the AS follows Rayleigh fractionation trends even more 
closely (i.e., less scattered data) with higher fractionation factors than 
in the WS (Figs 4.13d, 4.13e, and 4.13f), implying distinct biological 
fractionation effects between these regions.  

There are two possible explanations for this (or a combination of the 
two): 1) uptake of a smaller fraction of the dissolved Cd pool by 
phytoplankton in the WS compared to the AS due to relatively lower 
productivity would mean less overall isotopic fractionation (i.e., 
remnant dCd pool is closer-to-deep ocean signal) for δ114Cd in the 
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surface of the WS (Figs 4.13), and a greater degree of uptake of Cd 
should result in a heavier remnant dissolved pool, as observed in the 
AS (Fig. 4.13). This is supported by higher surface [chl a]wt.avg 
(4.32±1.36 µg L-1) in the AS bloom stations compared to the WS 
(0.13±0.09 µg L-1) (Fig. 4.6), and the degree of removal of PO4 and Cd 
in the surface layer was generally larger in the AS (Fig. 4.14). 
Alternatively, and/or additionally, 2) variable fractionation factors 
between phytoplankton species and groups could affect the overall 
magnitude of fractionation (Abouchami et al., 2011). Indeed, in this 
study, the composition of the phytoplankton community was different 
between the AS and the WS – haptophytes (DIS bloom) and diatoms 
(GIS bloom) were the main dominant species (more than 50% of bulk 
phytoplankton composition) in the AS, whereas a more diverse 
phytoplankton community was observed in the WS (Fig. 4.6b). 
Interestingly, this more uniform phytoplankton community in the AS 
blooms is coincident with data that follows Rayleigh trends more 
closely than the mixed phytoplankton community in the WS where 
much more scatter is seen – this may imply that different species do 
indeed have different biological fractionation factors. Further 
evidence for this idea is found within the AS, where fractionation 
factors in the haptophyte bloom (0.99930 to 0.99960; α derived after 
excluding two datapoints from Stn 33 that deviated) are different – 
lower than in the diatom bloom (0.99970 to 0.99990) (Figs 4.13d and 
4.13e).  

To date, there are only a handful of culturing studies investigating the 
fractionation effect of Cd uptake by distinct species - freshwater algae 
Chlamydomonas reinhardtii and Chlorella (Lacan et al., 2006) and 
marine flagellate Dunaliella tertiolecta (John and Conway, 2014), and 
heterotrophic bacteria Escherichia coli (Horner et al., 2013). Although 
these selected species from both marine and freshwater 
environments generated similar isotopic fractionation effects for Cd 
uptake (John and Conway, 2014; Lacan et al., 2006), John and Conway 
(2014) speculated that phytoplankton species with different uptake 
pathways may drive variable Cd isotopic fractionation. In contrast, 
Horner et al. (2013) proposed a ‘non-specific uptake’ of Cd into cell 
membranes, regardless of the species and their ability to use Cd. 
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Therefore, this ‘non-specific uptake’ should yield similar isotopic 
fractionation factors between species. Since the uptake of Cd by 
phytoplankton is known to occur through various transport systems 
(e.g., divalent metal transporters) induced depending on the 
expression of other trace metal transporters (e.g., Mn and Zn) (Lane 
et al., 2008; Sunda and Huntsman, 1998a, 2000), and inter-species 
have distinct metal requirements under different environmental 
conditions (e.g., Fe-replete/deplete) (e.g., Twining and Baines 2013 
Ho et al., 2003; Twining et al., 2003), we deem it likely the difference 
in Cd isotopic fractionation in the surface layer of the ASP may result 
from the use of different transporters of Cd or pathways employed by 
haptophytes and diatoms, as speculated for Fe in the same region 
(Tian et al., 2023a). On the other hand, the less clear Rayleigh 
fractionation trend in the WS may imply a relatively reduced uptake 
of Cd that is supported by lower [chl a]wt.avg (Fig. 4.6) and/or a more 
complex environment where other surface processes (e.g., ligand 
complexation) and external sources that interact with biological 
uptake (Horner et al., 2021), could lead to a “muted” fractionation in 
the surface water as previously observed elsewhere (e.g., Gault-
Ringold et al., 2012; George et al., 2019; Sieber et al., 2019a). 
However, although diatoms and haptophytes are the most commonly 
dominant phytoplankton species in the Southern Ocean, there is a 
relatively limited number of studies investigating the variability in 
biological fractionation of Cd between these two species, either from 
in-situ observations or culturing experiments. Hence, to understand 
the biological fractionation of Cd by these two species groups and the 
subsequent influence on Cd cycling in the surface Southern Ocean, 
further investigation and culturing experiments are required to 
support our in-situ observations.  
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Figure 4.13 Isotopic systematics of δ66Zn and δ114Cd in the surface layer of the 

bloom stations of the ANA08B expedition and the WS stations of the PS117 

expedition. (a) and (d) DIS bloom stations; (b) and (e) GIS bloom stations; (c) and (f) 

the WS stations. The dashed lines represent closed-system Rayleigh fractionation 

trends with α=Rbiomass/Rseawater, which are modelled by setting δ66Zn and δ114Cd 

values in WW as starting points (black open circle). The error bars for δ66Zn and 

δ114Cd are 2 SD. 
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Figure 4.14 Correlations of the removal of metals with the change of isotopic 

composition in the surface layer at the bloom stations (ANA08B expedition) and 

the WS stations (PS117 expedition). Both the removal of metals (concentrations) 

and the change in isotopic composition are calculated as follows: the removal (or 

change) = observed values – WW values. In the same manner, the color grading 

shows the removal of PO4. The dashed lines represent the correlations for all 

stations combined. 

4.4.3.2 δ66Zn systematics in the surface layer: 
interplay of multiple biogeochemistry processes  

In the case of Zn, the variation in δ66Zn is similar for the AS bloom 
stations (+0.35 to +0.64‰) and the WS stations (+0.36 to +0.50‰) 
(Figs 4.13a, 4.13b, and 4.13c). However, in contrast to Cd, highest 
δ66Zn does not always correspond to lowest [dZn]. Furthermore, the 
removal of Zn and the change in δ66Zn (Δδ66Zn) are not as well 
correlated as for Cd (Fig. 4.14), even though the drawdown of dZn 
often exceeds 60% of the dissolved Zn pool in the surface layer 
(relative to WW). Together, these patterns suggest that δ66Zn values 
in the surface layer are likely not predominantly controlled by simple 
fractionation during biological uptake. This result is also supported by 
the isotopic systematics where most data do not follow a clear 
Rayleigh fractionation trend in both regions and both [dZn] and δ66Zn 
are within a very narrow range (Figs 4.13a, 4.13b, and 4.13c), except 
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for Stn 33 in the DIS bloom and Stns 55 and 24 in the GIS bloom with 
only small fractionation factors around 0.99995 and between 0.99980 
to 0.99995, respectively, when compared to Cd. These values are 
comparable to previously reported values associated with biological 
uptake in the surface Southern Ocean (0.99995±0.00001, Sieber et al., 
2020; Wang et al., 2019) and these authors suggested that the uptake 
of Zn by phytoplankton only causes slight isotopic fractionation in the 
Southern Ocean, as supported by culturing experiments (John et al., 
2007; Köbberich and Vance, 2017, 2019). Nevertheless, despite the 
presumably small isotopic fractionation induced by biological uptake, 
the consistent fractionation factors observed at Stn 33 in the DIS 
bloom and the GIS bloom stations may suggest that Zn assimilation by 
haptophytes and diatoms potentially exhibit a similar isotopic 
fractionation effect.  

The absence of Rayleigh fractionation trends for Zn in most DIS bloom 
stations and WS stations could result from interactions of multiple 
processes besides biological uptake. For example, Köbberich and 
Vance (2017) noted that the common organic chelator (EDTA) used in 
culturing media preferentially binds isotopically heavy Zn, resulting in 
an overestimation of biological uptake fractionation. Such 
fractionation induced by ligand complexation may sometimes be 
larger than the effect of biological uptake (Köbberich and Vance, 
2019; Vance et al., 2019). Moreover, Weber et al. (2018) and Sieber et 
al. (2023b) proposed that ligand complexation in conjunction with 
reversible scavenging of Zn play a role in controlling the distribution 
of δ66Zn in the Oceans, potentially explaining the light isotope 
excursions seen in the subsurface of the North Pacific. Either of these 
might play a role in muting any apparent isotopic fractionation from 
biological uptake or resulting in lower δ66Zn. However, in this study, 
all δ66Zn was within uncertainty of the 2 SD of the deep ocean mean, 
suggesting little need for adsorption effects to explain isotope 
distributions. Unfortunately, measurements of Zn speciation are not 
available in this study. Further investigation including the speciation 
of Zn, notably the complexation of Zn by organic ligands, as well as the 
fractionation induced by various organic ligands could be helpful to 
evaluate the influence of ligand complexation on the isotopic 
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composition of Zn in coastal Antarctica. Nevertheless, our results 
suggest that the biogeochemistry of Zn and its isotopic systematics are 
not predominantly driven by biological uptake in the surface layer, 
neither in the significantly productive ASP nor in the less productive 
WS, implying the importance of other processes such as ligand 
complexation in coastal Antarctic regions.       

4.5 Conclusions  

In this study, we present the first combined investigations of δ66Zn and 
δ114Cd to assess the sources of Zn and Cd as well as the 
biogeochemical and physical processes affecting their distributions in 
two distinct coastal Antarctic systems. Firstly, in the AS, mCDW is a 
known primary source of Zn and Cd and this inflowing water mass is 
characterised by δ66Zn and δ114Cd values that are identical to global 
deep-water signatures. This mCDW signature stays constant during 
the transport of mCDW over the continental shelf in the inflow and 
outflow into and out of the ice shelf cavity, confirming that both shelf 
sediments and ice shelf meltwater only supply a minor amount of Zn 
and Cd (that is not sufficient to affect isotopic compositions), agreeing 
with previous observations based on [dZn] and [dCd] (Tian et al., 
2023b). Secondly, in the WS, compared to other stations, the shelf 
station near the ice sheet exhibits uniformly-lower [dZn] and [dCd] 
with homogeneous δ66Zn and δ114Cd that are indistinguishable from 
deep-water signals in the upper 250 m, implying that meltwater is not 
a significant Zn and Cd source. A strong correlation between dissolved 
concentrations and salinity in dense shelf water, pre-WSBW, WDW, 
and WSDW suggests physical mixing with metal-rich water masses as 
pre-WSBW descends. Nearly identical δ66Zn and δ114Cd compared to 
deep-water signatures observed among these water masses and 
AABW suggest that universal deep-water signatures are set early in 
the WSBW formation and remain constant as it enters the global 
ocean. Furthermore, based on the notable δ114Cd vertical profile 
disparities between the outer and inner WG, the inner WG appears to 
have unique biogeochemical settings, exhibiting a considerably lighter 
Cd isotopic signature (+0.07‰) between 250 m and 1500 m, 
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compared to the outer WG (+0.23‰). We postulate that this 
difference is likely due to the reduced ventilation of waters within the 
gyre. Lastly, in the surface layer, clear closed-system Rayleigh 
fractionation trends for δ114Cd indicate that δ114Cd is predominantly 
controlled by biological uptake, whereas such trends for δ66Zn are less 
apparent, likely due to the interplay of biological uptake, ligand 
complexation, and adsorption. Furthermore, modelled fractionation 
factors (α) for δ114Cd in the haptophyte bloom (0.99930 to 0.99960) 
are lower than in the diatom bloom (0.99970 to 0.99990), potentially 
due to varying Cd transporters or pathways utilized by haptophytes 
and diatoms. Conversely, δ66Zn in the surface layer may be regulated 
by multiple processes, but similar α values observed at one station in 
the haptophyte bloom (0.99995) and the diatom bloom (0.99980 to 
0.99995) suggest that Zn assimilation by both haptophytes and 
diatoms yields similar isotopic fractionation effects. Overall, our 
findings suggest that (global change induced) increasing glacial melt 
as such will not contribute substantial amounts of dissolved Cd and Zn 
to coastal Antarctica, nor is it likely to substantially affect the isotopic 
compositions. However, coinciding changes in circulation, ventilation, 
biological activity, or particle loading (and thus scavenging intensity) 
could influence the biogeochemistry of Cd and Zn. The current data 
set provides a first baseline to assess any future consequences of such 
interactive effects that are inherently difficult to predict.  
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Abstract 

The Weddell Sea (WS) in the Southern Ocean is a key hub in ocean 
circulation and hence biogeochemical cycling. Processes such as 
external sources and biological cycling that occur within the WS affect 
trace metal concentrations with consequences for the wider Southern 
Ocean via ocean currents and formation of deep waters. As such, the 
WS plays a crucial role in both regional and global elemental cycling of 
bio-essential trace metals such as Fe. The concentrations of dissolved 
Fe ([dFe]) combined with the isotopic composition (δ56Fe) in the 
western WS (south of 60°S), provide insights into the underlying 
processes. We observed an increase in [dFe] associated with glacial 
melting and negative Fe isotopic signatures in the upper 250m 
towards the Antarctic Peninsula, implying that glacial meltwater is a 
significant Fe source that potentially advects along a isopycnal near 
the surface towards the central WS. Additionally, within ~200 m above 
the seafloor of the continental shelf, sedimentary processes including 
reductive dissolution (RD) supply isotopically light Fe to the overlying 
shelf water (–1.25 to –1.37‰), with up to 90% of Fe estimated to be 
derived from RD. This primary light signature subsequently evolves 
towards heavier compositions as this water descends along the 
continental shelf slope, likely due to physical mixing with Warm Deep 
Water (WDW) and Weddell Sea Deep Water (WSDW). Lastly, we also 
noted a persistent δ56Fe minimum (–0.66 to –0.34‰) at intermediate 
depths (~200-300 m), consistent with previous Southern Ocean 
observations close to the WS (north of 60°S). Our results suggest long-
distance transport of reductive Fe derived either from the Peninsula 
shelf sediments and/or other regions where WDW carries this 
sedimentary-derived Fe along the pathway of the circulation within 
the Weddell Gyre.  
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5.1 Introduction 

Marine phytoplankton are responsible for about 40-50% of total 
carbon fixation on Earth (Morel and Price, 2003); as such, marine 
primary productivity has significant impacts on the changing global 
climate (e.g., Behrenfeld et al., 2006). As the most abundant metal 
found in most marine biogenic particles (e.g., phytoplankton) (Twining 
and Baines, 2013; Twining et al., 2004), iron (Fe) is known to operate 
in various electron transport systems associated with multiple 
metabolic processes of marine phytoplankton, such as 
photosynthesis, respiration, and nitrogen fixation (Morel and Price, 
2003; Twinging et al., 2013 Twining and Baines, 2013). Consequently, 
the availability of Fe in oceans plays a critical role in phytoplankton 
growth and, in turn, CO2 exchange over the air-sea interface. In the 
Southern Ocean, the largest high-nutrient and low-chlorophyll (HNLC) 
zone in the global ocean, where nearly 40% of anthropogenic CO2 
uptake by ocean takes place (Landschützer et al., 2015; Sabine et al., 
2004), depletion of bioavailable Fe and scarce availability of light are 
found to be the two primary limiting factors to phytoplankton growth 
over a large range of the surface Southern Ocean, while 
macronutrients such as PO4 and NO3 remain replete (Boyd et al., 2001; 
Mitchell et al., 1991 Boyd et al., 2007; de Baar et al., 1995; de Baar et 
al., 1999; Martin et al., 1990). Over the past decades, multiple external 
Fe sources have been suggested that can supply Fe and trigger 
phytoplankton growth as well as cause spatial variation of primary 
productivity in the surface Southern Ocean (e.g., Sohrin et al., 2000; 
Tagliabue et al., 2014a) including upwelling of Fe-rich deep waters (de 
Baar et al., 1995; Klunder et al., 2011; Sieber et al., 2021; van Manen 
et al., 2022); continental sediments (Tagliabue et al., 2009; Tian et al., 
2023a, Chapter 3), drifting iceberg melting (Lin et al., 2011; Raiswell, 
2011), sea ice melting (Lannuzel et al., 2007; Lannuzel et al., 2010), 
glacial melting (Gerringa et al., 2012, 2020b), and hydrothermal 
venting (Sieber et al., 2021; Tagliabue et al., 2010). Nevertheless, the 
exact constraints of these sources as well as their influence on Fe 
cycling and the response from the marine ecosystem in the Southern 
Ocean are still poorly known.  
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The Weddell Sea (WS), located in the Atlantic sector of the Southern 
Ocean, is essential to understanding global oceanic circulation and 
climate dynamics. Its key feature, the Weddell Gyre (WG), is a wind-
driven cyclonic system around 50°S, between ~60°W and ~20ºE 
(Deacon, 1979; Park et al., 2001). Flowing along with the southern part 
of the eastward Antarctic Circumpolar Current (ACC), Circumpolar 
Deep Water (CDW, also called Warm Deep Water – WDW – within the 
gyre) enters the WG east of 20-30ºE and is further transported along 
the southern limb of the WG to the western boundary of the WG 
(50°W) bordered by the Antarctic Peninsula (Deacon, 1979; Gouretski 
and Danilov, 1993). After turning from a westward to a northward 
path along the Antarctic Peninsula, the WG circulation is completed 
by eastward movement along the northern boundary (55-60°S) 
bordered by the frontal structure of the southern ACC. This overall 
cyclonic circulation facilitates the exchange of the Southern Ocean 
water masses with the WS waters and promotes the transport of 
waters within the WS (reviewed by Vernet et al. (2019)). 

Another significant feature is the formation of global deep waters, 
particularly in the southern and western WS (e.g., Filchner‐Ronne Ice 
Shelf) during winter due to extensive sea ice production and brine 
rejection (Nicholls et al., 2009; Orsi et al., 2002). As a result, Weddell 
Sea Bottom Water (WSBW) forms by highly saline and dense shelf 
water descending along the shelf floor and the continental shelf slope 
in the western and southern WS that is modified by mixing with WDW 
and its underlying water, Weddell Sea Deep Water (WSDW) (Foldvik 
et al., 1985; Foster and Carmack, 1976). This resultant mixture is then 
transported northward and subsequently overflows into the Scotia 
Sea (e.g., Wilchinsky and Feltham, 2009) and eventually enters the 
Atlantic sector of the Southern Ocean as part of Antarctic Bottom 
Water (AABW) which fills the deepest layer of the global ocean, 
playing a critical role in the global ocean circulation (Orsi et al., 1999 
Orsi et al., 1999). As a major site of AABW formation – a numerical 
modelling result shows that ~50% of global AABW is supplied by an 
Atlantic source (Beckmann et al., 1999) – the WS contributes 
extensively to global thermohaline circulation (‘global conveyor belt’), 
which is crucial for the distribution of heat and nutrients across the 
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world's oceans, affecting both regional climates and marine 
ecosystems.  

Over the past 15 years, the international GEOTRACES program has 
promoted the utilization of dissolved Fe isotopic composition (δ56Fe) 
for constraining the external sources of Fe to the ocean and 
investigating internal biogeochemical processes that affect the 
distribution and cycling of Fe in the oceans (Conway et al., 2021; 
Fitzsimmons and Conway, 2023; Schlitzer et al., 2018). Taking 
advantage of distinct isotopic signatures that result from different 
isotopic fractionation effects (Dauphas et al., 2017), δ56Fe enables us 
to gain further insights into internal biogeochemistry processes such 
as biological assimilation (Ellwood et al., 2020; Ellwood et al., 2015), 
adsorption (Crosby et al., 2007; Labatut et al., 2014; Radic et al., 2011); 
remineralization (Abadie et al., 2017; Sieber et al., 2021), and ligand 
complexation (Dideriksen et al., 2008; Fitzsimmons et al., 2015; 
Morgan et al., 2010), improving our understandings of how these 
processes play a role in marine Fe cycling (König and Tagliabue, 2023; 
Sieber et al., 2021). Furthermore, distinct δ56Fe signatures from 
different external sources, including atmospheric deposition, 
continental margins, rivers, hydrothermal vents, upwelling of Fe -rich 
deep waters, and cryosphere (sea ice/icebergs/ice shelves and 
glaciers), also help us to constrain the input of Fe to the oceans 
(recently reviewed by Fitzsimmons and Conway (2023)) and to 
estimate their relative contributions (e.g., Conway and John, 2014a), 
as well as to trace the transport of Fe in the oceans (e.g., Abadie et al., 
2017; Sieber et al., 2021). 

Although there is a relatively large number of studies investigating the 
dissolved Fe concentrations in the WS (de Baar et al., 1990; Klunder et 
al., 2011; Klunder et al., 2014; Lannuzel et al., 2008; Lin et al., 2011; 
Sanchez et al., 2019; Sañudo-Wilhelmy et al., 2002; Shaw et al., 2011), 
to date, there is a lack of investigation of dissolved δ56Fe in the inner 
WS (~south of 60°S), and only a handful of studies of δ56Fe in the 
northern outer WS (north of 60°S, e.g., Abadie et al., 2017; Sieber et 
al., 2021). The scarcity of δ56Fe data in the WS hinders our 
interpretation of the biogeochemistry and cycling of Fe in such an 



634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian634753-L-bw-Tian
Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024Processed on: 27-2-2024 PDF page: 203PDF page: 203PDF page: 203PDF page: 203

                                           C H A P T E R  5 | 202 

 

 5 

extensive gyre system with interactions and connections to the 
Southern Ocean and Antarctic ice sheets. For example, based on δ56Fe 
data collected from a few stations located in the north-east WG, 
Abadie et al. (2017) and Sieber et al. (2021) suggested that Fe could 
be derived from subsurface remineralization or sediments on the 
Antarctic Peninsula shelf, respectively, and that this Fe could be 
further transported into the WG and Southern Ocean following the 
ACC, and ultimately the South Atlantic via the upper Circumpolar Deep 
Water (UCDW) and Antarctic Intermediate Water (AAIW). Those 
studies also noted crustal Fe isotope signatures in AABW, which is at 
least partially derived from deep water formation in the WS. These 
studies imply that regional biogeochemical processes and sources of 
Fe in the Weddell Gyre may subsequently impact regional Fe cycling 
at a range of depths in the wider oceans. 

In this study, we present the first dissolved δ56Fe dataset for the inner 
WS, from a transect in the western WS, extending from the east of the 
Antarctic Peninsula shelf towards the central WS basin, where 
previous studies have identified Fe enrichment linked to sediments 
(Hatta et al., 2013; Klunder et al., 2014; Sieber et al., 2021). This 
transect covers the continental shelf of the Antarctic Peninsula 
(eastern side), the continental shelf slope, as well as the off-shore 
region in the deep basin, allowing us to investigate the potential 
sources of Fe, the transport of Fe within the WS, and the processes 
that affect dissolved Fe concentrations and isotopic composition 
during the formation of WSBW.  

5.2 Materials and methods 

5.2.1 Study area and shipboard sampling  

GEOTRACES process study (ID: GApr12; expedition: PS-117) was 
conducted on the German icebreaker R/V Polarstern during Austral 
Summer (December 2018 to February 2019) in the western WS (63-
66ºS, 36-54ºW). Seawater samples (4 L and 1 L, 4 L for near surface 
samples) were collected from 12 stations that are grouped into the 
shelf stations (Stns 95, 93, and 91), the continental shelf slope stations 
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(Stns 82, 85, 75, 73, 70, and 67), and the off-shore stations (Stns 65, 
61, and 56), based on their geographical location (Fig. 5.1). The 
detailed sampling procedure for dissolved metal concentrations and 
isotopic compositions was as previously reported by van Manen et al. 
(2022) and Chapter 4). Briefly, samples for dissolved Fe isotope 
analysis were collected using the Royal Netherlands Institute for Sea 
Research (NIOZ) “Titan” ultra-clean sampling system, mounted with 
multiple auxiliary sensors for basic parameters (Seabird SBE 911+, e.g., 
salinity, temperature, and fluorescence,) (de Baar et al., 2008; 
Rijkenberg et al., 2015). Filter cartridges (0.2 µm, AcroPak-400, VWR, 
precleaned with HCl and stored in MQ water before used) were used 
to filtered seawater into 4 L LDPE cubitainers (for surface samples) and 
1L LDPE bottles. The filtered samples were subsequently acidified to 
reach 0.024 M of HCl (pH of ~1.8) using 12 M ultrapure concentrated 
HCl (Baseline, Seastar Chemicals Inc.). Finally, acidified samples were 
stored at room temperature for over five months before performing 
analysis for dissolved Fe concentration and isotopic composition at 
NIOZ.   

 

Figure 5.1 Sampling stations of expedition PS117. Samples were collected during 
Austral Summer (December 2018 to February 2019) from 12 stations that consist of 
the shelf stations (Stns 95, 93, and 91), the continental shelf slope stations (Stns 82, 
85, 75, 73, 70, and 67), and the off-shore stations (Stns 65, 67, and 61). The blue 
arrows indicate the Weddell Gyre circulation based on Reeve et al., 2016 and 
Chapter 4).  
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5.2.2 Analysis of macronutrients and oxygen isotopic 
composition (δ18O) 

5.2.2.1 Macronutrients 

Nutrient analysis for phosphate, silicate, nitrite, and nitrate with 
nitrite was performed in the NIOZ shipboard analytical container 
during PS-117 (Chapter 4). A detailed protocol has been described by 
Gerringa et al. (2019). Briefly, unfiltered seawater samples (~50 mL) 
were collected from Titan and transferred into 5 ml polyethylene vials 
(ponyvials) after rinsing three times with the sample before being 
capped and stored in the refrigerator at 4°C. Prior to analysis, all 
samples and standards were placed in a dark drawer for up to two 
hours to let them warm up to room temperature (~21 to 21.5°C). After 
that, the ponyvials were uncapped and covered with parafilm against 
evaporation while in the sampler, ready for measurements on a Bran 
and Luebbe trAAcs 800 Autoanalyzer. All analyses were generally 
performed within four to five hours after sampling. In this study, 
phosphate (PO4) was used to aid in the data interpretation. The 
precision for the PO4 measurements was determined (1.5±0.018 µmol 
L–1, n=196) by measuring a natural sterilized reference material 
nutrient sample (CA, Kanso, Japan) (at 1.5 µmol L–1, 2 SD=±0.018 µmol 
L–1, n=196). The accuracy was determined by measuring a NIOZ-made 
‘cocktail’ standard which contains all the nutrients listed above in 
quadruplicate in every analytical run. The values for PO4 is 
2.395±0.028 µmol L–1 (n= 256). The cocktail measurements showed 
that there were no trends observe during the analytic session, thus 
concluding that the calibration standards were stable during the 
expedition. 

5.2.2.2 Oxygen isotopic composition (δ18O) 

Dissolved seawater samples for δ18O were collected in 2 mL glasses 
vial with a polypropylene cap and polypropylene-coated insert. 
Samples were collected alongside dissolved trace metal samples. The 
glass vials were then stored in refrigerators at 4°C until analysis. The 
δ18O samples were measured using a Liquid Water Isotope Analyzer 
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(LWIA) (Los Gatos Research, model 912-0008) at NIOZ. The precision 
of the analysis was estimated to be 0.16‰ (n=13) based on duplicated 
measurements of in-house standard (North Sea seawater-2018) over 
13 analytical sessions. The stable oxygen isotope ratio in this study is 
expressed as δ18O with respect to Vienna Standard Mean Ocean 
Water (VSMOW, International Atomic Energy Agency). 

5.2.3 Analysis of dissolved Fe isotopic composition  

The analysis of Fe isotopic composition has been previously reported 
by Tian et al. (2023a) and Chapter 3. Prior to chemical pretreatment 
(extraction and purification), acidified seawater samples were spiked 
with a 57Fe-58Fe double spike at least 48 hours prior to analysis with a 
sample-to-spike ratio of 1:2 (Sieber et al., 2021), guided by sample 
dissolved Fe concentrations ([dFe]) previously measured by a SeaFAST 
system and Element 2 ICPMS. After reaching sample-spike 
equilibrium, samples were processed by extraction and purification 
steps, following Chapter 3. 

5.2.4 Measurements by Multi-Collector ICPMS (MC-
ICPMS)   

Dissolved Fe isotopic compositions (δ56Fe) were determined by 
Thermo Neptune Plus multi-collector ICPMS (MC-ICPMS) in the Tampa 
Bay Plasma Facility at the University of South Florida (USF), using a 
double spike analytical technique modified from Conway et al. (2013) 
after initial chemical processing of samples at NIOZ (ISO class 7, ISO 
class 5 in working hoods), with subsequent purification and analysis at 
the USF (ISO class 6). The details of the instrumental settings, including 
introduction system, cones, cup configuration, mass bias correction, 
and double spike technique performance, are identical to those 
described by Sieber et al. (2021) and Tian et al. (2023a), and Chapter 
3. Here, we express dissolved Fe isotopic compositions in typical delta 
notations relative to the IRMM-014 standard:  
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δ 𝐹𝑒56  (‰) = [
( 𝐹𝑒56 𝐹𝑒54⁄ )𝑠𝑎𝑚𝑝𝑙𝑒

( 𝐹𝑒56 𝐹𝑒54⁄ )𝐼𝑅𝑀𝑀−014

 − 1]  × 1000 

 

5.2.4.1 Procedural blank    

An estimation of the procedural blank for the method was determined 
by processing acidified ultrapure water through the same method 
used for natural samples (Tian et al., 2023a and Chapter 3). The total 
procedural blank is ~0.66 ng, which is generally two orders of 
magnitude lower than natural [dFe] in our samples after the 
pretreatment, as well as being too small to measure δ56Fe; as such we 
follow Sieber et al. (2021) and do not apply blank corrections to [dFe] 
or δ56Fe.  

5.2.4.2 Analytical precision and accuracy 

As described in Chapter 3, external precision of δ56Fe measurements 
at USF is determined by the long-term instrumental precision on the 
secondary NIST SRM 3126a, with a value of +0.36±0.05‰ (mean±2SD, 
n=524) obtained over 37 sessions (Hunt et al., 2022), which agrees 
with literature values (Conway et al., 2013; +0.35±0.08‰; 
+0.39±0.13‰, Rouxel and Auro, 2010; +0.32±0.02‰, Sun et al., 2021). 
Consequently, we assign 0.05‰ to be the overall analytical 
uncertainty and apply this to all samples, except for those where the 
two standard errors (2 SE) of an individual analysis is larger, in which 
case we use this as measure of uncertainty. The accuracy of the 
applied method was tested by doping the same secondary Fe standard 
(NIST-3126a) into acidified MQ that was processed as a sample and 
measured alongside natural samples. The average δ56Fe of 
+0.35±0.02‰ (2 SD, n=3) of this test agrees with the expected value.  
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Figure 5.2 Linear regressions of dissolved Fe concentrations ([dFe]) derived from 
ICPMS (Element 2) versus concentrations derived from ICPMS (Neptune Plus) for 
PS117 expedition. Measurements from both expeditions were conducted at NIOZ 
(Element 2) and the USF (Neptune Plus). The blue-dashed line and the black solid 
line represents the regression line and 1:1 line. Note that the intercept of regression 
is set to 0. [dFe] used in this study are means of two measurements. However, for 
samples that showed large absolute difference of concentrations between two 
measurements – namely, the absolute difference is larger than 0.1 nmol L-1 plus 10% 
of Element 2-derived [dFe] – [dFe] are selected based on oceanic consistency; these 
data is highlighted in grey. If only the Element 2-derived [dFe] was selected (i.e., the 
Neptune Plus-derived [dFe] was excluded), the δ56Fe value was also not included in 
this study. In contrast, if only Neptune Plus-derived [dFe] was selected (i.e., Element 
2-derived [dFe] was excluded), the δ56Fe value was still included. 

[dFe] derived from the isotope dilution technique after measurement 
using the Neptune Plus MC-ICPMS agreed well with [dFe] obtained 
from the SeaFAST based measurements on the Element 2 ICPMS. In 
this study, since there is good agreement between the two methods 
for dFe in most samples (detailed in Fig. 5.2 and Fig. 3.2, Chapter 3), 
we use the mean [dFe] calculated for each sample from the two 
methods. 
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5.3 Results  

5.3.1 Oceanographic setting 

Based on potential temperature (referred to as θ hereafter) and 
salinity (referred to as S hereafter) diagram (Fig. 5.3a) and previous 
observations (e.g., Fahrbach et al., 2004; Klatt et al., 2005; Middag et 
al., 2013), there are five primary water masses identified along the 
transect in this study, including Antarctic Surface Water (AASW), 
Winter Water (WW), Warm Deep Water (WDW), Weddell Sea Deep 
Water (WSDW), and precursor of Weddell Sea Bottom Water (pre-
WSBW) (Fig. 5.3b).  

 

Figure 5.3 (a) Potential temperature (θ)-salinity (S) diagram of all PS117 stations; 

(b) section profile of θ and S, and (c) section profile of neutral density (γn). In (c), 

the grey double-head arrow indicates the density isocline of <28.0 kg m-3, whereas 

the black double-head arrow indicate the density isocline of 28.1-28.2 kg m-3. 

AASW (~upper 70, θ>−1.7°C; S<34.3) is generally situated above WW 
(~70-250 m, θ minimum below AASW) since the former is a result of 
the latter experiencing heating and ice melting during summer and 
eventually becomes warmer and less saline (Figs 5.3a and 5.3b). Below 
WW, WDW is situated between ~230 and 1800 m with warmer 
features (0>θ>0.8°C, 34.64<S<34.72) than overlying WW since it is 
originally derived from CDW (Donnelly et al., 2017; Reeve et al., 2016). 
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Situated deeper than ~1500 m, WSDW (–0.7<θ<0°C, 34.64<S<34.68) 
is a result of WDW mixing with uplifting WSBW (Fig. 5.3b) (Foster and 
Carmack, 1976). The latter is formed on the shelf of the Antarctic 
Peninsula, where dense and cold shelf water forms via sea ice 
production and brine rejection during winter (Orsi et al., 2002). Given 
its dense characteristic, extensive vertical mixing leads to a 
homogeneous water mass on the shelf; in this study we refer to this 
water as to dense shelf water which subsequently descends along the 
continental shelf slope and eventually forms WSBW in the deep basin 
while mixing with WDW and WSDW along the pathway (Fig. 5.3b). The 
descending water mass situated along the continental shelf slope is 
referred to as pre-WSBW and is defined based on WSBW 
characteristics (i.e., θ<–0.7°C, Fahrbach et al., 2004). It should be 
noted that WSBW is usually situated deeper than 4000 m in this region 
(Middag et al., 2013) and is not observed in this study since most 
stations were located closer to the Antarctic Peninsula with shallower 
depths (Fig. 5.3b). During summer (i.e., the sampling period of this 
study), waters on the continental shelf stratify due to elevated θ near 
the surface, leading to a less dense water mass (relative to dense shelf 
water), located below AASW, that we refer to as WS shelf water (Fig. 
5.3b and 5.3c). Essentially, WS shelf water and pre-WSBW exhibit 
similar θ (θ<–0.7°C, Fig. 5.3a). For clarity, the term “dense shelf water” 
refers to the dense shelf water formed in winter (not observed during 
sampling in summer), whereas the term “WS shelf water” refers to the 
shelf water observed at the shelf stations (deeper than AASW) in this 
study. 

5.3.2 Freshwater input (δ18O)  

In this study, we employ seawater δ18O to estimate input of meteoric 
freshwater (e.g., glacial melting) and sea ice melting, using a three-
component mass balance model (i.e., meteoric water, sea ice melt, 
and WW) modified from a method used in Randall-Goodwin. et al. 
(2015):  
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𝑓𝑚𝑒𝑡 + 𝑓𝑠𝑖𝑚  + 𝑓𝑤𝑤 = 1… (Eq. 1) 

𝑓𝑚𝑒𝑡 × 𝛿18𝑂𝑚𝑒𝑡 + 𝑓𝑠𝑖𝑚 × 𝛿18𝑂𝑠𝑖𝑚  +  𝑓𝑤𝑤  ×  𝛿18𝑂𝑤𝑤 =
𝛿18𝑂𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑… (Eq. 2) 

𝑓𝑚𝑒𝑡 × 𝑆𝑚𝑒𝑡 + 𝑓𝑠𝑖𝑚 × 𝑆𝑠𝑖𝑚 +  𝑓𝑤𝑤  ×  𝑆𝑤𝑤 = 𝑆𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑… (Eq. 3) 

 

Here, 𝑚𝑒𝑡, 𝑠𝑖𝑚 , 𝑤𝑤, and 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑, denote meteoric water, sea ice 
melt, WW, and observed values respectively, whereas 𝑓 and 𝑆 denote 
fraction and salinity respectively. The details of the calculation and 
assignment of endmembers have been reported in Chapter 4. The 
fraction of meteoric water (𝑓𝑚𝑒𝑡 ) in the upper 500 m showed an 
increasing gradient from the central WS basin (the off-shore stations) 
towards the Antarctic Peninsula (the shelf stations) (Fig. 5.4a). 

The highest 𝑓𝑚𝑒𝑡 was estimated in the upper 250 m at Stn 95 (>4%), 
whereas at Stns 93 and 91 it decreased to 2-3% (Fig. 5.4a). The fraction 
of sea ice melt (𝑓𝑠𝑖𝑚) was generally elevated in the upper 20 m relative 
to greater depths, with over 5% estimated in the upper 10 m at some 
continental shelf slope stations (Stns 70 and 67) and the off-shore 
stations (Fig. 5.4b). At the shelf stations, 𝑓𝑠𝑖𝑚 show negative features 
(indicative of sea ice formation rather than melting) in the upper 20 
m, with values decreasing from 0% (Stn 91) to –4.4% (Stn 95) (Fig. 
5.4b).      
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Figure 5.4 Estimated fraction of meltwater input of (a) meteoric water (𝒇𝒎𝒆𝒕 , 
upper 500 m) and (b) sea ice melting (𝒇𝒔𝒊𝒎 , upper 30 m). The fractions were 
estimated using Oxygen isotopic composition (δ18O) following a three-component 
mass balance model described in Randall-Goodwin. et al. (2015) and Chapter 4.     

5.3.3 Dissolved Fe concentrations and isotopic 
compositions  

At the shelf stations, [dFe] generally increased from the surface to 
greater depths and ranged from 0.05 to 1.32 nmol L-1 and from 1.20 
to 7.14 nmol L-1 in the upper 20 m and the near-bottom samples, 
respectively (Fig. 5.5a). Although the shelf stations (Stns 95, 93, and 
91) generally exhibited a similar vertical [dFe] profile (Fig. 5.5), Stn 95 
(the most shelf proximal station) showed higher [dFe] throughout the 
water column, compared to the other two shelf stations (Fig. 5.5a). 
These [dFe] vertical profiles are mirrored by δ56Fe (i.e., decreasing 
[dFe] accompanied by increasing δ56Fe), around –0.19‰ in the upper 
20 m and ranged from –1.38 to –1.25‰ in the near-bottom samples, 
except for two samples at Stn 95 (upper 20 m) that exhibit relatively 
low δ56Fe values (~–1.24‰) (Fig. 5.5b). All δ56Fe values observed at 
the shelf stations were lower than 0‰.     
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At the continental shelf slope stations, analogously to the shelf 
stations, [dFe] show a general increasing trend from the upper 20 m 
(ranging from 0.02 to 0.21 nmol L-1) to greater depths (ranging from 
0.37 to 0. 63 nmol L-1) (Fig. 5.5c). It should be pointed out that [dFe] 
at the higher end of the range at greater depths (i.e., 0.63 nmol L-1) is 
observed in one near-bottom sample (Stn 82) collected near to the 
shelf stations; the other near-bottom samples at the continental shelf 
slope stations exhibited relatively homogeneous [dFe] (~0.30 to 0.40 
nmol L-1) (Fig. 5.5c). δ56Fe did not show mirrored profiles for the 
continental slope station, in contrast to the shelf stations – a δ56Fe 
minimum (–0.66 to –0.34‰) is observed between 200 to 300 m, 
whereas higher δ56Fe values are observed in the upper 20 m (–0.09 to 
–0.22‰) and near-bottom (–0.35 to –0.19‰) except for one relatively 
low δ56Fe observation (–0.61‰, near-bottom) with elevated [dFe] at 
Stn 82 (Figs 5.5c and 5.5d).    

At the off-shore stations, akin to the other station groups, [dFe] 
generally decreased from the surface to depth, with values around 
0.05 nmol L-1 in the upper 20 m and values ranging from 0.40 to 0.57 
nmol L-1 at greater depths (2100 to 3300 m) (Fig. 5.5e). However, much 
lower [dFe] is observed in the upper ~750 m (< 0.3 nmol L-1), compared 
to the other station groups. For δ56Fe, a minimum (–0.64 to –0.43‰) 
similar to the continental shelf slope stations is also observed at the 
intermediate depths (200-500 m), whereas ~0‰ of δ56Fe is observed 
both shallower and deeper (Fig. 5.5f).   

5.4 Discussion 

In this study, we aim to investigate the cycling of Fe using the first 
observational transect data of the Fe isotopic composition reported 
for the WS. First, we evaluate the potential Fe sources to the WS, 
including glacial melting and continental shelf sediments. Second, we 
discuss the processes that result in a transition of the δ56Fe signature 
between WS shelf water and pre-WSBW as the precursor of AABW 
(i.e., WSBW and WSDW) forms. Finally, combined with δ56Fe 
observations in the Southern Ocean, we provide evidence for long-
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distance transport of sedimentary Fe derived from the Antarctica 
Peninsula shelf sediments. 

5.4.1 External sources of dissolved Fe in the WS 

5.4.1.1 Glacial melting 

At the shelf stations, relatively high 𝑓𝑚𝑒𝑡  (>4%) is estimated in the 
upper ~250 m at Stn 95 and this fraction gradually decreases towards 
the central WG (Fig. 5.4a), indicating glacial meltwater input from the 
tip of the peninsula that is transported offshore. Coincidently, over 
the same depth interval, increasing [dFe] from Stn 91 (ranged from 
0.10 to 0.68 nmol L-1) to Stn 95 (ranged from 1.02 to 3.50 nmol L-1) 
suggests a supply of Fe from glacial melting (Figs. 5.5) (Annett et al., 
2015; Gerringa et al., 2012, 2020b). This is also supported by a 
significant correlation (p<0.05) between [dFe] and 𝑓𝑚𝑒𝑡 in the upper 
250 m at the shelf stations (Fig. 5.6b).  

 

Figure 5.6 Linear relationships between dissolved Fe concentration ([dFe]) and (a) 
fraction of sea ice melting (𝒇𝒔𝒊𝒎) and (b) meteoric water fraction (𝒇𝒎𝒆𝒕). In (a), 
samples with positive 𝑓𝑠𝑖𝑚 in the upper 20 m of all stations are shown; the colour 
grading represent fluorescence. In (b), samples in the upper 250 m of the shelf 
stations are shown.  

Fe isotopic compositions in the upper 250 m at the shelf stations were 
generally lower than the crustal signal (+0.1±0.1‰, Beard et al., 2003; 
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Conway et al., 2019), especially two depths at the very surface (~20 
m) at Stn 95 (the most proximal station to the glacier) exhibit a 
minimum of δ56Fe value (–1.24±0.01‰) (Fig. 5.5b). Such a light signal 
potentially results from reductive dissolution of Fe or other 
microbially mediated redox reactions that reduce Fe3+ to Fe2+ in 
subglacial discharge (Henkel et al., 2018). Analogously, low δ56Fe (–
2.6‰) was reported in Blood Falls beneath the Taylor Glacier, East 
Antarctica, which was attributed to microbial reducing activity and 
reductive dissolution that promotes Fe2+ liberation (Mikucki et al., 
2004). However, while our δ56Fe data implies that Fe in glaciers indeed 
may experience (microbial) redox reactions prior to entering the 
coastal waters, it should be noted that δ56Fe in subglacial discharge is 
subject to subglacial conditions (e.g., the intensity of chemical 
weathering, particle loading, Fe speciation, and saturation of Fe-
binding ligands) (Henkel et al., 2018; Krisch et al., 2021; Stevenson et 
al., 2017; Tian et al., 2023a, Chapter 3). Therefore, we suggest that, to 
constrain δ56Fe in glacial meltwaters, it is necessary to take 
geochemical settings in corresponding subglacial systems into 
account. Nevertheless, in this study increasing [dFe] and elevated 
𝑓𝑚𝑒𝑡 close to the peninsula, together with generally low δ56Fe values, 
suggest glacial meltwater input is an important source of Fe to the 
shelf region. This input could advect between the shelf region and the 
central WS basin following isopycnals along the surface (<28.0 kg m-

3), potentially supplying dFe to the surface due to reduced density (Fig. 
5.3c).  

5.4.1.2 Continental shelf sediment 

To date, two main mechanisms have been identified that can supply 
Fe from sediments to seawater. First, reductive dissolution (RD) of Fe 
oxyhydroxide minerals catalysed by microbial respiration within 
sediments, leads to [dFe] (mostly Fe2+) several orders of magnitude 
higher in porewaters then overlying waters which subsequently 
diffuses to into the overlying seawater (Elrod et al., 2004; Jung et al., 
2019; Radic et al., 2011). Second, abiotic non-reductive dissolution 
(NRD) can release Fe from lithogenic particles via dissolution or 
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desorption of sediments (Abadie et al., 2017; Homoky et al., 2013; 
Radic et al., 2011). Recently, it has also been suggested that Fe colloids 
resulting from lithogenic weathering in oxic sediments can be an 
dominant form of sedimentary Fe in porewaters (Homoky et al., 
2021). In the present study, elevated [dFe] towards the seafloor is 
observed at the shelf stations, with highest values near the bottom 
(~1 to 7 nmol L-1) (Fig. 5.5a). Furthermore, decreasing beam 
transmission (%) towards the seafloor (within ~200 m above the 
seafloor) implies bottom resuspension that could supply sedimentary 
Fe from continental shelf sediments (Fig. 5.7). Assuming bottom 
resuspension is the main transfer pathway for Fe from sediments to 
overlying waters, the elevation of seawater dFe would likely be an 
integral signal of Fe from both porewater and particle desorption 
(Elrod et al., 2004, Chapter 3).  

 

Figure 5.7 Beam transmission (%) within 200 m above the seafloor. The 
measurement at 0 m indicate the near-bottom measurement (~20 to 30 m above 
the seafloor). Note that data were obtained from transmissometer installed on the 
regular CTD deployed by the research team of Alfred Wegener Institute for Polar 
and Marine Research. Therefore, the station numbers do not match with trace metal 
stations. Here we show the measurements at nearby stations relative to trace metal 
stations.  
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The Fe isotopic signatures for the abovementioned processes have 
been reported – RD induced by bacterial reduction results in 
porewater δ56Fe spanning from –3.5 to –1.5‰ (Fitzsimmons and 
Conway (2023)), whereas NRD and Fe colloids formed via lithogenic 
weathering have a near-crustal signal (~+0.1‰, Conway and John, 
2014a; Homoky et al., 2021). Here, δ56Fe within ~200 m above the 
seafloor at all three shelf stations shows a decreasing trend towards 
the seafloor, with lowest values observed at the near-bottom samples 
(–1.37 to –1.25‰) (Fig. 5.5b). Given that continental sediment in the 
western WS has been suggested to be reducing (Howe et al., 2007; 
Middag et al., 2013), these light values imply the release of dFe from 
RD via redox reactions within shelf sediments (Jung et al., 2019; Sieber 
et al., 2021). However, since these δ56Fe values are between the 
higher end of the reported range for RD δ56Fe (up to –1.5‰) and NRD 
δ56Fe (~+0.1‰), we cannot exclude the possibility of NRD. Assuming 
that RD and NRD both supply Fe to the overlying water, we can then 
estimate the relative contributions of each component with a two-
component mass-balance model, taking the range of reported RD 
δ56Fe (i.e., –3.5 and –1.5‰), NRD δ56Fe (i.e., +0.1‰), and a mean of 
δ56Fe of the near-bottom water from all shelf stations (–1.33‰) into 
account. As such, a contribution of ~40 to 90% of Fe from RD was 
estimated, with Fe from NRD decreasing from ~60 to 10%, using the 
upper and lower bound for the RD endmember, respectively. 
Although there are no porewater δ56Fe measurements available from 
this region to directly determine the actual endmember for RD, our 
δ56Fe data suggest that RD is an important process in supplying dFe in 
the western WS. This is in agreement with previous observation near 
West Antarctic Peninsula (WAP) (Annett et al., 2015; de Jong et al., 
2012; Jiang et al., 2019; Sherrell et al., 2015; Sieber et al., 2021), 
indicating that both WAP and East Antarctic Peninsula (EAP) are 
significant contributors of sedimentary light Fe. In the following 
section, we further discuss whether this sedimentary Fe is transported 
from the shelf to the central basin, following the gyre circulation.     
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5.4.1.3 Sea ice melting? 

Sea ice melting has been proposed to be an important source of Fe to 
Fe-deplete surface waters in the western WS – Fe trapped in brine 
pockets during sea ice formation is released to underlying seawater in 
spring/summer, fertilizing the surface ocean of coastal Antarctica 
(Lannuzel et al., 2007; Lannuzel et al., 2008). Given that the majority 
of the WS is covered by multiyear ice (Parkinson and Cavalieri, 2012; 
Turner et al., 2020), long-term dust deposition accumulated on sea ice 
could potentially serve as a source of Fe to the WS, as suggested for 
aluminium in the same region (Middag et al., 2013).  

In the present study, most stations (except the shelf stations) exhibit 
positive 𝑓𝑠𝑖𝑚 in the upper 20 m, indicating sea ice melting (Fig. 5.4b). 
However, increasing 𝑓𝑠𝑖𝑚  corresponds with decreasing [dFe], 
suggesting that either surface [dFe] is mainly controlled by 
biogeochemical processes (e.g., biological uptake and/or scavenging) 
or sea ice melting is not a significant source of Fe. Indeed, samples 
with high 𝑓𝑠𝑖𝑚 generally coinciding with elevated fluorescence (except 
for Stn 70) implies that low observed [dFe] is a result of biological 
uptake (Fig. 5.6a). Therefore, if there were any Fe released from sea 
ice melting, it is likely quickly removed from seawater by biological 
uptake, leading to a very short residence time for Fe in the surface 
water of the Southern Ocean as suggested previously (Ellwood et al., 
2020; Sieber et al., 2021). This observation – high 𝑓𝑠𝑖𝑚 coinciding with 
low [dFe] – was also previously observed in the Amundsen Sea (AS) 
for Fe (van Manen et al., 2022) and for other bioavailable metals such 
as zinc and cadmium (Tian et al., 2023b), where the chlorophyll 
concentration in the surface layer (i.e., surface to the depth of 
chlorophyll maximum) was ~25 times higher than in this study 
(Chapter 4). Furthermore, in the upper 20 m, the WS exhibits higher 
𝑓𝑠𝑖𝑚 (~2.8%) than the AS (~0.34%) (van Manen et al., 2022), however, 
higher 𝑓𝑠𝑖𝑚  does not correspond with higher [dFe] (WS: 0.07±0.10 
nmol L-1; AS: 0.26±0.15 nmol L-1). Taken together, the comparable 
relationships of 𝑓𝑠𝑖𝑚  and [dFe] from two regions characterized with 
distinct primary productivity, as well as no observed elevated [dFe] 
associated with higher 𝑓𝑠𝑖𝑚, suggest that sea ice melt may not be a 
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significant Fe source and biological uptake is likely the main process 
controlling [dFe] in the surface water of the WS (van Manen et al., 
2022). Unfortunately, among all the stations characterised by positive 
𝑓𝑠𝑖𝑚, due to extremely low [dFe], only three surface samples in the 
upper 20 m had sufficient signals allowing δ56Fe analysis, with δ56Fe 
value  (–0.09 to 0.22‰) close to the crustal signature (~0‰, Beard et 
al., 2003). Nevertheless, these signals may reflect biological uptake 
rather than lithogenic Fe input as δ56Fe is higher than WW (~–0.22‰, 
Table. 5.1), the best representative for AASW prior to uptake in 
spring/summer in this study.    

Table 5.1 Dissolved Fe concentrations ([dFe]) and isotopic ratios (δ56Fe) of water 
masses identified in this study. The definition – potential temperature (θ) and 
salinity (S) for each water mass follows Fahrbach et al., 2004. Abbreviation: Antarctic 
Surface Water (AASW), Winter Water (WW), Warm Deep Water (WDW), Weddell 
Sea Deep Water (WSDW), precursor of Weddell Sea Bottom Water (pre-WSBW), and 
WS shelf water.  

 

5.4.2 Difference in δ56Fe between WS shelf water and 
pre-WSBW: physical mixing 

In WS shelf water, [dFe] exhibits great spatial variation – it decreases 
vertically towards the surface and horizontally offshore – over a large 
concentration range (0.12 to 7.14 nmol L-1, Fig. 5.5a). In contrast, δ56Fe 
remains consistently low in WS shelf water (–1.22±0.23‰) (Fig. 5.5b). 
This light isotope signature, which we attribute to reductive 
dissolution (RD) supplied from and shelf sediments (near bottom) 
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and/or glacial melting (the upper 250 m) (section 4.1), might be 
expected to be attenuated during oxidation/precipitation as Fe2+ 
enters the water column (Dauphas et al., 2017). However, our data – 
near homogenous light δ56Fe values over the shelf stations – suggests 
that the local RD δ56Fe signature is preserved over the continental 
shelf over a range of dFe concentrations, and as such with little 
fractionation effects due to loss of dFe in the water column. This 
finding, as well as providing a distinct endmember for tracing 
sediment derived δ56Fe away from the shelf, adds weight to the use 
of δ56Fe as tracers of sediment supply to the open ocean (e.g. Conway 
and John, 2014a). This result also supports the conclusion by Sieber et 
al. (2021) that a light Fe signature associated with RD can last during 
long-distance transport, making δ56Fe a useful tracer for tracking 
sedimentary derived Fe.  

Assuming the sedimentary Fe flux is similar between dense shelf 
water (formed in winter, not observed in this study) and WS shelf 
water (formed in summer, observed in this study), [dFe] and δ56Fe in 
dense shelf water should be comparable to observed δ56Fe in WS shelf 
water. As such, in the following discussion, WS shelf water is used to 
represent the descending dense shelf water, despite forming in 
different seasons. Based on this assumption, the increase of δ56Fe and 
decrease of [dFe] observed in pre-WSBW relative to WS shelf water 
(Figs 5.5 and 5.8a), suggests a transition of δ56Fe and [dFe] as WS shelf 
water descends along the continental shelf slope during the cold 
season, forming pre-WSBW (Figs 5.3b and 5.8b). Taking the near-
bottom water at Stn 91 as a starting point ([dFe]: 1.20 nmol L-1; δ56Fe: 
–1.38‰) representing pre-descending conditions, there is a ~65% of 
decrease in [dFe] and a change of (~+1.11‰) in δ56Fe as WS shelf 
water descends. In a systematic plot of [dFe] and δ56Fe of WS shelf 
water and pre-WSBW (Fig. 5.8b), it seems that such moderation is 
controlled by one single process, following a closed Rayleigh 
fractionation trend. Here, two potential processes can cause this – 
adsorption of Fe onto particles and/or mixing with waters with low 
dFe and high δ56Fe.  
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First, particle adsorption has been discovered to preferentially 
remove light Fe from seawater, leading to an isotopically heavy 
dissolved pool, with Δδ56Fedissolved-particulate ranging from +0.02 to 
+0.67% (Ellwood et al., 2015; Labatut et al., 2014; Radic et al., 2011). 
However, the observed change of δ56Fe (+1.11‰) between WS shelf 
water and pre-WSBW in this study exceeds this reported range, 
indicating that scavenging may not be the only process leading to the 
transition of δ56Fe. Further, increasing beam transmission along the 
continental shelf slope suggest less resuspension of particles 
compared to the shelf (Fig. 5.7), making particle adsorption unlikely.  

Alternatively, physical mixing with WW, WDW, and WSDW as WS shelf 
water transforms into pre-WSBW can also lead to the transition of 
δ56Fe since WW, WDW, and WSDW all exhibit lower [dFe] and higher 
δ56Fe relative to WS shelf water (Table 5.1). Taking the means of [dFe] 
and δ56Fe in each water mass as endmembers (Table 5.1), the 
decrease of [dFe] and the transition of δ56Fe appears to follow the 
mixing lines between water masses (Fig. 5.8b). In detail, samples from 
Stn 91 follow a mixing line between WW and the near-bottom sample, 
implying conservative mixing between two endmembers. Conversely, 
samples in pre-WSBW follow a mixing line between the near-bottom 
sample at Stn 91 and WDW (and WSDW), suggesting physical mixing 
as dense shelf water descends along the slope. This observation is also 
supported by a significant correlation between salinity and dFe (Fig. 
5.8c). This does not imply particle scavenging and/or any input from 
the slope sediments do not play a role in altering δ56Fe. However, the 
net effect seems to be mainly controlled by physical mixing.   

Based on these observations, we propose that physical mixing is the 
main mechanism driving the transition of δ56Fe when downward 
dense shelf water transforms into pre-WSBW. Given that WSBW is 
one of the precursors of AABW that is found in different oceanic 
basins, a sediment-derived isotopic signature is likely lost for AABW 
due to mixing and any sediment-derived contribution is too small to 
be quantified in the AABW exiting this region. Instead, due to mixing, 
a lot of this sediment-derived Fe remains in the region (diluted into 
WDW or WSDW), either eventually removed by scavenging during the 
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circulation or potentially supplied to the surface for phytoplankton 
growth via upwelling.  

 

 

 

 

Figure 5.8 Isotopic 

systematics of dissolved Fe 

concentrations ([dFe]) 

isotopic ratios (δ56Fe) in (a) 

water masses identified in 

this study (Antarctic 

Surface Water (AASW), 

Winter Water (WW), 

Warm Deep Water 

(WDW), Weddell Sea Deep 

Water (WSDW), precursor 

of Weddell Sea Bottom 

Water (pre-WSBW), and 

WS shelf water) and (b) WS 

shelf water and pre-

WSBW. In (b), four 

endmembers (marked with 

star signs) are selected for 

the physical mixing lines 

(marked with dotted lines) 

– WW (0.11 nmol L-1; –

0.22‰); WDW (0.32 nmol 

L-1; –0.38‰); WSDW (0.41 

nmol L-1; –0.18‰); and the 

near bottom sample of Stn 

91 (1.20 nmol L-1; –1.38‰). 
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5.4.3 δ56Fe minimum in WDW: evidence for 
sedimentary Fe transport 

Another remarkable feature of our dataset is the δ56Fe minimum (–
0.66 to –0.34‰) observed at the intermediate depth (~200-300 m) at 
most continental shelf slope stations and the offshore stations where 
upper WDW is located (Fig. 5.5). This δ56Fe minimum is accompanied 
by elevated [dFe] (up to 0.35 nmol L-1), and is consistent with the 
observations close to the north-eastern WG by both Abadie et al. 
(2017) and Sieber et al. (2021). However, there are two different 
hypotheses put forward to explain the δ56Fe minimum at intermediate 
depth. Abadie et al. (2017) firstly observed a δ56Fe minimum (–0.74 to 
–0.17‰) around ~200-800 m in the Atlantic sector (meridional) of the 
Southern Ocean, including UCDW and AAIW. They attributed these 
light signals to remineralization in UCDW that originated from Drake 
Passage and advected with the ACC. Furthermore, based on a similar 
δ56Fe minimum observed at one station located on the north-eastern 
WG, they postulated that this minimum could potentially be 
modulated by similar remineralization occurring in the Southern 
Ocean, although there was no robust evidence for remineralization 
(e.g., apparent oxygen utilization) available at this station. Conversely, 
Sieber et al. (2021) suggested that the isotopically light Fe signal at 
subsurface (100-300 m) originates from sedimentary input along the 
Antarctic Peninsula shelf and nearby islands, rather than 
remineralization. In their data, the δ56Fe minimum (as low as –1.0‰) 
was accompanied by elevated [dFe] (~0.5 nmol L-1), observed within 
100-300 m at the Antarctic Peninsula shelf; and this isotopic signal was 
further observed at similar depths (100-150 m) at stations close to the 
north-eastern WG (~–0.5 to –0.75‰), implying a long-distance 
transport of sedimentary Fe originating from the Antarctic Peninsula 
into the WS (Hatta et al., 2013; Sieber et al., 2021).  

Here, our isotopic data favours the hypothesis that this δ56Fe 
minimum is indicative of a long-distance sedimentary Fe signal, rather 
than remineralisation. Firstly, based on the distribution of AOU and 
PO4, the most prominent remineralization occurs between 200 and 
700 m at stations towards the central WS (i.e., Stns 61 and 56) 
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compared to at stations towards the shelf (i.e., Stns 75, 73, 70, 67, and 
65) (Figs 5.9c and 5.9d). Assuming remineralization is the dominant 
process as previously purposed, a strong remineralization (i.e., higher 
AOU) should coincide with high [dFe] and low δ56Fe (Radic et al., 
2011). However, our observations do not support this – lower [dFe] 
corresponded with elevated AOU at 200-500 m towards the central 
WS, (Figs 5.9a and 5.9d), whilst δ56Fe remains consistently low (–
0.50±0.24‰) throughout the stations from the continental shelf slope 
towards the central WS (Figs 5.9b and 5.5). Consequently, this 
suggests that, while remineralization can potentially lead to low δ56Fe 
in seawater (Abadie et al., 2017; Radic et al., 2011), it cannot explain 
the subsurface δ56Fe minimum, instead there are other process or 
external input overprinting its isotopic signature and concentration. 
Secondly, based on elevated θ between 200 and 500 m from Stn 65 
towards the shelf indicate the presence of the core of WDW 
(southwest-northeast ward) in the western limb of WG circulation 
that include stations towards the shelf (i.e., Stns 75, 73, 70, 67, and 
65) (Chapter 4). Since WDW is modified from CDW that receives 
sedimentary light Fe from the Antarctica Peninsula and islands along 
the pathway of ACC (Hatta et al., 2013; Klunder et al., 2014; Sieber et 
al., 2021), following the gyre circulation in the western WS, elevated 
[dFe] and low δ56Fe values observed at the same depth as WDW (200-
500 m) at these stations compared to stations towards the central WS 
(i.e., Stns 61 and 56), is potentially associated with WDW receiving 
isotopically light Fe from the Southern Ocean (i.e., UCDW) and 
sedimentary Fe derived from WS continental shelf along the 
circulation of WDW. Indeed, based on neutral density (Fig. 5.3c), 
stratification of WS shelf water may allow dFe derived from the shelf 
sediments and glacial melting to advect from the shelf stations 
towards the off-shore stations (~150 to 1000 m, Fig. 5.5) along an 
isopycnal (28.0 to 28.2 kg m-3, ~200 to 1000 m, Fig. 5.3c), facilitating 
lateral transport of Fe.  

Taken together, our results favour the hypothesis that sedimentary 
light Fe (as low as ~–1‰) derived from the Antarctic Peninsula shelves 
can be preserved and transported over a long distance, as proposed 
by Sieber et al. (2021). Furthermore, the continental shelf elsewhere 
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in the WS can also contribute to the observed δ56Fe minimum (–0.66 
to –0.34‰) at the intermediate depths (~200-300 m) in the WS. 
Although we cannot disentangle the source (i.e., sedimentary Fe 
transported with UCDW versus sedimentary Fe derived from the WS 
continental shelf), this dataset indicates long distance transport of 
reductively derived Fe from the sediment (Homoky et al., 2009; John 
and Adkins, 2012; Jung et al., 2019; Sieber et al., 2021).   

 

Figure 5.9 Section profile of (a) dissolved Fe concentration ([dFe]), (b) dissolved Fe 

isotopic ratio (δ56Fe); (c) phosphate (PO4); and (d) apparent oxygen utilization 

(AOU). The AOU is derived from Ocean Data View (ODV version 5.3.0, Schlitzer, 

2020) using dissolved oxygen data obtained from oxygen sensor installed on the 

regular CTD deployed by the research team of Alfred Wegener Institute for Polar 

and Marine Research. 
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5.5 Conclusions  

In this study, we present the first observational transect with δ56Fe 
data in the western WS, investigating potential sources of Fe and 
processes that affect the [dFe] and δ56Fe during formation of WSBW, 
and found indications of transport of sedimentary Fe within the WS.  

An increasing [dFe] (from 0.68 to 3.5 nmol L-1) corresponding with 
elevated 𝑓𝑚𝑒𝑡  (>4%) in the upper 250 m towards the Antarctic 
Peninsula suggests glacial meltwater is an significant Fe source to the 
shelf water. These samples are all characterized by negative Fe 
isotopic signatures, implying that glacial Fe may be derived from 
reduction of Fe3+ to Fe2 induced by microbially redox reactions in 
subglacial discharge system and potentially supply to the surface 
following isopycnals (<28.0 kg m-3). Furthermore, sedimentary process 
also play a critical role in supplying Fe to the overlying water, with 
generally over 1 nmol L-1 of [dFe] and low δ56Fe values (–1.37 to –
1.25‰) observed near the bottom at the shelf stations. Based on 
reported ranges of constraints of δ56Fe for sedimentary processes (RD 
and NRD), a contribution of ~40 to 90% of Fe from RD to the overlying 
shelf water is estimated, with 10 to 60% from NRD, suggesting that RD 
is a more prominent process supplying Fe over the Antarctic Peninsula 
continental shelf. While [dFe] at depth shows a horizontally 
decreasing trend away from the Antarctic Peninsula (from 7 to 1 nmol 
L-1), consistently low δ56Fe (–1.22±0.23‰) over the shelf supports the 
hypothesis postulated previously that Fe from RD can be preserved 
and transported over a relatively long distance. On the other hand, 
elevated 𝑓𝑠𝑖𝑚  does not correspond with elevated [dFe] near the 
surface (upper 20 m), implying sea ice melting is not a significant 
source of Fe in this region. The δ56Fe values within this depth range 
are most likely modulated by biological uptake. 

On the Antarctic Peninsula continental shelf, as dense shelf water 
forms during cold seasons, it sinks to greater depths on the shelf and 
receives isotopically light Fe from sediments. However, we found that 
this light signature gets heavier (~+1.11‰) as [dFe] decreases (~65% 
of Fe decrease) while dense shelf water descends along the 
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continental shelf slope (i.e., pre-WSBW). This transition of δ56Fe as 
well as the [dFe] decrease most likely results from physical mixing of 
descending water with WDW and WSDW, implying a dilution of the 
sediment derived signature and transfer of sediments-derived Fe from 
pre-WSBW to WDW and WSDW. In contrast to the loss of this 
signature, over the continental shelf slope and in the offshore region, 
a general δ56Fe minimum (–0.66 to –0.34‰) is observed at the 
intermediate depth (~200-300 m), consistent with previous 
observations in the Atlantic sector of the Southern Ocean. As such, 
our results suggest that sedimentary light Fe is potentially transported 
within the intermediate depths both from Antarctic Peninsula 
sediments and sedimentary sources elsewhere in the Southern Ocean 
via the gyre. Overall, this study suggests that Fe biogeochemistry in 
the Southern Ocean, notable at intermediate depths, may have large 
impacts on Fe cycling in and supply to the WS.  
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