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Abstract

The anthropogenic perturbation of the oceanic lead (Pb) budget during the last 200 years has
generated a unique Pb tracer that offers numerous applications for research in marine geochemistry.
This thesis improves understanding of the marine sources and the internal cycling of Pb in the modern
ocean. To this end, Pb concentrations and isotope compositions are presented for seawater and
hemipelagic sediments, which are employed to study the terrigenous and hydrothermal fluxes of Pb to
the oceans and the mechanisms responsible for the observed distribution of anthropogenic Pb in the

ocean interior.

Lead and additional neodymium (Nd) isotope results are presented for two hemipelagic sediment
core-tops from the Eastern Equatorial Pacific Ocean. The results suggest that proximal Mexican and
Northern Andean sources dominate the detrital sedimentary component, with local weathering inputs
impacting the dissolved deep water budgets of both elements. The data also indicate that Pb of
hydrothermal origin is dispersed much more efficiently compared to Nd.

Dissolved Pb concentration and isotope data were obtained for five seawater depth profiles
collected at and near the TAG Hydrothermal Field in the North Atlantic Ocean. Dissolved Pb deficits
in the buoyant TAG plume demonstrate that hydrothermal activity can act as a net sink for dissolved
seawater Pb, due to intense scavenging by hydrothermal particles. The results also reveal unexpected
anthropogenic Pb isotope signatures in some seawater samples from the hydrothermal plume, which

most likely reflect enhanced Pb exchange between sinking aerosol particles and ambient seawater.

Finally, dissolved Pb concentration and isotope data were obtained for two seawater depth profiles
from the Southern Ocean. Together with previous data, the results provide a full meridional transect
between Tasmania and Antarctica, which enables investigations of the sources of dissolved Pb, water

mass origins and vertical flux dynamics in this poorly explored ocean region.



Table of Contents

Statement Of OTIZINALILY.........cccverierieiieiie ettt et sre et er e e e e seesteesesessseesseessaesseesseessseasseasseesseeses 2
COPYTIZht DECLATALION. ......eiiiiiiieiieiesie ettt sttt e et e s testtessbeesseesseesseessaessseassaesseessessseessnenns 3
ACKNOWIEAGEIMENES.......c.iiiiiiiieiit ettt ettt ettt e bt e bt e s bt e sateeaeeenteebeenbeesaeesaeeeas 4
F N o1 5 2 T RO URPPTPUUPPRUON 6
TADIE OF COMLEIES ......eetieiieeeie ettt ettt ettt et et et e bt e bt e s bt e satesaeeenteebeesbeesaeesneenas 7
| o) 21 o) (<O OSSPSR 13
LIS OF FIGUIES ...ttt ettt et b e bt e s bt et e e teeteesbeesaeesateeabeembeenbeenns 14
Chapter 1. Introduction 18
1.1 Lead Isotopes as a Tracer 0f the OCEaN ........ccceevveeiieiieiieiieee e 19
1.1.1 The GEOTRACES Programme and Long-lived Radiogenic Isotope Tracers.............. 19
1.1.2 Anthropogenic Pb as a Tracer of the Ocean...........cccevvevvieiienienieniecie e 19
1.1.3 ATM OF thiS TRESIS ...vevieieieeeee et et 20
1.2 Geochemistry of Pb and its ISOtOPES.......ecvvverieiiiiiiiiieieeseesie et s 20
1.2.1 Chemical Properties and Distribution in the Terrestrial Reservoir...........cccceeceeeeennen. 20
1.2.2 Lead ISOtope SYSTEMAICS ...c..eeviruieteriieiierierieetesie ettt ettt sttt st 21
1.3 Mobilisation of Pb in the Earth’s Surface Environment ............cccoooeevienieniieiiesieceenee, 22
1.3.1 INALUTAL SOUICES ....eenvieiieeiie ettt ettt et et e st e st e et e bt e sbeesbeesatesnseenseenseesaeesnnenns 22
1.3.2 ANTNIOPOZENIC SOUICES ...oevviivreerieriieriteereereereeteesteesteesereesreesseesseesseesssesssessseesseessenees 23
1.4 Marine PO CYCIE ..oiiiiiiieiiecieceeeeeetettet ettt et te e st v e e eb e e sb e e b e e seesebessbeesseenses 24
1.4.1 53101011 24
1.4.1.1  AtmoSPheric Pathway ........ccccoviiviiiiieiieciiceeeeeee et 26
1.4.1.2  FIuvial PathiWay........cccviviiiiiiiiieiecciectecte ettt st et ste e s tnestaeseveeaveenbaenes 26
1.4.1.3  Hydrothermal Pathway ..........ccccovievieriiiiieiieieeerese et 27
1.4.1.4 Benthic Fluxes at Continental Margins...........ccceccuervereeriieesieereeseeseesnesveeveeseennns 28
1.4.2 Lead Speciation in SEAWALET .........ccverierieeiieieeiienieesieeseeereeseesteesseesaesssesnseenseeseennns 28
1.4.3 Particle Dynamics of Pb in the OCean...........c.ccoecvevierieniiniieieeeecieee e 29
1.4.4 DISITTDULION ..ttt ettt ettt ettt et e te e et et e e seeneenseeneenseeneennas 29



1.4.5 INEETNAL CYCIING...ecuviiiiiiiiieii ettt ettt eeteeteesteessaesssesnseenseenseennns 30

1.4.6 L0 13150 1 SRS TUPSTIURRN 31
1.5  Anthropogenic Pb Pollution as a Transient TTacer .........cccccvevvereierriecrierieereereeneeseresveennens 32
1.5.1 Lead Isotope Variability of Anthropogenic SOUICEeS..........cooueereerierieniieeieeeeieeeeene 32
1.5.2 Spatiotemporal Variability in Anthropogenic Pb Emissions over the Past Century.....33
1.5.2.1 Northern HEmiSPREre.........cocuviiiiiieiiieciie ettt e eaeeesevee e 34
1.5.2.2  Southern HEemiSPREIe.........cccuviiiiiieiiiiciee ettt e e enes 35
1.53 Fate of Anthropogenic Pb in the North Atlantic Ocean: the Bermuda Time Series .....37
1.6  Tracing Natural Fluxes using Pb-Nd ISOtOPES .......c.cccvveriierierieriierieieereeieesee e seveseve e 39
1.7 Neodymium GEOCHEMISIIY .....cccveecvierieiieriiesiieiteeteeteesteesteestteseresereesseesseeseesseesssesssesssesssees 40
1.7.1 Chemical Properties and Isotope Systematics 0f Nd ........ccceeevveeiieriienienieniinreeieennenn 40
1.7.2 The Marine Nd CYCle......uiiiiiiiiiieiieciecie ettt ere et sreestee s aeseressbeesbeessaesens 41

1.8 Seawater Pb Concentration and Isotope Data, Analytical Challenges and Current Data

COVETAZE ..eeeeveeeite ettt ettt ettt et ettt ettt e ettt e bt e e ht e e s bt e e bt e e s abee e baeeeabeesabteebbeesabeeennbeesabeesbaeesabeeanns 41

1.9  Research Objectives and Thesis OUtline............ccoecuieiiieiiiiienieiieee e 43

Chapter 2. Lead Isotope Compositions of Seafloor Sediments in the Guatemala Basin, Eastern

Equatorial Pacific Ocean: Implications for Terrigenous and Hydrothermal Inputs.................... 46
2.1 INEEOAUCTION. ...ttt ettt et ettt et e s et e sateeate e beesbeesaeeenseenseenseenees 47
2.2 Setting and SAMPLES .....cccueruiriiriirieiereetee ettt bttt st eaees 49

2.2.1 AtMOSPhETiC CIrCUlAtiON ....c.eeviiiiiiiiiiieier ettt 49
222 Hydrographic SEtNG .........covertiriiiiiniirieienteeseete ettt 49
2.2.3 Submarine Volcanism and Hydrothermal ACHVItIES ........cccvevveeieecreeriiiienrecreeveennnn 52
224 STUAIEA STEES. ...eeneeenieie ettt ettt ettt ettt et e see e e beesteseeseensesseensesseeneens 52
2.2.5 SAMPLIIIZ ..veevvieriiiieiie ettt ettt et e e b e e steesteestbeesbeesbeesteestsesssesssessseesssenssessseesseensees 54
2.3 ANalytical MEthOQS .....ccoviiiiiiiiieciiecie ettt ettt v e e v e e ve e be e s tbesebesebeeabeenbeenees 54
231 Sediment Digestion and Determination of Nd and Pb Concentrations...........c.ccccc..... 54
2.3.2 Sequential Acid-Reductive Leaching..........cccccovvveviiriiiriienienieeieeieeeeeeee e 55
2.33 Purification and Isotope Analyses of Nd ........ccecievieiiiiiiniieeeeeee e 56
2.3.4 Purification and Isotope Analyses of PD.......ccccoooivviiiiiiiiiiiceeeeeee e 56



2.4 RESUILS ..ottt ettt e e e e e e et et e e e e e s sasaaaaereeeeeesasaaeeeeeessesannaaes 61
2.5 DISCUSSION ...ttt ettt e e e e e e e e et e e eeeseeeeaaaaaeeessseasnaaaereesesssaenssseeeeesssssannnnes 62

2.5.1 Assessing Possible Analytical Artefacts in the Measured Pb-Nd Isotope Compositions

62

2.5.1.1 Efficacy in Isolating the Authigenic and Detrital Signatures.............ccecceeveeveenennee. 62
2.5.1.2 Bioturbation and Diagenesis ..........ccceecuerrieirieinieniiiie ettt 63
2.5.1.3  Anthropogenic Pb Contamination............ceceereereirienieenieeneesieesee st 64
252 Detrital Sediments: Characterisation of Potential Source Areas........ccccceeeeverieeieeienne. 67
2.52.1 Proximal terrestrial SOUICES........ccuevuieiieiiieiieiierte ettt 69
2.5.2.2  DiStal dUSE SOUICES ....oveeuieniiiieieitieiieie et cete sttt te et te sttt e e et et e stesseentesaeenteneeeneenes 69
253 Sources of Detrital SEdImMENtS........cccevuieieririereeeee e 70
2.5.3.1 Regional detrital isotope signatures in the EEP ...........c.ccooevieviieniincieieeeeee 70
2.5.3.2  Detrital sources of MANOP Site H........oooeiiriiiiiiieeeeee e 70
2.5.3.3 Detrital sources of MANOP Sit€ M .......ccoeiiiiiiniinieiiieieeieesee st 76
254 Water Mass Signatures and Hydrothermal Sedimentation ............cccccevveeeiieiiecieenicnee. 77

B I 1011167 L1 10 1TSS 81
2.7 Researcher CONtITDULIONS .........eevuieriieiieeiie ettt eae ettt e st e st e saeeenreeseeseens 81

Chapter 3. Lead and Hydrothermal Plumes in the Ocean: A Study at the TAG Hydrothermal

Field, Mid-Atlantic Ridge 83
3.1 INEEOAUCTION. ...ttt ettt et ettt et e s et e sateeate e beesbeesaeeenseenseenseenees 84
3.1.1 Submarine Hydrothermal Activities and Metal Flux to the Ocean..........c.cccccecuenenee. 84
3.1.2 Hydrothermal Activities and Marine Pb Cycling...........cccceevvvevieniienieniieeieeeeeeieene 84
3.13 THIS SEUAY -ttt ettt ettt neeaeas 86
3.2 ST ..vevvieitietieeteeeiee et ettt et e ste e st eetbeebeesbe e baestsestaeesbeesbeesseassaesssessseasseasseessaessessseesseasses 87
3.2.1 Hydrographic SEttNg ........ccecvieiiiieiiiciecie ettt ere e sre e steestre s reeebeesbeesbeenees 87
3.2.1.1 Hydrography of the North Atlantic Ocean............cccccevvereirriieenienienieeee e 87
3.2.1.2  Water masses in the vicinity of the TAG Hydrothermal Field ............cccccocevvieninnn 90
3.2.2 GEOlOZICAL SELLING.....ueeeiieeiiieiieieeieetere ettt ettt se e et e e beesbeenseeseesseesssesnseenseas 91
3.3 MEEROMAS ettt h e ettt b et be et saeens 92



3.3.1 SAMPLES ...eveeereeiieiee sttt ettt ettt et e e e stbeesb e e te e teestaessaeanbeenbeenseensaeenteenseenren 92

3.3.2 Dissolved Pb Concentrations and ISOtOPES ........cceevververirnieeriieniieriesie e ere e eeeenens 93
3.3.3.1  Lead CONCENIIATIONS ....covvieuieiertieienteeitete et ettt ettt te et te sttt e tesbeemtesteeseeneeeneenes 93
3.3.3.2 Lead iSOtOPE COMPOSILIONS......eeeivrreirieeiiiieeieeestteeeteeesteesreeeseeesseeessseessesessseessseeanes 94

333 OtheT PATAMELETS ...eeevvieeiiieeiieeeieeeiee et e etee et e e ettt eeteeesebeeebaeessseesssaeessseessseeesseessseeanes 97

34 RESUIES ettt ettt ettt et e et e bt e bt e bt e satesaeeentean 97

3.4.1 Distributions of Dissolved Pb Concentrations and ISOtOpes ..........ccccvvvevvievieeecieeenennn. 97

342 ANOMAIOUS SAMPIES....cccviiiiiiiiiiiesietere ettt seestbe b e ebeesseessaesseessneans 101

343 Distributions of Dissolved 8 He, MN and Fe ........c.covooveoveieoeeeeeeeeeeeeeeeeeeeeeeeen 102

K T T B T(o0 10 U PSPPI 105

3.5.1 Variabilities of Pb Concentrations and Isotope Compositions in the Upper Water

Column 105

3.5.2 Intermediate and Deep WaterS.......c.ecierierieriieiicie ettt eseae v e 107

3.53 Identification of the TAG Hydrothermal Plume ...........c.cccoooiiviiniiiiiiniiiieieeee 109
3.5.3.1 Tracers of hydrothermal pIUmMESs ...........cccoeviiriiiiiiiiieieeee e 109
3.5.3.2 Locations of the TAG hydrothermal plume ..............ccccooiiiiniiniiiiiiiiieee, 109

3.54 Hydrothermal Scavenging of Pb in the TAG Plume...........ccoceniniiininiininininenee 110
3.54.1  Buoyant TAG PIUINIC ....cc.eoiiiiriiiiiiiiieieeteeseee ettt st 110
3.5.4.2 Neutrally buoyant TAG pIUME.......ccccoievierieiiieiierieieeeesee e sre e esreeseesenesene e 112

3.5.5 Lead Isotope Variability Below 2500 m Depth — TAG Plume and Beyond............... 113
3.5.5.1 Lead iSOtOPE SIZNATUIES ....cveervreirreereereesieesiresreereeseesseesseesseesssesseassesssessseesseesseenes 113

3.5.5.2 Covariations of Pb concentration and isotope composition: stable isotope

fractionation versus mixing relationShiPs .........ccvevierieriiiiieriee et seeseaesene e 114
3.5.5.3 Dissolved-particulate exchange processes in the deep ocean .............cceeeverereennenns 116
3.6 CONCIUSIONS ..ottt ettt b et st b et e bt e bt et sbe et e nbeebeetesbeenee 119
3.7  Researcher ContribULIONS .......c..eotiriiriiiinieeteeet ettt sttt 120

Chapter 4. Lead Concentrations and Isotope Compositions along Southern Ocean GEOTRACES
Section GS01 121

4.1 | FT (e e 10 To15 o) o DU PRRRURRRRRRRPIN 122

10



4.2 The GSO01 Expedition and SEtNg..........ccveveerierierienieereesteesieesieeseesenesseesseessaessaesseessnenns 125

4.2.1 The GEOTRACES GS01 Expedition and the SR3 Line..........cceevvevvevvenienieneennnnns 125
422 Geographical and Hydrographic SEttng...........cccuevevercieecrierieneenieseeeeeereeseeseeseneens 125
4.2.2.1  Geographical SETNG .......ceviiiiiiiieieetete ettt st 125
4.2.2.2 Frontal structure and oceanographic ZONes ...........cceceerueerieriiiesieenieeneesee e 126
4.2.2.3  Regional CIrCUlation .........ceoiiiiiiiieiieiier ettt 126

43 1LY (<31 10 e OO SO STUUUPRRPRRR 127
4.3.1 Sample Locations and COIECLION .........c.cccuvrevieriieriierienieeieeieesieeseesresneeseereesseeens 127
43.2 Determination of Dissolved Pb Concentrations and ISOtOPes..........ccocevevreeriervenennnns 128

433 Determination of the Dissolved Concentrations of Pb and Other Trace Metals at the

University of Tasmania (UTAS).....c.cccueeiieiieiieiieree e ereere e eseesteesaesseesseesseessaesssesssesssesssens 129
A4 RESULILS .ottt ettt et a e st et b ettt ebe et e beeneeeeeneenes 132
441 Water Mass DIStrIDULIONS. ......c..eouieririeierieeieieeeeie ettt eeeene 132
442 Dissolved Pb Concentrations and ISOtOPES .........c.cecueerueeriierienieniiiieeie e 133
4.42.1  SubantarctiC Zone (SAZ) ....cccueeuciieeieeeiee e et e et ere e e teeesve e st e e sb e e sraeeareeerea s 133

4.4.2.2 Latitudinal variations in Pb concentrations and isotopes across the GS01 transect 137
4.5 DASCUSSION ...ttt ettt ettt ettt ettt et e st e st e eate e beesbeesaeesneeenseenseenseenseesseesnsesnsenn 137
4.5.1 Inter-laboratory Comparison of Dissolved Pb Concentration Data ...........c.cceceeveneee. 137

452 Natural and Anthropogenic Sources of Pb to the Southern Ocean Sector South of

Tasmania 141

453 Sources and Cycling of Pb in the Upper and Intermediate Waters of the SAZ (SASW,

SAMW AN AATW) .ttt ettt ettt s et se s b et e s e st et eneeneeseeneenensens 144
4.53.1 Surface mixed 1ayer (SASW)....ccvi ittt s 144
4.53.2 Subsurface and intermediate depth layers (SAMW and AAIW) ......cccoovvevvvenrennn. 144

454 Temporal Evolution of Dissolved Pb Concentrations in the SAZ ..........cccccovvevveennens 147
4.5.4.1 Upper and intermediate waters (2002-18)......ccceveriirenirieninieeneeeeceeeeseeeen 147
4.5.42  Deep Waters (2008-18) . c..cccieeiieiieiieiieriesie et ete et eseeseesresbeeseesseessaessaesnseensens 148

4.5.5 Sources and Cycling of Pb in the Deep Water of the SAZ (UCDW and LCDW)...... 148
4.5.5.1 Advective inputs to UCDW (and LCDW) along the GSO01 transect....................... 149
4.5.5.2 Role of particulate exchange processes along the GSO1 transect ...........cccceerevennee. 150

11



4.6 COMCIUSIONS ...ttt ettt et ettt e e e e e ettt e e e e eeseeaaateeeessessansasaeeeesssssasnsaaaeeeesssssnnnnsees 153

4.7 ReSEarCher CONtIIDULIONS ......eiiiiiiieieiieeeee ettt ettt e e e e e e eeaereeeeeseesearaereesseesennnees 154
Chapter 5. Summary 155
5.1 K@Y FINAINGS ...evviiiieciiecie ettt ste ettt e e s teestaesssessseessaessaesssesssesnseensens 156

5.1.1 Chapter 2: Terrigenous and Hydrothermal Inputs of Pb and Nd in the Eastern Equatorial
o 1o 1§ (G @ 1< 1 OSSPSR 156

5.1.2 Chapter 3: Fluxes and Cycling of Pb Above and in the Vicinity of the TAG
Hydrothermal FIeld.........cooiiiiiiiiieee ettt ettt e 157

5.13 Chapter 4: Variations in the Sources of Input and the Redistribution Mechanisms of Pb

across the Southern Ocean between Antarctica and Tasmania.........c..cceceeeveerieereeneeneeneennenns 157
5.2 Implications and Future Work ..........c.cooiiriiiiiiiiiiieeeee et 158
5.2.1 Terrigenous Provenance Tracing in the Eastern Equatorial Pacific Ocean................. 158

5.2.2 Hydrothermal Activities and the Marine Pb Cycle: Net Flux and Sources of Pb in the

Hydrothermal PIUME............oooiiiiiiiieieee ettt ettt st as 158
523 Lateral Versus Vertical Fluxes of Pb in the Ocean Traced by Isotope Signatures ..... 161
Bibliography 163
Appendices 199

Appendix 1. Literature Compilation of Source Signatures for the Eastern Equatorial Pacific Ocean

(CRAPLET 2) c.eeeeeeeieeeite ettt ettt ettt et ettt et e s et e sate e te et e esseesseesaseenseenseenseenseesatesnseenseenseenseasnnenns 200
(1) TerTeStrIal SOUTCES ....eoviruieiieeieieeieeieste ettt ettt et se et e st e st e e e et eneeee e st eneesneeneeseeeneans 200
(2)  MORB ...ttt 202

Appendix 2. Resin Coagulation during Nobias PA-1 Solid Phase Extraction (Chapter 3)............. 203

Appendix 3. Air Mass Back Trajectory Analyses for the TAG Hydrothermal Area (Chapter 3)...205

Appendix 4. Dissolved Pb Concentration Results and Isotope from the GEOTRACES Section GS01
by Griffiths (2019) (Chapter 4).....ccuvecvieeieeiieieeieeieertee et ere e ereeste e taesreeebeebeesbeebeestaesanessseessens 206

Appendix 5. Inter-Laboratory Comparison of Dissolved Pb Concentration Results from the

GEOTRACES Section GSO1 (Chapter 4)........ccveiviiieeirieirienieesreereeereereesieesseesseeseesseessessssessneans 208

Appendix 6. Behaviour of Pb in Hydrothermal Plumes along the GEOTRACES Section GS01
(CRAPLET 4) c.eveeeieeieeeiee ettt ettt et e st e et et et e bt e s teesabeense et e e seesssesasesnseanseenseessaesssesnseenseansaenseesnsenns 211

Bibliography for the APPENdIiCES .........cccveriiriieiieeiierieeeie ettt e e e seaesreeseesseesseesseessnenns 214



List of Tables

Table 1.1. Estimates of the global natural and anthropogenic emissions of Pb during the late 20" century.

.............................................................................................................................................................. 23
Table 2.1. Column chemistry procedure for the separation of Nd from sediment samples................... 58
Table 2.2. Column chemistry procedure for the separation of Pb from sediment samples................... 58

Table 2.3. Isotope compositions and concentrations of Pb and Nd for the sediment samples from

MANOP SIS H aNd M. ccoiiiiiiiiiiiiiiieeeeeeeeeeee ettt e e e e e eeaeaees 59

Table 3.1. Summary of the major endmember water masses and their potential density (ce) ranges in

the subtropical North Atlantic OCEaN...........cccuieiiiiiiieiieiie ettt ettt et e 89

Table 3.2. Information about the five GEOTRACES GA13 stations that were sampled for the

determination of Pb concentrations and iSOtOPE COMPOSITIONS. ....cveerveerrrerrerreereereesreesseeseessresneessens 93

Table 3.3. Lead concentration and isotope data obtained for two in-house seawater reference materials

and the GEOTRACES intercalibration sample GSP. ........cccccviviiiiienieriecieceee e 96

Table 3.4. Lead concentration and isotope data for filtered seawater samples from five depth profiles

collected during the GEOTRACES GA 13 SECHON CIUISE. ....ccvvervrecereeereeriereesieesieesereeseeseesseesseessnenns 100

Table 4.1. Summary of the major oceanographic fronts and zones along the SR3 line during the

GEOTRACES GSO01 section cruise in January/February 2018. .........c.ccvevievierienieeieeeeseesee s 126

Table 4.2. Information about the eight stations with seawater depth profiles collected for Pb isotope

analysis during the GEOTRACES GSO01 SECHION CIUISE. .....eevvrervrerereareerieieesieeseeseressreesseesseesseesnenns 128
Table 4.3. Summary of the water masses and characteristics along the SR3 line. ..........cccoocerennne 131

Table 4.4. Lead concentration and isotope data for seawater samples from the GEOTRACES section
GSO01 presented N this STUAY......eeciiriieciieiieiieeerte ettt ettt e ssaesnseeseeseesseessneens 134

13



List of Figures

Figure 1.1. Conceptual illustration of the cycle of dissolved Pb (sources, internal cycling processes and

sinks) in the modern Global OCEAN. ..........ccuiiiiiiiii et st 25

Figure 1.2. Plot of 2°Pb/*’Pb versus 2°Pb/>"’Pb for aerosols sampled in different countries / regions

ANA KEY PD 0T AEPOSIES. ...vviieiiiiieiieiieriesie sttt ettt et eseaeeve e te e taesteessaesssessseenseesseesssesssesssenssennsees 33

Figure 1.3. Historical trends of annual Pb emissions from road vehicles and all primary anthropogenic

sources in various continental regions, 1930-2012. ........ccccevviiriiieiienieriecie e ereenees 36

Figure 1.4. (a) Map of the North Atlantic Ocean showing the location of the Bermuda Atlantic Time
Series (BATS) station, and vertical profiles of dissolved (b) Pb concentrations ([Pb]) and (c) 2°°Pb/*’Pb
isotope ratios at the BATS station between 1984 and 201 1..........cccoevievieeiieciieiieieeeee e 38

Figure 1.5. Global map showing the sampling locations with published GEOTRACES seawater Pb
concentration and isotope data for depth profiles, as well as the sediment and seawater samples that

were analysed for this PhD thesis. ......cccviiiiiiiiiiciieciccie ettt ae s ne s eeere e sens 42

Figure 2.1. Overview map of the Eastern Pacific Ocean, showing the annual mean wind field and the

locations of MANOP Sites H and M of this StUAY......cccceeriiriiiiiiiiiieieeee et 50

Figure 2.2. Map of the Eastern Equatorial Pacific Ocean showing the locations of the two MANOP sites

of this study, other sampled sites referred to in the text and the ocean circulation regime................... 51

Figure 2.3. Vertical profiles of Pb and Nd isotope compositions and concentrations of sediments from

MANOP SIEES H QN M. oottt eeeeeeeees 61

Figure 2.4. Vertical profiles of the solid phase concentrations, elemental ratios and/or isotope ratios of
various trace elements (Pb, Nd, Fe, Mn) and radionuclides (*!°Pb, 13’Cs, 2% 24%Pu) for < 20 cm sediment

depth at MANOP Sites H and M. .....cccooiiiiiiiiiieiieieee ettt sttt s 65

Figure 2.5. Plot of 2%*Pb/2*Pb versus 2°Pb/?**Pb ratios for the bulk and leachate samples from MANOP

Sites H and M and potential sources of anthropogenic contamination. .............c.cceeeveeeveereervesreeneennen 67

Figure 2.6. Map showing the major arid regions and mountain belts used to characterise the Pb-Nd

isotope signatures of the terrigenous sediment sources across the western side of the American continent.

14



Figure 2.7. Plots of (a) 2°’Pb/?%Pb, (b) 2°Pb/***Pb, and (c) enq versus 2°’Pb/?*Pb for the detrital sediment
fractions from the two MANOP sites in comparison to the isotope compositions of potential source

areas and previously published marine sediment data for the Eastern Equatorial Pacific Ocean......... 71

Figure 2.8. Plots of (a) 2°’Pb/?%Pb, (b) 2°Pb/?***Pb, and (c) ena versus 2°°Pb/?*Pb for the detrital sediment
fractions from the two MANOP sites in comparison to the bulk rock isotope compositions from the

western and eastern sectors of the North American Basin and Range Province (BRP). ..................... 73

Figure 2.9. Maps of (a) 2°Pb/?%Pb, (b) 2®Pb/?**Pb, and (c) ena data for the detrital sediment fractions of
MANOP Sites H and M and published values for other sediment samples in the Eastern Equatorial
o T Lo @17 OSSR 74

Figure 2.10. Plots of (a) 2’Pb/2%Pb, (b) ***Pb/**Pb, and (c) ena versus 2*°Pb/?%Pb for the leachate
fractions from the two MANOP sites in comparison to literature values of Fe-Mn sediments in the

Pacific Ocean and potential lithological SOUICES. .........cccuiriieiiieiieiieiee e 79

Figure 2.11. Plot of eng values for the leachate fractions from the MANOP sites in comparison to
literature values of Fe-Mn sediments, potential lithological sources and present-day deep water

measurements of dissolved Nd ISOLOPES. .....ecvieriierierieriicie ettt ere e sreesreeseaeseaesereesseesseesees 80

Figure 3.1. (a) Map of the North Atlantic Ocean, showing the locations of the GEOTRACES GA13
sampling stations near the TAG vent site that are relevant for this study and of other stations with
previously published seawater Pb isotope data. (b) Enlargement of map (a) for the TAG Hydrothermal

Field region and the GA13 seawater stations relevant for this study..........ccocceeoeeeeieniiniineneereeeee 88

Figure 3.2. Hydrographic data for stations from the TAG hydrothermal area, sampled during the
GEOTRACES GA13 XPEAITION. ..eevuvireiiierieerierieiiesiieseeseesaeeseesseesseesseesssesssessseessesssessssesssssssesssesssens 89

Figure 3.3. Vertical profiles of Pb concentrations ([Pb]), 2°Pb/**’Pb, and 2*Pb/**’Pb for the four GA13

stations sampled for Pb concentrations and iSOtope COMPOSILIONS. ......ccvereveereereerreerreererenreereereenens 98

Figure 3.4. (a) Map showing the four GA13 sampling stations relevant to this study and (b-d) quasi-
zonal section plots of (b) Pb concentrations, (c) *Pb/?*’Pb ratios and (d) 2°*Pb/*"’Pb ratios............... 99

Figure 3.5. Vertical profiles of dissolved Pb, Mn and Fe concentrations, Pb and He isotope compositions
as well as sensor data for samples collected from depths > 1500 m at the four GA13 stations in the TAG
NYATOthermMal TEa. ......ccuieeiiiiiieiieie ettt et e et ettt ebeesteesaeesseeesseenseenseesseesseesnnenns 103

Figure 3.6. Plots of 2°Pb/2’Pb versus 2°*Pb/*"’Pb ratios for GA13 seawater samples (a) from depths <

400 m and (b) from depths > 600 m, in comparison to relevant literature results for seawater, potential

15



sources of atmospheric aerosols for the study area, and archive data of historic surface seawater

COTTIPOSIEIONS. 1.vveeuveeteererearreereesteesstessseasseesseesseesseesssesssessseessaesseesssesssesssessseesseesseesssssssesssensseessessseesssenns 104

Figure 3.7. Plots of 2°°Pb/*’Pb and 2°*Pb/**’Pb versus the inverse of [Pb] for seawater samples collected
at depths <400 m from the GA13 stations in the TAG hydrothermal area and the GAO3 stations across
the subtropical North Atlantic OCEaN............ccueeviierieeriierierieete ettt et e seeeseesaeesseesseesseessaesseessnenes 106

Figure 3.8. Vertical profiles of dissolved and particulate Pb, Mn and Fe concentrations and ***Pb/*"’Pb

ratios in the buoyant TAG plume for samples from the GA13 and GAO3 section cruises. ................ 111

Figure 3.9. Cross plots of dissolved [Pb], [Mn] and Pb isotope ratios for the GA13 samples collected at
depths > 2000 m from this study and GAO03 stations USGT11-12 and USGT11-20.......ccccccverernnne 112

Figure 3.10. Plot of 2%Pb/*"Pb versus **Pb/?*’Pb ratios for the GA13 seawater samples collected at
depths > 2500 m for this study, in comparison to literature data of the potential sources of dissolved Pb

for the deep Water SAMPIES. ........coiiiiiiiie ettt ettt sb e satesateeteesbeesaeesaaeeas 116

Figure 3.11. Conceptual illustration that summarises physicochemical mechanisms that drive reversible

dissolved-particulate exchange of Pb in ambient seawater and in hydrothermal plumes.................... 118

Figure 4.1. Schematic illustration of the hydrography of the Southern Ocean between Australia and
ADTATCHICA. ...ttt ettt ettt b et ettt et b e bt a bttt b e saenes 123

Figure 4.2. (a) Map of the Atlantic Ocean, Indian Ocean and the Southern Ocean (Atlantic, Indian and
Australian sectors), showing the locations of seawater sampling along the GEOTRACES GSO01 transect
and reference stations along the GEOTRACES section GI04 in the Indian Ocean and section GA10 in
the South Atlantic Ocean. (b) Enlargement of map (a) showing the study area of Chpater 4, the GSO01
cruise track along the WOCE SR3 line and the stations sampled for dissolved Pb concentrations and

isotopes during the XPEAILION. .......cccviicvieriieriieiieree et ere et et e stesereebeesbe e seestaeessessseesseessaesssessneans 124

Figure 4.3. Hydrography of the study area of Chapter 4, sampled during the GEOTRACES GS01
o 01T 1101 1 PRSPPSO 131

Figure 4.4. Meridional section plots of measured (a) Pb concentrations and (b) 2°°Pb/?*’Pb ratios along

ThE GSOT tTANSEC. oottt ettt e e e e e et e e e e e e e s e b et eeeesessanaaseeeeesssesasasaeeeeesssssanranes 135

Figure 4.5. Vertical depth profiles of Pb concentrations ([Pb]), 2°Pb/?*’Pb and 2°*Pb/**’Pb ratios for the

eight stations sampled for Pb concentrations and isotopes from the GS01 transect. ............cccecvenenee 136

Figure 4.6. Inter-laboratory (ICL and UTAS) comparison of measured Pb concentrations along the
GSOT EFANSECT. ...ttt sttt et sb e e a e s e n e ae e 140



Figure 4.7. (a) °Pb/2°’Pb versus *Pb/?"’Pb ratios for all seawater samples from the GSO1 transect in
comparison to literature data. (b) 2°°Pb/?*’Pb ratios versus Pb concentrations for all seawater samples

FrOM the GSOT TFANSECT. .oeiiiiieeeiiieeee ettt ettt e e e e e e e et e eeeeseeseaaeeeeeeesessesareeeeessssssenaraeeeeas 143

Figure 4.8. Profiles of 2°Pb/?’Pb versus neutral density (y" > 27.0) for four stations from the GS01
transect (stations 9, 23, 30 and 40) in comparison to published data from reference stations in the

Atlantic and INAIAN OCEANS. .....cooviiiiiiiiiieiieeeeeeeeeeeeeeee ettt et e et e eeeeeeeeeeeeeeeeeeeeeseeeeaeaees 146

Figure 4.9. Time series profiles of Pb concentrations obtained near three GSO1 stations (SAZ stations

9 and 15; PFZ station 30) during the period 2002-2018. .........cooiiiiiriiieieieeete e 146

Figure 4.10. Conceptual illustration of the explanatory models for the observed deep water Pb isotope

variations across the oceanographic zones (AZ, PFZ and SAZ) along the GSO01 section. ................. 152

Figure 5.1. Summary illustration of the major findings in this thesis relevant to the Pb cycle in the

MOAEIN ZlODAL OCEAN. .....eeeiiiiieiiieie ettt ettt ettt e bt e st e eateeateebeesbeesneesaeeens 160

17



Chapter 1

Introduction

18



1.1 Lead Isotopes as a Tracer of the Ocean

1.1.1 The GEOTRACES Programme and Long-lived Radiogenic Isotope Tracers

Trace elements and isotopes (TEls) are ingredients and regulators of ocean processes, and they
serve as chemical tracers of these processes. Constraints on the biogeochemical cycling of TEIs are key
to understanding the physical, chemical and biological processes in the global ocean and to broader
research areas such as climate change, carbon cycle and environmental pollution (GEOTRACES
Planning Group, 2006). In light of advancements in clean sampling techniques and analytical techniques
for a wide array of TElIs in the ocean, GEOTRACES was established as a coordinated global research
programme almost two decades ago. The aim of the programme is to improve understanding of the
modern distributions of key trace elements and their isotopes in the global ocean, and to evaluate the

processes and quantify the fluxes that regulate these distributions (SCOR Working Group, 2007).
Within the range of key TEIs in the GEOTRACES programme, the radiogenic isotopes of lead (Pb)

and neodymium (Nd) are designated as tracers of natural and/or anthropogenic sources of trace metals
to the ocean. These radiogenic isotopes are generated by the slow decay of radioactive nuclides, which
have half-lives that are comparable to or longer than the age of the solar system (4.56 Ga). This results
in variations in the abundances of these radiogenic isotopes among the different crustal and
environmental reservoirs of the Earth as a function of age (Goldstein and Hemming, 2003). In turn,
these sources deliver the elements to the ocean with their distinct isotope signatures or ‘fingerprints’.
For Nd, any overprint of the radiogenic isotope variations by mass-dependent isotope fractionations is
automatically corrected for during the analyses by internal normalisation to the constant ratio defined
by two non-radiogenic isotopes of Nd (see review by White et al., 2000). For Pb, internal normalisation
cannot be carried out as Pb has only one non-radiogenic isotope (***Pb). However, as the relative mass
differences between the isotopes of Pb are small (< 0.5%), mass-dependent Pb isotope fractionations
are expected to be negligible in nature relative to radiogenic Pb isotope variations. Furthermore, both
elements are characterised by average ocean residence times that are shorter than (Pb, ~10'-10? years)
or comparable to (Nd, ~10° years) the timescale of global ocean mixing (~1500 years), and spatial
heterogeneities in the source signatures are preserved within the global ocean (Broecker and Peng, 1982;
Frank, 2002). These properties, therefore, enable the applications of the two radiogenic isotope systems

as tracers of the sources of the individual elements in the ocean.

1.1.2 Anthropogenic Pb as a Tracer of the Ocean

Lead is a non-essential, toxic trace element that naturally occurs at extremely low concentrations
of < 15 pmol/kg in the open ocean (Schaule and Patterson, 1981; Henderson and Maier-Reimer, 2002;
Kelly et al., 2009). Over the last two centuries, the budget of Pb in the global ocean has been heavily

perturbed by anthropogenic sources, notably due to emissions associated with the worldwide
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consumption of leaded petrol in vehicles throughout the 20" century (e.g. Boyle et al., 2014).
Fortunately, these inputs did not produce bioavailable Pb concentrations in the open ocean that triggered
harmful impacts on the marine ecosystem (Boyle et al., 2014).

The time-dependent, location-specific ‘spiking’ of anthropogenic Pb to the ocean, on the other hand,
provides a unique opportunity to study the marine input pathways and cycling of Pb as well as to
investigate various other oceanographic processes. As such, Pb and its isotopes resemble other transient
anthropogenic pollutants, such as chlorofluorocarbons (CFCs) and tritium (*H), which have been
employed in marine research. The premise is that anthropogenic Pb inputs have a distinct isotope
fingerprint compared to influxes of natural Pb within the same ocean region. When seawater Pb isotope
data are available, the distinct Pb isotope fingerprints of natural and anthropogenic sources can be
employed to reveal the type and location of key input sources and even the time when the Pb entered
the ocean. This enables tracking of the migration of Pb in the ocean interior and of the processes that
control its distribution, such as the movement of water masses and particulate dynamics. The advantage
of Pb over the other transient tracers such as CFCs is twofold. First, the anthropogenic Pb emissions
from different continental regions often exhibit distinct isotope fingerprints according to the sources of
raw material in Pb-emitting activities, which enables better constraints on the source areas of water
masses and in investigating the pathways of metal transport in the ocean. Second, whilst CFCs have
largely been phased out over the last decade, Pb emissions and their fingerprints persist and continue to
evolve with time and space, making the latter more useful in tracing water masses that were ventilated

relatively recently.

1.1.3 Aim of this Thesis

This thesis is part of and contributes to the GEOTRACES research programme in improving
understanding of the inputs and internal cycling of Pb in the modern ocean, through studies of the Pb
(and Nd) concentrations and isotope compositions of carefully selected seawater and marine sediment
samples from various regions of the global ocean. In detail, this thesis focuses on two ocean settings or
regions that remain poorly explored for the cycling of Pb, encompassing (1) the vicinity of high-

temperature hydrothermal activities and (2) the Southern Ocean.
1.2  Geochemistry of Pb and its Isotopes

1.2.1 Chemical Properties and Distribution in the Terrestrial Reservoir

Lead, with an atomic number of 82 and an atomic weight of 207.2, belongs to Group IVA of the
periodic table. Metallic Pb is bluish white in colour and lustrous. It has high density (11.34 g/cm?® at
20°C) but is soft, malleable and ductile and is resistant to corrosion. It is also a relatively volatile metal,
with a low melting point of 327°C and a boiling point of 1749°C. Because of these properties and the

relative ease of extraction, the human production and release of Pb has occurred for at least five
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millennia (Settle and Patterson, 1980). Lead is highly toxic to most organisms and is known for its
ability to accumulate in biological tissues.

Lead has three oxidation states: Pb(0) (metallic Pb), Pb(Il) and Pb(IV). Metallic Pb is readily
oxidised in the surface environment to form the soluble Pb(Il), whilst Pb(IV), a powerful oxidising
agent, is rare at the Earth’s surface conditions. Therefore, Pb(Il) is the predominant form of Pb in the
environment. Divalent Pb forms a large range of inorganic salts with major anions, of which only the
nitrate and acetate salts are soluble, whilst most other major salts are sparingly soluble, including salts
of carbonate, oxide, chloride, sulphate, sulphide and hydroxide. Lead is chalcophilic (sulphur-loving)
and is classified with other chalcophile elements, such as copper (Cu), zinc (Zn), cadmium (Cd) and
silver (Ag), under the Goldschmidt classification, but also shows lithophilic properties with affinities
to the oxygen atom and silicate phases.

Lead is a trace constituent in the Earth’s crust with a bulk concentration of 15 ppm (Wedepohl,
1995) and an estimated crustal budget of about 2 x 10*° g (Rauch and Pacyna, 2009). Galena (PbS) is
the primary ore mineral of Pb and is typically found in massive sulphide deposits. In the surface
environments, galena readily oxidises to form secondary minerals such as plattnerite (PbO,), cerussite
(PbCOs3) and anglesite (PbSO4). However, most of the crustal budget of Pb occurs as lattice substitutes
in rock-forming phases, especially potassium feldspar, mica and apatite, which are largely hosted in
felsic meta-igneous rocks and clastic sedimentary rocks. In the oceanic crust, the bulk concentration of
Pb (0.6 ppm, White and Klein, 2014) is more than a factor of ~10 lower than in the continental crust.
This reflects that Pb is depleted in the Earth’s upper mantle, the source of mid-ocean ridge basalts. This
depletion is a consequence of the complementary enrichment of Pb in the continental crust, due to the

incompatible nature of Pb during melting of the mafic phases present in the mantle.

1.2.2 Lead Isotope Systematics

Lead has four naturally occurring stable isotopes: 2%Pb (52%), 2%Pb (24%), °’Pb (23%) and ***Pb
(1%). Whilst **Pb is a primordial nuclide, *°Pb, 2°’Pb and 2**Pb are the final products of the radioactive
decay of #**U, #°U and #**Th. The latter radioactive parent isotopes have contrasting half-lives of 4.47
Ga, 0.704 Ga and 14.01 Ga, respectively (Jaffey et al., 1971). In Earth and environmental sciences, Pb
isotope compositions are commonly expressed either as ratios of two radiogenic isotopes, such as
206Pp/297Ph and 2°*Pb/?""Pb, or as ratios of a radiogenic isotope to the primordial **Pb, i.e. 2°°Pb/2*Pb,
207pb/204Pb and 2°8Pb/?**Pb. For the characterisation of dissolved Pb sources in open ocean seawater, the
determination of primordial 2*/Pb poses significant analytical challenges due to its low abundance. As
it was also shown that ?>*Pb/?**Pb ratios provide no significant advantages for tracing marine sources of
Pb (Bridgestock et al., 2018), ratios of two radiogenic isotopes are more commonly used in marine

geochemistry.
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Lithological variations in Pb isotope compositions arise from variations in the relative abundances
of U, Th and Pb, age and reservoir mixing processes. For example, a Th-enriched reservoir will have
accumulated relatively high levels of thorogenic 2°*Pb relative to uranogenic 2*°Pb and 2°’Pb over time.
Due to the 0.704 Ga half-life of »**U, most of the Earth’s primordial inventory of >*3U has already
decayed to 2’Pb, and variations in the relative abundance of ?°’Pb in most geological reservoirs younger
than 1 Ga are therefore small (Erel et al., 2001). However, Archean and Proterozoic Pb ores have
unusually low 2°Pb/2’Pb and 2%Pb/?’Pb ratios, due to the more rapid radiogenic ingrowth of 2°’Pb
relative to 2°°Pb and 2®®Pb during earlier stages of the Earth’s history. Furthermore, crustal processes,
such as magmatism, metamorphism and hydrothermal activity, often involve mixing of reservoirs with
distinct Pb isotope signatures, and this can generate a range of intermediate Pb isotope compositions
(Patterson and Settle, 1987; Bollhofer and Rosman, 2000). The large Pb isotope variations observed in
the natural environment (e.g. > 30% for 2°°Pb/*’Pb and ***Pb/*’Pb) can hence be used to accurately
resolve different source signatures, and this ability is further enhanced through the use of two or more

Pb isotope ratios.
1.3 Mobilisation of Pb in the Earth’s Surface Environment

1.3.1 Natural Sources

Natural mobilisation of the lithospheric Pb budget into the Earth’s surface environment is driven
by volcanic activities and weathering processes (Nriagu, 1989; Rauch and Pacyna, 2009). This Pb

budget is stored in soils, biomass, air and aquatic bodies.

Lead in soils was naturally released from bedrock materials through physical and chemical
weathering. Lead exhibits low mobility in typical soils, in which only between less than 0.01% and 1%
of Pb resides in dissolved form (Sauvé et al., 1998, 2000). The predominant fraction of soil Pb is
strongly adsorbed to clay minerals, Fe oxides and particulate organic matter or forms insoluble
secondary phases (e.g. Sauvé et al., 2000). The adsorption affinity of Pb thereby increases at more
alkaline pH values (Sauvé et al., 2000). At circumneutral and alkaline pH (> 6), the predominant
proportion of dissolved Pb in soil is complexed by dissolved organic matter (> 90%), and the activity
of free Pb?" ions is very low (< 1071 M) (Sauvé et al., 1997, 1998). At more acidic pH (3-6), mobilisation
of Pb from particle surfaces is favoured and the activity of free Pb*" ions increases (~10° M at pH = 3)
(Sauvé et al., 1998). High levels of dissolved organic matter in soil solutions also favour mobility of Pb
in soil solutions through the formation of stable organo-Pb complexes (Sauvé et al., 1998). Soil Pb is
transferred into freshwater systems as suspended particles and dissolved solutes, and eventually
transported into the oceans. Dissolved Pb in freshwater is largely complexed with inorganic (e.g., COs*,

OH, SO+*) and organic ligands (Town and Filella, 2002; Powell et al., 2009).

Prior to the massive release of Pb by human activities in recent centuries, the global natural

emissions of Pb to the atmosphere were estimated to be 1.2 + 1.1 x 10'° g per year (g/yr) (Table 1.1)
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(Nriagu, 1989). Wind-blown soil dust and volcanic emissions account for about 60% of the natural
inventory of Pb in aerosols, followed by release from biomass (30%) through biological emissions of
organic matter and forest fires, and by sea salt sprays (10%) (Nriagu, 1989). The mean residence time
of Pb in the lower atmosphere is short (~10 days), due to efficient deposition on land and ocean surfaces
(Turekian, 1977; Balkanski et al., 1993). Understandably, the atmosphere is a small reservoir of Pb (2.0
x 10'% g) (Reuer and Weiss, 2002).

Table 1.1. Estimates of the global natural and anthropogenic emissions of Pb during the late 20 century.

Natural (1983 estimate)® Anthropogenic
Source Pb Emission Source Pb Emission (x 10° g)
(x10° g) 1975 19839 19959 2012
Wind-blown soil dust 3.9 Coal combustion 14 8 120 14
Volcanoes 33 Liquid fuel combustion 2739
Forest fires 1.9 - Stationary sources 2 15
Biogenic 1.9 - Motor vehicles 248 89 2
Sea salt spray 1.4 Non-ferrous metal production 85 50 15 12
Steel and iron production 50 8 3 2
Waste incineration 9 24 0.8 0.01
Miscellaneous 18 14 0.3 3
Total natural emission  12.4 Total anthropogenic emission 449 354 120 48

(a) Nriagu (1989).

(b) Nriagu (1979).

(¢) Nriagu and Pacyna (1988). Mean values of the ranges of estimates given.

(d) Pacyna and Pacyna (2001).

() Zhu et al. (2020).

(f) Combined estimate for the combustion of coal and liquid hydrocarbon at stationary sources.
(g) Combined estimate for liquid fuel combustion in vehicles (petrol) and at stationary sources.

1.3.2 Anthropogenic Sources

Over the last century, human activities have dramatically increased the mobilisation of Pb to the
environment, and anthropogenic sources have dominated the budgets and cycle of Pb across the
atmosphere, soils and aquatic bodies (Patterson and Settle, 1987; Nriagu and Pacyna, 1988; Pacyna and
Pacyna, 2001; Rauch and Pacyna, 2009). Major anthropogenic sources of Pb include the combustion of
fossil fuels (coal and liquid fuel) at mobile and stationary sources, mining and smelting of non-ferrous
metals, iron and steel manufacturing and waste incineration (Table 1.1).

Significant atmospheric Pb contamination can be traced back to the early 19" century in the
Northern Hemisphere and the late 19" century in the Southern Hemisphere, following the post-
industrial boom in metal production and fossil fuel consumption (Murozumi et al., 1969; Boutron and
Patterson, 1987; Candelone et al., 1995; Vallelonga et al., 2002; Van de Velde et al., 2005; McConnell

et al., 2014). However, the most significant episode of environmental Pb contamination in history
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occurred throughout a large span of the 20" century (between the 1930s and 1990s), driven by the
worldwide consumption of leaded petrol in motor vehicles. During this period, petrol consumption
contributed to 60-70% of the global anthropogenic Pb emissions and dictated the trend of the latter,
whilst non-ferrous metal production accounted for another 15% (Nriagu, 1979; Nriagu and Pacyna,

1988; Pacyna and Pacyna, 2001).

Tetraethyllead additive was first introduced to petrol in 1923, as an anti-knocking agent for vehicle
combustion engines (Nriagu, 1990). Thereafter, the global consumption of Pb in vehicular petrol rose
dramatically until a peak in the 1970s (Nriagu and Pacyna, 1988; Nriagu, 1990). In the year 1975,
anthropogenic Pb emissions reached 4.5 x 10! g/yr. This exceeded the natural Pb fluxes (of ~1.2 x 10'°
g/yr) by an order of magnitude and thereby accounted for an overwhelming 97% of the total atmospheric
inventory (Nriagu, 1979). Compelled by the recognition of the environmental health impacts of
vehicular lead exhausts and the mandate for equipping combustion engine vehicles with catalytic
converters that are susceptible to Pb poisoning, the phasing-out of leaded petrol by governments began
in the early 1970s, starting with a few more developed countries (Japan, the USA and West Germany)
and followed by the rest of the world over the subsequent five decades (Nriagu, 1990; Dérr et al., 1990;
Ritchie, 2022). In 2021, Algeria became the last country to ban leaded petrol in road vehicles (UN
Environment Programme, 2021). Furthermore, emissions from other industrial sectors also decreased
following the implementation of advanced emission control technologies (von Storch et al., 2003; Zhu
etal.,2020). As a result, the global emissions of Pb from anthropogenic sources have fallen successively,
t0 4.8 +2.2 x 10'° g/yrin 2012 (Zhu et al., 2020). However, even the latter emissions still overwhelmed

the natural Pb fluxes and accounted for about 80% of the atmospheric Pb inventory.
1.4 Marine Pb Cycle

1.4.1 Inputs

A conceptual illustration of the marine Pb cycle is given in Figure 1.1. The key sources of dissolved
Pb to the global ocean are the atmosphere and rivers, with possible contributions from hydrothermal
emanations and continental margin sediments (Henderson and Maier-Reimer, 2002; Chen et al., 2023b).

Prior to major anthropogenic perturbations in recent centuries, the influx of dissolved Pb to the
global ocean based on the transfer of marine Pb to authigenic sediments was estimated to be 1.3 x 10'°
g/yr (Chow and Patterson, 1962). The contribution by aeolian particles in the forms of soil dust and
volcanic aerosols is 3.0 x 10° g/yr or 23% of the natural influx (Patterson and Settle, 1987), whilst the
dissolved Pb flux from hydrothermal activities is limited to ~10® g/yr or ~1% of the natural Pb input
(Chen et al., 1986; German and Angel, 1995). The extent of contributions from fluvial materials remains
a matter of debate, but this source likely acts as a dominant pathway for the natural Pb input to the
ocean, in order to provide the missing ~70% of the natural input (Henderson and Maier-Reimer, 2002;

Chen et al., 2023b).
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Figure 1.1. Conceptual illustration of the cycle of dissolved Pb (sources, internal cycling processes and sinks) in the modern global ocean. The inset figures on the right
illustrate the (known and uncertain) sources and behaviour of dissolved Pb in the deep ocean and in the vicinity of hydrothermal activities, respectively.
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The massive, rapidly evolving fluxes of Pb from human activities in recent centuries have
significantly altered the Pb cycle in the modern ocean. Throughout the last century, atmospheric
emissions of Pb increased beyond ~10 times the pre-anthropogenic level, whilst the riverine Pb loads
also increased significantly (Patterson and Settle, 1987; Nriagu and Pacyna, 1988; Henderson and
Maier-Reimer, 2002). Aeolian fluxes have become the dominant pathway of Pb input to the ocean
(Schaule and Patterson, 1981; Patterson and Settle, 1987), favoured by the efficient transport and high
Pb solubility of aerosols of anthropogenic origin (see Section 1.4.1.1). Furthermore, due to the rapid
evolution of anthropogenic Pb influxes in comparison to a Pb residence time of ~10 to ~100 years in
the ocean interior, the latter is, at present, in a transient rather than a steady state with respect to Pb and
its isotopes (Schaule and Patterson, 1981; Boyle et al., 2014). In other words, the influxes are not in
balance with the natural outflux as calculated from authigenic sedimentation rates. In the 1980s, close
to the maximum global Pb emissions (in the early 1970s), anthropogenic Pb accounted for 95% of the
dissolved Pb budget in North Atlantic surface waters (Weiss et al., 2003 and references therein). By the
2010s, global Pb emissions were reduced to ~10% of the mid-20™ century maximum (Nriagu, 1979;
Zhu et al., 2020), and the fractional contribution of anthropogenic Pb to the Pb inventory of Atlantic
surface waters was found to have decreased to about 50-70% in 2011 (Bridgestock et al., 2016; Olivelli
et al., 2023).

14.1.1 Atmospheric Pathway

Aerosol particles are key carriers of Pb inputs to the ocean. Atmospheric Pb of anthropogenic origin
exhibits more efficient land-to-ocean transfer behaviour compared to that of natural origin (mainly
mineral dust), due to the distinct physicochemical properties of the respective aerosol carriers.
Anthropogenic Pb is released predominantly by high-temperature processes. The emitted gaseous Pb
species adsorb to or react with fine particles in the atmosphere (Murphy et al., 2007; Cziczo et al., 2009),
which enable their dispersal and deposition over long distances away from the emission sources (Reuer
and Weiss, 2002). The anthropogenic Pb component in marine aerosols also shows enhanced solubility
relative to the natural (mineral dust) component, which reflects the former generally residing in more
labile halide, oxide and carbonate species and in finer particles, whilst the latter is typically bound in
more refractory silicate species and in larger particles (Chester et al., 1989; Maring and Duce, 1990;

Kogak et al., 2007; Fishwick et al., 2018).

1.4.1.2 Fluvial Pathway

Rivers transport the products of physical and chemical weathering from land to the ocean, in both
dissolved and particulate forms (suspended and bed loads) (Viers et al., 2009). Even in the pre-
anthropogenic world, the combined dissolved and particulate fluvial Pb input to the ocean was large
(1.6 x 10'? g/yr) and exceeded the atmospheric emissions (1 to 9 x 10'° g/yr) by two orders of magnitude

(Nriagu, 1989; Duce et al., 1991). However, direct contributions from dissolved fluvial Pb to the open
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ocean are small and likely limited to ~10% of the natural Pb flux to the ocean (Chen et al., 2023b). This
is attributed to the fact that only a small fraction (< 1%) of the fluvial Pb budget resides in the dissolved
form (Viers et al., 2009), and the efficient scavenging of dissolved Pb in estuaries and near continental
margins (Turekian, 1977; Benninger and Krishnaswami, 1981; Elbaz-Poulichet et al., 1984; Duce et al.,
1991).

Nonetheless, mass balance calculation suggests a remaining flux imbalance of ~60% in the natural
dissolved Pb budget, and a number of workers have argued that this is most likely supplied by fluvial
particles through dissolved-particulate exchange reactions with seawater (von Blanckenburg et al., 1996;
Vlastélic et al., 2001; Henderson and Maier-Reimer, 2002; Oelkers et al., 2012; Chen et al., 2023b). In
particular, Chen (2023b) suggested that exchange with fluvial particles added about 6.1 x 10° g/yr
(range: 4.8 to 7.4 x 10° g/yr) of dissolved Pb to the ocean. Such contributions from fluvial particles
represent 36-56% of the pre-anthropogenic Pb flux, whereby the maximum estimate is able to balance

the marine Pb budget.

1.4.1.3 Hydrothermal Pathway

Hydrothermal activity at mid-ocean ridges remains one of the key uncertainties in the understanding
of marine Pb fluxes. High-temperature hydrothermal fluids are enriched in total Pb by 3 to 4 orders of
magnitude relative to deep seawater (Von Damm et al., 1985; Chen et al., 1986; Chen, 1987; Hinkley
and Tatsumoto, 1987; Douville et al., 2002), and would yield a gross dissolved Pb output on the order
of ~10'% g/yr to the global ocean (Chen et al., 1986; German and Angel, 1995). However, most early
studies of Pb cycling associated with hydrothermal plumes suggested negligible contributions of
hydrothermally derived Pb to the dissolved oceanic Pb budget, due to the rapid scavenging of dissolved
hydrothermal Pb by hydrothermal particles near the vent sources (Trocine and Trefry, 1988; Mottl and
McConachy, 1990; German et al., 1991a; Rudnicki and Elderfield, 1993). In particular, German and
Angel (1995) estimated that no more than 1% of the dissolved Pb output from hydrothermal activities
escaped into the overlying water column, which limits the net marine dissolved Pb flux from this source
to ~10% g/yr.

Hydrothermally derived Pb can be identified by its distinct, mantle-like isotope signature. Lead
isotope studies of seawater and sediments collected near hydrothermal systems concluded that dissolved
Pb was scavenged from seawater, suggesting that hydrothermal systems are possibly a sink for
dissolved Pb in the overlying water column (Godfrey et al., 1994; Noble et al., 2015; Boyle et al., 2020).
However, significant contributions of hydrothermal Pb (of 20-30%) were found in authigenic sediments
collected up to 1000 km away from the mid-ocean ridge sources, and this indicates that distal transport
of hydrothermal Pb may be possible within the oceans (Barrett et al., 1987; van de Flierdt et al., 2004).

These differing observations show that the fate of hydrothermal Pb in the oceans remains elusive.

27



1.4.14 Benthic Fluxes at Continental Margins

Dissolved-particulate exchange reactions between sediments and seawater at continental margins,
also known as ‘boundary exchange’, have received increasing attention as a potential source or sink for
the dissolved Pb budget in the ocean. In detail, near-bottom enrichments in dissolved Pb are observed
in the Eastern Atlantic margin (Noble et al., 2015; Rusiecka et al., 2018) and the Northwest Pacific
margin (Chien et al., 2017), which are attributed to the remobilisation of Pb from recently deposited
and/or resuspended seafloor sediments. Furthermore, other observations in the margins of the Northeast
Indian Ocean (Lee et al., 2015), Northwest Pacific Ocean (Chen et al., 2023a) and Equatorial Southeast
Asia (Chen et al., 2023b) revealed contributions from local sediments to the Pb isotope compositions
of deep water masses without concurrent enrichment in Pb concentrations. This suggests that two-way
exchange of Pb between sediments and water masses are likely responsible for modifying the dissolved

Pb isotope compositions of deep water masses, as the latter travel over continental margins.

1.4.2 Lead Speciation in Seawater

The stability and fate of dissolved Pb in seawater depend on its chemical speciation. In natural
aquatic systems at circumneutral pH (6-8), dissolved Pb is largely complexed by inorganic carbonate
and chloride ligands and by organic complexes (Powell et al., 2009; Woosley and Millero, 2013). In a
model surface seawater environment (salinity = 35, ionic strength = 0.7) at pH = 8.2 and in equilibrium
with a 25°C atmosphere, the inorganic speciation of dissolved Pb is dominated by complexes with
carbonate ions (PbCOs, Pb(COs)CI, Pb(COs),*; 66%) and chloride ions (PbCl*, PbCl,, PbCls7; 24%),
whilst only about 2% of the dissolved Pb pool exists as free Pb** ions (Powell et al., 2009). At these
model seawater conditions, the stability constant for PbCO; (aq), the most dominant inorganic Pb
complex in slightly alkaline natural waters, is approximately ~10>* (Powell et al., 2009; Woosley and
Millero, 2013). In more acidic seawater environments, e.g., at pH < 6.5, chloride complexes are the
dominant group of inorganic Pb species (= 90%), whilst the proportions of free Pb?" ions (8%) and Pb-
sulphate complexes (2%) increase slightly (Powell et al., 2009).

In the presence of excess levels of dissolved organic matter, dissolved Pb forms organic complexes
and the proportion of inorganic Pb species (including free Pb*" ions) decrease. Sample analyses in the
North Pacific Ocean showed that 35-52% of dissolved Pb in the seawater samples are organically
complexed (Capodaglio et al., 1990; Ren et al., 2023). In estuarine and coastal environments,
characterised by high concentrations of dissolved organic matter and low salinity, the degree of Pb-
organic ligand complexation increases, for example to 67-94% in the Narragansett Bay estuary in Rhode
Island, USA (Kozelka and Bruland, 1998; Wells et al., 1998) and to 61% in the Terra Nova Bay off
Antarctica (Capodaglio et al., 1998). In such coastal settings, organic complexation hence dominates

the speciation of dissolved Pb.
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Whilst little is known about the composition of organic Pb-binding ligands in seawater, laboratory
experiments showed that dissolved Pb preferentially binds to aromatic and humic over aliphatic
substances in natural waters (Pinheiro et al., 1999; Chen et al., 2018). Furthermore, organic Pb-binding
ligands in estuarine and open ocean surface waters generally appear to form labile complexes (Bi et al.,
2013), with conditional stability constants on the order of ~10® to ~10'? (Capodaglio et al., 1990;
Kozelka et al., 1997; Wells et al., 1998; Ren et al., 2023)

1.4.3 Particle Dynamics of Pb in the Ocean

Lead exhibits high particle reactivity in aquatic environments. Particle adsorption experiments
found distribution coefficients (K¢ = equilibrium particulate concentration / equilibrium dissolved
concentration) for Pb in pelagic sediments on the order of > ~103, which is significantly higher than K4
values for other key chalcophile elements (e.g., ~10° for Cu and Zn) (Li, 1991; Koschinsky et al., 2003).

Ferromanganese oxyhydroxides are the most important scavengers of Pb in the ocean. This is
attributed to their high adsorption densities for Pb and the formation of strong multidentate, inner-sphere
Pb complexes on the particle surfaces (Benjamin and Leckie, 1981; Brown and Parks, 2001). Lead is
preferentially associated with the Fe phases, due to the dominant speciation of Pb in seawater as neutral
or anionic carbonate complexes (e.g. PbCOs;, Pb(COs),*), which can adsorb to the slightly positively
charged surface of amorphous Fe oxyhydroxides (Koschinsky et al., 2003; Koschinsky and Hein, 2003).
Nevertheless, adsorption by Mn oxides is potentially important in some settings, since a fraction of
dissolved Pb exists as cationic chloride complexes (e.g. PbCl"), which adsorb preferentially to the
slightly negatively charged surface of Mn oxides (Dong et al., 2000; Koschinsky et al., 2003).
Furthermore, Pb exhibits strong adsorption to particulate organic matter, phosphate minerals (e.g.,
apatite), and to some extent, aluminosilicate clay minerals (Lion et al., 1982; Dong et al., 2000;
Koschinsky et al., 2001, 2003).

Whilst Pb has no known biological function, it can become adsorbed (‘passively scavenged’) onto
the surfaces of biogenic particles (Bruland et al., 2014; Cullen and McAlister, 2017). Experimental
studies based on radioactive *'’Pb demonstrated its presence in both calcium carbonate tests and the
organic matter embedded in the tests and cell walls of diatoms (Fisher et al., 1983; Chuang et al., 2014;
Linetal., 2017). However, the significance of these biogenic particles in marine Pb scavenging is likely
overwhelmed by the more important adsorption to Fe-Mn oxyhydroxide phases (Koschinsky et al., 2001,
2003).

1.4.4 Distribution

Lead is present in the global ocean at low dissolved concentrations in the range of picomoles (1072
mol) per kilogram. Lead and other highly reactive trace metals, such as Al, Th, Mn and Co, are classified
as ‘scavenged-type’ elements in the ocean, as they are readily removed from the water column by

adsorption onto and/or reaction with particles in the water column followed by eventual deposition of

29



the particles as sediments, a process that is known as ‘scavenging’ (Goldberg, 1954; Turekian, 1977).
The high particle reactivity of Pb results in its relatively short marine residence time. The residence
time of Pb in the surface mixed layer is about 2 years or shorter (Bacon et al., 1976; Nozaki et al., 1976),
whilst estimates of its residence time in the ocean interior range from several decades up to about 400
years (e.g. Henderson and Maier-Reimer, 2002).

Scavenged-type metals typically exhibit maximum concentrations in the upper ocean and
decreasing concentrations at depth and along the flow paths of deep water masses (Bruland et al., 2014).
This is due to continued scavenging of the dissolved trave metals in the deeper water masses. The
scavenged-type behaviour of Pb is hence also reflected in the inferred pre-anthropogenic marine
distribution, which was characterised by an extremely low mean ocean concentration of about 2
pmol/kg (Henderson and Maier-Reimer, 2002), with higher concentrations, for example of 15 pmol/kg
in North Atlantic surface waters, in the upper ocean (Kelly et al., 2009).

Anthropogenic inputs during the last century have led to significant perturbations to both the budget
and distribution of dissolved Pb concentrations across the global ocean. In the North Atlantic Ocean,
which is surrounded by highly industrialised nations, Pb concentrations, [Pb], of up to ~200 pmol/kg
were observed in open surface waters near Bermuda in the 1970s, during the time of peak anthropogenic
Pb emissions in the region (Boyle et al., 2014). Due to the rapid evolution of anthropogenic Pb influxes
in comparison to the Pb residence time of ~10 to ~100 years in the ocean interior, the intermediate and
deep water masses are in a transient rather than a steady state with respect to Pb and its isotopes (Schaule
and Patterson, 1981; Boyle et al., 2014). In other words, the observed Pb distributions in the modern
ocean reflect the spatiotemporal evolution of predominantly anthropogenic inputs, rather than the

typical distribution for a scavenged-type element with steady input fluxes.

1.4.5 Internal Cycling

The dissolved Pb inputs to the surface waters are exported into the ocean interior through the lateral
advection of water masses along isopycnals (surfaces of constant density) (Boyle et al., 1986; Shen and
Boyle, 1988; Sherrell et al., 1992; Alleman et al., 1999; Noble et al., 2015). Further export is mediated
by the scavenging of dissolved Pb in the upper ocean by particles. As these particles sink through the
water column, they may partially release or exchange their Pb content in the deep ocean, thus providing
a vertical shuttle of Pb from the upper into the deep ocean (Wu et al., 2010; Zurbrick et al., 2017;
Lanning et al., 2023).

The relative roles of advection and exchange processes in the down-column export of Pb appear to
vary significantly between different ocean basins. In the North Atlantic Ocean, which is characterised
by rapid ventilation and strong deep water circulation, lateral advection appears to be primarily
responsible for the down-column transfer of the anthropogenic Pb spike (Boyle et al., 1986; Shen and
Boyle, 1988; Sherrell et al., 1992; Alleman et al., 1999; Noble et al., 2015; Bridgestock et al., 2018). In
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other ocean regions, a vertical Pb flux, facilitated by particle sinking and Pb exchange, appears to play
amore significant role in shuttling the recent input of anthropogenic Pb into deeper waters. In the deeper,
poorly ventilated water (> 1500 m) of the North Pacific Ocean (North Pacific Deep Water), which has
a '*C circulation age of about 900 years (Matsumoto, 2007), the recent detection of a predominantly
anthropogenic Pb signature suggests a major role of particulate processes in the down-column transfer
of Pb (Wu et al., 2010; Zurbrick et al., 2017; Lanning et al., 2023). Lee et al. (2015) also found isotope
evidence of particle-mediated transfer of anthropogenic Pb into the weakly ventilated deep waters of

the North Indian Ocean.

The down-column transfer of Pb in the Southern Ocean is poorly understood, owing to the
extremely limited availability of deep seawater data for this ocean region (Lee et al., 2015; Ndungu et
al., 2016). The Southern Ocean is a key conduit for the transfer of reactive trace metals across the global
ocean. It is where deep water masses from all meridional ocean basins upwell to the surface and sink to
form the Antarctic Bottom Water (AABW), which flows northward to fill the deepest portions of all
ocean basins (Marshall and Speer, 2012; Talley, 2013). It is also the site of ventilation for the key
intermediate depth water masses, of Subantarctic Mode Water (SAMW) and Antarctic Intermediate
Water (AAIW), in the meridional ocean basins (McCartney, 1977, 1982; Hanawa and Talley, 2001).
The Southern Ocean is characterised by strong physical circulation, notably the Antarctic Circumpolar
Current (ACC), a powerful current system that moves eastward across the entire zonal extent of the
Earth. Therefore, lateral advection is suspected to be important for the Pb budget of the Southern Ocean
interior, akin to the cycling of Pb in the Atlantic Ocean. However, further observational data are required

to assess the transfer mechanisms of Pb in this ocean region.

1.4.6 Output

Marine sediments, which form as suspended particles deposit slowly from the overlying water
column, act as the ultimate marine sink of many trace metals, including Pb. The pelagic sediments that
are deposited in the ocean interiors are mainly comprised of terrigenous detritus (aluminosilicates and
silicates) of predominantly aeolian origin, biogenic oozes (calcium carbonate, silica and particulate
organic matter), and authigenic minerals (mainly Fe-Mn oxyhydroxides) that precipitate slowly from
the deeper part of the water column (Li and Schoonmaker, 2014). Ferromanganese oxyhydroxide phases
typically account for only a tiny fraction (~1% by weight) of pelagic sediments but are significantly
more abundant near hydrothermally active mid-ocean ridges (Bostrom et al., 1969; Lam et al., 2015).
Along the continental margins of the ocean basins, terrigenous detritus originating from rivers and
marine shelves are transported by turbidity and bottom currents and they dominate the terrigenous
sediment supply there. These proximal sediments are commonly termed ‘hemipelagic sediments’, to be

distinguished from the pelagic sediments of open ocean environments.
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1.5 Anthropogenic Pb Pollution as a Transient Tracer

The utility of anthropogenic Pb as a marine tracer has been increasingly explored over the last four
decades, based on a growing volume of dissolved Pb concentration and isotope data for the global ocean.
Such data can be compared against the isotope fingerprints of emission sources and the historical
emission trends to establish the provenance of dissolved Pb throughout the water column. In particular,
the Pb signatures of surface waters have been employed to track the spatiotemporal evolution of
anthropogenic Pb inputs at decadal and even shorter timescales (Véron et al., 1993; Wu and Boyle,
1997; Weiss et al., 2003; Kelly et al., 2009; Bridgestock et al., 2016; Olivelli et al., 2023). In contrast,
the Pb signatures of the ocean interior have been employed to understand the internal cycling of Pb,
including the role of particle scavenging in the vertical transfer of Pb in the water column (Boyle et al.,
1986; Wu et al., 2010; Chen et al., 2016a), and the pathways and timescales of ocean ventilation (Boyle
et al., 1986; Shen and Boyle, 1988; Lee et al., 2015; Noble et al., 2015; Bridgestock et al., 2018;
Zurbrick et al., 2018).

1.5.1 Lead Isotope Variability of Anthropogenic Sources

Figure 1.2 illustrates the Pb isotope variability of major ore deposits used in Pb production and the
atmospheric emissions from various relevant regions. The Pb isotope signatures of late 20" century
atmospheric particles from different continental regions reflect, to a first order, the provenance of Pb

ores used for the manufacturing of leaded petrol across those regions.

Aerosols from Eurasia (except East Asia), North Africa and most Southern Hemisphere regions
(Southern Africa, Australia and Patagonian South America) exhibit low 2°°Pb/?*’Pb (1.06-1.16) and
208ph/207Ph (2.33-2.45) ratios that define a well-defined linear array on a three isotope (*°Pb/**’Pb-
208pp/297Pb) plot. This reflects the common use of tetraethyllead additives sold by Associated Octel Ltd.,
which were manufactured with ores from Australia, Morocco, Sweden and Canada (Véron et al., 1999;
Bollhéfer and Rosman, 2001). In particular, Australian (Broken Hill-type) ores accounted for > 50% of
the ore mixtures used in tetracthyllead production by the company (Véron et al., 1999), and these are
characterised by very low 2%Pb/2’Pb (1.04) and 2°*Pb/*’Pb (2.32) ratios (Doe and Stacey, 1974;
Townsend et al., 1998). The high-2*Pb/?*’Pb (1.19-1.22) signatures of aerosols from the USA reflect
use of tetraethyllead from Ethyl Corporation, which was produced with Mississippi Valley-type (MVT)
ores from southeast Missouri and the Tri-State region of the USA (Sangster et al., 2000). Aerosols from
other parts of the American continent, such as Canada, Mexico and Brazil, exhibit intermediate and
wider ranges of 2°Pb/?’Pb (1.14-1.20) and ***Pb/*’Pb (2.41-2.46), which reflects the mixing of diverse
emission sources (tetraethyllead and other industrial sources) that employed MVT, Mexican-Peruvian
and Broken Hill-type ores (Bollhéfer and Rosman, 2000, 2001). Chinese aerosols are characterised by
distinctively low 2°Pb/*"’Pb ratios for a given ***Pb/?*’Pb, which reflects the Pb isotope signatures of

domestic lead-zinc ores that dominate the emissions (Bi et al., 2017).
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Whilst the Pb isotope compositions of aerosols from some continental regions overlap, the Pb
signatures of many regions that border ocean basins are distinguishable. For example, among the key
Pb input sources to the North Atlantic Ocean during the 1990s, North American (mainly USA)
emissions with their high 2°Pb/?*’Pb (1.19-1.22) fingerprints can be discriminated from European and
North African emissions with lower 2°Pb/?’Pb (< 1.16) ratios. Hence, the relative contributions of Pb
influxes from these two major source regions, which have distinct isotope fingerprints, can be

determined from the measured °°Pb/?*’Pb and 2°*Pb/>*’Pb ratios in North Atlantic seawater.
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Figure 1.2. Plot of 2Pb/2""Pb versus 2%*Pb/*"’Pb for aerosols sampled in different countries / regions and
key Pb ore deposits. The compositional ranges of atmospheric aerosol leachates (Bollhéfer and Rosman, 2000,
2001) are shown as coloured fields with borders. The compositions of ore deposits (Sangster et al., 2000 and
references therein) are shown as mean with 1 SD error bars and/or as borderless fields.

1.5.2 Spatiotemporal Variability in Anthropogenic Pb Emissions over the Past Century

Anthropogenic Pb emissions exhibit significant regional variations in time and magnitude, owing
to the global disparities in the trends of socioeconomic development and implementation of
environment policies. The inventories of anthropogenic Pb emissions for major continental regions

were compiled for the period of 1930-2012 from published literature and reports and are summarised
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in Figure 1.3. Across all continental regions, Pb emissions increased during the mid-20" century, with

distinct regional peaks reached in the 1970s, followed by a decline towards the most recent decade.

1.5.2.1 Northern Hemisphere

The high historical Pb emissions from North America and Europe reflect the early industrialisation
and economic development of these regions throughout the 20" century. The USA was the largest
consumer of leaded petrol by country, which alone contributed to half of the global vehicular emissions
of Pb (Fig. 1.3a). Between 1950 and 1980, anthropogenic Pb emissions in the USA exceeded 100
thousand metric tonnes per year (kt/yr; = 10° g/yr) and peaked at > 230 kt/yr in the early 1970s. Until
the late 1970s, petrol Pb emissions in Mexico and Canada were estimated to each have amounted to
less than 10% of the USA inventory. In Europe, peak Pb emissions (159 kt/yr in 1975) were lower than
that in North America despite a similar population, due to the use of smaller and more efficient
combustion engines (Fig. 1.3b) (Nriagu, 1990). The European part of the former USSR was the largest
European Pb emitter during the late 20" century, contributing 30-50% of the European emissions during
this period (Pacyna and Pacyna, 2000). Nearly 40% of the petrol Pb emissions in Europe in the 1970s

were from the UK, Germany, France and Italy.

Lead emissions in North America and Europe began to decrease after about 1975. The USA was
one of the earliest countries to limit the Pb content in petrol and introduce unleaded petrol (Nriagu,
1990). Consequently, Pb emission in the USA decreased drastically between the 1970s and 1990s, and
by 1990, its Pb emission dropped to 5-10% of the 1970 level. Lead emissions in Mexico and Canada
also decreased throughout the 1980s (Loranger and Zayed, 1994; Soto-Jimenez et al., 2006). Mexican
emission reached a peak in 1980 (20 kt/yr for petrol Pb emission) and decreased thereafter, albeit at a
slower pace compared to the USA. Hence, at about 1990, Mexico became the largest Pb emitter in
North America, exceeding the USA (Pacyna and Pacyna, 2001). Most European countries only began
to significantly reduce the Pb content in petrol in the 1980s (see review by von Storch et al., 2003). In
1990, Pb emissions in Europe (58 kt/yr) were still at about 37% of the peak level in 1975. As a result
of the slower phasing-out of leaded petrol, Europe overtook North America as the dominant Pb-emitting
continent bordering the North Atlantic Ocean in the 1980s. In the 2000s, anthropogenic Pb emissions
in both North America and Europe diminished to less than 10 kt/yr and continued to decline.

Continent-wide emission inventories for Asia and Africa are only available from 1989 (Fig. 1.3c-
d). Whilst the Asian inventory has an overall declining trend over the past three decades, Pb emissions
in many Asian countries (especially China, India and various Southeast Asian countries) increased
during the 1980s and 1990s, driven by their accelerating socioeconomic development and weaker
environmental regulations (Fig. 1.3c) (Pacyna and Pacyna, 2001; Lee et al., 2014; Chen et al., 2016b).
In China, anthropogenic Pb emission doubled from 1980 to 2000, followed by a sharp decline in 2001
as the phasing-out of leaded petrol in China was completed (Tian et al., 2015). Furthermore, Asian

emissions were sustained by sources other than motor vehicles, particularly coal combustion and non-
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ferrous and ferrous metal production, which continued to increase over the past decades (Pacyna and
Pacyna, 2001; Zhu et al., 2020). As a result, Pb emission slowly increased in China even after the
official cessation of leaded petrol consumption in 2001, regaining 70% of the year 2000 level by 2012.
Asia has overtaken Europe as the largest Pb-emitting continent since the mid-1990s, accounting for

45% of the global Pb emission in 1995 (51 kt/yr) and rising to 61% in 2012 (29 kt/yr) (Zhu et al., 2020).

Historical Pb emissions from the African continent have been low relative to the other continental
regions of the Northern Hemisphere (Fig. 1.3d). In 1990, the anthropogenic Pb emissions from the
African continent and for Africa north of the Equator were 16 and 10 kt/yr respectively (Nriagu et al.,
1996). The latter source, which contributes to the Pb budget of the North Atlantic atmosphere,
contributed only a small proportion (17%) of the concurrent European emission. The African emissions
have declined more slowly over the past three decades than the European and North American emissions.
In 2012, the anthropogenic Pb emissions of the African continent were 5.6 kt/yr, which were similar to
or slightly exceeded those of Europe (4.9 kt/yr) and North America (3.0 kt/yr), respectively (Zhu et al.,
2020).

1.5.2.2 Southern Hemisphere

Anthropogenic Pb emissions from the continental regions of the Southern Hemisphere,
encompassing Africa south of the Equator, South America and Oceania, have been low relative to those
of the Northern Hemisphere. Over the last three decades, the anthropogenic Pb emissions of all three
regions evolved roughly in sync, with each region having emissions of 6-15 kt/yr in 1990, which
decreased by a factor of ~2 by the 2010s (Fig. 1.3d-f). South Africa was the largest Pb-emitting country
in Africa in the late 20" century, contributing about 70% to the Pb emissions from across Africa south

of the Equator in 1990 (Nriagu et al., 1996).

In South America, Pb emissions peaked at > 13 kt/yr in 1980, falling short of the concurrent
emissions of Mexico (20 kt/yr, petrol Pb emission only) (Fig. 1.3e). South American emissions began
to decline in the 1980s, whilst their contribution to the global anthropogenic Pb inventory has grown.
In particular, Chile was reported to be the fourth largest Pb-emitting country in 2012 (after China, Iraq
and Afghanistan) with the highest Pb emission intensity, due to its non-ferrous metal production
industry (Zhu et al., 2020).

The Pb inventory of Oceania is dominated by Australian emissions, which generally followed the
trend defined by the USA and European countries (Fig. 1.3f). Petrol Pb emission in Australia plateaued
between 1971 and 1984 at 7-8 kt/yr, followed by a decline. The initial decline in the 1980s was subtle,
due to variable legislative schedules between different Australian state governments on the phasing-out
of leaded petrol (Kristensen, 2015). A sharp decline in Australian Pb emissions occurred in the mid-
1990s when a nationwide limit on petrol Pb concentration (of 0.2 g/L) was introduced, and in 2002

when leaded petrol was banned across the country (Kristensen, 2015).
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Figure 1.3. Historical trends of annual Pb emissions from road vehicles and all primary anthropogenic
sources in various continental regions, 1930-2012. Vehicle emissions (predominantly from the combustion of
leaded petrol) are shown as filled areas, where the trends for individual countries or sub-regions are stacked to
reflect the cumulative emissions of a continental region. The total anthropogenic emissions for continental regions
and/or some countries are shown as lines. Note the different scales of panels a-b, c, d-f. See notes and data sources
on the following page.

36



Notes for Figure 1.3:

(1) Petrol Pb consumption data: USA (Nriagu, 1990) and Mexico (Soto-Jimenez et al., 2006). The annual Pb
emission from petrol consumption is calculated using a conversion formula: Annual petrol consumption
EF, where EF denotes the emission factor of 0.75 (Hassel et al., 1987) for the proportion of Pb emitted from
petrol combustion in vehicles.

(2) Loranger and Zayed (1994).

(3) Reported in the National Emission Inventory (NEI) by the U.S. Environmental Protection Agency (U.S. EPA,
2000). The total emission inventory reported by the USEPA falls slightly below the road source inventory
reported by Nriagu (1990), due to discrepancy in the estimation method on consumption/emission between
the two data sources.

(4) Except for Europe, all continent-wide total emission data during 1989-2012 are from Pacyna and Graedel
(1995), Pacyna and Pacyna (2001) and Zhu et al. (2020).

(5) Pacyna, Pacyna and co-workers evaluated the petrol and total emission inventories for individual European
countries during 1955-2000 at five-year or more frequent intervals (Pacyna, 1984; Pacyna and Munch, 1988;
Olendrzynski et al., 1996; Pacyna and Pacyna, 2000; Pacyna et al., 2007). Additional annual emission data
for various Western European countries are included (see below for data sources).

(6) Total emission inventory for Europe since 1996 is the sum of national estimates submitted to the European
Monitoring and Evaluation Programme (EMEP/CEIP, 2023). Emission data for Russia unavailable in the
English language literature since 2007.

(7) Individual petrol Pb inventories shown for the four countries that account for about 70% of the emission load
across Western and Northern Europe: UK (GB - National Atmospheric Emission Inventory, 2023), Germany
(DE - Dorr et al., 1990), France (FR - Nicolas et al., 1994) and Italy (IT - Wu and Boyle, 1997). Rest of the
‘Western Europe’ field encompasses: Austria, Belgium, Denmark, Finland, Iceland, Ireland, Luxembourg,
the Netherlands, Portugal, Spain, Sweden and Switzerland.

(8) Albania, Bulgaria, the Czech Republic, Greece, Hungary, Poland, Romania, Slovakia and Former Yugoslavia.

(9) European part of the Former Soviet Union territories covered by the EMEP grid.

(10) Tian et al. (2015).

(11) Petrol Pb emission data covering the entire African continent is only available for the years 1989 (Pacyna and
Graedel, 1995), 1995 (Pacyna and Pacyna, 2001) and 2012 (Zhu et al., 2020).

(12) Data for 1962-1989 from Barbante et al. (1997) and are likely minimum estimates.

(13)Kristensen (2015).

1.5.3 Fate of Anthropogenic Pb in the North Atlantic Ocean: the Bermuda Time Series

The North Atlantic Ocean was the region most impacted by Pb pollution from early industrialising
countries and has by far received the most attention in the study of Pb and its isotopes (Boyle et al.,
2014). At the Bermuda Atlantic Time Series (BATS) station in the North Atlantic Ocean, depth profiles
of Pb concentrations and isotopes have been collected and analysed every few years since the late 1970s
(Fig. 1.4a). Compilation of the data for seawater samples collected between 1984 and 2011 provides a
time series of Pb distributions, which reveals the down-column shift of the anthropogenic spike in
response to changes in anthropogenic Pb input fluxes from the surrounding continental regions (Boyle

et al., 2014; Noble et al., 2015) (Fig. 1.4b, c).
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Figure 1.4. (a) Map of the North Atlantic Ocean showing the location of the Bermuda Atlantic Time Series
(BATS) station, and vertical profiles of dissolved (b) Pb concentrations ([Pb]) and (c) 2°Pb/?’’Pb isotope
ratios at the BATS station between 1984 and 2011. Lead concentration data: 1984 (Boyle et al., 1986), 1989
(Véron et al., 1993) and 1998 and 2011 (Noble et al., 2015). Lead isotope data: 1984 (Shen and Boyle, 1988),
1989 (Véron et al., 1993), 1998 (Reuer, 2002) and 2011 (Noble et al., 2015). Map (a) was created using the Ocean
Data View (ODV) software (Schlitzer, 2020), with ocean background colours indicating the bottom topography.
Figures (b) and (c) were modified from Noble et al. (2015).

The Pb data obtained for the upper ocean at the BATS station for 1984-2011 reveal a dramatic
decline in Pb concentrations, which is due to lower input fluxes of Pb as a consequence of the successive
phasing-out of leaded petrol in the North American and European nations. In 1984, the high dissolved
Pb levels of 130-150 pmol/kg in the upper 500 m reflect both the relatively high anthropogenic Pb
inputs to the surface waters during the early 1980s and the subduction of high-[Pb] surface waters to
thermocline depths (100-700 m). The high 2*Pb/**’Pb ratios of these upper water masses (of about 1.203)
in 1984 reflect the overwhelming quantities of Pb with a high 2°Pb/>*’Pb signature (= 1.20) emitted
from the USA (Véron et al., 1992). From 1984 to 1998, the Pb concentrations of the surface water
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decreased by a factor of four to about 33 pmol/kg, reflecting the decline of petrol Pb emissions during
this period. The declining surface water [Pb] coincide with a decrease in 2°°Pb/?°’Pb ratios, due to the
higher relative contributions of low->"Pb/?**’Pb European emissions (1.11-1.15) (Véron et al., 1993 and
references therein), in accord with the slower phasing-out of leaded petrol in the European nations
compared to the USA (Wu and Boyle, 1997 and references therein). In 2011, surface water Pb
concentrations as low as 18 pmol’kg were measured, reflecting the relatively low Pb emissions in the

region since the beginning of the 21 century.

The BATS data for the ocean interior reveal the down-column transfer dynamics of the
anthropogenic Pb influx. As anthropogenic Pb inputs decreased progressively from 1984 to 2011, the
[Pb] maximum associated with the large anthropogenic influxes of the earlier decades (1950-1980) has
been deepening and dissipating (Fig. 1.4). In 1984, a pronounced [Pb] maximum of about 145 pmol/kg
occurred at a depth of 400 m, whilst in 2011, the [Pb] maximum was significantly attenuated (36
pmol/kg, at 1800 m depth) and it was dispersed across a broader, deeper range of depths between about
600 and 2500 m. This reflects the dispersion of the Pb influx by various oceanographic processes,
including the subduction of Pb-enriched waters that were ventilated during the period of maximum
anthropogenic Pb influx and their mixing with both older and younger water masses with lower Pb
concentrations, as well as the removal of Pb from the water column by particle scavenging (Noble et

al., 2015).

1.6 Tracing Natural Fluxes using Pb-Nd Isotopes

Identification of a naturally derived Pb isotope fingerprint in modern seawater and marine particles
is impeded by the pervasive contamination of the global ocean by anthropogenic Pb. Fortunately,
marine sediments provide an archive of naturally derived Pb in the ocean prior to the major
anthropogenic perturbations of the recent centuries (Abouchami and Goldstein, 1995; von
Blanckenburg et al., 1996). Lead isotopes have been applied to trace the terrestrial sources of both
detrital inputs (Jones et al., 2000; Stancin et al., 2006; Fagel et al., 2014; Erhardt et al., 2021) and
dissolved weathering inputs to the ocean (Abouchami and Goldstein, 1995; von Blanckenburg et al.,
1996; van de Flierdt et al., 2003; Wilson et al., 2015). For the latter, the dissolved isotope signatures in
pre-anthropogenic (deep) seawater can be recovered from authigenic Fe-Mn sediments, which formed
by slow precipitation in the deep ocean (Abouchami and Goldstein, 1995; von Blanckenburg et al.,
1996).

The sedimentary isotope signature of Pb can be combined with that of Nd, another trace metal with
aradiogenic isotope from long-lived radioactive decay, to trace natural fluxes to the ocean. In particular,
the large variations in terrestrial signatures when the two isotope systems are combined enable enhanced
constraint on the source regions, whilst the two isotope systems offer complementary roles as tracers of

dissolved weathering input. For the latter, the residence time of Pb in deep waters (< 400 years) is short
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relative to the timescale of global water mass mixing (~10° years) (Broecker and Peng, 1982), which
enables the tracing of regional gradients in local weathering inputs (von Blanckenburg et al., 1996 and
references therein). In contrast, due to the longer oceanic residence time of Nd (500-1000 years)
(Tachikawa et al., 2003), dissolved Nd isotope signatures are relatively well-mixed within an ocean
basin and are, therefore, more suitable as a tracer of water mass mixing between major ocean basins

(see review by Frank, 2002).
1.7 Neodymium Geochemistry

1.7.1 Chemical Properties and Isotope Systematics of Nd

Neodymium is one of the rare-earth elements (REEs). Similar to most REEs, Nd exists as the
trivalent Nd** in natural environments. In a model surface seawater environment, the inorganic
speciation of dissolved Nd is dominated by the formation of carbonate complexes (Nd(CO3)2™ ; = 90%)
(Cantrell and Byrne, 1987). Organic complexation is also known to be important for the dissolved
speciation of REEs in some types of natural waters (Tang and Johannesson, 2003; Marsac et al., 2021).
For example, in river waters at pH > 5, complexes with humic substances account for > 60% of the
dissolved REE budgets (Pourret et al., 2007). Whilst little is known about the nature and significance
of REE-binding ligands in seawater, organic complexation of REEs in seawater appears to be weaker
than in freshwater (Christenson and Schijf, 2011; Schijf and Byrne, 2021). Furthermore, rare-earth
elements exhibit high particle reactivity in the ocean, whereby metal oxyhydroxides and particulate
organic matter are known to be important solid-phase carriers of REEs in seawater (Sholkovitz et al.,

1994).

Neodymium has seven naturally occurring stable isotopes ('**Nd, '*Nd, '*Nd, '**Nd, '*Nd, "*Nd
and ""Nd), of which '¥Nd is formed by the radioactive decay of '*’Sm. The relative abundance of
radiogenic 'Nd is generally expressed relative to primordial '*“Nd using the '**Nd/'**Nd ratio. Due to
the long half-life of 'Y’Sm of 106 Ga and the limited fractionation of Sm/Nd ratios in natural systems,
natural variations in **Nd/'**Nd ratios among geological reservoirs are typically small. Therefore, Nd

isotope compositions are commonly expressed in the epsilon notation (ena):

143Nd/144Nd

sample 4

ENd:<143 44 '1>X10 (L.1)
Nd/ Ndur

The notation hence denotes the deviation of the measured '*Nd/'**Nd of a sample from the '**Nd/'*Nd
ratio of the present-day Chondritic Uniform Reservoir (CHUR) (0.512638, Jacobsen and Wasserburg,
1980) in parts per ten thousand.

Lithological variations in '*Nd/'*Nd are principally driven by Sm/Nd fractionation and age of the
reservoir (DePaolo and Wasserburg, 1976). In detail, Nd is slightly more incompatible than Sm, and

during partial melting of the mantle, a crustal melt is therefore enriched in Nd relative to Sm (lower
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Sm/Nd), whilst the residual depleted mantle is depleted in Nd relative to Sm (higher Sm/Nd). Old
continental crustal rocks evolved with low Sm/Nd ratios over geological time hence now have
unradiogenic 'Nd/'*Nd ratios (and low eng values). In contrast, the depleted mantle, which
experienced progressive extractions of low-Sm/Nd crustal melts, evolved with a high time-integrated
Sm/Nd ratio and hence now has a radiogenic **Nd/!*Nd ratio (and a high exq value). Young arc rocks
and mid-ocean ridge basalts, which were recently derived from the depleted mantle, will therefore have

higher '**Nd/"**Nd ratios (and &nq values) than older crustal rocks.

1.7.2 The Marine Nd Cycle

The principal sources of dissolved Nd in the global ocean are continental weathering products in
the form of aeolian particles and the dissolved and particulate loads of rivers (Goldstein et al., 1984;
Tachikawa et al., 1999; Frank, 2002), as well as continental margin sediments through boundary
exchange (e.g. Lacan and Jeandel, 2005). Hydrothermal activities are a negligible source or even a net
sink of dissolved oceanic Nd, due to the intense adsorption of dissolved Nd onto hydrothermal particles
(chiefly Fe-Mn oxyhydroxides) (Michard et al., 1983; German et al., 1990). However, exchange of
dissolved Nd and its isotopes between hydrothermal fluids and deep seawater is speculated to occur

near hydrothermal vents (Jeandel et al., 2013).

The cycling of Nd in the ocean interior is driven by a combination of physical advection and vertical
transport process mediated by particles (Siddall et al., 2008). In the open ocean, dissolved Nd
concentrations typically exhibit a ‘nutrient-like’ distribution, with a depletion in the upper ocean and
enrichments in the deep ocean and along thermohaline circulation pathways. This distribution highlights
the importance of vertical processes, as dissolved Nd is scavenged by particles in the upper ocean and
subsequently remobilised from particles in the deeper part of the water column (Bertram and Elderfield,
1993; Jeandel et al., 1995). In contrast, Nd isotope compositions in the open ocean exhibit a ‘quasi-
conservative’ distribution and broadly track the movement and mixing of deep water masses (advective
processes) (Siddall et al., 2008; Tachikawa et al., 2017). This decoupling between the Nd concentrations
and isotope distributions is termed the ‘Nd paradox’ (Goldstein and Hemming, 2003). Nevertheless,
modifications of deep water eng signatures relative to the basin-wide signature have been observed in
regions with large influxes of lithogenic and volcanogenic particles (Singh et al., 2012; Grasse et al.,

2012, 2017; Jeandel and Oelkers, 2015; Molina-Kescher et al., 2018).

1.8 Seawater Pb Concentration and Isotope Data, Analytical Challenges

and Current Data Coverage

The determination of seawater Pb concentrations and isotope compositions poses significant
analytical challenges. In particular, seawater samples have extremely low abundances (107 to 1071

pmol/kg) of Pb and feature a highly saline seawater matrix with ~3.5% total dissolved solids, and the
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analyses are furthermore hindered by the susceptibility of Pb to contamination during sampling and
laboratory processing of seawater samples (Lee et al., 2011; Griffiths et al., 2020). Overcoming these
challenges requires rigorous ultraclean protocols for sample collection and handling during analyses,
efficient preconcentration and purification procedures, and high-sensitivity measurement techniques
that are suitable for analyses of samples with extremely low Pb abundances. The first accurate results
of seawater Pb concentrations and isotope compositions were presented in 1981 (Schaule and Patterson,
1981) and 1988 (Shen and Boyle, 1988) respectively, and these led to further studies which documented
the pervasive anthropogenic perturbations of the global marine Pb budget. The introduction of
automated sampling techniques in the 1990s (Wu and Boyle, 1997) and advances in analytical
techniques (Reuer et al., 2003; Lee et al., 2011; Boyle et al., 2012; Paul et al., 2015; Griffiths et al.,
2020) have substantially improved and simplified Pb concentration and isotope measurements for

seawater, and as a result, significantly more observational data have become available in recent years.
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Figure 1.5. Global map showing the sampling locations with published GEOTRACES seawater Pb
concentration and isotope data for depth profiles (white circles), as well as the sediment (black triangles)
and seawater samples (red and yellow circles) that were analysed for this PhD thesis.
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Since the launch of the GEOTRACES programme in 2006, high-resolution, full-depth transects of
seawater Pb concentrations and isotope compositions have been obtained from many major ocean
regions. Figure 1.5 shows a global compilation of GEOTRACES sampling locations for which coupled
full-depth seawater Pb concentration and isotope data are either published or available in the latest 2021
GEOTRACES Intermediate Data Product (IDP) (GEOTRACES Intermediate Data Product Group,
2021). This figure highlights that the best data coverage by far is achieved for the North Atlantic Ocean,
through the GEOTRACES sections GAO1 (Zurbrick et al., 2018), GA03 (Noble et al., 2015) and GA06
(Bridgestock et al., 2018). For the Pacific Ocean, high-resolution data are available for the southeast
sector (GEOTRACES GP16, Boyle et al., 2020) and the northwest sector (GEOTRACES GP06, Chien
et al., 2017; Chen et al., 2023a). In contrast, only limited GEOTRACES Pb data are currently available
for the South Atlantic Ocean (GEOTRACES GA10, data by Maxence Paul (Imperial College London)
and available in the GEOTRACES IDP 2021 database; GEOTRACES Intermediate Data Product Group,
2021) and the Indian Ocean (GEOTRACES GI04; Lee et al., 2015). Coupled seawater Pb concentration
and isotope data for the Southern Ocean was extremely limited, until the first partial dataset for the
GEOTRACES section GS01 in the Southern Ocean sector south of Tasmania was reported in the PhD
thesis of Griffiths (2019).

1.9 Research Objectives and Thesis Outline

The aim of this thesis is to improve understanding of the marine source and sink fluxes of Pb and
the internal cycling of the element in the modern ocean, with focuses on the vicinity of high-temperature
hydrothermal activities and the Southern Ocean, which remain poorly explored for Pb cycling. To this
end, Pb concentration and isotope data are presented and discussed for seafloor sediment and seawater
samples from various ocean regions (Fig. 1.5), in order to address three research aims:

1. Identify key terrigenous fluxes in the Eastern Equatorial Pacific Ocean.

2. Characterise the fluxes and biogeochemical cycling of Pb in the vicinity of high-temperature
hydrothermal systems.

3. Determine the relative significance of physical advection and particulate processes for the
internal redistribution of Pb in the Southern Ocean.

Notably, the results obtained in this study fill key gaps in the GEOTRACES database of dissolved
Pb concentrations and isotope compositions in the global ocean. The analytical work was carried out in
the MAGIC Laboratories in the Department of Earth Science and Engineering. The seawater analyses
thereby benefitted from new methods that were recently developed in the MAGIC Group (Griffiths et
al., 2020), which enable the acquisition of high-quality Pb concentration and isotope data with
significantly improved sample throughput through the use of Nobias Chelate PA-1 resin for Pb

preconcentration and multi-collector inductively coupled plasma mass spectrometry for data acquisition.
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Chapter 2 presents Pb and Nd isotope data for metalliferous core-top sediments from two locations
in the Guatemala Basin, Eastern Equatorial Pacific Ocean. A number of studies have previously
investigated the aeolian dust flux in this ocean region to track changes in atmospheric circulation over
various Cenozoic timescales (Xie and Marcantonio, 2012; Pichat et al., 2014; Hofig et al., 2016; Reimi
and Marcantonio, 2016; Reimi et al., 2019). However, the modern detrital flux in this region is not well
constrained. By comparing the isotope compositions of the detrital sediment components to the
signatures of potential terrestrial source regions, the major sources of terrigenous detrital materials to
the Guatemala Basin are identified. The relative significance of proximal and distal source regions and
the environmental factors that favour the contribution of detrital materials from the identified source
regions are assessed. In addition, the leachate sediment components provide an archive of the pre-
anthropogenic seawater compositions. The latter results enable an assessment of the influence of local
weathering inputs and hydrothermal activity on the marine Pb and Nd budgets at the two sampled sites,
which are located at contrasting proximities (25 and 1300 km, respectively) to the fast-spreading East

Pacific Rise.

Chapter 3 presents the dissolved Pb concentrations and isotope compositions for seawater samples
from five depth profiles above and in the vicinity of the TAG Hydrothermal Field in the North Atlantic
Ocean (26°N), collected during the GEOTRACES GA13 expedition (FRidge, 2017/18). These seawater
profiles form a high-resolution, quasi-zonal transect across the crest of the Mid-Atlantic Ridge. This
chapter serves as a case study to improve understanding of the fluxes and cycling of Pb in the vicinity
of high-temperature hydrothermal vent sites. Possible anomalies in Pb signatures related to the
hydrothermal activity are evaluated by comparing the results obtained for samples from the buoyant
and neutrally buoyant hydrothermal plume with data for ‘background’ seawater unaffected by the
hydrothermal activity, both from the current study and the GEOTRACES section GA03 (Noble et al.,
2015). In particular, Pb concentration anomalies can help to constrain if hydrothermal plumes are a net
source or sink of dissolved seawater Pb, whilst anomalies in Pb isotope compositions can reveal the
sources of dissolved Pb in the hydrothermal plume and, in particular, the presence of mantle-derived
Pb from hydrothermal fluids. The Pb isotope signatures of recent inputs to surface waters and the origins

of the Pb distributions in the remaining water column unaffected by the TAG plume are also examined.

Chapter 4 presents dissolved Pb concentration and isotope data for seawater from two depth
profiles collected in 2018 on the GEOTRACES section GS01 in the Subantarctic Zone (47-52°S) of the
Southern Ocean south of Tasmania. The chapter complements the study of Griffiths (2019), which
presented the GEOTRACES GSO01 data for higher southern latitudes (52-65°S). The results from this
chapter provide new constraints on the sources and cycling of Pb in the Subantarctic Zone, which is
characterised by a complex water mass structure. Together with the results of Griffiths (2019), the

complete GEOTRACES GSO01 data provide the first meridional transect of dissolved Pb isotope
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compositions across the Southern Ocean (Fig. 1.5). This dataset offers novel insights into the sources
of dissolved Pb, water mass origins and vertical flux dynamics across the ocean region.

Finally, Chapter S provides a summary of the research presented in the thesis. The key findings of
each chapter are reviewed and key implications for marine geochemistry are synthesised. Research

questions that deserve further attention are also discussed.
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Chapter 2

Lead Isotope Compositions of Seafloor Sediments in the
Guatemala Basin, Eastern Equatorial Pacific Ocean:

Implications for Terrigenous and Hydrothermal Inputs
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2.1 Introduction

The sources and provenance of external material fluxes into the ocean can be determined from the
Pb and Nd isotope compositions of seafloor sediments and encrustations (Nakai et al., 1993; Jones et
al., 1994, 2000; von Blanckenburg et al., 1996; Ling et al., 1997; Frank et al., 2006; Stancin et al., 2006;
Ziegler et al., 2007; Erhardt et al., 2021). In the Eastern Equatorial Pacific Ocean (EEP), the sediment
archive there offers diverse applications for studies of the ancient and modern oceans and climate.

One key application is to track past changes in atmospheric circulation using the provenance of
detrital sediments. The EEP is surrounded by multiple terrigenous source areas with diverse geological
histories, and thus, radiogenic isotope fingerprints. The isotope signatures of detrital sediments in the
region are therefore sensitive to changes in atmospheric and ocean circulations over geological
timescales. Since the pioneering Sr-Nd-Pb isotope studies on Pacific surface sediments (Nakai et al.,
1993; Jones et al., 2000), multiple studies have utilised Pb and Nd isotopes to trace dust provenance in
the EEP (Stancin et al., 2006; Xie and Marcantonio, 2012; Pichat et al., 2014; Hofig et al., 2016; Erhardt
et al., 2021). These studies generally revealed strong hemispheric differentiation in dust sources and the
dominance of proximal sources from the American continent on the terrigenous sediment budget.
However, the source mixing models of these studies were not robust. In particular, mixing models that
rely on volcanic rock compositions for the characterisation of source signatures (Pichat et al., 2014;
Hofig et al., 2016) tend to be inconsistent with models that define the source signatures based on dust
or soil samples (Erhardt et al., 2021). Furthermore, there are few isotope provenance studies that
encompass the Guatemala and Panama Basins (Hofig et al., 2016; Erhardt et al., 2021), ocean regions
that are proximal to the key Central and South American sources of terrigenous sediments to the Eastern

Pacific Ocean.

Another application is to evaluate the susceptibility of seawater Pb and Nd isotope compositions to
modification by various processes near ocean boundaries. The EEP is characterised by high particle
loading, from both terrigenous particle influx and biogenic particles (Pennington et al., 2006), which
potentially modify the deep water isotope budgets by reversible scavenging. Recent dissolved Nd
isotope data for the Panama Basin in the EEP show that deep water Nd isotope composition can record
significant modification, by 4—7 enqg units relative to the advected, basin-wide signature of the South
Pacific Ocean, due to the large influx of volcanic particles (Grasse et al., 2012, 2017). The pre-
anthropogenic Pb isotope signatures of marginal regions of the EEP, however, are not yet constrained.
Furthermore, the occurrence of high-temperature hydrothermal activities on the East Pacific Rise (EPR)
could also impact the deep seawater compositions of the ocean region. The net influxes of both Nd and
Pb from hydrothermal fluids to deep seawater have long been considered negligible, owing to efficient
removal near hydrothermal vents (German et al., 1990; Halliday et al., 1992; Godfrey et al., 1994).

However, unusual isotope compositions of Nd and Pb have been detected in a range of distances from
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the EPR, and these were tentatively attributed to dissolved-particulate exchange processes with metals
released from hydrothermal fluids or pelagic sediments (Barrett et al., 1987; van de Flierdt et al., 2004;
Jeandel et al., 2013). In Pb isotope studies of marine sediments in the southern EEP (13°S), a basaltic
isotope fingerprint of 20-30% was even traceable up to about 1000 km west of the EPR, which suggests
the possibility of distal transport of hydrothermal Pb (Barrett et al., 1987; van de Flierdt et al., 2004).
The influence of hydrothermal activities on the deep water isotope compositions of the EEP remains to

be further tested.

The development of sequential extraction techniques for the isolation of various operationally
defined fractions from a bulk marine sediment sample has enabled independent assessments of the
origins of different sediment phases (e.g. Chester and Hughes, 1967; Ziegler et al., 2007). In acid-
reductive leaching, the weak hydroxylamine hydrochloride (HH) leachate fraction is dominated by Fe-
Mn oxyhydroxide phases, which form by slow precipitation in the water column or near the seafloor
and therefore record the isotope compositions of deep and bottom waters (the ‘authigenic signature’)
(Gutjahr et al., 2007; Wilson et al., 2013). The residual detrital fraction that remains after the leaching
procedure is dominated by quartz and aluminosilicate materials that are typically derived from aeolian
dust and riverine particles, which record a terrigenous isotope signature (e.g. Olivarez et al., 1991;
Weber Il et al., 1996). For Pb, the present-day deep waters across all major ocean basins are significantly
contaminated by anthropogenic Pb (e.g. Lee et al., 2015; Noble et al., 2015; Zurbrick et al., 2017; Boyle
et al., 2020), and the authigenic component in marine sediments hence constitutes the only archive of
the pre-anthropogenic Pb isotope composition of seawater (e.g. Abouchami and Goldstein, 1995; von

Blanckenburg et al., 1996).

This study presents the Pb and Nd isotope compositions of metalliferous sediments recovered from
Sites H and M of the Manganese Nodule Project (MANOP) in the Guatemala Basin, a marginal basin
in the EEP (Fig. 2.1). The isotope data are used to determine: (1) the provenance of terrigenous
sediments in the Guatemala Basin, and (2) the influence of local weathering input and hydrothermal
activities on the dissolved Pb and Nd isotope compositions of the EEP. Both aims are addressed with
the aid of mixing models that apply the isotope fingerprints of potential source areas. For the terrigenous
provenance, the contributing source areas are identified from the best-fit mixing model that explains
the detrital isotope compositions of the sediment samples and which is compatible with known delivery
pathways for aeolian dust and/or riverine particles. The large combined Pb-Nd isotope heterogeneities
of terrestrial lithologies provide improved constraints on the source areas, compared to most previous
isotope studies in the region that rely on Pb isotope data alone (e.g. Hofig et al., 2016; Erhardt et al.,
2021). For the seawater Pb and Nd isotope compositions, the data for sediment leachates are compared
with those of the source water in the Guatemala Basin. The identification of distinct isotope signatures
reflects modification of the advected budgets of Pb and/or Nd, and the local source(s) that are

responsible for the modification can be deduced from isotope mixing relationships. In particular,
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hydrothermally derived Pb and Nd are characterised by distinct, mantle-derived isotope signatures
relative to deep seawater. The presence of a mantle-derived isotope fingerprint in the leachate fraction
indicates the distal transport of hydrothermally-derived elements across the open ocean, either in
dissolved form or adsorbed to Fe-Mn oxyhydroxide particles. The two sites in this study are located at
distances of 25 km (Site M) and 1300 km (Site H) from the EPR. This enables tracking of the impact

of hydrothermal activities at these two locations with very different proximities to the ridge crest.
2.2 Setting and Samples

2.2.1 Atmospheric Circulation

The low-level atmosphere of the EEP is dominated by easterly trade winds (Fig. 2.1). At subtropical
latitudes, equatorward westerlies blow along the coast of the Western USA and Mexico, while northerly
winds blow along the Peruvian coast. Both wind belts deflect westward into the remote Pacific Ocean,
forming the northeast and southeast trade winds respectively. The trade winds from both hemispheres
converge and rise at a narrow latitudinal band close to the Equator called the Intertropical Convergence
Zone (ITCZ), forming a region of maximum annual precipitation (Philander et al., 1996; Schneider et
al., 2014). The westward deflections of trade winds away from the American continent leave the sector
of the EEP proximal to the American continent as a ‘shadow zone’ of relatively weak wind (Lavin et
al., 20006).

The strength of atmospheric circulation and the latitudinal position of the ITCZ exhibit seasonal
fluctuations (Schneider et al., 2014). During boreal winter, northeast trades strengthen and the ITCZ
shifts to its southernmost position at about 5°N, and strong easterly jets blow from the Caribbean Sea
through mountain gaps in Southern Mexico and Central America into the EEP (Lavin et al., 2006).
During boreal summer, southeast trades strengthen and the ITCZ shifts northward to about 10°N,
creating a weaker wind field over the EEP (Lavin et al., 2006).

2.2.2 Hydrographic Setting

The circulation and water mass distribution in the EEP were reviewed in detail by Kessler (2006)
and Fiedler and Talley (20006), respectively (Fig. 2.2). The Guatemala Basin is bordered by the
continental margins of Southern Mexico — Central America to its northeast, and it is separated from the
open Pacific Ocean to the west by the EPR, and the Panama and Peru Basins to the south by the Cocos
Ridge and Galapagos Spreading Centre (GSC), respectively.
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Figure 2.1. Overview map of the Eastern Pacific Ocean, showing the annual mean wind field and the
locations of MANOP Sites H and M of this study. Wind vectors are generated using data from the NCEP/NCAR
Reanalysis (Kalnay et al., 1996). Present-day January and July latitudinal positions of the Intertropical
Convergence Zone (ITCZ) from Liu et al. (2015). Displayed elevation map was constructed from the ETOPO1
Global Relief Model, downloaded from the NOAA-NCEI data products
(https://www.ncei.noaa.gov/products/etopo-global-relief-model).
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Figure 2.2. Map of the Eastern Equatorial Pacific Ocean showing the locations of the tvo MANOP sites of
this study (stars), other sampled sites referred to in the text (green circles) and the ocean circulation regime.
Mid-ocean ridges and fracture zones (FZ): East Pacific Rise (EPR), Galapagos Spreading Centre (GSC), Cocos
Ridge and the Siqueiros and Clipperton Fracture Zones. Red arrows denote surface ocean currents and gyres
according to Kessler (2006): North Equatorial Current (NEC), California Current (CC), North Equatorial
Countercurrent (NECC), South Equatorial Current (SEC), Humbolt Current (HC), Tehuantepec Bowl (TB) and
Costa Rica Dome (CRD). Navy arrows denote bottom water currents in the Guatemala Basin, including two
eastward inflows across fracture zones in the EPR (Mantyla, 1975) and a southward flow along the western margin
of the Guatemala Basin (Lyle, 1992).

The surface mixed layer of the Guatemala and Panama Basins is filled by Tropical Surface Water
(TSW). The TSW is characterised by high temperatures (> 27.5°C) and low salinities (< 34) and forms
the core of the eastern Pacific warm pool (Fiedler and Talley, 2006; Wang and Fiedler, 2006). Under
strong trade wind forcing, the south-flowing California Current (CC) in the Northern Hemisphere
detaches from the coast of Baja California, while the north-flowing Humboldt Current in the Southern
Hemisphere detaches from the Peruvian coast, feeding the North Equatorial Current (NEC) and the
South Equatorial Current (SEC), respectively. These west-flowing currents carry cold Eastern Pacific
waters into the Central Pacific Ocean (Kessler, 2006). Between the NEC and SEC, the parallel North
Equatorial Countercurrent (NECC) flows eastward underneath the ITCZ and carries warm water from

the Central Pacific Ocean towards Central and South America (Kessler, 2006). In the Guatemala and
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Panama Basins, the strongly zonal (east-west) flow regime breaks down underneath the wind shadow,
and the surface ocean circulation in this region is instead characterised by smaller-scale, seasonally
varying gyres (Kessler, 2006). A branch of the California Current continues to flow southeast-ward
along the Western Mexican coast towards the Guatemala Basin, where this water is in turn circulated
anticyclonically off the South Mexican coast, known as the Tehuantepec Bowl (TB) (Kessler, 2006).
The east-flowing NECC weakens as it approaches the Central/South American coast, where a branch
turns north to circulate cyclonically off the Central American Pacific coast, known as the Costa Rica

Dome (CRD) (Kessler, 20006).

The intermediate depth (200-1500 m) of the Guatemala Basin is filled by Equatorial Pacific
Intermediate Water (EqPIW), which is a mixture between Antarctic Intermediate Water (AAIW) from
the Southeast Pacific Ocean and the underlying deep waters that upwell to shallower depths (Bostock
et al., 2010). The deep portion of the Guatemala Basin (> 1500 m) is filled by deep water from the
Northeast Pacific Ocean, which is composed predominantly of North Pacific Deep Water (NPDW)
(Lonsdale, 1976; Peters et al., 2018). This deep water likely enters the Guatemala Basin as dispersed
inflows through fracture zones in the EPR (Mantyla, 1975). A southward flow of bottom water was also

found over the eastern flank of the EPR along the margin of the Guatemala Basin (Lyle, 1992).

2.2.3 Submarine Volcanism and Hydrothermal Activities

The western and southern margins of the Guatemala Basin are bounded by segments of the EPR
and the Galapagos Spreading Centre (GSC), respectively (Fig. 2.2). Both ridge systems are
characterised by mid-ocean ridge basalt (MORB) volcanism, which sustains fast (90-110 mm/a)
(Langmuir et al., 1986) and intermediate (50 mm/a) (DeMets et al., 1990) full spreading rates,
respectively, around the Guatemala Basin. Extensive high-temperature hydrothermal activity has been
detected along the EPR segment that borders the Guatemala Basin (2-18°N) (Baker et al., 1994, 2001).
At one of the studied sites (MANOP Site M) that is proximal to the EPR crest, hydrothermal plumes
have been detected in the water column based on *’Rn and Mn anomalies (Kadko et al., 1987a). In
contrast, the GSC has a significantly lower incidence of high-temperature hydrothermal venting, a
feature that is attributed to its unusually thick basaltic crust, which is a consequence of hotspot

magmatism (Baker et al., 2008).

2.2.4 Studied Sites

Metalliferous sediment samples from two of the MANOP sites, ‘H’ and ‘M’, were selected for this
study (Fig. 2.2). MANOP was a scientific project funded by the National Science Foundation (USA) to
study sedimentation and formation processes of seafloor ferromanganese nodules at five sites in the
Eastern Pacific Ocean (Dymond et al., 1984; Finney et al., 1988). Across these MANOP sites, the
deposition processes, sediment compositions and post-depositional dynamics have been well-

characterised. MANOP Site H (6°33’N, 92°48°W), located in the interior of the Guatemala Basin at a
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seafloor depth of about 3600 m, was chosen to study hemipelagic sedimentation. MANOP Site M
(8°48°N, 104°00°W), located about 25 km east of the EPR crest and at a seafloor depth of about 3100
m, was chosen to study hydrothermal sedimentation at a ridge flank location. Site M receives a
considerable fraction of its sediment budget from hydrothermal activities, whilst Site H, located about
1300 km away from the EPR ridge axis, is characterised by purely hemipelagic sedimentation (Lyle et
al., 1984). Therefore, the influence of hydrothermal activities on the sediment and seawater
compositions of Pb and Nd of Site M can be compared to that of the hemipelagic Site H. Furthermore,
the two MANORP sites are situated along different terrigenous sediment delivery pathways, whereby
Site M is down-current of the elevated Mexican landmass along the anticyclonic circulation of North
Equatorial Current — Tehuantepec Bowl (NEC-TB). In contrast, Site H is fed by the North Equatorial
Countercurrent — Costa Rica Dome (NECC-CRD), which flows from the open ocean. Isotope data for
these two sites hence enables determination of the spatial variability of the terrigenous sediment supply

across the Guatemala Basin.

Core-top sediments (< 20 cm) at both sites consist of dark brown clay (Graybeal and Ross Heath,
1984). X-ray diffractometry reveals that the mineral assemblages of samples from both sites are
dominated by smectite (49-60 wt%), followed by calcite (0.1-22 wt%), plagioclase (13-20 wt%), quartz
(4-6 wt%), kaolinite (4-6 wt%), halite (4-5%), barite (1-3 wt%) and Fe-Mn oxyhydroxides (0.3-2 wt%)
(Little et al., 2020). At Site M, muscovite (4 wt%) is additionally identified in the sediments (Little et
al., 2020). Due to high fluxes of terrigenous detritus, biogenic particles and hydrothermal particles, Site
M has a high flux of Al from terrigenous material (12 mg Al/cm*/ka) and a high total sedimentation
rate (1 cm/ka) (Kadko, 1981; Lyle et al., 1984). At Site H, the upper strata (< 10 cm) are relatively poor
in calcite (< 5 %), which reflects that the seafloor depth is below the present-day calcite compensation
depth (Lyle et al., 1984). In addition, the sediment cover at Site H contains up to 45% Mn-rich nodules
(Graybeal and Ross Heath, 1984). Due to the dissolution of biogenic particles (CaCOs3) and the low
terrigenous flux at Site H, both the Al flux (6 mg Al/cm?/ka) and the total sedimentation rate (0.7 cm/ka)
are only about half of those at Site M (Kadko, 1981; Lyle et al., 1984).

Both MANORP sites received high sedimentary fluxes of particulate organic matter (110 pg/cm?/yr),
which undergoes intense oxidation (Lyle et al., 1984). This results in a redox gradient of sub-oxic
subsurface conditions underneath an oxygenated sediment-water interface, and consequently, the
diagenetic redistributions of trace metals by reduction-oxidation and diffusive processes within the
sediment core-top (Fig. 2.4) (Klinkhammer, 1980a; Emerson et al., 1980; Lyle et al., 1984). In particular,
the reduction of Mn(IV) oxides to mobile Mn(II) at depth leads to the release of Mn into the pore waters,
which diffuse upward. The Mn is thereby either re-precipitated as Mn(IV) oxides in the oxidised upper
strata or it is released into the overlying water column. Strong, 2-fold enrichments in solid-phase Mn
were observed in the upper 12 cm at both sites, but at Site M, the substantial loss of sedimentary Mn to

the water column led to more subtle solid-phase Mn enrichments in the upper strata compared to Site
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H. Similar redistribution processes also occur for Fe, through the reduction of Fe(IIl) oxyhydroxides to
Fe(Il) and the subsequent re-oxidation. The diagenetic redistribution of Fe at both sites are markedly
more subtle, yielding solid-phase Fe enrichments of about 10% in the upper 14 cm (Site H) and 6 cm
(Site M). In addition, both sites are affected by bioturbation in their uppermost < 8 cm depth (Kadko
and Heath, 1984; Kadko et al., 1987b).

2.2.5 Sampling
Sediment samples were collected during the VULCAN-1 and PLUTO-3 expeditions on the R/V

Melville, which sailed in September 1980 and October 1981, respectively. Sediment cores were
recovered using a 50 cm x 50 cm box corer and sub-sampled using a plastic core liner. The cores were
then dried and stored at the Marine and Geology Repository at Oregon State University. For each site,
three sub-samples from between 0 and 8 cm depths were retrieved from the sediment cores for isotope
analyses. The selection of these young strata ensures that only samples deposited within the Holocene
epoch (i.e. after the Last Glacial Termination) were included for analysis. Based on sedimentation rates
of 0.7 cm/ka (Site H) and 1 cm/ka (Site M), samples from the top 8 cm would have deposition ages
younger than 11,500 years before present, which fall within the Holocene epoch. Sub-sampling as deep
as about 8 cm also ensures that pre-industrial strata, which are less likely to be contaminated by

anthropogenic Pb, were used for the analyses.

2.3  Analytical Methods

Six sediment samples, three each from MANOP Sites H and M, were selected for processing in this
study. Alongside the six bulk sediment samples, the leachate and detrital fractions were extracted from
each of the bulk samples and processed for isotope analyses, resulting in a total of 18 samples.

All sample preparation work and determination of Nd and Pb isotope compositions were carried
out at Imperial College London. Sample leaching, digestion and chromatographic procedures were
performed in ISO Class 4 laminar flow hoods in ISO Class 6 clean rooms. The Nd and Pb concentrations
were determined at the Eidgendssische Technische Hochschule Ziirich (ETH Ziirich). Milli-Q water
with a resistivity of ~18.2 MQ (Merk Millipore) was used throughout the procedures. The mineral acids
used (HF, HNOs, HCI and HBr) were purified by sub-boiling distillation (HBr was double-distilled)
using quartz or Teflon distillation units, whilst Optima grade HC1O4 was purchased from Fisher

Scientific.

2.3.1 Sediment Digestion and Determination of Nd and Pb Concentrations

Bulk sediment digestion and the determination of Nd and Pb concentrations were carried out by
Susan H. Little, whereby the procedures are detailed in Little et al. (2020). For bulk sediment digestion,
49-103 mg of homogenised sediment powder were first decarbonated by treatment with 16 M HNO3
and then digested in a 3+1 mixture of 28 M HF and 16 M HNO:s. Following evaporation of the solutions,
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residual fluorides were removed by drying down the digestion residues three times with 16 M HNO:s.
The digests were then dissolved in 6 mL. 7 M HCI. Aliquots of bulk sediment digests were taken for
multi-element analyses, including Nd and Pb, with a Thermo Scientific Element XR high-resolution
inductively coupled plasma mass spectrometer. Further sample solution aliquots were used for the Nd

and Pb isotope analyses.

2.3.2 Sequential Acid-Reductive Leaching

Sequential acid-reductive leaching was carried out by Rhian O’Callaghan to separate the authigenic
leachate fractions and the detrital fractions from the bulk sediment samples. Similar procedures were
developed and previously employed for the extraction of the authigenic signatures of Nd and Pb isotopes
from marine sediments for palacoceanographic reconstructions (e.g. Bayon et al., 2002; Gutjahr et al.,
2007; Stumpf et al., 2010; Crocket et al., 2012; Wilson et al., 2013, 2015). In this study, the leaching
procedure generally followed the method described by Haley et al. (2008), which was optimised for the
extraction of Pb, Nd and strontium (Sr) isotope compositions of Fe-Mn oxyhydroxide leachates and
detrital residues from pelagic sediment samples. Each sediment sample was first leached in a dilute,
acid-reductive solution containing hydroxylamine hydrochloride (HH), acetic acid and Na,-EDTA to
extract a leachate fraction, which is presumed to be dominated by the acid-reducible Fe-Mn
oxyhydroxides. Following two further leaching steps with more concentrated solutions of the acid
mixture to ensure complete removal of the Fe-Mn oxyhydroxide phases, the solid residue that remained
after the leaching procedure is the detrital fraction, which is dominated by refractory silicate phases.

In detail, 362-514 mg of homogenised sediment powder was taken for each sample, agitated in
Milli-Q water, whereupon the water was decanted. To obtain the Fe-Mn oxyhydroxide leachates, the
samples were agitated for 1 hour in 10 mL of an aqueous solution containing 0.005 M HH, 1.5% acetic
acid and 0.03 M Nax-EDTA, buffered to pH = 3.5-4.0 with NaOH. The remaining solids were further
leached twice, for 3 and 17 hours, respectively, with 30 mL of a solution containing 0.05 M HH, 15%
acetic acid and 0.03 M Na,-EDTA, buffered to pH = 3.5-4.0 with NaOH, to remove any remaining Fe-
Mn oxyhydroxide material. The remaining solids were the detrital fractions, which were triple-rinsed
with Milli-Q water, dried and homogenised using a pestle and mortar. The Fe-Mn oxyhydroxide
leachates were repeatedly dried and re-dissolved in 1 mL 16 M HNOs, until the solutions were clear.
For the detrital fractions, about 50 mg of each dried sample was digested by refluxing in 2 mL 28 M
HF, 1 mL 16 M HNO; and 0.8 mL 11 M HCIO4 for two days. Both fractions were then dried and
dissolved in 6 mL 6 M HCI.

Similar to the approach of Haley et al. (2008), a decarbonation step using buffered acetic acid prior
to recovery of the Fe-Mn oxyhydroxide fraction was omitted. This is in light of leaching experiments
by Wilson et al. (2013), which demonstrated that for sediment samples that are subjected to a
decarbonation step, the subsequent HH leachates are more prone to release trace metals from the detrital

phases and contaminate the recovered authigenic signature. Contrary to Haley et al. (2008), however,
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Na,-EDTA was included as a chelating agent in the leaching mixtures of the current study, as this helps
to reduce re-adsorption of trace elements and to improve the selective extraction of Pb and REEs

(Gutjahr et al., 2007; Wilson et al., 2013).

2.3.3 Purification and Isotope Analyses of Nd

The purification and isotope analyses of Nd were conducted by Rhian O’Callaghan. Neodymium
was separated from the sample solutions using a two-stage chromatographic procedure, detailed in
Table 2.1 and following an established method (Struve et al., 2016). Briefly, the rare earth elements
(REEs) were first separated from matrix elements by cation exchange chromatography using Bio-Rad
AGW50-X8 resin (200-400 mesh), whilst Nd was then separated from other REEs using Ln-Spec resin
(50-100 um bead size). Neodymium isotope analyses were then carried out with a Nu Instruments Nu
Plasma HR multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS). A small (5%)
aliquot was first taken from each sample and analysed by MC-ICP-MS to determine the total mass of
Nd available for analysis. Another aliquot was then taken and diluted to 1 mL 0.1 M HNO; to obtain a
Nd concentration of about 50 ng/mL for the isotope measurement. The MC-ICP-MS was operated in
static multi-collection mode. Isotope analyses were conducted in three sessions in October and
November 2018, alongside the standard reference materials BCR-2 and JNdi-1. A correction for the
(negligible) isobaric interference of '“*Sm on '**Nd was applied. To correct for instrumental mass
fractionation, the measured '*Nd/'**Nd ratios were corrected using the exponential law and relative to
a ""Nd/"Nd ratio of 0.7219. Finally, the sample ratios were corrected for the mean offset between the
3N d/"Nd ratios determined for the bracketing JNdi-1 standards and the reference value of 0.512115
+ 0.000007 (Tanaka et al., 2000).

The external precision of the *Nd/"**Nd measurements was assessed from replicate analyses of the
JNdi-1 standard, which yielded within-session 2 SD (standard deviations) reproducibilities of 35-57
ppm. The basaltic USGS reference material BCR-2 was processed alongside the sediment samples, and
yielded an average '*Nd/'*Nd ratio of 0.512644 + 0.000035 (uncertainty is 2 SD; n = 6). This result
agrees with the previously published '“*Nd/'*Nd value of 0.512638 = 0.000015 (Weis et al., 2006).
Two procedural blanks of 30 and 28 pg were both negligible (at < 0.02%) compared to the indigenous
Nd present in the processed sediment samples (130-5300 ng).

2.3.4 Purification and Isotope Analyses of Pb

The matrix element fractions, which were eluted from the cation exchange resin with 3 M HCI
before elution of the rare earth elements, were collected for the separation of Pb. These fractions were
dried and re-dissolved in 5 mL 6 M HCI. Following aliquoting, the sample solutions were dried and
refluxed twice in 2 M HBr for conversion to the bromide form. Following drying, the sample residues
were re-dissolved in 5 mL 2 M HBr for purification. For the separation of Pb from matrix elements,

two identical stages of HBr-HNOs anion exchange column chromatography were carried out, which
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followed established methods (Paul et al., 2015; Wilson et al., 2017) and are detailed in Table 2.2.
Following purification, the Pb fractions were dried and re-dissolved in 1 mL 0.1 M HNO:; for the isotope
analyses.

Lead isotope analyses were conducted on a Nu Instruments Nu Plasma Il MC-ICP-MS. A small
(5%) aliquot was first taken from each sample and analysed by MC-ICP-MS to determine the total mass
of Pb available for analysis. Another aliquot was then taken and doped with a NIST SRM 997 Tl
solution. The Pb-T1 mixtures were immediately dried down, and then re-dissolved in 1.5 mL 0.1 M
HNO:; to obtain Pb and Tl concentrations of about 10 ng/mL. The isotope analyses followed the
‘unspiked’ protocol of Griffiths et al (2020). Within each measurement session, a set of NIST SRM 981
Pb — NIST SRM 997 Tl standard mixtures with Pb and Tl concentrations of = 10 ng/mL were measured
together with the samples to monitor within-run precision and to support correction of the instrumental
mass fractionation. All sample measurements were conducted in two sessions in July and August 2020,
respectively.

The measured isotope data was processed offline using the MATLAB program developed by
Griffiths et al (2020) on a session-by-session basis. The isobaric interference of ***Hg on 2*Pb was
corrected based on the monitored >*?Hg ion beam intensity and a natural ***Hg/**’Hg ratio of 0.22923
(Meija et al., 2010). To correct for instrumental mass fractionation, the Pb isotope ratios of the samples
were externally normalised using an empirically optimised > T1/2® Tl reference ratio based on the mass
fractionation that was determined for the SRM 981 Pb — SRM 997 TI standard mixtures (Rehkdmper
and Halliday, 1998). Finally, an offset correction was applied to the sample ratios using the residual
deviations between the measured values and the reference values of Galer (1999) for SRM 981 Pb.

The external precision of the Pb isotope analyses was assessed from replicate analyses of the 10
ng/mL SRM 981 Pb — SRM 997 TI standard mixtures in a measurement session. These runs yielded 2
SD reproducibilities of ~120 ppm for 2°°Pb/?**Pb, 100-170 ppm for **’Pb/***Pb and 110-190 ppm for
208pp/2%Ph. To assess the accuracy of Pb isotope analyses, the USGS reference material BCR-2 was
processed alongside each batch of six Pb samples, and this yielded results of *°Pb/?*Pb = 18.749 +
0.003, 27Pb/2*Pb = 15.620 + 0.001 and 2°*Pb/***Pb = 38.713 £ 0.003 (2 SD; n = 3). These data agree
with previously published values of 2°Pb/?*Pb = 18.753 + 0.020, 2’Pb/***Pb = 15.625 + 0.004 and
208pp/2%Ph = 38.724 + 0.041 (Weis et al., 2006). Notably, the quoted precisions, of ~150 ppm for
206pp/2%Ph, ~70 ppm for 2’Pb/2%Pb and ~80 ppm for 2**Pb/2*Pb, are similar to the within-session
reproducibilities that were obtained for replicate runs of SRM 981 Pb — SRM 997 Tl standard mixtures.
Three procedural blanks for the anion exchange separation gave results of 5, 22 and 32 pg, which are
all negligible (at < 0.01%) compared to the indigenous Pb present in the processed sediment samples

(110-380 ng).

57



Table 2.1. Column chemistry procedure for the separation of Nd from sediment samples.

Purpose Chemistry

Stage 1: Cation Exchange Chromatography
1.4 mL Bio-Rad AG50W-X8 resin (200-400 mesh)

Clean resin 1 x10 mL 6 M HCI
Equilibrate resin 2 x 0.5 mL 1 M HCI
Load sample 2 x 0.5 mL sample in 1 M HCl
Elute matrix 2x0.5mL 1M HCI]

1 x0.5mL 3 M HCI

2 x3.25mL 3 M HCI
Elute REE 1 x6.5mL 6 M HCI1

Stage 2: Ln-spec Chemistry
500 pL Eichrom Ln-Spec resin (50-100 um bead size)

Clean resin 1 % reservoir 6 M HCl
2 x 1 mL Milli-Q water
Prepare sample 0.2 mL 0.2 M HCI to sample;
30 minutes in ultrasonic bath
Equilibrate resin 2 x 1 mL 0.2 M HCl
Load sample 1 x 0.2 mL sample in 0.2 M HCI

Elute REEs 2x0.15mL 0.2 M HCI
1 x4mL 0.2 M HCI
Elute Nd 1 x2.5mL 0.2 M HCI

Table 2.2. Column chemistry procedure for the separation of Pb from sediment samples.

Purpose Chemistry

Anion Exchange Chromatography, Two Identical Stages
200 pL Eichrom AG1-X8 resin (100-200 mesh)

Clean resin 3x3mL 0.1 M HNO;
Equilibrate resin 2 x 0.1 mL 2 M HBr
Load sample 5 mL sample in 2 M HBr
Elute matrix 2 x 0.1 mL2M HBr
2 x0.5mL 0.2 M HBr— 0.5 M HNO;
1 x 0.2 mL 0.03 M HBr - 0.5 M HNO;
Elute Pb 2% 1.5mL 0.03 M HBr — 0.5 M HNO3
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Table 2.3. Isotope compositions and concentrations of Pb and Nd for the sediment samples from MANOP Sites H and M. Isotope measurements were conducted on the
bulk sediment samples (-B) and the leachate (-L) and detrital (-R) fractions.

Fraction  Full sample name Short sample  Depth “®Pb/""Pb  Within-run “Pb/""Pb  Within-run “"Pb/""Pb  Within-run sNd(b) Within-run [Pb] [Nd]
(cruise/core/stratum) name (cm) external 2sd® external 2sd® external 2sd® external 2sd° (ug/g)  (ngl)
MANOP Site H
Bulk PLUTO 15MBC MP8950 AAZ 8950-B 3-4cm 18.679 0.002 15.596 0.003 38.532 0.007 -1.5 0.3 12.2 27.9
Repeat 18.676 0.002 15.595 0.002 38.530 0.004
Repeat 18.676 0.002 15.599 0.002 38.539 0.004
VULCAN 37BC MP5306 AAZ MP6-B 5-7 cm 18.678 0.002 15.596 0.003 38.531 0.007 -1.3 0.6 13.6 31.2
Repeat 18.676 0.002 15.596 0.002 38.530 0.004
Repeat 18.674 0.002 15.594 0.002 38.525 0.004
Repeat 18.678 0.002 15.596 0.002 38.529 0.004
VULCAN 37BC MP5307 AAZ MP8-B 7-9 cm 18.679 0.002 15.595 0.003 38.526 0.007 -1.5 0.4 133 30.0
Site H Mean 18.68 15.60 38.53 -1.4
SD 0.00 0.00 0.00 0.1
Leachate PLUTO 15MBC MP8950 AAZ (L) 8950-L 3-4cm 18.643 0.002 15.592 0.002 38.503 0.004 -1.8 0.6
VULCAN 37BC MP5306 AAZ (L) MP6-L 5-7 cm 18.645 0.002 15.598 0.002 38.516 0.004 -1.9 0.3
Repeat 18.647 0.002 15.595 0.002 38.512 0.004
VULCAN 37BC MP5307 AAZ (L) MPS8-L 7-9 cm 18.645 0.002 15.592 0.002 38.499 0.004 -1.8 0.6
Site H Mean 18.64 15.59 38.51 -1.8
SD 0.00 0.00 0.01 0.1
Detrital PLUTO 15MBC MP8950 AAZ (R) 8950-R 3-4cm 18.843 0.002 15.623 0.002 38.703 0.004 0.7 0.6
VULCAN 37BC MP5306 AAZ (R) MP6-R 5-7cm 18.847 0.002 15.624 0.002 38.704 0.004 0.1 0.6
VULCAN 37BC MP5307 AAZ (R) MP8-R 7-9 cm 18.851 0.002 15.623 0.002 38.707 0.004 0.2 0.6
Site H Mean 18.85 15.62 38.70 0.3
SD 0.00 0.00 0.00 0.3
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Table 2.3 (cont’d).

Fraction  Full sample name Shortsample Depth  ~ Pb/"'Pb  Within-run Pb/""Pb  Withintun - Pb/"'Pb  Within-run exd”  Within-run  [Pb] [Nd]
(cruise/core/stratum) name (cm) external 2sd® external 2sd® external 2sd® external 2sd” (ug/g)  (uglg)
MANOP Site M
Bulk PLUTO 20BC MP8966 AAZ 8966-B 0.5-1 cm 18.526 0.002 15.557 0.003 38.213 0.007 -1.7 0.6 17.1 25.1
PLUTO 20BC MP8967 AAZ 8967-B 1-3cm 18.524 0.002 15.554 0.003 38.201 0.007 -1.7 0.6 19.1 27.4
PLUTO 20BC MP8969 AAZ 8969-B 5-7 cm 18.533 0.002 15.559 0.003 38.220 0.007 -1.8 0.3 16.2 22.6
Site M Mean 18.53 15.56 38.21 -1.7
SD 0.00 0.00 0.01 0.1
Leachate PLUTO 20BC MP8966 AAZ (L) 8966-L 0.5-1 cm 18.503 0.002 15.552 0.002 38.178 0.004 -1.7 0.6
PLUTO 20BC MP8967 AAZ (L) 8967-L 1-3 cm 18.503 0.002 15.551 0.002 38.174 0.004 -1.6 0.6
PLUTO 20BC MP8969 AAZ (L) 8969-L 5-7 cm 18.549 0.002 15.566 0.002 38.264 0.004 -1.5 0.6
Site M Mean 18.52 15.56 38.21 -1.6
SD 0.03 0.01 0.05 0.1
Detrital PLUTO 20BC MP8966 AAZ (R) 8966-R 0.5-1 cm 18.625 0.002 15.587 0.002 38.392 0.004 -2.5 0.3
PLUTO 20BC MP8967 AAZ (R) 8967-R 1-3cm 18.621 0.002 15.587 0.002 38.392 0.004 2.4 0.6
PLUTO 20BC MP8969 AAZ (R) 8969-R 5-7cm 18.621 0.002 15.587 0.002 38.387 0.004 -2.5 0.6
Site M Mean 18.62 15.59 38.39 -2.5
SD 0.00 0.00 0.00 0.1

(a) 2x standard deviations of repeated Pb isotope analyses of NIST SRM 981 — SRM 997 standard solutions (= 10 ng/g Pb, Tl) in each measurement session.

(b) end values were calculated based on a '"*Nd/'*Nd ratio of 0.512638 for the Chondritic Uniform Reservoir (CHUR): ('**Nd/'"*Ndsampte / "*Nd/**Ndcnur - 1) x 10*

(c) 2x standard deviations of repeated Nd isotope analyses of INdi-1 standard solutions (= 50 ng/g Nd) in each measurement session.
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2.4 Results

For the two MANORP sites of this study, Pb and Nd concentrations of 12-19 pg/g and 23-31 ng/g,
respectively, are observed within the upper 8 cm of the sediment cores (Table 2.3; Fig. 2.3d, h). For
both Pb and Nd concentrations, downcore variations in elemental abundances are less than about 10%,
except for Nd concentrations at Site M (< 20%). At Site H, the sediment samples have relatively low
Pb concentrations (12.7 + 0.7 pg/g; 1 SD) and higher Nd abundances (29.7 + 1.7 ug/g), which give low
Pb/Nd ratios of around 0.4. In contrast, the sediment samples from Site M have higher Pb (17.2 + 1.2
ug/g) and lower Nd abundances (25.0 = 1.8 pg/g), giving higher Pb/Nd ratios of about 0.7.
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Figure 2.3. Vertical profiles of Pb and Nd isotope compositions and concentrations of sediments from
MANOP Sites H (upper panels) and M (lower panels). From left to right: (a, €) 2°Pb/2%Pb, (b, f) 2%*Pb/?*Pb;
(c, g) Nd isotope compositions (in exq) and (d, h) bulk sedimentary concentrations of Pb and Nd. Trends for Pb
and Nd are shown as solid and dashed lines, respectively. In the panels of isotope compositions (a-c, e-g), separate
data for the bulk sediments (circles), leachate fractions (diamonds) and squares (squares) are shown. The
distributions of 2°7Pb/2%Pb, not shown, are similar to 2°Pb/2**Pb. Errors for the 2°°Pb/2%*Pb and 2°*Pb/2%*Pb ratios
are smaller than the symbol sizes.

For both Pb and Nd, the isotope compositions of the bulk sediments and the leachate and detrital
fractions show only limited downcore variations for the samples collected between 0 and 8 cm depths
at each site (Table 2.3; Fig. 2.3a-c, e-g). Furthermore, within each site, the isotope compositions of the
bulk sediments are consistently very similar or identical to the leachates but differ significantly from

the detrital fractions. In detail, at Site H, the Pb isotope ratios of the leachate fractions (***Pb/?*Pb =
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18.64, 2°Pb/**Pb = 15.59, 28Pb/?*Pb = 38.51) are very similar to the bulk sediment results (18.68,
15.60, 38.53), while the values for the detrital fractions (18.85, 15.62, 38.70) are consistently more
radiogenic. Similar systematics are seen at Site M, but the Pb isotope compositions of the bulk
sediments and the sediment fractions are less radiogenic than at Site H. In detail, the *>Pb/***Pb ratios
of the detrital fractions (18.62, 15.59, 38.39) are more radiogenic than the bulk sediments (18.53, 15.56,
38.21) and the leachates (18.52, 15.56, 38.21). The Nd isotope compositions of the leachate fractions
from Site H (exg = —1.8) and Site M (eng = —1.6) are identical, within the 2 SD precision of the data, to
the results obtained for the bulk sediments, with exg values of —1.4 and —1.7 for Sites H and M,
respectively. In contrast, the detrital compositions are significantly different, with a higher exq value of

+0.3 at Site H but a less radiogenic result of eng =—2.5 at Site M.
2.5 Discussion

2.5.1 Assessing Possible Analytical Artefacts in the Measured Pb-Nd Isotope
Compositions

In this study, derivation of the radiogenic isotope compositions of deep seawater and detrital
sediments relies on the laboratory extraction of operationally-defined authigenic and detrital fractions,
respectively, from bulk marine sediment samples. Before making oceanographic interpretations on the
measured isotope compositions, some potential issues need to be addressed, including: (1) effectiveness
of the chosen extraction technique in isolating the authigenic and detrital signatures of radiogenic
isotopes, (2) possible analytical artefacts due to bioturbation and diagenetic remobilisation, and (3)

potential anthropogenic Pb contamination.

2.5.1.1 Efficacy in Isolating the Authigenic and Detrital Signatures

The first issue relates to the fidelity of the measured Pb and Nd isotope compositions towards the
‘true’ authigenic and detrital archives. The extraction method carries the inherent caveats that elements
from phases other than Fe-Mn oxyhydroxides may dissolve in the first leachate fraction and therefore
contaminate the authigenic signature, whilst elements from phases other than terrigenous particles may
remain in the solid residue and therefore contaminate the detrital signature.

The detectable mineral phases in the MANOP sediment samples include clay minerals, calcite,
feldspars, quartz, Fe-Mn oxyhydroxides and barite (halite is assumed to have completely dissolved
during the water agitation step before the leaching step). During the initial acid leach, clay minerals (e.g.
smectite) and calcite (CaCQO3) are possibly attacked to release their Pb and Nd budgets alongside Fe-
Mn oxyhydroxides, the desired phases in the leachate fractions (Harlavan et al., 2010; Wilson et al.,
2013). The use of a very dilute leach solution, with only 0.005 M HH, in this study already acts as a
precaution to minimise the dissolution of clay minerals (e.g. Haley et al., 2008). Whilst the dissolution

of CaCOs is inevitable, this will likely only have a very minor impact on the Pb and Nd isotope
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compositions of the recovered leachate fractions. In particular, previous studies of hemipelagic
sediments from various ocean basins found no significant differences in the Pb isotope signatures of
decarbonated and non-decarbonated samples (Haley et al., 2008; Basak et al., 2011; Wilson et al., 2015).
Furthermore, leaching experiments on Eastern Pacific pelagic sediments also confirmed that Pb was
primarily present in Fe-Mn oxyhydroxide phases (40-65%), with only minor partitioning into CaCOs
lattices (< 5%) (Koschinsky et al., 2001). Neodymium and other REEs are also known to be enriched
in Fe-Mn oxyhydroxides (EREE ~ 10° ppm) by about an order of magnitude compared to CaCO; (SREE
<200 ppm) (Kato et al., 2011; Liao et al., 2019, 2022). Therefore, the extracted leachate fractions are
likely to be dominated by Fe-Mn oxyhydroxide phases, and thus faithfully record the water mass
signatures.

Chemically precipitated barite can survive the leaching steps and remain in the solid residues,
alongside terrestrially derived quartz, feldspars and clays. For Nd, Martin et al. (1995) demonstrated
that the element is significantly depleted in marine barites (< 4 ppm) compared to terrigenous particles
(= 30 ppm, Winter et al., 1997), and that the Nd isotope compositions of marine barites are controlled
by detrital grains that are trapped in the crystal lattices. Lead as a divalent cation, however, can
substitute for barium (Ba) and may therefore be enriched in marine barites (Griffith and Paytan, 2012;
Jewell et al.,, 2022). Without published data on typical Pb concentrations in marine barites,
contamination of detrital fractions by barite-hosted Pb cannot be ruled out. Fortunately, potential
artefacts in provenance tracing caused by contamination of the detrital signature by barite-hosted
seawater Pb is minimised in this study, through the complementary use of the Nd isotope system, which

is minimally affected by barite contamination.

25.1.2 Bioturbation and Diagenesis

The second issue relates to potential disturbances of the pristine, natural source signatures by post-
depositional processes. Profiles of trace metals and their isotopes in sediment core-tops are especially
prone to post-depositional redistribution processes, notably bioturbation and chemical diagenesis. For
the former process, numerous faunal activities, from the development of burrows, ingestion and
excretion of sediment particles to the infilling of abandoned cavities, can lead to physical stirring and
mixing of sediment particles (Hiilse et al., 2022). For the latter process, diagenetic dissolution and
reprecipitation of redox-sensitive phases can result in the redistributions of many trace elements within
the sediment column (e.g. Graybeal and Ross Heath, 1984). These processes could alter archives of
sediment fluxes by mixing and homogenising potentially distinct signals of trace metals and their
isotopes across strata, obscuring potential flux changes over time.

Bioturbation may have affected the acquired isotope data if the depth of biological mixing
penetrated below the sediment profile of interest. The bioturbation profiles at both MANOP Sites H and
M have been studied in detail (Kadko and Heath, 1984; Cochran, 1985; Kadko et al., 1987b) and are

best illustrated with profiles of naturally occurring, short-lived radionuclides, such as *'°Pb (half-life =
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22.3 years), whereby their depths of penetration approximate the bioturbation zone (Fig. 2.4e, j). At
MANOP Site H, the excess ?!°Pb profile shows physical mixing that is restricted to the upper 5 cm of
the sediment column, therefore affecting only the uppermost of the three Pb-Nd isotope samples (3.5
cm). This argues against a bioturbation-related artefact on the observed downcore homogeneities in Pb
and Nd isotope compositions at Site H. At Site M, the combination of >!°Pb observations and modelling
reveals physical mixing down to about 8 cm depth, and this may have hence affected all Pb-Nd isotope
samples at this site (0.5-7 cm). Therefore, the observed downcore homogeneities in Pb and Nd isotopes
are potentially a consequence of physical mixing, rather than stable provenance over time. Nevertheless,
physical mixing did not penetrate to below the Pleistocene-Holocene boundary at 12 cm at this site
(Pleistocene-Holocene transition at 12 kyr; sedimentation rate = 1 cm/kyr), such that the measured
isotope signatures can still be treated to represent an average of inputs across the Holocene.

At the two MANOP sites, diagenetic remobilisation associated with Fe-Mn oxyhydroxides exert
key controls over the solid-phase distributions of Mn, Fe and other trace metals (Co, Ni, Cu, Zn) in the
top two decimetres of the sediments (Fig. 2.4c-d, h-i) (Klinkhammer, 1980a; Graybeal and Ross Heath,
1984; Lyle et al., 1984; Little et al., 2020). The potential diagenetic redistributions of Pb and Nd can be
assessed from the coupling of their downcore solid-phase concentrations with Mn and Fe (Fig. 2.4b-d,
g-1). At both studied sites, Pb and Nd exhibit clear, strong coupling in concentrations with Fe. In detail,
these elements have similar profile shapes that are characterised by subtle downcore variations and
slight enrichments in the upper 14 cm (Site H) and 6 cm (Site M). Furthermore, the Pb/Fe (Site H: 1.3
x 10%; Site M: 8 x 107°) and Nd/Fe (Site H: 7.4 x 10*; Site M: 4.6 x 10*) ratios remain constant with
depth. In contrast, the Pb and Nd concentrations are decoupled from Mn. The observed close coupling
with Fe is in accord with the affinities of Pb and Nd to Fe oxyhydroxides as compared to Mn oxides,
based on leaching studies of hydrogenous Fe-Mn crusts (Koschinsky and Hein, 2003; Bau and
Koschinsky, 2009). It is likely that Pb and Nd are released when Fe oxyhydroxides dissolve during
diagenetic processes, whereupon they will diffuse upward to be re-scavenged by newly formed Fe
oxyhydroxides phases at shallower depths. Hence, whilst diagenetic redistributions of Pb and Nd were
likely associated with Fe cycling at the two MANOP sites, the redistributions were subtle, as these
added only about 10-15% of the Pb and Nd budgets to the upper 7-9 cm of the studied cores. Given
these mass balance considerations, the original Pb and Nd isotope compositions of the core-tops were

likely altered only to a small extent by the minor diagenetic additions of the elements.

2.5.1.3 Anthropogenic Pb Contamination

The natural source signatures of Pb in sediment core-tops are additionally prone to contamination
by anthropogenic Pb. Throughout the 20" century, the marine inputs of Pb were significantly elevated
due to emissions associated with leaded petrol consumption, and these anthropogenic Pb fluxes were
subsequently introduced into the sediment reservoir (Hamelin et al., 1990; Boyle et al., 2014). Possible

anthropogenic Pb contamination of the MANOP sediment samples can be assessed by two means: (1)
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identifying anomalies in Pb concentrations within contaminated horizons marked by the anthropogenic
radionuclides 2*°-2*°Pu and "*’Cs (Fig. 2.4); (2) comparing the isotope results with the compositions of

major ore types associated with leaded petrol production and data for contaminated aerosols and

sediment samples from the wider EEP (Fig. 2.5).
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Figure 2.4. Vertical profiles of the solid phase concentrations, elemental ratios and/or isotope ratios of
various trace elements (Pb, Nd, Fe, Mn) and radionuclides (>!°Pb, '¥’Cs, 3% 2°Pu) for < 20 ¢cm sediment
depth at MANOP Sites H and M. From left to right: (a, f) Pb and Nd isotope compositions; (b, g) Pb and Nd
concentrations; (c, h) Fe concentrations and molar Pb/Fe and Nd/Fe ratios; (d, i) Mn concentrations and molar
Pb/Mn and Nd/Mn ratios; (e, j) 2'°Pb, '¥’Cs and > 24°Pu activities (Cochran, 1985). Excess 2!°Pb (*!°Pb,s) was
calculated by subtracting the ??Ra activity from the 2!°Pb activity. Unless stated otherwise, the data shown are
bulk sedimentary compositions.
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The radionuclides *-*°Pu and '*’Cs were introduced into the global ocean by atmospheric fallout
from nuclear weapon testing during the 1950s and early 1960s, and these nuclides were rapidly
scavenged and deposited on the seafloor (Livingston and Povinec, 2000; Lee et al., 2005). Detectable
levels of these radionuclides in sediment strata, therefore, serve as an age marker for recent sediment
accumulation or physicochemical interactions with particles from the sediment-water interface during
or after the 1950s (Livingston and Povinec, 2002). Notably, this timing coincides with the rapid increase
in global Pb influxes to the ocean after World War II (Kelly et al., 2009; Boyle et al., 2014). At both
MANORP sites, infiltrations of 23% 2*°Pu and '3’Cs were detected down to about 10 cm depth, and this
encompasses all samples analysed for Pb and Nd isotopes in this study (Cochran, 1985) (Fig. 2.4e, j).
However, Pb concentrations within the contaminated zones at both sites show no surface enrichment
compared to the underlying strata — apart from the slight enrichments associated with Fe-phase
diagenesis (Fig. 2.4b, g). The downcore variations in Pb concentrations are furthermore in accord with
those of Nd, and the marine inventory of the latter element is not known for major anthropogenic
perturbations. Therefore, any additions of anthropogenic Pb are likely insignificant relative to the
natural Pb budgets of the sediment reservoirs.

The presence of anthropogenic Pb can be more accurately assessed with Pb isotope data (Fig. 2.5).
For instance, Holocene (< 11 ka) sediment samples from a core obtained at Ocean Drilling Program
(ODP) Site 849 (0°N, 110°W) in the EEP show clear perturbations by Mississippi Valley-type
contamination with high 2®Pb/?**Pb ratios (***Pb/?%Pb = 21-23, 207Pb/2%Pb = 15.9, 2%Pb/?*Pb = 40-42)
(Sangster et al., 2000), which affected aerosols from the USA (Pichat et al., 2014). This is in accord
with the overwhelmingly high Pb emissions from the USA compared to from other nations and regions
across the American continent (see Section 1.5.2). In contrast, at MANOP Site H, the bulk sedimentary
Pb isotope compositions fall within the ranges obtained for uncontaminated Quaternary sediments
across the EEP (Pichat et al., 2014; Hofig et al., 2016; Erhardt et al., 2021). This suggests that any
anthropogenic Pb contamination of the sediment samples from this site is negligible. The bulk
sediments from MANOP Site M, however, have Pb isotope ratios that deviate from the compositions
of most EEP sediments towards lower *®Pb/**Pb values. Whilst these deviations could be a
consequence of Broken Hill-type contamination (**°Pb/2*Pb = 16, 2°’Pb/?*Pb = 15.4, ®Pb/**Pb = 36)
(Doe and Stacey, 1974; Townsend et al., 1998) that affected South American (e.g. Colombian and
Ecuadorian) aerosols, such contamination is very unlikely. This reflects the significantly lower
historical levels of anthropogenic Pb emissions from the South American continent (> 13 kt/yr; year
1970) compared to North American nations (> 240 kt/yr from the USA and Mexico; year 1970) (Fig.
1.3, Chapter 1). As such, the relatively low 2Pb/?*Pb ratios observed at MANOP Site M are more

likely a consequence of distinct natural inputs characterised by low >**Pb/?%Pb.
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Figure 2.5. Plot of 2%Pb/2*Pb versus 2°°Pb/>*Pb ratios for the bulk and leachate samples from MANOP
Sites H and M and potential sources of anthropogenic contamination. The data for Quaternary bulk sediment
samples from the EEP (open circles, errors smaller than the symbol sizes), with the contaminated core-top samples
highlighted in red, are from Pichat et al. (2014) and Hofig et al. (2016). Coloured fields indicate the isotope ranges
of aerosols from the continental regions surrounding the Guatemala Basin (Bollhéfer and Rosman, 2000, 2001).
Also shown are the compositions of Broken Hill-type ores (Doe and Stacey, 1974; Townsend et al., 1998) and
Mississippi Valley-type (MVT) ores (Sangster et al., 2000).

Based on the above consideration and discussion of Pb concentration and isotope compositions, as
well as available results for anthropogenic radionuclides and Nd concentrations, the impact of
anthropogenic Pb contamination on the measured Pb isotope data of the sediments is likely negligible.
As such, the following discussion focuses on the natural sources of Pb in the detrital and leachate

fractions of the MANOP sediments.

2.5.2 Detrital Sediments: Characterisation of Potential Source Areas

Possible sources of detrital materials in marine sediments include aeolian dust emitted from
proximal or distal continental regions and hemipelagic materials delivered from relatively proximal
continental regions. In order to identify the key source regions of detrital materials to the two MANOP
sites, the Pb and Nd isotope signatures of potential terrestrial source areas are characterised using
compiled literature data for bulk rocks, soils and dust from the major mountain sectors along the
American Cordillera and other distal dust sources (Fig. 2.6). Details about the data compilation are

provided in Appendix 1.
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Figure 2.6. Map showing the major arid regions (pink shades) and mountain belts (white contours) used to
characterise the Pb-Nd isotope signatures of the terrigenous sediment sources across the western side of
the American continent. Mountain belts: Basin and Range Province of Western USA (eastern and western
sectors), Baja California Peninsular Ranges, Sierra Madre Occidental (SMOc), Trans-Mexican Volcanic Belt
(TMVB), Sierra Madre del Sur (SMdS), the Northwest and Southeast sectors of the Central American Volcanic
Arc (CAVA-NW and CAVA-SE), Northern Volcanic Zone (NVZ), Peruvian Coastal Batholith (PCB), Central
Volcanic Zone (CVZ), Eastern Cordillera of the Central Andes and Southern Volcanic Zone (SVZ). Inset shows
an enlarged map of the mountain sectors and arid regions across the Peruvian and Central Andes.
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2.5.2.1 Proximal terrestrial sources

Terrigenous materials from proximal source areas were shown to dominate the detrital fluxes to
marginal regions of the Pacific Ocean (Lyle, 1992; Nakai et al., 1993; Jones et al., 2000). In the EEP,
various South Mexican and Central American terranes along the northern margin of the ocean region,
including the Trans-Mexican Volcanic Belt (TMVB), Sierra Madre del Sur (SMdS) and the northwest
segment of the Central American Volcanic Arc (CAVA-NW), have been identified as key sources of
terrigenous sediments (Saukel et al., 2011; Hofig et al., 2016; Erhardt et al., 2021). The southeast
segment of the Central American Volcanic Arc (CAVA-SE) exhibits distinct Pb isotope signatures
relative to the northwest segment and is hence included as a separate potential source area for
provenance assessment. Hofig et al. (2016) also attributed hemipelagic input from the volcanic terranes
of the Northern Andes (Northern Volcanic Zone, NVZ), a proximal source area along the eastern margin

of the EEP, as a key source of terrigenous sediments to the Guatemala Basin.

2.5.2.2 Distal dust sources

Major dust-producing regions on the western side of the American continent are concentrated at
northern and southern subtropical latitudes (Prospero et al., 2002; Ginoux et al., 2012). The North
American Basin and Range Province encompasses a large swath of deserts and semi-desert terranes
across the Western USA and Northern Mexico and receives very low annual rainfall (e.g. < 600 mm/a,
Baja California; 150-300 mm/a, Great Basin) (Prospero et al., 2002; Amador et al., 2006; Ginoux et al.,
2012). Dust emissions from the Sonoran and Chihuahuan Deserts are characterised by the bulk rock
compositions of the Peninsular Ranges in Baja California and the Sierra Madre Occidental (SMOc),
respectively. Lithologies within and bounding the USA portion of the Basin and Range Province (Great
Basin, Mojave and Chihuahuan Deserts) span very large ranges of Pb and Nd isotope compositions (Fig.
2.8). The Pb isotope data obtained for silt from islands off the coast of Southern California (Erhardt et
al., 2021) are hence taken to represent the average dust composition from the USA portion of the Basin
and Range Province (Fig. 2.7).

The Andean Range traverses throughout the western margin of South America (Fig. 2.6). The arid
coastal plains and slopes of the North-Central (Peruvian) and Central Andes encompass a continuous
desert strip (8°S to 27°S) with strong dust emissions (Ginoux et al., 2012). In particular, the Atacama
Desert in Northern Chile receives as little as ~20 mm/a of annual rainfall and is known as the driest
place on Earth. Furthermore, the Puna and Altiplano plateaus of the Central Andes feature semi-arid
conditions and are known to be significant dust sources (Prospero et al., 2002; Garreaud et al., 2003).
Radiogenic isotope studies attributed terranes in the Central Andes as the major dust sources to the
Eastern and Central Equatorial Pacific Ocean (92-158°W) (Pichat et al., 2014; Hofig et al., 2016; Reimi
and Marcantonio, 2016; Reimi et al., 2019). Dust emissions from the Peruvian Andes are characterised
based on the bulk compositions of the Peruvian Coastal Batholith (PCB), while the Central Andean dust

sources are represented by analyses of surficial deposits from the Atacama Desert and the Puna-
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Altiplano Plateau. Data of surficial deposits from the Puna-Altiplano Plateau overlap with the bulk rock
compositions of samples from the Central Andes (Central Volcanic Zone, CVZ), whilst data from the
Atacama Desert falls between the bulk rock compositions of samples from the CVZ and the Southern
Andes (Southern Volcanic Zone, SVZ) (Fig. 2.7).

Dust from East Asia dominates the detrital sediment budget across the open North Pacific Ocean
(e.g. Rea, 1994; Herman et al., 1997). Whilst previous isotope provenance studies showed a decline in
Asian dust contributions east of 120°W in the easternmost sector of the Pacific Ocean (Nakai et al.,
1993; Jones et al., 2000; Pettke et al., 2000; Reimi and Marcantonio, 2016; Erhardt et al., 2021), this

source is nonetheless included for provenance assessment in the following.

2.5.3 Sources of Detrital Sediments

The source areas of the detrital sediments at the two MANOP sites are assessed based on
comparisons of the sample isotope data with the signatures of potential source areas as well as with
previously published Pb (Jones et al., 2000; Erhardt et al., 2021) and Nd (Nakai et al., 1993; Jones et
al., 1994) isotope data for detrital core-tops from across the EEP.

2.5.3.1 Regional detrital isotope signatures in the EEP

Detrital sediments across the Central and Eastern Equatorial Pacific Ocean exhibit clear zonal
gradients in Pb and Nd isotope signatures, consistent with the transition in dominant contributions from
distal to proximal sources towards the Central/South American continent (Fig. 2.7; 2.9). In Pb-Pb
isotope spaces, detrital compositions of the offshore region (120-140°W) have relatively high
207pp/2%4Pb and 2°8Pb/>**Pb for a given 2°Pb/**Pb, in accord with a mixed derivation from sources with
signatures of surficial deposits from the Central Andes, East Asia and Western USA (Fig. 2.7a, b; 2.9a,
b). These signatures hence reflect the dominant influence of dust inputs from some or all of these distal
upwind regions. In contrast, the detrital compositions of more eastern sites (80-120°W) have lower
207pb/2%4Pb and 2°*Pb/2*Pb ratios for a given **Pb/2**Pb, which likely indicate more dominant inputs
from relatively proximal sources in Mexico (TMVB, SMdS, Peninsular Ranges and SMOc), Central
America (CAVA-NW), the Northern Andes (NVZ) and the Peruvian Andes (PCB). Similarly, the zonal
changes in Nd isotope compositions, from highly unradiogenic signatures in the offshore region (ena =
—10, 120-140°W) to more radiogenic signatures east of 120°W (ena = —6 to —3), agree with the shifting
dominance from Asian dust (exg =~—11) to the more proximal Mexican, Central American and Northern

Andean terranes (eng > 0) (Fig. 2.7c; 2.9¢).

2.5.3.2 Detrital sources of MANOP Site H
At MANOP Site H, the detrital Pb isotope compositions (**Pb/?**Pb = 18.85, 2’Pb/**Pb = 15.62,

208pp/2%Ph = 38.70) are in accord with published data for detrital core-top sediments from proximal

locations in the easternmost Equatorial Pacific Ocean (80-120°W; e.g. 2%Pb/?**Pb = 18.68-19.02) (Fig.
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Figure 2.7 (cont'd). Plots of (a) 2"Pb/?**Pb, (b) 2°®Pb/?**Pb, and (c) ena versus 2"Pb/>**Pb for the detrital
sediment fractions from the tvo MANOP sites in comparison to the isotope compositions of potential source
areas and previously published marine sediment data for the Eastern Equatorial Pacific Ocean. Surficial
terrestrial deposits (silt and loess) that characterise major dust sources (circles): Puna-Altiplano (Gili et al., 2016,
2017) and Atacama Desert (Erhardt et al., 2021) in the Central Andes, South America; East Asia (Chinese loess,
Nakai et al., 1993; Jones et al., 2000); Western USA (Erhardt et al., 2021). Coloured fields indicate the bulk rock
compositions of potential terrestrial source areas retrieved from the GEOROC database, each of which encompass
the data points that fall within 2 SD of the mean composition of a source area (see Appendix 1 for details of
compilation). The compositions of the TMVB, SMdS and the Peninsular Ranges are combined as a single field,
labelled as “TMVB’. Lithological compositions of the Western Cordillera (CVZ) and the Eastern Cordillera of
the Central Andes are also grouped as a single field, labelled as ‘CVZ’. The detrital sediment data in the EEP are
divided between the proximal (80-120°W, grey open squares) and offshore (120-140°W, red open squares) sectors
of the EEP; most Pb isotope data are from Erhardt et al. (2021) and the combined Pb-Nd isotope data are from
Nakai et al. (1993) and Jones et al. (1994; 2000). Deep sea turbidite deposits off the West Mexican coast (open
triangles) are from McLennan et al. (1990) and Hemming and McLennan (2001). Errors for the isotope
compositions of the sediment samples are similar to or smaller than the symbol sizes.

2.7a,b; 2.9a, b). In contrast, the detrital exq values (+0.3) are higher than the values of —6 to —3 obtained
for other sites in the EEP (Fig. 2.7c; 2.9c). The observed consistency in Pb isotope signatures suggest
that the detrital sediments at Site H are likely affected by the same source mixing relationships that are
relevant for the wider Guatemala and Panama Basins. The more radiogenic Nd isotope signature at Site
H, however, indicates stronger contributions from terrestrial sources with higher exq values.

The various terranes along the Pacific coast of Mexico (**Pb/?*Pb = 18.5-18.9, 27Pb/***Pb = 15.52-
15.67, 2%Pb/**Pb = 38.2-38.8) likely define the low->*Pb/?**Pb mixing endmember that contributes to
the terrigenous sediments at Site H, through a combination of aeolian and hemipelagic materials.
Significant dust emissions were identified for the Sonoran Desert of Northwest Mexico (Prospero et al.,
2002; Ginoux et al., 2012). Dust storms were also identified in Southern Mexico, which features dry
winters and wet summers and was naturally covered by subtropical dry forests until large-scale
deforestations in recent centuries (Prospero and Bonatti, 1969; Griscom and Ashton, 2011). Prospero
and Bonatti (1969) found elevated winter dust loads in the atmosphere above the Guatemala and Panama
Basins (0.68 pg/m’, compared to 0.14 pg/m® south of the Equator) and attributed the ‘dustier’
atmosphere to those two Mexican regions with frequent occurrences of dust storms. Dust from these
source regions can be delivered to the Guatemala Basin by prevailing north westerly and northerly
winds (Fig. 2.1).

The Central American land bridge is, in principle, an alternative source of detrital sediments to Site
H, based on terrigenous sedimentation mapping for the EEP during ODP Leg 138. Notably, the mapping
revealed a sediment wedge extending from the Pacific coast of Central America into the interior of the
Guatemala Basin (Lyle, 1992). However, the Nd isotope signatures of both CAVA-NW (eng = +6 £ 2,
1 SD) and CAVA-SE (eng = +7) are too high for these sources to provide significant contributions to
the detrital sediments at Site H (exa = +0.3) or other sites in the EEP (eng < —3) (Fig. 2.7¢c). This may
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Figure 2.8. Plots of (a) >*’Pb/**Pb, (b) 2°8Pb/?**Pb, and (c) exa versus 2*°Pb/?**Pb for the detrital sediment
fractions from the two MANQOP sites in comparison to the bulk rock isotope compositions from the western
(grey contours) and eastern (pink contours) sectors of the North American Basin and Range Province
(BRP), retrieved from the GEOROC database. Contoured fields encompass the data points that fall within 2 SD
of the mean composition of each source area. The isotope ranges of other terrestrial source areas in Figure 2.7 are
overlain for comparison. Errors for the isotope compositions of the sediment samples are similar to or smaller
than the symbol sizes. Note the extended scales for the Pb isotope ratios in comparison to Figure 2.7.
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2001). Symbols are colour-coded based on their Pb or Nd isotope values.
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reflect the limited relief and geographical extent of the Central American land bridge, which restricts
the production of detritus from this region (Hofig et al., 2016). Instead, hemipelagic input from the
Central American land bridge may be overwhelmed by the larger quantities of detritus that are derived
from the neighbouring Southern Mexican terranes (TMVB and SMdS). This conclusion reflects that
the latter are characterised by exg values of between —1 and +7 (with a mean of +3.4), and which are
thus closer to the detrital signatures observed at Site H. Hemipelagic sediments from Southern Mexico
can be transported eastward along the Central American coast and carried offshore by the anticyclonic
Tehuantepec Bowl (Fig. 2.2).

Proximal hemipelagic input from the Northern Andes (**°Pb/**Pb = 18.8-19.15, 27Pb/?%Pb =
15.57-15.70, 2°8Pb/?*Pb = 38.5-38.9; NVZ) and dust input from the Peruvian Andes (>**Pb/?**Pb = 18.7-
19.8, 27Pb/2%Pb = 15.62-15.70, ***Pb/***Pb = 38.7-39.8; PCB) are two potential candidates for the high-
20xpb/2%Pb mixing endmember that contributes to terrigenous sediments at Site H (Fig. 2.7a, b). Lyle
(1992) showed another sediment wedge extending westward from the Northern Andean coast into the
interior of the Guatemala Basin. This coast features a humid tropical climate, with exceptionally high
orographic rainfall of 8-13 m/a on the Pacific coast of Colombia (Poveda and Mesa, 2000), conducive
to high continental runoff. While Western South America lacks large drainage basins, small
mountainous rivers draining into this active margin could carry large sediment loads to the offshore
region, due to the combined conditions of frequent turbidite discharges from mass wasting events and
poor sediment trapping by the narrow continental shelves (Milliman and Syvitski, 1992; Hofig et al.,
2016). Furthermore, the Colombia Trench bordering the Northern Andes is shallower and narrower than
the Peru-Chile Trench to the south (Fig. 2.2) (e.g. Lonsdale and Klitgord, 1978). The hemipelagic
sediments from this part of the Andean Cordillera are, therefore, more likely to escape the ocean trench
and reach offshore regions of the Panama Basin. Surface ocean gyres could further distribute the
Northern Andean detritus from the Panama Basin into the Guatemala Basin (Fig. 2.2). Alternatively,
elevated dust loads from the Peruvian coastal deserts may be delivered by the prevailing southeast trades
to the Guatemala Basin (Fig. 2.1).

The Nd isotope signatures of most of the proximal sources, including most Mexican terranes (&g =
+3, TMVB, SMdS and Peninsular Ranges), the Northern Andes (+4) and the Peruvian Andes (+1), are
more radiogenic than the detrital signature at site H (ena = +0.3) (Fig. 2.7c). This requires the addition
of material with less radiogenic Nd isotope signatures. Dust contribution from Northern Mexico (e.g.
Chihuahuan Desert) that is characterised by the slightly negative eng values of the Sierra Madre
Occidental (SMOc) (-1 + 2), and Pb isotope signatures that resemble other Mexican terranes, could
hence explain the detrital signature at Site H. Alternatively, mixing of proximal sources (TMVB and
NVZ) with a small proportion of distally transported Central Andean dust (exg = —12 to —3, Puna-
Altiplano) could also account for the detrital Nd isotope signature observed at Site H. Nevertheless, any
contributions from Central Andean dust are likely minor, in line with the observed northward trend of

increasing eng values defined by core-top sediments from the EEP (Fig. 2.9¢) and the lower dust load
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over the Southeast Pacific Ocean (Prospero and Bonatti, 1969). Significant additions of Southern
Andean materials (SVZ) to the detrital sediments at Site H or the wider Guatemala Basin can also be
ruled out. In particular, the limited contributions of Central Andean materials to Guatemala Basin
sediments render large dust inputs from the more remote South Andean coast with its relatively minor
dust emissions very unlikely.

The Pb isotope compositions of bulk sediments from Ocean Drilling Program / Integrated Ocean
Drilling Program (ODP/IODP) Site 1256 (6°44°N, 91°56°W), which is proximal to MANOP Site H
(6°33’N, 92°48°W) (Fig. 2.2), suggest that the Pliocene-Quaternary terrigenous sedimentation in the
region reflects mixing between Southern Mexican materials with low 2**Pb/?*Pb, and Northern and
Central Andean materials with high 2*Pb/?*Pb (Héfig et al., 2016). The Holocene provenance model
of the current study for MANOP Site H is hence largely in accord with the palacoceanographic model
developed from the ODP/IODP Site 1256 record. However, based on the additional Nd isotope
constraints, only minor contributions are attributed to Central Andean dust, as the large, proximal

sediment fluxes from Mexico and the Northern Andes will likely overwhelm the distal dust input.

2.5.3.3 Detrital sources of MANOP Site M

The Pb isotope compositions of detrital sediments from Site M (**°Pb/2*Pb = 18.62, *’Pb/**Pb =
15.59, 2%Pb/?™Pb = 38.39) are distinctively less radiogenic than at Site H and most other detrital
sediment samples in the EEP east of 120°W (*°Pb/**Pb = 18.68-19.02, **’Pb/**Pb = 15.60-15.65,
208pp/204ph = 38.55-38.90) (Fig. 2.7a, b; 2.9a, b). This suggests stronger influence of terrestrial sources
with low 2%Pb/>**Pb signatures.

Dominance of terrigenous detritus from Mexico can explain the detrital 2*Pb/?**Pb signature at Site
M, as this falls within the compositional range of the various Mexican terranes (**°Pb/?%*Pb = 18.5-18.9,
207pb/204pPh = 15.52-15.67, 2°8Pb/***Pb = 38.2-38.8) (Fig. 2.9a, b). Site M is situated about 1000 km from
the South Mexican coast in the northwest area of the Guatemala Basin and favourable transport
pathways are present between the South Mexican margin and the latter (Fig. 2.1; 2.2). In particular, the
prevailing northeast trade wind and the anticyclonic surface ocean gyre of the Tehuantepec Bowl can
efficiently deliver dust and hemipelagic fluxes, respectively, from offshore Mexico to dominate the
detrital sediment budget at Site M. The delivery of Southern Mexican detritus is further enhanced by
the southward flow of bottom water along the western margin of the Guatemala Basin. The similarity
of the detrital Pb isotope signature at Site M to results obtained for some deep sea turbidite samples
from off the West Mexican coast, which also exhibit relatively low 2*Pb/?**Pb ratios (*Pb/?*Pb =
18.59, 18.67, 2%8Pb/**Pb = 38.40, 38.43), supports the dominance of hemipelagic input from Mexico at
Site M (Fig. 2.7a, b; 2.9a, b). This conclusion is further supported by the terrigenous sedimentation
mapping for the EEP, as this shows a thick sediment wedge extending from the southwest corner of

Mexico along the eastern flank of the EPR to the location of Site M (Lyle, 1992).
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The detrital eng value of —2.5 for Site M is slightly less radiogenic than the compositions of coastal
Mexican sources (eng = —1 to +8 for TMVB, SMdS and Peninsular Ranges), suggesting the involvement
of one or several sources with lower eng. Dust samples from East Asia and the Central Andes have very
low eng values of —12 to —3. However, significant contributions from either source can be ruled out. In
particular, East Asian dust has much higher *Pb/>**Pb (e.g. 2°°Pb/**Pb > 18.9) than the detrital
signature at Site M (Fig. 2.7a, b). In the context of the southeast trades, Site M is situated downwind of
Site H, but the latter shows little evidence for significant contribution of a detrital Central Andean dust
component with low exg (Fig. 2.1; 2.9¢). This observation hence argues against a significant presence
of Central Andean dust in the detritus of Site M.

Alternatively, dust emitted from the Chihuahuan Desert of Northern Mexico can contribute detrital
sediments with low eng signatures to Site M. The SMOc is a key dust source area for the Chihuahuan
Desert and has eng values (—4 to +2, 1 SD) that are suitably unradiogenic to account for the Nd isotope
signature at Site M (exa = —2.5). Furthermore, the Eastern Basin and Range Province, another potential
dust source area for the Chihuahuan and Sonoran Deserts, has highly variable Pb and Nd isotope
compositions (with 2°Pb/?*Pb = 17.0-19.3 and exqg = —12 to +7), which could impact the average
composition of dust emitted from the two deserts and help account for the detrital signatures seen at
Site M (Fig. 2.6; 2.8). A better characterisation of the compositions of dust from these sources would

enable an improved assessment of their significance in the terrigenous sedimentation in the EEP.

2.5.4 Water Mass Signatures and Hydrothermal Sedimentation

In the following, the Pb and Nd isotope compositions of the sediment leachates from the two
MANOP sites are compared to the compositions of sediment leachates and the surface layers of Fe-Mn
crusts and nodules from the surrounding ocean regions (Fig. 2.10; 2.11), whereby the latter are thought
to represent the average deep water compositions over the Late Quaternary (< 300 ka) (von
Blanckenburg et al., 1996; Ling et al., 1997, 2005; Frank et al., 1999; Pichat et al., 2014; Hofig et al.,
2016). For Nd isotopes, the sediment leachate records are also compared with available seawater data
for the Pacific Ocean (Fig. 2.11) (Piepgras and Jacobsen, 1988; Amakawa et al., 2009; Haley et al.,
2021).

Deep water in the Guatemala Basin is fed by inflows from the open North Pacific Ocean across the
EPR (Mantyla, 1975; Lonsdale, 1976). The surfaces of Fe-Mn crusts and nodules from the open North
Pacific Ocean exhibit small ranges of 2*Pb/2**Pb ratios: 2°°Pb/?*Pb = 18.66-18.70, 2°’Pb/?*Pb = 15.62-
15.66 and 2%*Pb/?*Pb = 38.6-38.8 (Fig. 2.10a, b). For Nd, the North Pacific crusts and nodules exhibit
homogeneous isotope signatures with exq values of —4 to —3 (Fig. 2.10c). Notably, these exg results are
in accord with eng values of between —6 and —3 obtained for NPDW from stations in the open Pacific
Ocean west of the EPR (Fig. 2.11) (Piepgras and Jacobsen, 1988; Amakawa et al., 2009; Haley et al.,
2021). In the EEP east of 120°W, Late Quaternary (< 160 ka) sediment leachates and Fe-Mn crusts

exhibit slight shifts in Pb isotope compositions from the North Pacific crust and nodule values towards
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lower 2°’Pb/?*Pb (15.59-15.62) and 2®Pb/?**Pb (38.5-38.6) ratios (Fig. 2.10a, b). The surface Nd isotope
composition of Fe-Mn crust GMAT-14D from the Guatemala Basin is also slightly more radiogenic,
with eng = —2.4, than Fe-Mn sediments and seawater samples from the open North Pacific Ocean (Fig.
2.10c; 2.11) (Frank et al., 1999).

In this study, sediments from both MANOP sites exhibit leachate Nd isotope compositions, of exg
=—1.7 £ 0.6, which are identical within uncertainty to that of crust GMAT-14D (Fig. 2.10c; 2.11). At
Site H in the basin interior, the leachate Pb isotope composition (2°Pb/2%Pb = 18.64, 2’Pb/>*Pb = 15.59,
208pp/294ph = 38.51) is within the range of published results for the EEP, whilst at Site M near the EPR,
the 2*Pb/2%Pb ratios (*°°Pb/?*Pb = 18.50-18.55, 29’Pb/2*Pb = 15.55-15.57, 2%®Pb/**Pb = 38.17-38.26)
are significantly lower (Fig. 2.10a, b).

The distinct Pb and Nd isotope provinces in the EEP reflects modification of the deep water
advected from the open Pacific Ocean by local sources characterised by lower *’Pb/**Pb and
208ph/24Pb and higher eng. Potential sources include sediment fluxes from the proximal Mexican and
Central American terranes, as well as hydrothermal effluents from the EPR. Higher exq values of —1.6
to +1.3 (with a mean of —0.1) were obtained for deep water from the neighbouring Panama Basin, and
these were interpreted to reflect the impact of Central American and Northern Andean dissolved fluxes
with eng values > 0 (Fig. 2.11) (Grasse et al., 2012, 2017). Large hemipelagic fluxes and poor ventilation
likely facilitate the preservation of distinct deep water Pb and Nd isotope signatures for the Guatemala
and Panama Basins relative to the open Pacific Ocean (Lonsdale, 1976; Grasse et al., 2012).

At MANOP Site M, the leachate 2**Pb/?***Pb signatures deviate from those of other sites in the EEP
by trending towards the average composition of MORBs from the EPR segment near the site
(*°Pb/?™Pb = 18.2-18.4, 2YPb/**Pb = 15.45-15.50, *8Pb/>™Pb = 37.8-38.1) (Fig. 2.10a-c). This
compositional shift is best explained by the presence of Pb of hydrothermal origin. Along mid-ocean
ridges, hydrothermal fluids undergo exchange with the basaltic substrate, and they inherit the Pb isotope
signature of MORB (e.g. Chen, 1987). As the emitted hydrothermal fluids mix with ambient seawater,
hydrothermally derived Pb can be transported by the laterally spreading plume either in dissolved form
and/or in hydrothermal particles, including Fe-Mn oxyhydroxides (Dymond and Roth, 1988; German
et al.,, 1991a; Godfrey et al., 1994). At Site M, which is situated only 25 km from the EPR crest,
hydrothermal plumes have been detected in the water column (Kadko et al.,, 1987a). Settling of
precipitates that are enriched in hydrothermal Pb can therefore explain the MORB signature of the
leachable sediment fraction of Site M. This conclusion is in accord with previous sediment studies of
the Southeast Pacific Ocean, which found a significant MORB component in the Pb isotope
compositions of Fe-Mn sediments more than 1000 km away from mid-ocean ridges (Barrett et al., 1987;

van de Flierdt et al., 2004).
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Figure 2.10. Plots of (a) 2"Pb/**Pb, (b) 2**Pb/2%Pb, and (c) exa versus 2’Pb/**Pb for the leachate fractions
from the two MANOP sites in comparison to literature values of Fe-Mn sediments in the Pacific Ocean and
potential lithological sources. Fe-Mn sediments (open diamonds): crust GMAT-14D (Frank et al., 1999); crusts
and nodules from the North Pacific Ocean (von Blanckenburg et al., 1996); sediment leachates at ODP/IODP Site
1256 (Hofig et al., 2016) and ODP Site 849 (Pichat et al., 2014). MORB from the EPR segment 8-10°N (orange
triangles) were retrieved from the PetDB database. Green and yellow fields denote the bulk rock compositions of
Mexican and Central American terranes, each of which encompasses the data points that fall within 2 SD of the
mean composition of a terrane (refer to Appendix 1 and the caption of Figure 2.7 for details). Errors for the isotope
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compositions of the sediment samples are similar to or smaller than the symbol sizes.
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Figure 2.11. Plot of ena values for the leachate fractions from the MANOP sites in comparison to literature
values of Fe-Mn sediments, potential lithological sources and present-day deep water measurements of
dissolved Nd isotopes. Measurements of North Pacific Deep Water (NPDW; grey diamonds): open Pacific Ocean
west of EPR (Piepgras and Jacobsen, 1988; Amakawa et al., 2009; Haley et al., 2021); Panama Basin (Grasse et
al., 2012, 2017). Refer to the caption of Figure 2.10 for the other data sources. Error bars denote the 2 SD
precisions and compositional ranges of the sediment leachates and lithological sources, respectively.

In contrast, the Nd isotope compositions of Site M sediment leachates, of ena = —1.6 = 0.6, are
indistinguishable from results obtained for the MANOP Site H sediment leachates (exa =—1.8) and the
surface layer of Fe-Mn crust GMAT-14D (exgd = —2.4). The lack of a hydrothermal impact on the Nd
isotope signature of the Site M sediment leachates corroborates previous observations, which suggest
the rapid recycling of hydrothermally derived Nd near the source (German et al., 1990; Halliday et al.,
1992). As such, the contrasting observations made for Pb and Nd in proximity to the hydrothermal
activities indicate that their behaviours are decoupled (Fig. 2.10c; 2.11). This decoupled behaviour most
likely reflects differences in the adsorption of the two elements to hydrothermal particles and/or
differences in their marine speciation. For example, whilst both dissolved Pb and Nd predominantly
form carbonate complexes in seawater (pH =~ 8), Pb additionally forms chloride complexes, which
increase in abundances as the pH decreases (Powell et al., 2009). Stabilisation of dissolved Pb by the
formation of chloride complexes might therefore facilitate more distal transport of the element in the
more acidic environment of a hydrothermal plume in comparison to Nd. Additional studies on the
speciation and adsorption of Pb and Nd in hydrothermal plumes and the deep ocean environment are

required, however, to better constrain the decoupled behaviour of the two elements.
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2.6 Conclusions

Lead and Nd isotope compositions are presented for bulk samples as well as leachate and detrital
fractions of sediments from MANOP Sites H and M in the Guatemala Basin, Eastern Pacific Ocean.

The isotope signatures of the detrital sediment fractions indicate the predominance of proximal
terrigenous inputs from the American continent. The results reinforce the significance of Mexican
terrigenous inputs, through the combination of elevated dust emissions from arid and semi-arid regions
and hemipelagic input. The results also highlight the significance of South American hemipelagic and
dust inputs from the northern (Colombian-Ecuadorian) and/or north-central (Peruvian) sectors,
respectively, of the Andean Range. In addition, dust emissions from desert regions in subtropical North
and/or South America are likely minor contributors to the detrital sediment budgets of the Guatemala
Basin. In contrast, detrital sediment contribution from the Central American land bridge appears to be
minimal despite its proximity to the studied sites, most likely as the limited relief restricts the production
of detritus.

The ability to constrain terrestrial source areas of detrital sediments in the Guatemala Basin is
restricted by the overlapping Pb and Nd isotope signatures of many potential source areas. Notably, the
currently available data do not unambiguously constrain the relative significance of dust fluxes from
arid regions in North America (Mexico and Western USA) on the one hand and South America (Central
Andes) on the other. An improved characterisation of the isotope compositions of relevant terrigenous
sources through the analyses of direct erosional products (e.g. dust and river sediments), especially for
the North American source areas, would provide improved constraints on the contributing source areas
to the ocean region and enable quantitative source apportionment.

The analyses of the sediment leachates indicate that the deep water Pb and Nd isotope signatures of
the EEP largely reflect mixing of North Pacific Deep Water with elemental inputs derived from
proximal terrestrial sources. In addition, at MANOP Site M, which is situated only 25 km from the EPR
crest, the leachate Pb isotope composition contains a significant hydrothermally derived MORB
component. Detection of significant MORB components in the sedimentary Pb budget, at this site and
other East Pacific localities up to about 1000 km from the EPR, highlights the significance of
hydrothermal inputs for sedimentary Pb budget in the vicinity of mid-ocean ridges in this ocean region.
In contrast, the Nd isotope compositions of sediment leachates from Site M do not show evidence for
the presence of a MORB component, in accord with the results of previous studies which concluded
that Nd is efficiently lost from hydrothermal plumes close to vent sites (German et al., 1990; Halliday
et al., 1992).

2.7 Researcher Contributions

The Pb isotope compositions of the sediment samples presented in this study were obtained by the

author. Digestion of bulk sediment samples and measurements of Nd and Pb concentrations were

81



conducted by Susan H. Little. Rhian O’Callaghan carried out the sediment leaching procedure for the
leachate and detrital fractions. Rhian O’Callaghan was also responsible for obtaining the Nd isotope
compositions presented in this study. The author led the interpretations of the results presented in this

study, with insightful comments from Tina van de Flierdt and Mark Rehkédmper.
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Chapter 3

Lead and Hydrothermal Plumes in the Ocean: A Study at
the TAG Hydrothermal Field, Mid-Atlantic Ridge
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3.1 Introduction

3.1.1 Submarine Hydrothermal Activities and Metal Flux to the Ocean

Submarine hydrothermal activities represent major sites of material exchange between the ocean
and the lithosphere and are known for important influences on the ocean biogeochemical cycles of
various elements (Von Damm, 1990; Elderfield and Schultz, 1996; Saito et al., 2013; Resing et al., 2015;
German et al., 2016; Roshan et al., 2016; Fitzsimmons et al., 2017; Pavia et al., 2018; Jenkins et al.,
2018). At some magmatic and/or tectonic regions along mid-ocean ridges, seawater percolates through
fractures into the oceanic crust, is heated by an internal heat source and is subsequently emitted back
into the deep ocean (German and Seyfried, 2014). Upon intrusion into the cold, dense seawater, this
fluid rises as a buoyant plume, entrains ambient seawater and spreads laterally as it reaches a neutral

density level within the water column (Lupton et al., 1985; Speer and Rona, 1989).

High-temperature vent fluids are significantly enriched in many dissolved trace metals relative to
ambient seawater (Edmond et al., 1979). For example, dissolved Fe and Mn can be enriched by ~10° in
vent fluids (e.g. Von Damm et al., 1985; German et al., 1991a). The hydrothermal influx of these trace
metals can potentially be transported over long distances by the spreading hydrothermal plume, thus
acting as a net source of dissolved metals to the ocean (Klinkhammer, 1980b; German et al., 1991a;
Lupton, 1995; Saito et al., 2013; Resing et al., 2015). However, the net flux depends on the deep ocean
circulation and, particularly, the physicochemical stability of individual trace metals in the
hydrothermal plume. At the most studied vent type, high-temperature black smokers, the large
physicochemical gradient between the intruding hot (350-400°C), reducing vent fluid and the cold, oxic
bottom seawater often triggers intense precipitation of sulphide and oxyhydroxide phases (Feely et al.,
1987; Dymond and Roth, 1988; German et al., 1991a; Lilley et al., 1995). For some trace metals, such
as the rare earth elements (German et al., 1990, 2002; Rudnicki and Elderfield, 1993; Stichel et al.,
2018) and particle-reactive Th (German et al., 1991b; Hayes et al., 2015; Pavia et al., 2018),
hydrothermal activity can act as net sink of these elements in the deep ocean through enhanced

elemental scavenging by plume particles.

3.1.2 Hydrothermal Activities and Marine Pb Cycling

High-temperature vent fluids are known to be enriched in total dissolvable Pb — the sum of dissolved
(< 0.2 um) and particulate (> 0.2 um) Pb, by 3 to 4 orders of magnitude relative to ambient seawater
(Von Damm et al., 1985; Chen et al., 1986; Hinkley and Tatsumoto, 1987; Douville et al., 2002).
However, the net effect of hydrothermal activities on the dissolved Pb budget of seawater remains
elusive. Various early studies (Trocine and Trefry, 1988; Mottl and McConachy, 1990; German et al.,
1991a; Elderfield et al., 1993; Godfrey et al., 1994) assessed the fate of Pb at black smoker vent systems

using the plume particulate concentration ratios between Pb and Fe, the latter being a key element that
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was assumed to have only a negligible net hydrothermal flux to the open ocean (see review by German
and Seyfried, 2014). These studies revealed a co-enrichment of Pb and Fe in plume particles, which
suggests that like most chalcophile elements (e.g. Cu, Co, Zn, Cd), dissolved Pb in vent fluids is
quantitatively removed by intense adsorption or incorporation onto/into Fe sulphide and oxyhydroxide
particles, therefore yielding no net Pb flux to the ocean. However, as pointed out by Godfrey et al.
(1994), particulate Pb/Fe relationships in hydrothermal plumes exhibit considerable scatter, which
potentially indicates that biogeochemical processes other than interactions with Fe phases are dictating
the fate of Pb in plumes. In the same work, pioneering Pb isotope data for plume particles from the
TAG (Transatlantic Geotraverse) Hydrothermal Field at the Mid-Atlantic Ridge were also presented.
These results provide evidence for scavenging of dissolved Pb from the ambient seawater in the TAG
plume, pointing to hydrothermal activity acting as a net sink for dissolved Pb in the deep ocean.
However, other Pb isotope studies on sedimentary archives of past seawater Pb, such as ferromanganese
crusts and metalliferous sediments, reveal the possibility of distal transport of hydrothermal Pb (Barrett
et al., 1987; van de Flierdt et al., 2004). For example, metalliferous sediments located more than 1000
km west of the East Pacific Rise appear to contain 20-30% of a hydrothermal component (Barrett et al.,
1987).

Recent observations that emerge from the GEOTRACES programme have led to major
reassessments of the biogeochemical processes and fates of many trace metals in hydrothermal plumes,
especially for Fe and Mn. It was traditionally assumed that hydrothermal activity yielded a negligible
net flux of dissolved Fe to the open ocean (German et al., 1991a; German and Seyfried, 2014). However,
recent measurements and modelling studies on the marine distribution of dissolved Fe were able to
reveal distal transport of hydrothermally sourced Fe, to distances up to 2000 km from the vent sources
and across different major basins of the global ocean (Klunder et al., 2011, 2012; Nishioka et al., 2013;
Saito et al., 2013; Resing et al., 2015; Fitzsimmons et al., 2017). These observations were attributed to
various physicochemical mechanisms and dynamics that stabilise the dissolved Fe output from
hydrothermal vents, including complexation with dissolved organic ligands (Bennett et al., 2008; Toner
et al., 2009; Sander and Koschinsky, 2011; Lough et al., 2019), precipitation as or incorporation into
colloidal-sized particles (‘colloids’, 0.02-0.2 um) (Yiicel et al., 2011; Gartman et al., 2014; Findlay et
al., 2015), reversible dissolved-particulate exchange processes (Fitzsimmons et al., 2017), interactions
with organic particles (Fitzsimmons et al., 2017; Hoffman et al., 2018) and microbial activities (Li et
al., 2014). In contrast, the hydrothermal outputs of dissolved Mn, which were originally thought to
behave more conservatively than Fe in hydrothermal plumes, were shown to undergo more rapid
removal compared to Fe (Middag et al., 2011; Resing et al., 2015). Previous hydrothermal flux models
for chalcophile elements have also been revised. For example, recent observations revealed the distal

transport of hydrothermally sourced Zn in the Southeast Pacific Ocean (Roshan et al., 2016), whilst
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modelling work for Cu highlighted the role of organic complexation in stabilising the dissolved load
against precipitation in hydrothermal plumes (Sander and Koschinsky, 2011).

The above findings necessitate a reassessment of the existing understanding on the flux balance of
Pb in hydrothermal plumes and its transport in the deep ocean (Trocine and Trefry, 1988; German et
al., 1991a; Godfrey et al., 1994), which up to now was largely based on the assumption of limited
dispersal of hydrothermal Fe in the open ocean. For example, given the observed coupling of Pb and
Fe in plume environments (e.g. Elderfield et al., 1993), the complex physicochemical mechanisms
involved in the distal transport of hydrothermally derived Fe could also affect the cycling of Pb. Organic
complexation, which is known to dominate (> 50%) the speciation of dissolved Pb in marine
environments such as estuaries and surface waters (e.g. Capodaglio et al., 1990; Maring and Duce, 1990;
Kozelka and Bruland, 1998), could contribute to the stabilisation of Pb in hydrothermal plumes. These
hypotheses require testing with observational data for dissolved Pb and its isotopes in the deep ocean,
which remain scarce at present. The deep ocean has extremely low Pb concentrations, and it is only
until recent years that methods for precise and accurate measurements of Pb concentrations and isotope
compositions in seawater at these concentrations have become available (Reuer et al., 2003; Lee et al.,
2011; Boyle et al., 2012; Paul et al., 2015; Griffiths et al., 2020).

Analyses of seawater samples collected in 2011 from the GEOTRACES section GA0O3 (Noble et
al., 2015) provided the first high-resolution and full-depth dissolved Pb isotope profiles across the North
Atlantic Ocean. In particular, this dataset includes the first Pb isotope measurements from within a
hydrothermal plume, a single seawater profile over the TAG Hydrothermal Field at the Mid-Atlantic
Ridge. Further measurements for the hydrothermal plume emanating from the East Pacific Rise (15°S)
were obtained on samples collected in 2013 from the GEOTRACES section GP16 in the Southeast
Pacific Ocean (Boyle et al., 2020). Both studies revealed the net removal of dissolved Pb in the
hydrothermal plumes, agreeing with the suggestion by Godfrey et al. (1994) based on plume particle
isotope data. Despite rapid removal of Pb in the hydrothermal plume, Boyle et al. (2020) showed that
hydrothermally derived Pb constitutes a small fraction (~1%) of the dissolved Pb budget within the
hydrothermal plume emanating from the East Pacific Rise. With the results of more recent studies
(Bridgestock et al., 2018; Zurbrick et al., 2018), which provide an improved characterisation of the
ambient Pb signatures of the North Atlantic, there is now sufficient background data, to conduct a
detailed investigation of Pb cycling in the vicinity of hydrothermal systems in the North Atlantic ocean

basin.

3.1.3 This Study

This chapter presents the dissolved Pb concentrations, [Pb], and isotope compositions of five
seawater depth profiles at and in the vicinity of the TAG Hydrothermal Field in the North Atlantic,
collected during the GEOTRACES GA13 section cruise (FRidge) (Fig. 3.1). This locality hosts the
most extensively sampled and studied hydrothermal field in the Atlantic Ocean (Humphris et al., 2015
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and references therein). Its geochemistry and hydrothermal activities are well-known (Trocine and
Trefry, 1988; German et al., 1990, 1991a, b; Elderfield et al., 1993; Metz and Trefry, 2000). In addition,
the Pb isotope signatures of ambient seawater from the vicinity of the TAG Field was constrained at
high resolution based on samples from the zonal GEOTRACES GAO3 transect (Noble et al. 2015). In
this study, new seawater Pb concentration and isotope data are presented and examined, which aim to
investigate the processes that control the distribution of Pb in the TAG hydrothermal plume, both above

the vent field and at more distal locations in the open Atlantic Ocean.
3.2  Setting

3.2.1 Hydrographic Setting

3.2.1.1 Hydrography of the North Atlantic Ocean

The anticyclonic, wind-driven North Atlantic Subtropical Gyre dominates the surface water of the
North Atlantic Ocean between 10°N and 40°N (e.g. Talley et al., 2011) (Fig. 3.1a). Upper water from
the Equatorial Atlantic exits the Strait of Florida and propagates northward along the western boundary
in the Gulf Stream. At ~40°N, the Gulf Stream splits into the Azores Current and the North Atlantic
Current (NAC) (e.g. Talley et al., 2011). The Azores Current propagates east, circulates around the
subtropical Atlantic in other currents and returns to the Caribbean Sea at ~20°N, completing the

subtropical gyre (Fig. 3.1a; see also Figure 8 of Schmitz and McCartney, 1993).

Intermediate and deep waters in the subtropical North Atlantic are influenced by advected water
masses originating from higher latitudes in both hemispheres (Fig. 3.1a; Table 3.1). Cold dense water
forms in the Nordic Seas, overflows into the subpolar Iceland Basin and Irminger Sea and forms the
Iceland-Scotland Overflow Water (ISOW) and Denmark Strait Overflow Water (DSOW) respectively,
which then propagate westward into the Labrador Sea (Swift, 1984; Schmitz and McCartney, 1993). In
the Labrador Sea, deep water convection during boreal winter forms the Classical Labrador Sea Water
(CLSW) (e.g. McCartney and Talley, 1982; Talley and McCartney, 1982) and the overlying Upper
Labrador Sea Water (ULSW) (Pickart, 1992; Pickart et al., 1996). These newly formed water masses
join the ISOW and DSOW, forming the North Atlantic Deep Water (NADW) (Schmitz and McCartney,
1993; Talley et al., 2011). The NADW dominates the deeper portion of the water column in the subpolar
North Atlantic and advects southward along the western boundary in the Deep Western Boundary
Current (DWBC), towards the Southern Ocean where it upwells (e.g. Rhein et al., 2015). The northward
flowing Gulf Stream in the upper ocean and the southward flowing DWBC in the deep ocean form the
upper cell of the Atlantic Meridional Overturning Circulation (Buckley and Marshall, 2016). Near its
point of export from the Labrador Sea at ~55°N, the NADW encompasses four principal components

with different potential densities: ULSW (0 = 27.68-27.74 kg/m?), CLSW (g = 27.74-27.80 kg/m?),
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Figure 3.1. (a) Map of the North Atlantic Ocean, showing the locations of the GEOTRACES GA13 sampling
stations near the TAG vent site that are relevant for this study (coloured circles) and of other stations with
previously published seawater Pb isotope data (white circles). Shown are stations of the GEOTRACES GA03
(Noble et al., 2015) and GA06 (Bridgestock et al., 2018) expeditions, whereby large, white circles denote stations
with full-depth measurements of Pb isotope compositions. The schematic large-scale circulation pattern is adapted
from Daniault et al. (2016). Arrows denote the flow directions of surface waters (red arrows), intermediate depth
water masses (orange arrows; ¢° = 27.3-27.7) and deep water masses (blue arrows; ¢ > 27.7). Water mass
abbreviations as in Table 3.1. (b) Enlargement of map (a) for the TAG Hydrothermal Field region and the
GA13 seawater stations relevant for this study. Station USGT11-16 from the GA03 section nearly coincides
with station 35/39 of this study. The maps were created using Ocean Data View (ODV) software (Schlitzer, 2020),
with ocean background colours indicating the bottom topography.
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Table 3.1. Summary of the major endmember water masses and their potential density (ce) ranges in the
subtropical North Atlantic Ocean. Density ranges according to Jenkins et al. (2015b) and references therein.

Water Mass Og
(kg/m’)
NACW North Atlantic Central Water 25.8-27.3
MOW Mediterranean Outflow Water 27.3-27.7
ISW Irminger Sea Water 27.3-27.7
ULSW Upper Labrador Sea Water 27.68-27.74
CLSW Classical Labrador Sea Water 27.74-27.80
ISOW Iceland-Scotland Overflow Water 27.81-27.88
DSOW Denmark Strait Overflow Water >27.88
AABW Antarctic Bottom Water ~27.9
Contours: 0° [kg/m®] (c) Salinity [pss-78]
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Figure 3.2. Hydrographic data for stations from the TAG hydrothermal area, sampled during the
GEOTRACES GA13 expedition. (a) Locations of stations sampled for Pb concentrations and isotope
compositions. (b) Potential temperature and salinity data for the GA13 stations relevant to this study as well as
endmember water mass compositions (crosses) following Jenkins et al. (2015b); the water mass abbreviations are
defined in Table 3.1. (c-d) Quasi-zonal section plots of salinity and oxygen concentration across the Mid-Atlantic
Ridge in the TAG hydrothermal area. Contours denote the potential density () isopycnals that correspond to the
boundaries of major water masses. Grey surfaces denote the bottom topography. All plots were created using the
ODV software (Schlitzer, 2020).
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ISOW (o = 27.81-27.88 kg/m?, often referred to as the Northeast Atlantic Deep Water), and DSOW
(09 > 27.88 kg/m?) (Jenkins et al., 2015b; Rhein et al., 2015 and references therein for the water type

compositions and density ranges).

Intermediate depths of the subtropical North Atlantic Ocean are predominantly filled by the
Irminger Sea Water (ISW) and the Mediterranean Outflow Water (MOW) (Jenkins et al., 2015b).
During winter, cold subsurface waters in the subpolar Irminger and Labrador Seas subduct to
intermediate depths, forming the relatively fresh, oxygenated ISW (potential temperature (8) = 7.1,
salinity (S) = 35.2, g = 27.30-27.65 kg/m®) (Harvey and Arhan, 1988; Tanhua et al., 2005; Jenkins et
al., 2015b), also known as the Subarctic Intermediate Water (Arhan, 1990; van Aken, 2000b). Saline
water from the Mediterranean Sea exits through the Strait of Gibraltar and descends in the Gulf of Cadiz.
In the Western Gulf of Cadiz (~36°N), the MOW is defined by a potential temperature (6) of 12.65°C,
a salinity (S) of 36.62 (WOCE A03 1993, Jenkins et al., 2015b) and potential densities (gg) of between
27.3 and 27.7 kg/m* (Baringer and Price, 1997). Once in the open North Atlantic, the core of the MOW
moves mainly north along the eastern boundary of the ocean basin, but also dissipates westward into
the wider North Atlantic (Harvey and Arhan, 1988; Richardson et al., 1991; van Aken, 2000b and

references therein).

Antarctic Bottom Water (AABW) forms along the Antarctic continental margin in the Southern
Ocean, propagating northward into all ocean basins as dense, bottom flows (Orsi et al., 1999). Along
its northward journey, this cold Antarctic water becomes warmer, upwells to shallower isopycnals and
mixes with the overlying NADW (Schmitz and McCartney, 1993; van Aken, 2000a). This modified
AABW (6 =2.0°C, S =34.90, gy = 27.9 kg/m® at ~36°N) (van Aken, 2000a) is sometimes referred to
as the Lower Deep Water in the literature (McCartney, 1992). The AABW and its return flow within
the Lower Deep Water form the lower cell of the Antarctic Meridional Overturning Circulation
(Marshall and Speer, 2012). In the modern ocean, both cells are interwoven, often described as a ‘Figure
Eight Loop’ (e.g. Ferrari et al., 2014).

Any east-west exchange of deep and bottom waters in the subtropical North Atlantic is restricted
by the Mid-Atlantic Ridge, which forms a quasi-meridional topographic barrier between the eastern and
western basins. Deep water mass exchange is only possible through advection across deep fracture
zones in the ridge or diapycnal mixing with water masses occupying shallower density levels above the

ridge topography.

3.2.1.2 Water masses in the vicinity of the TAG Hydrothermal Field

The uppermost ~100 m of the water column is occupied by well-mixed, high salinity surface waters
(6 = 22-24°C, S = 37.1-37.4, 09 < 25.8 kg/m®) (Fig. 3.2). Below the mixed layer, the North Atlantic
Central Water (NACW; gy = 25.8-27.3 kg/m?) occupies depths between about 100 and 700 m and is
characterised by decreasing temperature (from 16°C and 10°C) and salinity (from 36.2 to 35.4) with
depth (Sverdrup et al., 1942). The intermediate depth range (700-1200 m, o = 27.3-27.7 kg/m?) is
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filled predominantly by a mixture of ISW and MOW from the north (Jenkins et al., 2015b). The deep
portion of the water column (about 1200 m to bottom depth, gy > 27.7) is dominated by NADW
(Tsuchiya et al., 1992), characterised by high salinity (> 34.9) and high oxygen levels (> 250 umol/kg).
Optimal multi-parameter (OMP) analysis (Jenkins et al., 2015b) suggests the presence of up to 25-30%
AABW at the deepest sampled depth of about 4000 m.

Small but systematic differences in deep water compositions exist between the two sides of the
Mid-Atlantic Ridge. Below 1500 m depth, hydrographic stations at the western flank of the ridge show
consistently higher oxygen levels (247-262 umol/kg) than those at the eastern flank (239-255 umol/kg)
(Fig. 3.2d). Such observations agree with data from the zonal GApr08 transect further south (~22°N)
(Fig. 3c of Artigue et al., 2020) and, at least in part, that the deep western basin is filled by more recently
ventilated NADW from the DWBC, while the deep eastern basin is filled by older, less oxygenated
NADW (Jenkins et al., 2015b; Holzer et al., 2018).

3.2.2 Geological Setting

The TAG Hydrothermal Field (26.13°N, 44.83°W) is located in a slow-spreading segment of the
Mid-Atlantic Ridge (half-spreading rate: 9-13 mm/a), between the Atlantis (30°N) and Kane (24°N)
Fracture Zones (Lattimore et al., 1974; McGregor et al., 1977). The field is hosted in basaltic crust that
is displaced over a major detachment fault, which lies above a field of gabbroic intrusions (Tivey et al.,
1998; Canales et al., 2007; DeMartin et al., 2007; McCaig et al., 2007; Zhao et al., 2012). The crustal
block is further dissected by intersecting ridge-parallel (NNE) and ridge-oblique (ENE) faults systems
(Karson and Rona, 1990; Kleinrock and Humphris, 1996; Bohnenstiehl and Kleinrock, 1999). The
presence of a heat source underneath the heavily fissured crust fuels a significant volume of

hydrothermal circulation through the crust.

The TAG Field spans a total area of 25 km? over the east-bounding wall of the axial valley of the
ridge (Rona, 1980) and has been hydrothermally active over the last 125,000 years (Lalou et al., 1998).
High-temperature venting is centred over a circular-shaped sulphide mound known as the ‘TAG mound’,
which lies at seafloor depths between 3625 and 3670 m (Rona et al., 1993a, b; White et al., 1998). At
the TAG mound, high-temperature venting began in 50-40 ka and occurred in cycles of focussed venting
and quiescence every 4000-6000 years, which continues till the present-day (Lalou et al., 1990, 1998;
Lalou, 1993; You and Bickle, 1998).

Evidence of venting from the TAG Hydrothermal Field was first detected during the Trans-Atlantic
Geotraverse project (1972-73) (M. R. Scott et al., 1974; R. B. Scott et al., 1974; Rona et al., 1975). The
active high-temperature vent site was discovered in 1985 (Rona et al., 1986) and first sampled in 1986
by the submersible A/vin (Campbell et al., 1988; Thompson et al., 1988). The emitted black smoker
fluids are characterised by high temperatures (347-369°C), acidic pH (3.0-3.8), high chlorinity (= 640

mmol/kg) and elemental compositions that reflect subsurface interactions of seawater with basaltic
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rocks, including enrichment trends in transition metals (e.g. Fe, Mn, Zn) and rare earth elements
(Campbell et al., 1988; German and Seyfried, 2014). Compared to other major localities of
hydrothermal activities, the black smoker fluids from the TAG Field feature low Fe/H.S (~2), indicating

relatively oxidising subsurface condition (e.g. Foustoukos and Seyfried, 2005).

Above the TAG mound, the initially buoyant hydrothermal plume rises to neutral buoyancy heights
of 300-450 m above the seafloor, where the plume spreads laterally (Klinkhammer et al., 1986; Nelsen
and Forde, 1991; Rudnicki et al., 1994). Bounded by tall walls of up to 2 km above the valley floor
(Rona et al., 1986; Zonenshain et al., 1989) and in the absence of strong bottom currents, the dispersal
of plume materials away from the TAG Field is likely to be restricted by the steep topography (German
et al., 1991b; German and Sparks, 1993; Rudnicki et al., 1994).

3.3 Methods

3.3.1 Samples

The GEOTRACES GA13 section cruise (“FRidge” expedition) on the RRS James Cook (JC156)
sailed between 20™ December 2017 and 1% February 2018, from Southampton, UK to Pointe-a-Pitre,
Guadeloupe. Five seawater profiles above and in the vicinity of the TAG Hydrothermal Field were
collected during the FRidge expedition for dissolved Pb concentrations and isotopes, each at between
six and twelve depths throughout the water column (Fig. 3.1b; Table 3.2). Profiles were collected
directly above the active vent site (station 35/39, ‘vent site station’), 6 km east of the vent site above
the east valley wall (station 37, ‘valley wall station’) as well as 31 km ESE (station 31, ‘proximal E
station’) and 142 km WNW (station 29, ‘distal W station’) of the vent site. Following initial sampling
at vent site station 35, most samples from shallower depths (< 2000 m) at this location were collected
during a second visit, termed station 39. Stations 35 and 39 are therefore treated as a single station in
the following. All stations form a quasi-zonal (WNW-ESE) transect across the ridge crest. Vent site
station 35/39 is located within 1 km of station USGT11-16 of the GEOTRACES quasi-zonal GA03
transect, enabling a direct comparison of the new data in the current study with the results published by

Noble et al. (2015) for GA03 seawater samples collected in 2011.

Seawater sample collection during the FRidge expedition was conducted using trace metal clean 10
L OTE (Ocean Technology Equipment) bottles mounted on a titanium frame CTD rosette. The CTD
system was fitted with electrical potential (Eh) and light scattering sensors to aid the detection of the
hydrothermal plume, the main target of the expedition. Upon recovery, the OTE bottles were transferred
to a shipboard clean sampling laboratory. Seawater samples were filtered, under pressurised (~7 psi)
filtered air and using 0.2 um Sartobran® 300 (Sartorius) filter capsules. For Pb concentration and isotope
measurements, the filtered seawater was collected in two acid-cleaned 1 L. LDPE sample bottles,

whereby the bottles and caps were rinsed three times with the filtered seawater before being filled. The
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filtered samples were then triple-bagged for storage until they were analysed onshore (i.e. at Imperial

College London).

Table 3.2. Information about the five GEOTRACES GA13 stations that were sampled for the
determination of Pb concentrations and isotope compositions.

Station  Location Lat Long Date of Sampling
CN) CW) (dd/mm/yyyy)

29 Distal W 26.50 46.20 19/01/2018

31 Proximal E 26.03 44.55 21/01/2018

35 Vent site 26.14 44.83 25/01/2018

39% 26/01/2018

37 Valley wall 26.13 44.77 27/01/2018

*Station 39 was a revisit of station 35 above the TAG Hydrothermal Field.

3.3.2 Dissolved Pb Concentrations and Isotopes

The measurements of Pb concentrations and isotope compositions of the seawater samples were
carried out at Imperial College London, following the analytical protocols described in detail in

Griffiths et al. (2020).

3.3.3.1 Lead concentrations

All samples were acidified to 0.024 M HCI (pH < 2.0) using distilled 6 M HCI at least two weeks
before further sample preparation for the determination of Pb concentrations by isotope dilution. A
207ph-2%Ph double spike was added to a 50 mL aliquot of each seawater sample to achieve an optimal
spike to sample-derived Pb (S/N) ratio of = 2.6. After at least 10 days of equilibration, Pb was pre-
concentrated by Mg(OH). co-precipitation using 0.6-0.8 mL of purified ammonia solution. Following
centrifugation, the Pb in the samples was separated with a single-stage of HBr-HNO;3 anion exchange
chromatography using AG1-X8 (100-200 mesh) resin and shrink-fit Teflon columns with 20 pL resin
reservoirs. The Pb fractions were then doped with a NIST SRM 997 TI standard solution to obtain a
T1/Pb ratio of 3, dried and re-dissolved in 0.1 M HNOs to be analysed on a Nu Plasma II multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS; Nu Instruments). The measurements
were corrected for instrumental mass fractionation by external normalisation to a constant 2TI-2T]
ratio = 2.3888 based on the exponential law, followed by isotope dilution data reduction to obtain the

Pb concentrations.

The procedural Pb blanks during 17 months of concentration measurements were 5.6 + 3.0 pg (1
SD; n = 18; 2 to 13 pg), representing 0.1-22% of the indigenous Pb in the aliquots across the sample

set. The Pb concentrations of all samples were corrected for the average blank value. The long-term
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external precision, determined from replicate analyses of two in-house seawater quality control

materials, was £ 0.5 pmol/kg (1 SD) or better (Table 3.3).

At least two aliquots of all samples were analysed for Pb concentrations, with at least one aliquot
taken from each of the two 1 L sample bottles, in order to check for spurious blank contributions from
the sample bottles and/or the analytical procedure. Unless specified, all reported concentration values
are averages of all valid measurements from across the two bottles. For the 3000 m sample from station
29, a single analysis yielded a Pb concentration that was about 4 pmol/kg higher compared to latter
results obtained for both bottles (Table 3.4). The higher value was discarded as it was most likely
affected by a spurious blank. Where the uncertainty of valid replicate [Pb] measurements was poorer
than that calculated for the in-house reference materials (= 0.5 pmol/kg), the former uncertainty is

reported and this is generally less than = 1.5 pmol/kg, with a few notable exceptions (see Section 3.4.2).

3.3.3.2 Lead isotope compositions

All samples were acidified to 0.024 M HCI (pH < 2.0) between 2 and 20 weeks before further
sample preparation for the Pb isotope measurements. For analysis, 1-2 L of seawater was processed to
obtain 1-5 ng of Pb for the isotope measurements. The samples were first treated with 0.01 M H,O to
achieve 0.01 mmol / L seawater. After approximately 24 hours, 2 mL / L seawater of 5 M ammonium
acetate solution was added as a buffer, followed by adjustment of the sample pH to 4.8 + 0.1 by the
addition of purified ammonia solution. After setting the pH, Pb was pre-concentrated from the seawater
by solid phase extraction with Nobias Chelate PA-1 resin using the procedure of Griffiths et al. (2020).
Following elution of Pb from the Nobias PA-1 resin with 30 mL 3 M HNOs, the eluates were dried, and
the residues were refluxed with 0.4 mL of a 15 M HNO3; — 9 M H,O, mixture in a 9:1 ratio at 140°C for
at least 2 hours to remove any traces of organic matter. After drying, the sample residues were treated
with 1 mL of 2 M HBr and refluxed at 120°C to convert the Pb into bromide form and dried again. The
sample residues were then re-dissolved in 5 mL of 2 M HBr and purified with two stages of HBr-HNO;
anion exchange chromatography using AG1-X8 (100-200 mesh) resin and shrink-fit Teflon columns
with 150 pL resin reservoirs. The chromatography procedure followed the revised protocol of Griffiths
et al. (2020), with the only modification being that no HF was added during the first stage of
chromatography. The HF addition was first introduced by Paul et al. (2015) to prevent silica gel
formation during anion exchange chromatography of Si-rich seawater samples after Mg(OH). co-
precipitation. However, the highly selective Nobias PA-1 resin used in this study yields minimal
recovery for Si and most other metalloid elements (Sohrin et al., 2008). Furthermore, the samples from
the subtropical North Atlantic Ocean had relatively low Si concentrations (< 40 umol/kg). Therefore,
the decision was made to omit HF for this sample set, and as expected, silica gel formation was not
observed in any of the analysed samples during chromatography. After purification, a 1/3 aliquot of the
Pb fractions was separated and mixed with the 2’Pb-2%Pb double spike (S/N = 1.23) for spiked

measurements, while the remaining 2/3 aliquot was left for the unspiked measurements. Prior to isotope
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measurements, both the spiked and unspiked aliquots were doped with a NIST SRM 997 Tl standard
solution to obtain a T1/Pb ratio of 3, dried and re-dissolved in 1-1.5 mL of 0.1 M HNO:s.

All isotope measurements were conducted using a Nu Plasma II MC-ICP-MS (Nu Instruments).
For each batch of 7 to 14 samples, unspiked measurements were first conducted, followed by spiked
measurements on a subsequent day in the same order of samples. A set of NIST SRM 981 Pb — NIST
SRM 997 Tl standard mixtures with a T1/Pb ratio of 3 and 1-5 ng/g Pb were measured together with the
samples during each measurement session to monitor within-run precision and to support correction for
instrumental mass fractionation. The measurements were processed offline by a MATLAB program
which encompasses the following steps (Griffiths et al., 2020). The isobaric interference of 2**Hg on
204pb was corrected based on the measured *>Hg ion beam intensity and a ratio of ***Hg/**Hg = 0.22923
(Meija et al., 2010). To correct for instrumental mass fractionation, the unspiked measurements were
first corrected by external normalisation using an empirically optimised 2T1/2%*T1 ratio based on the
mass fractionations of the measured NIST Pb-TI standard mixtures (Rehkédmper and Halliday, 1998).
This dataset was then combined with the double spiked measurements to generate the double spike
corrected data by iteratively solving a set of non-linear equations (Rudge et al., 2009). A final
standardisation step was carried out, to correct for any deviations of the measured values for the NIST

Pb-TI standard mixtures from the reference data (Galer, 1999).

The precision of the Pb isotope measurements was assessed by replicate analyses of two in-house
seawater reference materials, ‘EP-78’ (n = 6, measured Pb ~ 4 ng) and ‘SO-151" (n = 6, measured Pb =
2 ng), alongside the samples (Table 3.3). Over the course of 12 months of sample measurements, the
Pb isotope data for EP-78 displayed 2 SD precisions of ~200 ppm for 2°Pb/?**’Pb and 2**Pb/?°’Pb, and
~700 ppm for 2%°Pb/2%*Pb. With this, the precisions were similar to or better than those achieved by
Griffiths et al. (2020) and Paul et al. (2015), respectively, in seawater analyses that used about 4-10 ng
Pb. The precision was poorer for SO-151, which was analysed using run solutions that had Pb
concentrations of only = 2 ng/mL. In this case, 2 SD precisions of ~1400 ppm for 2°Pb/>*’Pb, ~400 ppm
for 28Pb/2’Pb and ~2200 ppm for 2°Pb/?*Pb were achieved, when one anomalous result, which
indicated significant contamination, was omitted. The precision for 2°Pb/?**Pb was nearly two times
worse than that obtained by Griffiths et al. (2020). This is most likely due to the 1.5- to 2-fold reduction
in instrumental sensitivity (800-1000 V/ppm Pb) during some measurement sessions of this study
compared to the analyses of Griffiths et al. (2020) (~1500 V/ppm), and this will have most severely
impacted monitoring of the small ***Pb ion beam. For *Pb/?"’Pb and 2®Pb/*’Pb, the precisions
obtained were similar to those of Griffiths et al. (2020) for analyses of < 2 ng of Pb. Notably, multiple
analyses of EP-78 (with = 4 ng Pb) and SO-151 (with = 2 ng Pb) yielded precisions for the latter that
are about 2x poorer for 2*Pb/*’Pb but 7x worse for 2Pb/?*’Pb. Similar observations were present in
previous studies that reported seawater Pb isotope data from analyses at different Pb concentrations

(Paul et al., 2015; Zurbrick et al., 2018; Griffiths et al., 2020).

95



Table 3.3. Lead concentration and isotope data obtained for two in-house seawater reference materials and the GEOTRACES intercalibration sample GSP.

Sample  Remarks n-ID® [Pb] 1sd® n-IC® IC sample size  Meas. Pb  2Pb/*’Pb 2s5d® 208pp207pY 25 206pp2%pp 25d©
(pmol/kg) L) (ng)
In-house reference samples
EP-78 4 55.7 0.5 6 1.5-1.9 ~4 1.1572 0.0002 2.4348 0.0006 18.057 0.012
166 249 652
SO-151 10 9.7 0.3 5 ~0.7 ~2 1.1958 0.0017 2.4499 0.0010 18.730 0.040
1411 410 2157

GEOTRACES intercalibration sample (GSP)

GSP This study® 1 0.5 ~4 1.1589  0.0002  2.4471 0.0006 18.066  0.012
166 249 652

Griffiths et al. (2020)® 9 0.2-0.7 ~3.5 1.1584  0.0003 24476  0.0006  18.075  0.010
280 230 530

(2)
(b)
(©)
(d)
(e)

®
(2

Number of individual sample aliquots analysed for Pb concentrations.

1sd is the standard deviation of the Pb concentrations calculated from the results of # individual analyses.

Number of individual sample aliquots analysed for Pb isotope compositions.

Average mass of Pb available in the unspiked sample aliquot for MC-ICP-MS measurements.

2sd is 2x standard deviation of Pb isotope ratios determined from the results of » individual analyses; this is denoted as the ‘long-term external precision’. Relative 2sd
values in parts per million (ppm) are given below.

As n =1, 2sd precision determined for the in-house reference sample EP-78 was assigned to this sample.

Results of Griffiths et al. (2020) obtained using Pb separation with Nobias PA-1 resin and double spike data reduction.

96



The precisions obtained for EP-78 were applied to samples which yielded MC-ICP-MS run
solutions with Pb concentrations of > 4 ng/mL, while the precisions determined for SO-151 were
applied to samples with Pb concentrations of less than 4 ng/mL in the run solutions. The trueness of Pb
isotope data was verified by analysis of the GEOTRACES intercalibration sample GSP, which yielded
results that agree well with the published values of Griffiths et al. (2020) (Table 3.3).

The sample preparation procedure consistently achieved near-quantitative Pb yields of 94 & 3% (1
SD; 86% to 102 %). The total procedural Pb blank during the measurement period was 31 + 10 pg (1
SD; n = 6; 27 to 48 pg), representing 0.2-1.7% of the indigenous sample Pb. Repeated Pb isotope
measurements of the procedural blanks yielded poorly reproducible data, due to the low beam intensities
and variable blank compositions. However, in the worst-case scenario, the blank corrections to the
sample Pb isotope ratios would be similar to or smaller than the analytical errors. No blank corrections

were therefore applied to the sample isotope data.

3.3.3 Other parameters

Additional geochemical parameters were determined by members of the FRidge expedition team,
in order to aid detection of the hydrothermal plume. Electrical potential and light scattering were
measured using shipboard sensors attached to the titanium frame CTD rosette. The dissolved He isotope
compositions (*He/*He) and Fe concentrations were determined at Woods Hole Oceanographic
Institution (MA, USA) and the shipboard laboratories, respectively, and retrieved from the
GEOTRACES Intermediate Data Product (IDP) 2021 (GEOTRACES Intermediate Data Product Group,
2021). The dissolved Mn concentrations were also measured in the shipboard laboratories and they are
unpublished results provided by Joseph A. Resing (personal communication). Together, these data are
used in the following to identify the hydrothermal plume at the stations sampled for Pb concentrations

and isotopes.
3.4 Results

3.4.1 Distributions of Dissolved Pb Concentrations and Isotopes

The Pb concentration and isotope data for the seawater samples analysed in this study are displayed
as vertical profiles (Fig. 3.3) and quasi-zonal sections (Fig. 3.4) and are shown in Table 3.4. The
dissolved Pb concentrations range between 5.5 and 48.2 pmol/kg. The vertical distributions of Pb
concentration are characterised by an intermediate depth maximum at 800-1000 m and relatively low
levels in the upper and deeper water column. Dissolved 2*Pb/2°’Pb and 2°*Pb/*"’Pb ratios vary between
1.166-1.183 and 2.440-2.453 respectively, except for an anomalous sample at 3236 m depth at vent site
station 35/39. Across the sampled stations, the Pb isotope compositions are relatively homogeneous
between depths of 700 m and 2500 m but show larger variabilities within the uppermost 400 m depths
and deeper depths of > 2500 m.
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The uppermost 400 m of the water column (og < 27.0 kg/m?) is characterised by low Pb
concentrations (17-26 pmol/kg) and relatively low 2°Pb/2’Pb (1.171 + 0.004) and 2*Pb/?’Pb (2.445 +
0.003) signatures. Lead concentrations increase with depth between 400 m and 800 m (o = 27.0-27.3
kg/m?) and attain a maximum of 46-48 pmol/kg at 800-1000 m depth (gy = 27.3-27.5 kg/m?®) where
ISW and MOW dominate. The downward increase in Pb concentrations coincides with a shift towards

maximum 2°Pb/?’Pb (= 1.183) at a relatively constant 2**Pb/?’Pb ratio of about 2.448.

Within NADW (> 1200 m, gy > 27.7), Pb concentrations decrease markedly with depth, from 44-
46 pmol/kg at 1500 m depth, to 14-16 pmol/kg for the deepest samples at 3500-4000 m depths. At vent
site station 35/39, the samples between 3100 and 3544 m depths show unusually low Pb concentrations,
down to 5.5 pmol/kg at 3322 m depth, the lowest value obtained in this study. Between depths of about
1500 and 2500 m, relatively homogeneous 2°Pb/?*’Pb (1.180-1.181) and 2°Pb/*’Pb (2.449-2.450)

ratios are observed across the sampled stations. For depths > 2500 m that are sampled by three stations

[Pb] (pmol/kg) 20%Pb/*7Ph 208Pb/*7Ph

0 10 20 30 40 50 1.16 1.17 1.18 1.19 2435 2440 2.445 2.450 2.455
L - 1 1 P I R R B
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Figure 3.3. Vertical profiles of Pb concentrations ([Pb]), 2°°Pb/>*’Pb, and 2*®Pb/?"’Pb for the four GA13
stations sampled for Pb concentrations and isotope compositions (large solid symbols). Also shown are
previous results for GAO3 stations USGT11-12, USGT11-16 and USGT11-20 (small open symbols). GAO3
station USGT11-16 is a crossover station with GA 13 station 35/39 of the present study. The isolated filled symbols
denote Pb concentration and isotope data for possibly contaminated samples that are not discussed in the text.
These samples are from 1700 m depth at station 29 (pale blue symbols) and 3236 m depth at station 35/39 (pale
red symbols). Horizontal dashed lines mark the boundaries of major water masses. Errors bars denote the 2sd
external precisions of the Pb isotope data; these are only shown if larger than the symbol size.
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Figure 3.4. (a) Map showing the four GA13 sampling stations relevant to this study and (b-d) quasi-zonal
section plots of (b) Pb concentrations, (c) 2°Pb/>Pb ratios and (d) 2°*Pb/?"’Pb ratios. The location of the
quasi-zonal sections is highlighted in map (a). Black dots on the section plots denote the locations and depths of
the samples analysed for Pb concentrations and isotope compositions. Contours denote potential density (c%)
isopycnals that correspond to the boundaries of major water masses. The plots were created using the ODV
software (Schlitzer, 2020).

in this study (stations 29, 31 and 35/39), remarkably variable Pb isotope compositions are observed. At
proximal E station 31, the five samples from depths > 2500 m have **°Pb/*’Pb (1.178-1.180) and
208pp/297Ph (2.449-2.451) ratios that are very similar to values obtained at shallower depths of 1500-
2500 m, hence resulting in vertically homogeneous isotope distributions throughout the NADW layer.
Therefore, most deep water variabilities in Pb isotope compositions stem from stations 29 and 35/39.
At vent site station 35/39, the samples that are markedly depleted in Pb concentrations between depths
of 3100 and 3544 m show unusually low 2%*Pb/?’Pb ratios beyond analytical error, where a minimum
of 2%Pb/2"7Pb = 2.446 coincides with the minimum [Pb] at 3322 m depth. Even lower 2%°Pb/2"’Pb (2.435)
and 2%Pb/?’Pb (1.160) ratios were determined for the sample collected at 3236 m depth, about 100 m
above the [Pb] minimum. At distal W station 29, low 2°°Pb/?*’Pb (1.175-1.177) and 2°*Pb/>*’Pb (2.445-
2.447) ratios were determined for two samples from 2500 and 3000 m depths and for the near-bottom
sample from 3800 m depth. Notably, the sample collected at 3800 m has a slightly higher Pb
concentration (15.9 pmol/kg) compared to the samples from adjacent depths (= 14 pmol/kg). The low
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206Pb/297Ph and 2*Pb/**"Pb ratios of the 3800 m sample furthermore stand in contrast to the relatively
high 2°Pb/?**’Pb (1.181-1.183) and 2**Pb/?’Pb (2.452-2.453) ratios determined for the three other deep
water samples from station 29, which were collected at depths of 3200 m, 3600 m and 3899 m.

Table 3.4. Lead concentration and isotope data for filtered seawater samples from five depth profiles
collected during the GEOTRACES GA13 section cruise.

Depth n-ID®  [Pb]® Isd  pb/Pb 2sd® 2%pb/2Ph 25d® 296pp/2%ph 25d®
(m) (pmol/kg)

Station 29 (26.50°N, 46.20°W; 19/01/2018; distal W)

50 2 20.0 13 1.1734  0.0002  2.4477  0.0006 18348  0.012
80 3 229 0.9 1.1680  0.0002 24420  0.0006 18250  0.012
200 2 18.9 0.8 1.1738  0.0002 24464  0.0006 18354  0.012
400 2 242 2.2 1.1719  0.0002 24428  0.0006 18310  0.012
780 3 422 1.6 1.1783  0.0002  2.4443  0.0006 18416  0.012
17009 BI1 2 41.7 0.5 1.1805  0.0002  2.4494  0.0006 18458  0.012

B2 2 {(51.7} (0.5} {1.1770}  {0.0002} {2.4479} {0.0006} {18.392}  {0.012}

2500 2 25.9 0.5 1.1768  0.0002 24472 0.0006 18397  0.012
3000 2 18.9% 0.8 1.1763  0.0002 24448  0.0006 18353  0.012
3200 2 16.1 0.5 1.1813  0.0017 24518  0.0010 18464  0.040
3600 2 142 0.5 1.1826  0.0017 24533  0.0010 18481  0.040
3800 2 15.9 0.5 1.1748  0.0017 24467  0.0010 18359  0.040
3899 2 142 0.5 1.1819  0.0017 24524  0.0010 18470  0.040

Station 31 (26.03°N, 44.55°W; 21/01/2018; proximal E)

50 2 19.9 0.5 1.1740 0.0002 2.4482 0.0006 18.357 0.012
90 2 233 0.5 1.1671 0.0002 2.4413 0.0006 18.233 0.012
350 2 19.2 0.5 1.1772 0.0002 2.4481 0.0006 18.407 0.012
650 2 325 0.5 1.1801 0.0002 2.4472 0.0006 18.459 0.012
790 2 47.6 0.5 1.1830 0.0002 2.4476 0.0006 18.499 0.012
1500 2 44.0 0.5 1.1804 0.0002 2.4486 0.0006 18.445 0.012
2000 2 343 0.5 1.1798 0.0002 2.4498 0.0006 18.447 0.012
2600 2 242 0.5 1.1784 0.0017 2.4485 0.0010 18.391 0.040
3000 2 20.9 0.9 1.1801 0.0002 2.4507 0.0006 18.440 0.012
3350 2 18.1 0.7 1.1802 0.0002 2.4511 0.0006 18.445 0.012
3700 2 17.7 0.5 1.1790 0.0017 2.4500 0.0010 18.415 0.040
3872 2 17.3 0.6 1.1802 0.0017 2.4505 0.0010 18.434 0.040

Station 35 (26.14°N, 44.83°W; 25/01/2018; vent site)

1500 2 457 0.5 1.1784 0.0002  2.4473 0.0006 18.415 0.012
3100 4 19.0 1.1 1.1781 0.0002  2.4493 0.0006 18.409 0.012
32369 Bl 2 6.1 0.5

B2 2 {222} (0.5}

B1+B2 {1.1601}  {0.0017} {2.4349} {0.0010} {18.110}  {0.040}
3322 4 55 0.5 1.1764 0.0017 24464  0.0010 18.367 0.040
3350 2 8.9 0.5 1.1763 0.0017  2.4466 0.0010 18360  0.040
3429 2 10.6 0.5 1.1787 0.0017  2.4484  0.0010 18.405 0.040
3550 2 15.6 0.6 1.1800 0.0017  2.4509 0.0010 18.437 0.040

Station 39 (26.14°N, 44.83°W; 26/01/2018; vent site)

20 2 25.6 0.5 1.1664 0.0002 2.4398 0.0006 18.215 0.012
400 2 20.3 0.6 1.1731 0.0002 2.4438 0.0006 18.343 0.012
800 2 48.1 0.5 1.1799 0.0002 2.4461 0.0006 18.460 0.012
950 2 47.2 0.8 1.1824 0.0002 2.4479 0.0006 18.491 0.012
1750 2 38.7 0.5 1.1806 0.0002 2.4490 0.0006 18.443 0.012
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Table 3.4 (cont’d).

Depth nID®  [Pb]® Isd  *%pb/Pb 2sd *%pb/7Pb 25d 2%pb/***Pb 25d"
(m) (pmol/kg)

Station 37 (26.13°N, 44.77°W; 27/01/18; valley wall)

90 2 20.2 0.6 1.1713 0.0002 2.4455 0.0006 18.302 0.012
110 2 23.4 0.6 1.1675 0.0002 2.4409 0.0006 18.236 0.012
160 2 17.1 0.9 1.1770 0.0002 2.4496 0.0006 18.412 0.012
200 2 20.5 0.5 1.1720 0.0002 2.4442 0.0006 18.320 0.012
600 2 29.2 0.5 1.1805 0.0002 2.4477 0.0006 18.463 0.012
1000 2 46.1 0.5 1.1833 0.0002 2.4486 0.0006 18.501 0.012
1500 2 44.6 0.5 1.1812 0.0002 2.4499 0.0006 18.468 0.012
1700 2 38.7 0.5 1.1811 0.0002 2.4498 0.0006 18.454 0.012
2100 2 313 0.5 1.1795 0.0002 2.4488 0.0006 18.432 0.012
2200 2 27.9 0.5 1.1798 0.0002 2.4495 0.0006 18.437 0.012
2300 2 253 0.5 1.1799 0.0002 2.4497 0.0006 18.442 0.012
2506 2 24.6 0.9 1.1804 0.0002 2.4498 0.0006 18.442 0.012

(a) Number of individual sample aliquots analysed for Pb concentration.

(b) Reported Pb concentrations are calculated from the average of all valid measurements for each sample.

(c) 2sd precision assigned based on the data obtained for replicate analyses of the in-house seawater reference
material with a comparable Pb concentration in the unspiked MC-ICP-MS run solution as the seawater sample.

(d) Samples with significant discrepancies in measured Pb concentrations for the two 1 L sample bottles. The
measured Pb concentrations for bottle 1 (B1) and bottle 2 (B2) are reported separately. For the sample from
1700 m depth at station 29, the isotope compositions of the two sample bottles were measured and reported
separately. Curly brackets indicate Pb concentration and isotope data that were potentially affected by
contamination.

* Denote a sample with one of the replicate values being removed from the calculation of the average Pb

concentrations, due to significantly higher values (> 4 pmol/kg) from the other replicate values (i.e. potential

contamination).

3.4.2 Anomalous Samples

Two seawater samples showed significant (> 10 pmol/kg) discrepancies in the Pb concentrations
that were determined for each of the two 1 L bottles of each sample. These are (i) the sample from 3236
m depth at vent site station 35 with unusually low 2°Pb/?’Pb (1.160) and >°*Pb/?’Pb (2.435) ratios, and
(i1) the sample from 1700 m depth at distal W station 29 (Table 3.4; Fig. 3.3). For both samples, the
higher measured Pb concentrations were anomalous compared to results obtained for samples from
adjacent depths. For the latter sample, the 2*Pb/?’Pb (1.177) and ***Pb/?°’Pb (2.448) ratios determined
for the bottle with the higher Pb concentration (Bottle 2) are markedly lower than the values that were
obtained for the other bottle (Bottle 1) and samples from the same depth range (1700-1750 m) collected
at neighbouring stations (= 1.181; = 2.449). The above observations suggest that a non-indigenous
dissolved Pb component with low 2°Pb/2’Pb and 2**Pb/*"’Pb ratios was present in the sample bottles
that exhibit anomalously high Pb concentrations. This component is most likely of anthropogenic origin,
with a Pb signature similar to European and North African aerosols, which was added to the samples

during sample collection or handling. Alternatively, the anthropogenic Pb may have been remobilised
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from aerosol particles that were present in the seawater samples and which released Pb during the

prolonged filtration process, in accord with the findings of a previous study (Chen et al., 2016a).

Based on the above conclusions, for the sample from 1700 m depth at station 29, only the results
determined for the bottle with the lower Pb concentration (Bottle 1, Table 3.4) are considered. For the
sample from 3236 m depth at station 35, only the Pb concentration that was obtained for the bottle with
the lower Pb concentration (Bottle 1, Table 3.4) is used. While the extremely low 2°Pb/?’Pb and
208pp/297Ph ratios determined for the latter sample are in accord with the isotope trends defined by other
samples from similar depths at this station, they are disregarded in the following as they may also be an

analytical artefact.

3.4.3 Distributions of Dissolved 3He, Mn and Fe

The vertical distributions of dissolved helium isotopes and Mn and Fe concentrations at NADW
depths of > 1500 m for the stations considered in this study are displayed in Figure 3.5. The He isotope
compositions are expressed in the 8°He notation, which denotes the relative deviation of the *He/*He
ratio of a sample from the atmospheric ratio (1.384 x 10®) in parts per 100 (Jenkins et al., 2015a):

5 SHe= <M1) x100% 3.1)

3He/ *He

atmosphere

Slightly elevated 6°He values of 6-9% are detected in the upper portion of NADW (1500-2500 m)
across stations 29 and 35/39. In the lower portion of NADW (> 3000 m), the 3°He values in the vicinity
of the vent site are relatively low (3-5%; stations 29 and 31), while a pronounced excursion towards
elevated 3°He is evident directly above the vent site (station 35/39) at between 3150 m and 3500 m
depths, with a maximum &°He of 43% at 3249 m.

For both Mn and Fe, dissolved concentrations are generally low (Mn < 0.2 nmol/kg; Fe < 0.7
nmol/kg) at depths > 1500 m but with notable excursions. At vent site station 35/39, strong (~100-fold)
enrichments in dissolved Mn and Fe are identified between 3000 and 3600 m depths, with maxima of
67 nmol/kg for Mn (3334 m) and 90 nmol/kg for Fe (3236 m) respectively, which coincide broadly with
the 8°He maxima. At the other sampled stations in the vicinity of the vent field, small excursions in
dissolved Mn (0.3 nmol/kg) are identified between depths of 2000 and 3000 m. At the two stations to
the east of the vent site, small Mn and Fe enrichments at 2100-2400 m depths coincide with each other.
At distal W station 29, there are markedly high Fe concentrations (up to 2.6 nmol/kg) between depths
0f 2000 and 3400 m that are coupled with much more subtle Mn enrichments (0.3 nmol/kg).
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Figure 3.5. Vertical profiles of dissolved element concentrations and isotope compositions as well as sensor
data for samples collected from depths > 1500 m at the four GA13 stations in the TAG hydrothermal area:
(a) distal W station 29, (b) vent site station 35/39, (c) valley wall station 37 and (d) proximal E station 31. For
each station: the left panel shows the dissolved Pb concentrations (squares), 2°°Pb/2*’Pb (upright triangles) and
208pb/207Pb ratios (inverted triangles); the middle panel shows the dissolved 8°He values (circles) and Mn (black
solid lines) and Fe concentrations (black dashed lines); the right panel shows the Eh values (electrode potential,
black lines) and LSS (light scattering sensor, coloured lines) anomalies. The map of the TAG hydrothermal area
in the centre of the figure shows the station locations. Note the different scales for Mn and Fe concentrations in
panel (b) compared to the other stations.
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Figure 3.6. Plots of 2Pb/>*’Pb versus 2%*Pb/?’’Pb ratios for GA13 seawater samples (a) from depths < 400
m and (b) from depths > 600 m (solid symbols), in comparison to relevant literature results (open symbols)
for seawater, potential sources of atmospheric aerosols for the study area (coloured fields without borders,
enclosing mean + 2 SD), and archive data of historic surface seawater compositions (coloured fields with
borders, enclosing mean = 2 SD). The seawater samples are classified according to depth ranges and
distinguished by symbol shapes: upper ocean (< 400 m, triangles), intermediate depth ISW/MOW (600-1000 m,
circles), shallower NADW (1200-2500 m, diamonds) and deeper NADW (2500-4000 m, squares). Previously
published seawater data for the GAO3 section in the subtropical North Atlantic (Noble et al., 2015): full-depth
data from stations USGT11-12 and USGT11-20 and additional data for the upper water column for stations
between USGT11-12 and USGT11-20. Seawater data for the GA0O6 section in the tropical Eastern Atlantic
(Bridgestock et al., 2016, 2018): upper water column samples from station 20 (17°N) and stations 5, 12 and 16 at
lower latitudes (1°S-12°N). Aerosol data: urban aerosol digests from Southwest Europe and North Africa
(Bollhéfer and Rosman, 2001), the USA (Bollhéfer and Rosman, 2001; Sherman et al., 2015) and Canada
(Bollhofer and Rosman, 2001; Simonetti et al., 2003). Historic surface seawater compositions were reconstructed
by Kelly et al. (2009) from coral data for the Bermuda Atlantic Time Series Station in the Northwest Atlantic for
various 20" century periods; each field is labelled with ‘Bermuda’ and the relevant age range.
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3.5 Discussion

In the following, the Pb concentration and isotope results for samples from the TAG area are
discussed in the context of published data for the subtropical North Atlantic Ocean from the
GEOTRACES sections GA03 (Noble et al., 2015) and GA06 (Bridgestock et al., 2016, 2018). In
particular, station USGT11-16 from the GAO3 section is a crossover station at the TAG vent site and
thus enables a direct comparison with the results of the current study. The data of the current study are
also compared in detail to results obtained for the North Atlantic stations USGT11-12 (57°W, 30°N)
and USGT11-20 (36°W, 22°N) from the GAO3 section, which are located at about 1000 km west and
east of the TAG vent site, respectively. The results obtained for seawater samples that are clearly not
impacted by the TAG hydrothermal plume are discussed first. This is followed by a detailed discussion
of the variations in dissolved Pb concentrations and isotope compositions for seawater from depths >

2500 m, which appear to be largely linked to the presence of the TAG plume.

3.5.1 Variabilities of Pb Concentrations and Isotope Compositions in the Upper Water
Column

The dissolved Pb isotope compositions in the mixed surface layer of the subtropical North Atlantic
Ocean reflect the impacts of atmospheric deposition and redistribution of dissolved seawater Pb by
wind-driven surface currents, within the Pb residence time in oligotrophic surface waters of < 2 years
(Schaule and Patterson, 1981; Flegal and Patterson, 1983; Boyle et al., 1986; Véron et al., 1994;
Hamelin et al., 1997). Across the stations in the present study, significant variabilities for both the
dissolved Pb concentrations (17-26 pmol/kg) and isotope ratios (**°Pb/>*’Pb = 1.168-1.174, ***Pb/*’Pb
= 2.441-2.450) are observed in the uppermost 400 m depths, which encompass the surface mixed layer
and upper NACW. These data for the samples of the present study, which were collected in 2018,
thereby agree well with the Pb concentrations (17-30 pmol/kg) and isotope compositions (2*Pb/?’Pb =
1.168-1.179, 2°8Pb/2"7Pb = 2.443-2.450) that were determined for samples from the same depth range in
the subtropical North Atlantic during the GAO3 section cruise in 2011 (Fig. 3.3; 3.6a) (Noble et al.,
2015). This suggests relatively stable Pb sources and input fluxes for this ocean region over the last

decade.

On a ?%Pb/2°Pb versus **Pb/**’Pb plot, the samples from <400 m depth of this study define a linear
correlation (Fig. 3.6a). Notably, low **Pb/?*’Pb and >*Pb/?*’Pb ratios are also correlated with high Pb
concentrations, such that the data also define linear correlations in plots of 2*Pb/?*’Pb (r* = 0.77) and
208pb/207Ph (12 = 0.85) versus 1/[Pb] (Fig. 3.7). These correlations suggest that the dissolved Pb budget
in the upper water of the TAG area is largely controlled by two-component mixing. The mixing
endmembers are most likely anthropogenic Pb with low 2°°Pb/?*’Pb and 2**Pb/**’Pb ratios, as determined
for European and North African aerosols, and natural Pb with higher 2*Pb/?*’Pb and 2°*Pb/*°’Pb ratios,

as found in mineral dust from the Sahara Desert (Fig. 3.6a). This conclusion is in accord with air mass
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back trajectories (Fig. A3 in the Appendix) (Draxler and Rolph, 2003), which show that the TAG area
is affected by prevailing northeasterly trade winds that transport aerosols from Europe and North Africa.
Furthermore, a detailed Pb source apportionment was previously carried out for surface waters of the
tropical Eastern Atlantic Ocean (GEOTRACES GAO06 section, Fig. 3.1a; Bridgestock et al. (2016)) and
this revealed Pb fluxes that were dominated by anthropogenic acrosols and mineral dust delivered from
North Africa via the northeasterly trades. In the 2°°Pb/?"’Pb versus 2Pb/?"’Pb plot, the trend defined by
the seawater samples from < 400 m depth of this study largely overlaps with the results obtained for
samples from the northernmost GA06 station (station 20, 17°N) but is shifted to higher 2°°Pb/?’Pb ratios
in comparison to the trend defined by GA06 samples from more tropical latitudes (< 12°N) (Fig. 3.6a).
These parallel trends suggest that similar sources largely dominate the Pb inputs into the tropical Eastern
Atlantic Ocean and the TAG area. Surface and near-surface seawater from more northern latitudes,
including the samples of the current study (from 26°N), the GA03 stations at 22-30°N and GA06 station
20 (at 17°N), are thereby shifted towards higher 2*Pb/?°’Pb ratios. This signature most likely reflects a
larger impact of anthropogenic aerosols originating from North America and/or Europe on the
subtropical surface ocean, as both sources typically have higher 2°°Pb/>*’Pb ratios than North African

anthropogenic Pb.
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Figure 3.7. Plots of 2°Pb/?’Pb and 2°Pb/2"’Pb versus the inverse of [Pb] for seawater samples collected at
depths < 400 m from the GA13 stations in the TAG hydrothermal area (solid triangles) and the GA03
stations across the subtropical North Atlantic Ocean (open triangles) from Noble et al. (2015). The GA03
data for more western stations (blue open triangles, 69-61°W) are distinguished from results obtained for stations
in the central and eastern parts of the subtropical North Atlantic (black open triangles, 56-37°W). Simple linear
regression lines with associated 95% confidence intervals (shades) are fitted to the GA13 samples of this study
and the GA03 samples from western stations.
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The variable Pb concentrations and isotopes observed in seawater from <400 m depth in this study
corroborate previous observations in the subtropical North Atlantic Ocean by Noble et al. (2015) and
Bridgestock et al. (2018). In detail, the latter investigations both observed significant variations in Pb
concentrations and isotope compositions in the uppermost water column down to depths of 150 to 200
m, whereby higher Pb levels were correlated with lower 2*Pb/?°’Pb and 2*Pb/**’Pb ratios. Compared to
these previous studies in the ocean region, the current GA 13 data reveals significant vertical variabilities
in Pb signatures that extend to depths of up to 400 m, and which hence clearly extend from the mixed
layer into NACW (Fig. 3.3; 3.4). In addition, the current results also document significant lateral
variability in Pb signatures for closely spaced stations, which are separated by distances of only 6-170
km. Together, these observations reveal that heterogeneous Pb isotope signatures are widespread in the
upper water column of the subtropical North Atlantic Ocean, and that the observed heterogeneities

persist on vertical and lateral scales of less than 20 m and less than a few kilometres, respectively.

The data of Noble et al. (2015) demonstrate, for their GA03 seawater samples collected at depths <
200 m to the west of station USGT11-12 (from 69°W to 61°W), statistically significant (p << 0.05),
strong linear correlations of 2°Pb/?’Pb (r* = 0.85) and 2°*Pb/*’Pb (r*> = 0.83) with 1/[Pb] (blue open
triangles and lines, Fig. 3.7). Notably, such correlations were not observed for shallow seawater samples
that were collected in the Central North Atlantic Ocean (encompassing the TAG area) during the GA03
cruise (black open triangles, Fig. 3.7a, b). It is of interest in this context, that the results of the current
study for seawater from < 400 m depth yield strong linear correlations of *Pb/*’Pb (1* = 0.77) and
208ph/207Ph (r* = 0.85) with 1/[Pb] (solid triangles and black lines, Fig. 3.7) that are both statistically
significant (p << 0.05), which are also sub-parallel to the trends defined by the upper ocean samples
from 69°W to 61°W of the GAO3 section. Both Noble et al. (2015) and Bridgestock et al. (2018)
attributed the observed upper ocean variabilities in Pb signatures to the advection of and mixing with
the Subtropical Underwater (STUW). This conclusion was based on the observation that many samples
with high Pb concentrations and low °Pb/**’Pb and 2°Pb/**’Pb ratios also had higher salinities, as
salinities exceeding 37 are a characteristic of STUW (O’Connor et al., 2005). In the current study,
however, the elevated Pb concentrations and lower 2°°Pb/?’Pb and 2°Pb/?’Pb ratios were observed as
deep as 400 m within NACW and for water samples with lower salinities (36.2-36.9) that are not
indicative for the presence of STUW (Fig. 3.2¢; 3.4). This suggests that the variable Pb signatures in
the upper water column may have a different origin, and this may be the release of dissolved Pb from
the sinking anthropogenic aerosols of European and/or North African origin. Notably, such a
mechanism was previously shown to contribute to elevated levels of dissolved [Pb] in the deep North

Pacific Ocean (Wu et al., 2010).

3.5.2 Intermediate and Deep Waters

Dissolved Pb concentrations increase sharply, from an average of 21 pmol/kg in the upper water

column at less than 400 m depth, to peak levels of 46-48 pmol/kg at intermediate depths between 800
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and 1000 m, where ISW and MOW dominate (Fig. 3.3). This increase in [Pb] is accompanied by an
increase in 2°°Pb/?’Pb, from 1.172-1.177 at 400 m depth to ratios up to 1.183 at depths of 800-1000 m
within the [Pb] peak. In contrast, the 2*Pb/?°’Pb ratios of about 2.448 within the [Pb] peak are similar
to the highest values observed within the upper water column (2.445 + 0.003). The results of this study
are thereby similar to the °Pb/?*’Pb (1.183-1.185) and 2%*Pb/?’Pb (2.447-2.450) ratios that were
previously determined for GA03 samples from similar depths in the subtropical North Atlantic Ocean

(Noble et al., 2015) (Fig. 3.3; 3.6b).

Irminger Sea Water is formed by the subduction of surface waters in the subpolar Irminger and
Labrador Seas and is the dominant intermediate water mass in the TAG area (Jenkins et al., 2015b).
Hence, the close match in Pb isotope compositions between the intermediate depth samples from the
current study (collected in 2018) and surface waters from the Western North Atlantic in the 1960s,
suggests ventilation ages of 50-60 years for the former, when the Pb input to the North Atlantic was
still approaching its maximum in the 1970s (Fig. 3.6b) (Kelly et al., 2009; Boyle et al., 2014). This
ventilation age estimate agrees with that of Bridgestock et al. (2018) for intermediate depth waters from
the subtropical Eastern North Atlantic but is slightly older than the ventilation ages of about 40 years
(the 1970s) that were determined for intermediate depth waters of the Western and Central North
Atlantic using SFs (Noble et al., 2015) and tritium->He (Jenkins et al., 2015a). The presence of a small
fraction of MOW, characterised by high historic inputs of anthropogenic Pb (Laumond et al., 1984;
Copin-Montegut et al., 1986; Lambert et al., 1991) with a slightly lower 2*Pb/2*’Pb ratio of about 1.179

(Noble et al., 2015) will, however, add some uncertainty to the Pb isotope -based ventilation ages.

Below 1200 m depth, NADW is the dominant water mass and this originates from sinking surface
waters at subpolar latitudes. Notably, samples at 1500 m depth retain high Pb concentrations (> 44
pmol/kg), most likely due to diapycnal mixing with the overlying intermediate depth ISW/MOW (Fig.
3.3; 3.4). Below 1500 m depth, the declining Pb concentrations reflect the presence of older water
masses that were ventilated well before the maximum Pb inputs in the mid-20™ century and the loss of
dissolved Pb to particle scavenging (Noble et al., 2015). The [Pb] trends that were observed for the
NADW layer in the current study agree well with that observed in the Western North Atlantic at station
USGT11-12 of the GAO3 section (Fig. 3.3). The notable exceptions are the water samples from between
3100 and 3544 m depths at vent site station 35/39, which are discussed below.

The 2°Pb/?"’Pb (1.175-1.183) and *®Pb/**’Pb (2.446-2.453) ratios of the GA13 samples from >
1750 m depth are markedly lower than the results obtained for the Eastern North Atlantic station
USGT11-20 (**Pb/*7Pb = 1.183-1.184, 2®Pb/*""Pb = 2.452-2.456) within depths of 1750-4000 m, and
are closer to the results for the Western North Atlantic station USGT11-12 (1.180-1.183, 2.450-2.453)
within the same depth range (Fig. 3.3; 3.6b). This reflects the westward decrease in deep water
ventilation ages across the subtropical Atlantic Ocean (Jenkins et al., 2015b; Noble et al., 2015). In
detail, the Pb isotope data for the NADW samples from 1500-2500 m depths in the current study are
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thereby akin to North Atlantic surface waters from the late 1950s (Kelly et al., 2009), in accord with a
ventilation age of about 60 years (Fig. 3.6b). This estimate is significantly younger than the minimum
ventilation ages of 80-100 years (pre-1930) that were estimated for NADW in the Eastern North Atlantic
Ocean based on Pb isotope signatures (Noble et al., 2015; Bridgestock et al., 2018). Notably, the
unusually low 2°°Pb/2’Pb (1.175-1.177) and 2°*Pb/*’Pb (2.446-2.448) ratios that were observed for
some samples from > 2500 m depths at stations 29 and 35/39 fall outside the range of compositions
observed for NADW samples from GAOQ3 stations and historic North Atlantic surface waters from the

20™ century. These unusual variations are also discussed below.

3.5.3 Identification of the TAG Hydrothermal Plume

3.5.3.1 Tracers of hydrothermal plumes

Dissolved &°He is a key tracer of hydrothermal plumes. Helium rich in primordial *He is emitted
from hydrothermal vents, which is then diluted conservatively in the spreading hydrothermal plume
(Clarke et al., 1969; Jenkins et al., 1978). In the western and central parts of the subtropical North
Atlantic Ocean, waters at depths between 700 and 3000 m are characterised by higher ambient §°He
values (5-8%) than waters from > 3000 m depth (< 5%) (Jenkins et al., 2015a). The high ambient *He
values of the shallower waters reflect the dominance of trittum-rich water masses (MOW, ULSW and
CLSW), which have excess *He from radioactive decay of *H (Jenkins et al., 2015a). The extent of the
TAG plume can hence be defined by the detection of §*He values that exceed the ambient signatures,
which implies 3°He > 8% for ISW/MOW and NADW from depths of 700-3000 m, and 6°He > 5% for
NADW from > 3000 m depth.

Recent work in the study area (Tagliabue et al., 2022b; Lough et al., 2023) and in the South Atlantic
Ocean (Saito et al., 2013) demonstrated the presence of plumes enriched in dissolved Mn and Fe at
distances of up to 250-1100 km from the Mid-Atlantic Ridge. These plumes were interpreted to be of
hydrothermal origin even though the implicated off-axis regions showed background levels of *He.
Enrichments in dissolved Mn and Fe above NADW background concentrations, of ~0.2 nmol/kg for
Mn and ~0.7 nmol/kg for Fe in the central subtropical North Atlantic (Hatta et al., 2015), are therefore
also employed in the following for detection of the TAG plume. In addition, hydrothermal plumes can
be identified by their negative Eh anomalies, which indicate reducing conditions, as well as positive

light scattering anomalies that reflect elevated particle concentrations.

3.5.3.2 Locations of the TAG hydrothermal plume

The strongest plume signals were detected above vent site station 35/39, where high §°He values of
10 to 43% between depths of 3150 m and 3500 m delineate the buoyant TAG hydrothermal plume (Fig.
3.5b). This coincides with the ~100-fold enrichments in dissolved [Mn] (1-67 nmol/kg) and [Fe] (1-90
nmol/kg) between depths of 3000 m and 3600 m. The *He enrichments also coincide with negative Eh

anomalies and elevated particle concentrations at the same depths. At shallower depths of < 3000 m,
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dissolved 8°He at this station (< 7%) was within the background range of NADW, even though a

particle-rich horizon was detected between depths of 1800 m and 2200 m.

Across the three sampled stations in the vicinity of the vent site, $*He values throughout the NADW
layer were at ambient levels (Fig. 3.5a, c, d). However, small deep ocean enrichments in dissolved Mn
and Fe above the background concentrations were detected at these stations, which indicate the lateral
spreading of the neutrally buoyant TAG plume. At the two stations to the east of the vent site, ~1.5-fold
enrichments in dissolved [Mn] (0.3 nmol/kg) and [Fe] (1 nmol/kg) were observed between depths of
2000 m and 3000 m (proximal E station 31) and below 2000 m (valley wall station 37), which indicate
very dilute plume solutions (Fig. 3.5¢c, d). At distal W station 29, the more pronounced enrichment in
dissolved Fe (2.6 nmol/kg, ~5-fold above the background level) is attributed to preferential spreading
of the neutrally buoyant TAG plume towards the western basin (Fig. 3.5a) (Tagliabue et al., 2022b).
Furthermore, at valley wall station 37, a particle-rich zone was detected between 1500 m and 1900 m
depths, which broadly matches with the depth of the shallow particle-rich zone above the vent site (Fig.
3.5b, ¢).

3.5.4 Hydrothermal Scavenging of Pb in the TAG Plume

3.5.4.1 Buoyant TAG plume

At vent site station 35/39, water samples within the buoyant TAG plume exhibit lower dissolved
Pb concentrations (5.5-10.6 pmol/kg) compared to the seawater collected above and below the plume
(16-19 pmol/kg) (Fig. 3.5b; 3.8a). The minimum in dissolved [Pb] (5.5 pmol/kg, 3322 m) was observed
at broadly the same depth as the maxima in §°He (at 3249 m) and dissolved [Mn] (at 3334 m). As a
consequence, dissolved [Pb] in the buoyant plume exhibits a statistically significant (p < 0.05), well-
defined negative correlation with the plume-enriched dissolved [Mn] (1> = 0.80, Fig. 3.9a). These
findings agree well with previous observations at station USGT11-16 from the GAO03 section, which
also showed deficits in dissolved [Pb] for samples collected in the buoyant hydrothermal plume (7.1 +
0.8 pmol/kg) compared to samples from above and below the plume (12.1 and 14.1 pmol/kg) (Noble et
al., 2015) (Fig. 3.8b).

Together, these observations reinforce the conclusion that despite significant enrichments of
dissolved Pb in the TAG vent fluids, intense particle scavenging in the hydrothermal plume generates
a net deficit in the dissolved Pb budget (Godfrey et al., 1994; Noble et al., 2015). As such, the buoyant
hydrothermal plume at the TAG vent site is a net sink for dissolved marine Pb. Net removal of dissolved
Pb in the buoyant hydrothermal plume was also observed at the southern East Pacific Rise (~15°S) for
samples from the GEOTRACES section GP16 (Boyle et al., 2020). The similar dissolved [Pb]
distributions found in the buoyant plumes of both the fast-spreading East Pacific Rise and the slow-
spreading Mid-Atlantic Ridge suggest that the net removal of dissolved Pb is a common phenomenon

at mid-ocean ridge hydrothermal systems.
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(a) GA13 Station 35/39 (b) GAO3 Station USGT11-16 (c) GAD3 Station USGT11-16
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Figure 3.8. Vertical profiles of dissolved and particulate Pb, Mn and Fe concentrations and 2**Pb/2'’Pb
ratios in the buoyant TAG plume for samples from the GA13 and GAO3 section cruises. (a) Data for the
dissolved phase at vent site station 35/39 of the GA13 section (filled symbols, this study). Data for the (b)
dissolved and (c¢) small particulate (< 51 um) phases for samples from the crossover station USGT11-16 of the
GAO03 section (open symbols, Noble et al., 2015). Symbols: Pb concentrations — lines with squares; 2Pb/?’Pb
ratios — lines with inverted triangles; Mn concentrations — solid lines; Fe concentrations — dashed lines.

Observations from both the vent site station 35/39 of this study and the crossover station USGT11-
16 of the GAO3 section support the conclusion that enhanced particle scavenging is responsible for the
net loss of Pb in the buoyant TAG plume. At station 35/39 of this study, excess suspended particulate
concentrations were detected throughout the buoyant plume (Fig. 3.5b), whilst results for station
USGT11-16 revealed excess particulate Pb concentrations within the plume that coincided with the
deficits in dissolved [Pb] and enrichments in particulate [Fe] (Fig. 3.8b, c¢). The compositions of
suspended particles collected in the buoyant TAG plume during the GA03 expedition showed 10-15-
fold and 4-fold enrichments in Fe oxyhydroxides and opal, respectively, compared to NADW
background concentrations, whilst Mn oxide levels were slightly depleted (Lam et al., 2015). These
observations indicate that Fe oxyhydroxide particles were primarily responsible for the enhanced
scavenging of Pb within the buoyant TAG plume. This finding is in accord with the strong affinity of
Pb to Fe oxyhydroxide phases, based on leaching studies of hydrogenous Fe-Mn crusts (Koschinsky
and Hein, 2003).
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Figure 3.9. Cross plots of dissolved [Pb], [Mn] and Pb isotope ratios for the GA13 samples collected at
depths > 2000 m from this study (solid symbols) and GA03 stations USGT11-12 and USGT11-20 (open
symbols) from Noble et al. (2015). (a-b) Dissolved [Pb] and 2°°Pb/2’Pb ratios versus dissolved [Mn]. (c-d)
206pb/297Ph and 2%8Pb/2Pb versus the inverse of [Pb], with samples from depths > 4000 m at stations USGT11-12
and USGT11-20 enclosed by blue boxes. Ellipses indicate samples which show plume-related enrichments in
dissolved [Mn] (> ~0.2 nmol/kg) and [Fe] (> ~0.7 nmol/kg); for clarity, samples from stations 31 and 37 with
very small enrichments in dissolved [Mn] and [Fe] levels are not highlighted with ellipses. Simple linear
regression lines with associated 95% confidence interval (shades) are fitted to: (i) the samples collected in the
buoyant TAG plume at station 35/39 with large enrichments in dissolved [Mn] and [Fe] (red lines), and (ii) the
deep water samples at station 29 with relatively high 2**Pb/?’Pb and the samples from depths > 4000 m at stations
USGT11-12 and USGT11-20 (purple lines); no regression line is shown for the plume samples in panel (c) as the
samples have identical 2°Pb/?’Pb ratios within error.

3.5.4.2 Neutrally buoyant TAG plume

In contrast to the notable deficits in dissolved [Pb] in the buoyant plume near the vent site, samples
with smaller plume-associated enrichments in dissolved [Mn] and [Fe] from locations more distal to
the vent site (about 6 km to 140 km away) display no detectable anomalies in Pb concentrations (Fig.

3.5a, ¢, d). Most likely, this reflects the lack of plume-associated particle enrichments and hence weaker
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Pb scavenging in the distal regions of the TAG plume. However, whilst slightly elevated particle
concentrations were observed at 1500 m to 1900 m depth at valley wall station 37, the Pb concentrations
were close to the background values (Fig. 3.3a; 3.5¢). It is conceivable that the lack of resolvable Pb
scavenging at station 37 is a consequence of the only marginally enriched particle levels at this site.
These results contrast with observations at the southern East Pacific Rise, which showed a deficit
in dissolved Pb concentrations within the westward extending neutrally buoyant plume, up to about
1500 km from the ridge (Boyle et al., 2020). This is despite broadly similar enrichments in dissolved
[Mn] (0.5-1.0 nmol/kg) and in [Fe] (1.0-1.7 nmol/kg) in the distal part of the plume at the East Pacific
Rise (300-1500 km off-axis, Hatta et al., 2015) compared to the stations in the vicinity of the TAG Field
at the Mid-Atlantic Ridge ([Mn] = 0.3 nmol/kg; [Fe] = 1.0-2.6 nmol/kg). Measurements of suspended
particle concentrations and compositions in the off-axis regions of the TAG plume are required to assess

the cause of the different scavenging behaviours observed at the two sites.

3.5.5 Lead Isotope Variability Below 2500 m Depth — TAG Plume and Beyond

3.5.5.1 Lead isotope signatures

At vent site station 35/39, the low 2°Pb/?*’Pb ratios between depths of 3100 m and 3544 m, with a
minimum value of 2.446, mirror the strong plume-associated enrichments in *He and dissolved [Mn]
and [Fe] and coincide with the pronounced deficits in [Pb] (Fig. 3.5b). These few samples, which were
collected from within the buoyant TAG plume, also hint at an apparent negative linear correlation in a
plot of 2%Pb/2’Pb versus dissolved [Mn] (Fig. 3.9b). Whilst the latter trend lacks a clear statistical
significance with p = 0.06, it resembles the negative correlation of dissolved [Pb] with dissolved [Mn]
(p = 0.02; Fig. 3.9a). Together, these observations suggest that the observed isotope excursions are

likely tied to the buoyant TAG plume.

The Pb isotope signatures of samples from > 2500 m depth at stations in the vicinity of the vent site
show a more complex link with the TAG plume. At distal W station 29, the deep seawater samples
display highly variable 2°°Pb/?’Pb (1.175-1.183) and 2**Pb/*"’Pb (2.445-2.453) ratios (Fig. 3.3; 3.5a).
Three samples from > 3200 m depth thereby show relatively high 2°Pb/?’Pb (1.181-1.183) and
208pp/297Ph (2.452-2.453), which exceed the values that were observed at similar depths at proximal E
station 31 (1.178-1.180, 2.449-2.451) but overlap with the NADW compositions determined for
samples from the GAO03 stations USGT11-12 and USGT11-20 (1.180-1.185, 2.450-2.456). In contrast,
the shallower station 29 samples from depths of 2500 and 3000 m display markedly lower 2*Pb/**’Pb
(1.176-1.177) and 2®Pb/**"Pb (2.445-2.447) ratios, which coincide with an enrichment in dissolved [Fe]
(2.6 nmol/kg) associated with the neutrally buoyant TAG plume. These isotope excursions are similar
in magnitude to those observed within the buoyant TAG plume at vent site station 35/39, but at station
29 there are no negative excursions in Pb concentrations, and the plume-associated enrichments in

dissolved [Fe] are considerably lower. Furthermore, similarly low °Pb/?*’Pb and ***Pb/?°’Pb ratios of
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1.175 and 2.447, respectively, were seen at 3800 m depth of station 29, where the TAG plume is absent.
In contrast, no notable Pb isotope excursions were detected for NADW samples from stations 31 and

37 to the east of the vent site, even at depths where minor plume signals were detected (Fig. 3.5c, d).

3.5.5.2 Covariations of Pb concentration and isotope composition: stable isotope fractionation versus
mixing relationships

In plots of 2°Pb/2’Pb and °Pb/**’Pb versus 1/[Pb] (Fig. 3.9c, d), many samples from depths >

2500 m of stations 29 and 35/39 appear to define distinct excursion patterns from a NADW endmember,

characterised by a composition akin to that of water samples from > 2000 m depth at stations 31 and 37

(?°Pb/2’Pb = 1.180 and 2%®Pb/**’Pb = 2.450, termed ‘background NADW’ in the following), towards

lower Pb concentrations and distinct 2Pb/?’Pb and 2°°Pb/?*’Pb values.

Most of the deepest samples from station 29 (depths of 3200 m, 3600 m and 3899 m) define
statistically significant (p < 0.05), positive linear correlations in plots of 2*Pb/?’Pb (r* = 0.93) and
208pb/27Ph (r* = 0.89) versus 1/[Pb], with compositions that are intermediate between background
NADW and the GA0O3 samples from depths > 4000 m of stations USGT11-12 and USGT11-20 (Fig.
3.9¢, d). These trends are most likely a consequence of mixing with an older water mass characterised
by higher 2*Pb/*’Pb and 2*Pb/**’Pb, such as a NADW component that was ventilated before the late
1930s (Fig. 3.6b).

In contrast, the water samples from the buoyant hydrothermal plume at station 35/39 and from
depths of 2500 m, 3000 m and 3800 m at station 29 hint at lower *°°Pb/**’Pb and ***Pb/?'Pb ratios with
increasing 1/[Pb], although the apparent relationships have limited statistical significance (p = 0.08 for
208pb/207Ph versus 1/[Pb]) due to the small numbers of samples (Fig. 3.9¢c, d). Two possible mechanisms
could be responsible for these apparent covariations: (1) stable isotope fractionation between the
dissolved and particulate phases during scavenging of Pb in the plume, and (2) mixing of background
NADW with other isotopic endmember(s) that are characterised by relatively low Pb concentrations

and lower 2°Pb/?°’Pb and 2°*Pb/?"’Pb.

Equilibrium isotope fractionation during particle scavenging of dissolved trace metals could lead to
coupled depletions in elemental concentrations and changes in stable isotope compositions. For many
elements, the partitioning of trace metals between a dissolved phase and particles is associated with an
enrichment of heavy or light isotopes (depending on the element and the particulate phase) in either
phase (e.g. Rehkédmper et al., 2002; Pokrovsky et al., 2005; Lough et al., 2017; Yan et al., 2021). Notably,
such mass-dependent isotope fractionation will produce opposing effects of similar magnitude for the
dissolved 2**Pb/?’Pb and 2%*Pb/*"’Pb ratios, for example, an increase of the dissolved 2*°Pb/?*’Pb ratio
by stable isotope fractionation will be matched by a similar decrease of dissolved 2**Pb/*’Pb. However,
the observed 2*°Pb/?°’Pb and 2*®Pb/*"’Pb ratios of the buoyant TAG plume at station 35/39 do not exhibit
such opposing shifts relative to the background NADW composition but rather trend in the same

direction (Fig. 3.5b). In particular, the 2Pb/?*’Pb (= 1.176) and 2*Pb/**’Pb (= 2.446) ratios of station
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35/39 samples with large plume-associated enrichments in dissolved [Mn] and [Fe] are both lower
compared to the background NADW signature (*°Pb/?’Pb = 1.180, 2°Pb/**’Pb = 2.450; station 31).
Therefore, stable isotope fractionation can confidently be ruled out as the cause for the observed deep

water Pb isotope signatures at station 35/39.

The observed lower 2°Pb/2’Pb and 2**Pb/*"’Pb ratios at stations 29 and 35/39 are more viably
explained by mixing relationships. This interpretation is supported by the statistically significant (p <<
0.05), linear correlation (r> = 0.87) of the deep water data in a plot of 2°Pb/2’Pb versus 2%*Pb/>*’Pb,
which is indicative of a mixing relationship between background NADW and at least one other isotopic
endmember with lower 2°°Pb/2’Pb and 2%®Pb/**’Pb ratios (red line, Fig. 3.10). The most obvious
additional component is mantle-derived Pb from TAG hydrothermal fluids, which are enriched in
dissolved Pb from the local MORB substrate (Godfrey et al., 1994). In Figure 3.10, the data of MORBs
from the ridge segment of the TAG Field form a trend roughly parallel to that defined by the samples
from > 2500 m depth of stations 29 and 35/39 but at significantly higher 2°Pb/?°’Pb ratios. This suggests
that mantle-derived Pb most likely plays only a subordinate role in generating the low 2°Pb/?*’Pb and
208pp/297Ph values, even for samples collected from the buoyant TAG plume. The most probable origin
for the low 2°°Pb/2°’Pb and 2%*Pb/>*’Pb ratios is, therefore, anthropogenic Pb with an isotope signature
similar to that of European and North African aerosols (Fig. 3.10). The presence of such Pb in the deep
waters of the TAG region is surprising, as the release of Pb from aerosols is normally expected to only
impact the uppermost water column. However, the release of anthropogenic Pb in the deep ocean from
sinking particles was previously reported by Wu et al. (2010) and Lanning et al. (2023) for the North

Pacific Ocean.

There are two further observations that support and extend the above conclusions. First, Noble et
al. (2015) identified even larger Pb isotope variations (>°Pb/?*’Pb = 1.179-1.191, 28Pb/?’Pb = 2.448-
2.454) for GAO3 water samples collected in the buoyant TAG plume at station USGT11-16 (Fig. 3.8;
3.10). Notably, some of their plume samples show 2**Pb/?’Pb ratios (1.185-1.191) that are significantly
higher than any of the values that were determined for samples from > 2500 m in this study (Fig. 3.10).
These results of Noble et al. (2015) are in accord with mixing between NADW and anthropogenic Pb
of North American origin characterised by high 2°Pb/?*’Pb ratios, with the latter most likely originating
from sinking particles. Second, suspended particles that were collected in the neutrally buoyant TAG
plume at a distance of up to 1.5 km from the vent site (Godfrey et al., 1994) define a **Pb/?’Pb versus
208pp/297Ph correlation (12 = 0.86, p << 0.05) that is sub-parallel to the trend of the water samples from
> 2500 m depth at stations 29 and 35/39, and which also trends towards the isotope signature of
Eurafrican aerosols (blue line, Fig. 3.10). This suggests that the Pb isotope compositions of the plume
particles were also impacted by anthropogenic Pb of European or North African origin, and this was

most likely delivered into the deep water via particles.
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Figure 3.10. Plot of **Pb/*"’Pb versus 2*Pb/>*'’Pb ratios for the GA13 seawater samples collected at depths
> 2500 m for this study (filled squares), in comparison to literature data of the potential sources of dissolved
Pb for the deep water samples. Ellipses encircle seawater samples that coincide with plume-associated
enrichments in dissolved [Mn] (> ~0.2 nmol/kg) and [Fe] (> ~0.7 nmol/kg). Simple linear regression lines with
associated 95% confidence intervals (shades) are fitted for: (1) all seawater samples from stations 29 and 35/39
that show plume-associated enrichments in dissolved [Mn] and [Fe] and that are encircled by ellipses; (2) particles
collected in the neutrally buoyant TAG plume by Godfrey et al. (1994) (blue line). Data obtained for seawater
from the buoyant TAG plume at station USGT11-16 during the GA03 expedition are shown for comparison (open
squares; Noble et al., 2015). The magenta field encompasses Pb isotope data for MORBs from the ridge segment
of the TAG Hydrothermal Field (23-28°N) and were compiled from the PetDB database
(www.carthchem.org/petdb, accessed on 18" May 2022). Other literature data: vent fluid from the TAG vent site
(magenta hexagon) and neutrally buoyant TAG plume particles (stars) (Godfrey et al., 1994); urban aerosols from
Western Europe, North Africa and the USA (Bollhofer and Rosman, 2001; Sherman et al., 2015).

3.5.5.3 Dissolved-particulate exchange processes in the deep ocean

The finding of anthropogenic Pb with a European and/or North African origin in old (> 60 years)
NADW is unambiguous. The most reasonable origin of this anthropogenic Pb are aerosol particles,
from which anthropogenic Pb was released whilst they sank into the deep ocean. Such sinking particles
can release either their indigenous inventories of natural and anthropogenic Pb as well as any additional
Pb that was scavenged from seawater following deposition in the ocean (Schaule and Patterson, 1981;
Flegal and Patterson, 1983). Notably, a number of studies have shown that anthropogenic Pb is
preferentially released into seawater from aerosol particles in comparison to natural Pb associated with
mineral dust, which reflects that anthropogenic Pb emissions from high-temperature processes are

primarily present in the particles in the form of more labile species (e.g. halide, carbonate, sulphate and
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oxide species), whilst Pb in mineral dust is bound in more stable silicate minerals (Chester et al., 1989;

Kogak et al., 2007; Fishwick et al., 2018).

Simple release of Pb from particles alone, however, cannot be responsible for the observed Pb
systematics, as this would generate lower 2°Pb/2’Pb and 2%*Pb/?’Pb ratios coupled with higher Pb
concentrations, contrary to the observations (Fig. 3.9c, d). Hence, reversible exchange of Pb and its
isotopes between dissolved and particulate phases is most likely responsible for the unusually low
206pp/297Ph and 28 Pb/**7Pb ratios of the deep water samples analysed in this study. This conclusion is
supported by seawater profiles from the Western Atlantic Ocean, which revealed isotopic equilibration
between dissolved Pb and Pb adsorbed to small (< 50 um) suspended particles (Shen and Boyle, 1988;
Sherrell et al., 1992), a phenomenon that is further confirmed by isotope exchange experiments in the

laboratory (Chen et al., 2016a).
For the sample from 3800 m depth at distal W station 29, the distinctively low 2*Pb/2’Pb (1.175)

and 2®Pb/?"'Pb (2.447) ratios were most likely impacted by Pb released from resuspended seafloor
sediments. At this station, a nepheloid layer was detected by light scattering measurements in the bottom
150 m of the water column (Fig. 3.5a) and this encompassed the depth at which the sample was collected.
The resuspended seafloor sediments will contain particles that recently settled from the surface and are
hence enriched in Pb with a current anthropogenic signature. Release of Pb from such sediments and
exchange with dissolved Pb in the nepheloid layer can thus explain the slightly enriched Pb
concentration and the lower 2°°Pb/?*’Pb and ***Pb/?*’Pb ratios of this seawater sample. Notably, along
the GAO3 section, the deepest samples from three Eastern Atlantic stations also show excursions
towards lower 2°°Pb/>"’Pb and 2®Pb/?’Pb ratios alongside [Pb] enrichments, which were attributed to
the release of Pb from sediment particles in the nepheloid layer (Noble et al., 2015).

The other deep water samples with distinctively low 2°Pb/>*’Pb and 2**Pb/*"’Pb ratios from vent
site station 35/39 (3100-3544 m) and distal W station 29 (2500 m and 3000 m) display plume-associated
enrichments in dissolved [Fe] and [Mn], which linked with the TAG hydrothermal activity (Fig. 3.5a,
b). Given this, the observations most likely reflect enhanced exchange of anthropogenic Pb present in
sinking particles with dissolved Pb at the distinct physicochemical conditions within the buoyant and
neutrally buoyant TAG plume. Various physicochemical mechanisms presumably facilitated the
exchange processes, including intense scavenging of dissolved Pb from the plume by hydrothermal
particles, the reducing plume conditions, and stabilisation of dissolved Pb due to elevated
concentrations of Pb-binding organic ligands (Fig. 3.11).

The intense scavenging of dissolved Pb by Fe-Mn oxyhydroxides in the buoyant TAG plume may
be coupled with enhanced remobilisation of anthropogenic Pb adsorbed to sinking particles. Assuming
equilibrium control on the partitioning of trace metals between the dissolved and particulate phases (e.g.
Balistrieri et al., 1981), the rapid removal of dissolved Pb from the hydrothermal plume due to
adsorption onto Fe-Mn oxyhydroxides may support the release of anthropogenic Pb from particles that
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have sunk from the surface, to replenish the dissolved Pb pool. Furthermore, the reducing conditions in
the buoyant TAG plume may also aid in the dissolution of the labile Pb phases present in the sinking

particles.

Organic complexation is known to exert important controls on the speciation of dissolved Pb in
seawater. In surface seawater of the open ocean, organic Pb complexes exhibit conditional stability
constants on the order of ~10® to ~10'> and can account for up to half of the dissolved Pb budget
(Capodaglio et al., 1990; Kozelka et al., 1997; Wells et al., 1998; Ren et al., 2023). In addition, the
laboratory study of Maring and Duce (1990) demonstrated that the dissolution of Pb from aerosols is
enhanced in surface waters that are enriched in dissolved organic carbon. It is hence conceivable that
elevated organic ligand concentrations in the TAG hydrothermal plume also supported and increased
the remobilisation of Pb from the sinking particles. Previous studies revealed the presence of Fe-
complexing organic ligands in hydrothermal plumes, which were either entrained from the open ocean
and/or produced around the vents (Bennett et al., 2008; Toner et al., 2009; Lough et al., 2019).
Furthermore, laboratory studies have identified specific Pb-binding organic compounds that are
released by vent microbes (Loaéc et al., 1998). The presence of such complexing organic compounds
in the TAG plume can, therefore, help to account for the enhanced release of anthropogenic Pb from

sinking aerosol particles.
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(3) Enhanced remobilisation of Pb from particles under reducing
buoyant plume condition.

(4) Stabilisation of dissolved Pb by an elevated level of dissolved
organic ligands.

Figure 3.11. Conceptual illustration that summarises physicochemical mechanisms that drive reversible
dissolved-particulate exchange of Pb in ambient seawater and in hydrothermal plumes.
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3.6 Conclusions

This study presents new dissolved Pb concentration and isotope data for seawater samples from
five stations at and in the vicinity of the TAG Hydrothermal Field on the Mid-Atlantic Ridge. The key
findings of this study relate to (i) variabilities in dissolved Pb concentrations and isotope compositions
in samples from depths exceeding 2500 m, which largely appear to be linked with the hydrothermal
plume, and (ii) further variations in the uppermost water column, which are not connected to the
hydrothermal activity.

In the upper ocean at < 400 m depth, significant vertical and lateral heterogeneities in dissolved Pb
signatures were observed on spatial scales of less than 20 m and a few kilometres, respectively. These
heterogeneities most likely reflect the release of anthropogenic Pb from aerosol particles in the upper
water column.

In the deep ocean (> 2500 m), pronounced deficits in dissolved Pb concentrations were observed in
the buoyant TAG plume, in agreement with the results of previous studies. This is despite the strong
enrichment of dissolved Pb in vent fluids. These deficits reflect intense scavenging of Pb by
hydrothermal particles in the buoyant plume. In contrast, no dissolved Pb deficits were observed in the

neutrally buoyant plume, most likely due to the significantly lower ambient particle concentrations.

Whilst the hydrothermal activity contributes to an overall net sink for dissolved Pb in the deep water
column, significant and unexpected Pb isotope variations were detected at depths >2500 m. In particular,
unusually low Pb/*Pb and 2%Pb/?*’Pb ratios were determined for samples from the buoyant
hydrothermal plume at station 35/39 as well as for samples from the non-buoyant plume and the
nepheloid layer at station 29. The observed isotope signatures predominantly reflect mixing between
background NADW and anthropogenic Pb of European and/or North African origin. This result is
surprising, considering that the release of anthropogenic Pb is normally expected to be restricted to the
uppermost water column. The isotope heterogeneities are thought to be caused by exchange of
anthropogenic Pb from either sinking particles or modern resuspended sediments with ambient
dissolved seawater Pb. These exchange reactions may be enhanced by distinct physicochemical
conditions within the TAG plume, including (i) rapid initial scavenging of dissolved Pb from the
hydrothermal plume by Fe oxyhydroxide phases; (ii) reducing plume conditions, which may enhance
the dissolution of labile anthropogenic Pb from sinking aerosol particles; and (iii) higher concentrations
of dissolved organic ligands, which may help to stabilise dissolved anthropogenic Pb by complexation.

Additional sampling and Pb concentration and isotope analyses of seawater from other
hydrothermal vent sites and plumes are desirable to better constrain how the flux balance and cycling
of Pb is affected by hydrothermal activity. Furthermore, combined Pb concentration and isotope studies

of filtered seawater and particles are required to improve understanding of how Pb and other trace
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metals are exchanged between dissolved and particulate phases and in what manner hydrothermal

activity impacts such exchange processes.

3.7 Researcher Contributions

The dissolved seawater Pb concentration and isotope data that are presented and discussed in this
chapter were obtained by the author. The dissolved Fe and Mn concentrations and He isotope
compositions of the samples were obtained by Alastair J. M. Lough (University of Leeds, UK), Joseph
A. Resing (University of Washington, USA) and William J. Jenkins (Woods Hole Oceanographic
Institution, USA), respectively. The author led the interpretations of the results presented in this study,
with insightful comments from Mark Rehkdmper and Tina van de Flierdt. Maeve C. Lohan (University
of Southampton, UK) and all the participants of the GEOTRACES GA13 expedition are thanked for

collecting the seawater samples that were analysed in this study.
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Chapter 4

Lead Concentrations and Isotope Compositions along

Southern Ocean GEOTRACES Section GS01
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4.1 Introduction

The distributions of Pb and its isotopes in the global ocean reflect the interplay between their input
at ocean boundaries and internal redistribution processes. Since the beginning of the last century,
atmospheric deposition of anthropogenic Pb from leaded petrol consumption and other industrial
activities have dominated the input of Pb into the global ocean (Boyle et al., 2014). The dynamic input
of Pb is in turn redistributed in the ocean interior through the advection and mixing of water masses
(Boyle et al., 1986; Alleman et al., 1999; Noble et al., 2015; Zurbrick et al., 2017, 2018; Bridgestock et
al., 2018), as well as particulate redissolution / remineralisation processes (Wu et al., 2010; Echegoyen
et al., 2014; Lee et al., 2015; Zurbrick et al., 2017).

One of the most remote areas from sources of anthropogenic Pb pollution is the Southern Ocean.
The Southern Ocean is defined as the ocean area south of 35 or 40°S and north of Antarctica. Due to
the absence of land barriers in the Southern Ocean, strong winds drive the vigorous, east-flowing
Antarctic Circumpolar Current (ACC), one of the most powerful ocean current systems on Earth (see
review by Rintoul, 2018). The Southern Ocean is where deep water masses from all ocean basins upwell
along tilted isopycnals to contribute to Antarctic surface waters, which in turn sink close to the Antarctic
continent and ultimately return to the meridional ocean basins as Antarctic Bottom Water (AABW) (Fig.
4.1) (Marshall and Speer, 2012; Talley, 2013). Further north in the Southern Ocean, Subantarctic Mode
Water (SAMW) and Antarctic Intermediate Water (AAIW) sink, which also spread north and fill
shallower depths of the meridional ocean basins (McCartney, 1977, 1982; Hanawa and Talley, 2001).
An additional feature of the Southern Ocean is that both the hydrography and biogeochemistry exhibit
north-south gradients that occur not gradually, but as sharp transitions denoted as fronts (Deacon, 1982).
These fronts demarcate latitudinal zones of outcropping/subducting water masses (e.g. Rintoul and
Bullister, 1999) and biogeochemical properties (e.g. Sarmiento et al., 2004) and are locations of major
zonal currents (e.g. Orsi et al., 1995; Belkin and Gordon, 1996).

All of the above make the Southern Ocean an interesting area to study for any trace element or
isotope system that does not behave conservatively in the ocean. An additional angle of interest for
studying Pb is that the remoteness of the area might offer an opportunity to observe a significant natural
Pb signature, in contrast to other heavily polluted parts of the global ocean (i.e. Boyle et al., 2014).
However, existing studies indicate that significant perturbations by anthropogenic Pb might still be
found in remote Southern Ocean waters or in water masses that were ventilated in the Southern Ocean
(Flegal et al., 1993; Alleman et al., 2001; Paul et al., 2015; Ndungu et al., 2016; Bridgestock et al.,
2018). This observation in part reflects the significant Pb pollution of the Antarctic atmosphere and
snow (McConnell et al., 2014 and references therein). Yet, understanding of such Pb signals, as well as
the cycling of Pb in the Southern Ocean, is limited by the scarcity of dissolved Pb concentration and

isotope data in the region. Only three studies have been published to date, which comprise studies of

122



surface waters from the Weddell and Scotia Seas, Atlantic sector of the Southern Ocean (Flegal et al.,
1993), four depth profiles in the Amundsen Sea, Pacific sector of the Southern Ocean (Ndungu et al.,
2016), and one depth profile from the Indian Ocean sector of the Southern Ocean (Lee et al., 2015). In
addition, Griffiths (2019) reported in his PhD thesis a first partial dataset of dissolved Pb concentrations
and isotope compositions from the Australian sector of the Southern Ocean, which consists of six
seawater depth profiles (49 to 65°S) collected along a meridional section between Tasmania and

Antarctica during the GEOTRACES GS01 expedition (IN2018_VO01).

This study completes the partial dataset presented by Griffiths (2019) by adding seawater depth
profiles of dissolved Pb concentrations and isotope compositions from the GEOTRACES GSO1
expedition in the Subantarctic Zone south of Tasmania. The complete GS01 dataset allows a thorough
analysis of inter-laboratory precision of the dissolved Pb concentration measurements (Imperial College
London and the University of Tasmania) and an assessment of the relative significance of advection

and particulate processes in the area, with a focus on processes in the Subantarctic Zone.
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Figure 4.1. Schematic illustration of the hydrography of the Southern Ocean between Australia and
Antarctica. Solid grey lines indicate the neutral density (y") horizons that demarcate the major water masses
across the transect, labelled with y" values in kg/m3. Water mass abbreviations are defined in Table 4.3; red arrows
show the directions of water mass movement. Vertical dashed lines indicate the fronts that separate the
oceanographic zones, abbreviated as in Table 4.1. Blue contours indicate the principal flows of the Antarctic
Circumpolar Current along the Subantarctic Front (SAF) and the Polar Front (PF); the flow direction is towards

the east ( ® as opposed to ® ). The figure was modified from Rintoul (2018) and Anderson et al. (2009).
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Figure 4.2 (cont’d). (a) Map of the Atlantic Ocean, Indian Ocean and the Southern Ocean (Atlantic, Indian
and Australian sectors), showing the locations of seawater sampling along the GEOTRACES GS01 transect
(coloured circles; Griffiths (2019) and this study) and reference stations (white squares) along the
GEOTRACES section G104 in the Indian Ocean and section GA10 in the South Atlantic Ocean. Black
arrows indicate major deep water currents / movement in the Southern Ocean: Antarctic Circumpolar Current
(ACC), Indian Deep Water (IDW) inflow and outflow, Deep Eastern Boundary Current (DEBC) and North
Atlantic Deep Water (NADW) flow along the deep western boundary. Thin black lines indicate the Subantarctic
Front (SAF) and Southern ACC Front (SACCF) of the ACC. (b) Enlargement of map (a) showing the study
area, the GSO01 cruise track along the WOCE SR3 line and the stations sampled for dissolved Pb
concentrations and isotopes during the expedition (coloured circles). Red dashed arrows indicate surface water
currents: Leeuwin Current (LC) and Zeehan Current (ZC). Brown solid arrows indicate intermediate depth slope
currents: East Australian Current (EAC), Tasman Outflow, Flinders Current System (FCS) and Antarctic Slope
Current (ASC). Black arrows indicate deep water currents (DEBC) or currents that extend from the surface to the
deep water (ACC and the associated gyres). Thin black lines indicate the major fronts identified along the GSO1
transect. Abbreviations of the major oceanographic fronts and zones are defined in Table 4.1. The maps were
created using the Ocean Data View (ODV) software (Schlitzer, 2020), with ocean background colours indicating
the bottom topography.

4.2 The GS01 Expedition and Setting

4.2.1 The GEOTRACES GS01 Expedition and the SR3 Line

The GEOTRACES GSO01 section cruise (‘IN2018 V01’ expedition) aboard the RV Investigator
sailed between Hobart, Tasmania and Antarctica (11" January - 21% February 2018), with the scientific
objectives to study Southern Ocean hydrography and marine trace elements and their isotopes, as well
as atmospheric parameters (Fig. 4.2b). The expedition featured a reoccupation of the World Ocean
Circulation Experiment (WOCE) meridional SR3 line (between 44°S, 146°E and 65.7°S, 140°E), a
repeat section that is well-studied for its hydrography (e.g. Rintoul and Bullister, 1999; Sokolov and
Rintoul, 2002). Eight seawater profiles were collected along the meridional SR3 line for dissolved Pb

concentrations and isotopes, sampling between eight and nine depths throughout the water column.

4.2.2 Geographical and Hydrographic Setting

4.2.2.1 Geographical setting

The Australian sector of the Southern Ocean defines the ocean region between the South Pacific
and Indian Oceans, bounded by the Southern Australian — Tasmanian coastlines to the north and the
Wilkes-Adélie Land Coast of Antarctica to the south (Fig. 4.2). The Southeast Indian Ridge forms a
quasi-zonal topographic barrier across the region. It rises to a bottom depth of ~2500 m and divides the
South Australian Basin to the north and the Australian-Antarctic Basin to the south. Just south of
Tasmania, the South Tasman Rise forms an isolated topographic saddle that rises to ~2000 m depth.
The region represents the key (deep) gateway for the exchange of water between the Indian and Pacific

Oceans.
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4.2.2.2 Frontal structure and oceanographic zones

The frontal structure along the SR3 line had been mapped and described in detail by Sokolov &
Rintoul (2002, 2007) (Fig. 4.1, 4.2; Table 4.1). The Subtropical Front (STF, 47°S) marks the northern
limit of the Subantarctic Zone (SAZ), which can be identified by sharp southward decreases in potential
temperature (from > 14°C to < 12°C) and salinity (from > 35.0 to < 34.6) in the surface mixed layer.
The Subantarctic Front (SAF, ~52°S) separates the SAZ from the Polar Frontal Zone (PFZ) and marks
the northern limit of the ACC belt. This front is characterised by pronounced hydrographic gradients
and strong vertical mixing throughout the water column (e.g. Rintoul, 2018). The Polar Front (PF,
~56°S) demarcates the transition from the PFZ into the Antarctic Zone (AZ). It is identified by the
northern limit of cold subsurface water (< 2°C, 100-300 m), and is another area of intense vertical
mixing and strong ACC flow (e.g. Rintoul, 2018). The Southern Antarctic Circumpolar Current Front
(SACCF) at ~64°S lies within the AZ and delimits the southern limit of a 1.8°C potential temperature
maximum in the Upper Circumpolar Deep Water (UCDW) layer. The Southern Boundary (SB) of the
ACC and the Antarctic Slope Front (ASF) are two closely spaced southern fronts at ~65°S, which
demarcate the AZ to the north and the Continental Zone (CZ) to the south. The SB represents the
southern limit of the ACC belt.

Table 4.1. Summary of the major oceanographic fronts and zones along the SR3 line during the
GEOTRACES GS01 section cruise in January/February 2018.

Front Lat Oceanographic Zone
S

STF Subtropical Front 47

SAZ Subantarctic Zone
SAF Subantarctic Front 52

PFZ Polar Frontal Zone
PF Polar Front 56

AZ Antarctic Zone

Southern Antarctic
SACCF  Circumpolar Current 64

Front
SB Southern Boundary 65
ASF Antarctic Slope Front 65

CZ Continental Zone

4.2.2.3 Regional circulation

The regional circulation regime is dominated by the east-flowing ACC (Fig. 4.2b), the largest
oceanic current on Earth with estimated volume transport between 120 and 184 Sverdrup (Sv; 1 Sv =

10° m* s") (Donohue et al., 2016 and references therein). The ACC belt spans a broad latitudinal range
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between the SAF (~52°S) and SB (~65°S) (i.e. encompassing the PFZ and AZ) and represents the
principal zonal pathway for the advection of upper ocean waters and Circumpolar Deep Water (CDW)
in the Southern Ocean (Sokolov and Rintoul, 2007 and references therein). Most of the flow of the ACC
can be observed along its two major fronts, the SAF and PF (e.g. Rintoul and Sokolov, 2001). North of
the ACC belt, the SAZ is characterised by a confluence of meridional and zonal flows. A branch of the
East Australian Current (EAC) flows southward along the east coast of Tasmania, which turns at the
southern tip of Tasmania to flow westward, forming the Tasman Outflow (Rintoul and Sokolov, 2001;
Speich et al., 2002). The Tasman Outflow, together with a north-flowing branch of the ACC and mode
waters off the west coast of Tasmania, feed the intermediate depth Flinders Current System (FCS),
which flows westward along the Southern Australian continental slope (Middleton and Cirano, 2002;
Middleton and Bye, 2007; Richardson et al., 2019). The east-flowing ACC and the west-flowing FCS
form the major anticyclonic gyre in the South Australian Basin (Rintoul and Sokolov, 2001; Davis,
2005; McCartney and Donohue, 2007). Above the FCS, the Zeehan Current (ZC) forms part of the
surface Leeuwin Current System, which flows from the Southeast Indian Ocean and eastward along the
Southern Australian shelf, reaching the west of Tasmania (Cresswell, 2000; Ridgway and Condie, 2004).
Below the FCS, the Deep Eastern Boundary Current (DEBC) flows eastward and allows Indian Deep
Water (IDW) to enter the Australian sector of the Southern Ocean (Tamsitt et al., 2019). South of the
ACC belt, the Antarctic Slope Current (ASC) flows westward along the Antarctic continental slope
(Thompson et al., 2018). Branches of the ACC veer south and join the ASC, forming cyclonic gyres on
the southern side of the ACC (McCartney and Donohue, 2007).

4.3 Methods

4.3.1 Sample Locations and Collection

The eight stations along the GEOTRACES GSO1 section sampled for Pb concentrations and
isotopes span across all major fronts of the Southern Ocean (Table 4.2; Fig. 4.2b). Station 9 was located
near the STF (46.7°S, ‘northern SAZ station’), and stations 15 (49.3°S, ‘mid-SAZ station’) and 23
(51.6°S, ‘southern SAZ station’) were sampled on the northern flank of the SAF in the SAZ. Station 30
(54.1°S, ‘PFZ station’) was located in the PFZ. Stations 40 (58.9°S, ‘northern AZ station’), 45 (60.8°S,
‘mid-AZ station’) and 51 (63.9°S, ‘southern AZ station’) were located between the PF and SB in the
AZ. The CZ was sampled by the southernmost station 56 (65.4°S, ‘CZ station’).

Seawater sample collection was conducted using an aluminium trace metal rosette system (TMR,
Seabird) mounted with 12 x 12 L trace metal clean Niskin bottles (OTE). Upon recovery, the Niskin
bottles were immediately transferred to a clean laboratory environment onboard the vessel (ISO class
5), where seawater was filtered using 0.2 pm Acropak® 200 (Pall) filter capsules into two acid-cleaned

1 L LDPE bottles for each sample. Following this, the samples were acidified with 6 M HCl to pH =
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1.8. The filtered, acidified samples were then double-bagged and stored at room temperature until they

were processed back on shore (i.e. at Imperial College London and the University of Tasmania).

Table 4.2. Information about the eight stations with seawater depth profiles collected for Pb isotope analysis
during the GEOTRACES GS01 section cruise. Asterisk (*) indicates the stations for which Pb concentration
and isotope results were presented by Griffiths (2019).

Station ~TMR Number Location Lat Long Bottom depth  Date(s) of sample collection
() CE) (m) (dd/mm/yyyy)

9 5,6 Northern SAZ  46.65 145.25 3344 14/01/2018-15/01/2018

15% 9,10 Mid-SAZ 49.27 144.09 4292 17/01/2018

23 13, 14 Southern SAZ  51.55 143.00 3628 19/01/2018-20/01/2018

30% 17,18 Northern PFZ  54.07 141.60 2563 22/01/2018

40%* 23,24 Northern PFZ  58.85 139.84 3929 25/01/2018-26/01/2018

45% 26,27 Mid-AZ 60.85 139.85 4405 27/01/2018

51* 30, 31 Southern AZ  63.86 139.87 3729 29/01/2018-30/01/2018

56* 33,34 4 65.40 139.85 2386 31/01/2018

4.3.2 Determination of Dissolved Pb Concentrations and Isotopes

Measurements of dissolved Pb concentrations and/or isotope compositions were carried out for 70
samples at Imperial College London (ICL). 53 samples from south of the SAF (stations 30, 40, 45, 51
and 56) and a shallow water (< ~1000 m) profile from the SAZ (station 15) were analysed by Alex
Griffiths for Pb concentrations and/or isotope compositions (Griffiths, 2019). The remaining 17
seawater samples from stations 9 and 23 from the SAZ were analysed during this study following the
protocols published by Griffiths et al. (2020).

Lead concentrations were determined on 50 mL aliquots of seawater samples by isotope dilution.
Following equilibration with a 2°’Pb-**Pb double spike, Pb was pre-concentrated by Mg(OH), co-
precipitation and purified by a single stage of anion exchange chromatography. Measurements were
conducted on a Nu Plasma Il MC-ICP-MS (Nu Instruments), followed by data reduction to obtain the
Pb concentrations. The average procedural blank during Pb concentration measurements was at 5.6 £
3.0 pg (1 SD; n = 18; Chapter 3 of this thesis), representing 2-20% of the indigenous Pb in the sample
aliquots. Lead concentrations of all samples were corrected for the average procedural blank. Three
aliquots were processed and measured for Pb concentrations for all samples in this study. For two of
the samples (station 9, 987 m and station 23, 493 m; Table 4.4), one replicate measurement yielded Pb
concentration that differed from the two other measurements by > 2 pmol/kg, and the spurious value
was discarded. The triplicate uncertainties (1 SD) in Pb concentrations were applied to individual
samples, which were generally similar to or better than the long-term external precision from replicate

analyses of the in-house seawater reference material SO-151 (£ 0.5 pmol/kg; Chapter 3 of this thesis).
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Lead isotope compositions were determined on 1-4 ng of Pb. Briefly, Pb was preconcentrated from
approximately 2 L of seawater samples by solid phase extraction with Nobias Chelate PA-1 resin and
purified by two stages of anion exchange chromatography (see Griffith et al. (2020) for details). [sotope
measurements were conducted using a Nu Plasma [I MC-ICP-MS (Nu Instruments). For every batch of
6-8 samples, unspiked aliquots were first measured, followed by double spiked aliquots in a subsequent
measurement session. The two sets of measurements were then combined to generate the final data
through various correction steps, including (1) correction for the isobaric interference of 2**Hg on 2*Pb,
(2) external normalisation of the unspiked measurements using an empirically optimised 2*T1/2% Tl ratio,
(3) iteration through a set of non-linear double spike equations, and (4) standardisation with the
bracketing NIST SRM 981 Pb — NIST SRM 997 TI standard measurements. Lead yields from the
sample preparation procedure were consistently near-quantitative at 96 + 4% (1 SD; 87 to 102%). The
total procedural blanks during the period of measurements were 63, 69 and 110 pg respectively,
representing 2-7% of the indigenous sample Pb. No blank correction was applied to the isotope data.
The long-term external precisions (2 SD) for replicate isotope analyses of SO-151 (rn = 6; = 2 ng Pb),
i.e. ~1400 ppm for 2*Pb/*’Pb, ~400 ppm for 2**Pb/*’Pb and ~2200 ppm for 2*Pb/>**Pb (Chapter 3),
were applied to all samples of this study, which were measured at Pb concentrations of 1-4 ng/mL in
the MC-ICP-MS run solutions. Isotope measurement of an aliquot of the GEOTRACES intercalibration
sample GSP yielded 2°Pb/*’Pb = 1.1584 £ 0.0017, 2°Pb/?*’Pb = 2.4475 £ 0.0010, and 2°°Pb/***Pb =
18.09 + 0.04. These results were identical within error to the GSP results published by Griffiths et al.
(2020) (**Pb/*7Pb = 1.1584 + 0.0003, 2%Pb/**Pb = 2.4476 + 0.0006, 2*°Pb/***Pb = 18.08 = 0.01).

4.3.3 Determination of the Dissolved Concentrations of Pb and Other Trace Metals at

the University of Tasmania (UTAS)

Measurements of the dissolved Pb concentrations of seawater samples from the same locations were
separately carried out by Andrew Bowie et al. as part of the multi-elemental analysis effort at the
University of Tasmania (UTAS), and the data was made available in the GEOTRACES Intermediate
Data Product (IDP) 2021 (GEOTRACES Intermediate Data Product Group, 2021). Multi-elemental
analyses at UTAS followed the protocol as described in Wuttig et al. (2019). Briefly, trace metals were
preconcentrated offline from 10-50 mL of seawater samples using an automated, commercially
available seaF’AST system (S2 pico; Elemental Scientific, USA), in which samples were passed through
two 200 puL columns filled with Nobias PA-1 resin, and the targeted trace metals were extracted with
10% HNO;. The preconcentrated samples were analysed using a sector-field inductively coupled
plasma mass spectrometer (SF-ICP-MS; ELEMENT 2; Thermo Fisher Scientific). Elemental
concentrations were calculated using a combination of external calibration and standard addition
internal calibration and corrected with the mean procedural blank from each preconcentration batch.

The uncertainties on these Pb concentration measurements were generally better than + 0.6 pmol/kg.

129



12 n i I I I 1 1 1 1 i
(b)
~ 10 . .
&
[an] 8 - _ -
oy
=
S 6 . §
8
£ StL30 _.y"=2755
L 4 . e -
o \ , UCDW
‘€ 5 St.40 AASW ‘ y"=28.00
2] 1 -~ T
o 1 LCDW
0+ 1 SMS.'! "= 28.27
K — AABW
_2 I M 1 ™ 1 M 1 N 1 N T N I N I ' I ™ I ' 1 M 1 M 1 1 N
336 338 340 342 344 346 348 336 338 340 342 344 346 348
Salinity Salinity
(c) Potential temperature 0 [°C]
SB/ASF SAACF PF SAF STF
cz i AZ : PFZ : SAZ :

1000
E. 2000
T
'_
o
W
2 3000
g
F
4000 8
g
[e]
65°S 60°S 55°S 50°S 45°S
(d) Salinity
SBIASF SAACF PF SAF STF
o BZF g 4 AZ " PFZ i SAZ :
0 35.5
. 1000 35
E
=
o 2000
g 345
3000
R 34
>
2
4000 8
g
W35
65°S 60°S 55°S 50°S 45°S
Figure 4.3.

130



(e) Neutral density y" [kg/m®]

SB/ASF SAACF PF SAF STF
0 28.5
28
1000
o 27.5
£ 2000
E
= 27
L
=]

(2]
(=]
o
o

26.5

4000 26

Ocean Data View

65°S 60°S 55°S 50°S 45°s
(f) Oxygen [umol/kg]

SBIASF SAACF PF SAF STF
0
350
1000
£ 300
=
o 2000
w
[a]

250
3000
200
4000

2|
9
5|
£
I
€|
i
8
O

150

65°S 60°S 55°s 50°s 45°S

Figure 4.3. (cont'd). Hydrography of the study area, sampled during the GEOTRACES GS01 expedition.
(a-b) Potential temperature and salinity data for the stations measured for Pb concentrations and isotopes. Black
dashed lines indicate the neutral density isopycnals that separate the major water masses. (c-f) Meridional section
plots of potential temperature (c), salinity (d), neutral density (e) and oxygen concentration (f) along the GSO1
transect. In panel (e), thick, solid lines denote the neutral density horizons that demarcate the major water masses
across the transect. The locations of stations sampled for Pb (texts in red) and the oceanographic zones and fronts
(texts in black) are indicated at the top of each panel. Grey surface denotes bathymetry generated by the GEBCO
2014 6x6 min grid. The section plots were created using the ODV software (Schlitzer, 2020).

Table 4.3. Summary of the water masses and characteristics along the SR3 line.

Water Mass &

(kg/m’)
SASW Subantarctic Surface Water 26.3-26.8
AASW Antarctic Surface Water 26.7-27.5
SAMW Subantarctic Mode Water 26.85-27.00
AAIW Antarctic Intermediate Water 27.00-27.55
UCDW  Upper Circumpolar Deep Water 27.55-28.00
LCDW Lower Circumpolar Deep Water 28.00-28.27
AABW Antarctic Bottom Water >28.27
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4.4 Results

4.4.1 Water Mass Distributions

Major water masses encountered along the SR3 line during the GS01 expedition are identified
according to potential temperature (0), salinity (S), neutral density (y") and oxygen concentration (Fig.
4.3; Table 4.3).

Upper waters (0 to 150 m) are characterised by a poleward trend of decreasing temperature and
salinity towards the Antarctic margin. The STF (~47°S) separates the warm and saline subtropical
surface waters (0 = 12-16°C, S = 35.1-35.3, y" < 26.3 kg/m?) to the north from the relatively cool and
fresh Subantarctic Surface Water (SASW) (0 = 8-12°C, S =34.1-34.7, y" = 26.3-26.8 kg/m?) in the SAZ
to the south. The supply of subtropical waters north of the STF vary seasonally with the flow regime.
During the GS01 expedition in austral summer, the surface water north of the STF was dominated by
Subtropical Lower Water from the Tasman Sea, which flows westward along the Tasman Outflow
(Sokolov and Rintoul, 2002; Ridgway, 2007). South of the SAF (~52°S), the surface layer is occupied
by the Antarctic Surface Water (AASW) (y* = 26.8-27.5 kg/m?), which is characterised by low
temperatures (between -2 and 5°C), as well as the lowest salinities (33.6-34.0) and highest oxygen

concentrations (320-373 pmol/kg) across the entire GS01 section.

North of the SAF, a body of relatively warm, fresh and low-density water occupies the subsurface
and intermediate depths, which corresponds to SAMW and the underlying AAIW. SAMW in this region
forms by deep winter convection of local surface water within the SAZ (McCartney, 1977, 1982;
Hanawa and Talley, 2001), which is identified by a pycnostad (y* = 26.85-27.00 kg/m?) across
subsurface/intermediate depths of 150-500 m and a linear 0-S trend for the SAZ station 9. AAIW fills
intermediate depths of 500-1100 m (y" = 27.00-27.55 kg/m?) north of the SAF and is identified by a
salinity minimum of < 34.4. Across the three sampled stations in the SAZ, AAIW is principally fed by
cool, fresh mode waters that subducted in the Southwest Atlantic Ocean (0 < 8°C, S < 34.4) and spread
eastward along the ACC (Rintoul and Bullister, 1999; Sokolov and Rintoul, 2000; Sloyan and Rintoul,
2001; Herraiz-Borreguero and Rintoul, 2010; Koch-Larrouy et al., 2010).

Circumpolar Deep Water dominates the deeper portion of the water column (y" = 27.55-28.27 kg/m?)
(Orsi et al., 2002). The Upper Circumpolar Deep Water (UCDW) (y" = 27.55-28.0 kg/m?) originates
from the poorly ventilated deep waters in the Pacific and Indian Oceans, characterised by an oxygen
minimum (< 190 pmol/kg) that extends up to the Southern Boundary of the ACC (~65°S) (Callahan,
1972; Tamsitt et al., 2019). The oxygen minimum associated with UCDW dissipates south of the SB,
and the shallower depth (< 300 m) of the CZ station 56 is replaced by cold, oxygen-rich Antarctic shelf
waters. The Lower Circumpolar Deep Water (LCDW) (y" = 28.00-28.27 kg/m®) originates principally
from the saline North Atlantic Deep Water (NADW) and is identified by a deep salinity maximum (>
34.70) that extends up to the Antarctic margin (Callahan, 1972). The depth ranges of both CDW layers
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shoal progressively towards the Antarctic margin. UCDW occupies a deeper range of 1100-2300 m in
the SAZ (stations 9-23) below the deeper isopycnals of SAMW and AAIW, and fills intermediate depths
in the PFZ/AZ to the south (e.g. 200-1100 m, AZ station 40). LCDW occupies the deepest part of the
water column in the SAZ, from about 2300 m depth down to the seafloor, and fills shallower depth
ranges at stations 30-56 further south (e.g. 1100-3500 m, AZ station 40).

Along various regions of the Antarctic continental slope, sinking of cold, dense Antarctic shelf
waters and the upwelled LCDW form dense AABW (y" > 28.27 kg/m?) (Orsi et al., 1999; Talley, 2013).
In the Australian sector of the Southern Ocean, AABW is fed by two main sources, the Adélie Land
Bottom Water and Ross Sea Bottom Water (Orsi et al., 1999; Rintoul and Bullister, 1999), and during
the GSO1 cruise, the low salinity (< 34.7) of AABW indicates dominant influence by the former source
from the Wilkes-Adélie Land Coast at the time of sampling. AABW is characterised by sub-zero bottom
temperatures and relatively high oxygen concentrations (> 225 pmol/kg). The presence of the dense
AABW along the section is confined to stations 40-56 within the Australian-Antarctic Basin, south of

the Southeast Indian Ridge.

4.4.2 Dissolved Pb Concentrations and Isotopes

All the dissolved Pb concentration and isotope results along the GS01 transect are reported in Table
4.4 and Appendix Table A4, and the along-section and vertical distributions of dissolved Pb

concentrations and isotope compositions are shown in Figures 4.4 and 4.5, respectively.

4.4.2.1 Subantarctic Zone (SAZ)

Across the three SAZ stations (9, 15 and 23), Pb concentrations range between 4.1 and 15.3 pmol/kg.
The highest Pb concentrations of 15.1 and 15.3 pmol/kg were obtained at intermediate water depths of
296 and 987 m respectively at station 9, whilst the lowest Pb concentrations of 4.1 and 4.7 pmol/kg
were obtained at the near-bottom depths of 3200 m at station 9 and 3097 m at station 23 respectively.
In detail, the Pb concentration profiles are characterised by maximum levels of 10.8-15.3 pmol/kg in
the subsurface and intermediate depth layers of SAMW and AAIW (100-1100 m, y" = 26.8-27.55),
overlain by slightly lower Pb concentrations of 10.1-11.9 pmol/kg in the surface mixed layer (< 100 m,
v"=26.3-26.8, SASW). Lead concentrations decrease with depth through CDW (> 1100 m, y" > 27.55),
where the lowest Pb concentration across the SAZ (4.1 pmol/kg) were obtained in the deepest LCDW
sample (3200 m) at station 9. One exception is an outlier at 2953 m depth at station 23 with a Pb
concentration of 11.8 pmol/kg. Latitudinally across the SAZ, Pb concentrations in the subsurface and
intermediate depths (100-1100 m) decrease slightly towards the Subantarctic Front at the south, whilst
no clear spatial trends in Pb concentrations are apparent in the CDW range across the SAZ.

The Pb isotope compositions at the three SAZ stations — 2°°Pb/?"’Pb = 1.147-1.163 and ***Pb/*"’Pb
= 2.423-2.440, show relatively little vertical variability. The relatively high Pb concentrations in the
upper and intermediate waters (SASW, SAMW and AAIW) coincide with relatively low 2°°Pb/>*’Pb
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(1.149 + 0.002) and 2°Pb/*’Pb (2.425 + 0.002) ratios. In the underlying CDW, in which Pb
concentrations are lower, slightly higher 2°°Pb/2°’Pb (1.154-1.163) and 2°Pb/**’Pb (2.430-2.440) ratios
are observed. While LCDW contains lower levels of Pb (4.7-6.5 pmol/kg) than the overlying UCDW
(7.4-11.0 pmol/kg), the average Pb isotope compositions across LCDW (**Pb/**’Pb = 1.160, 2°*Pb/>*"Pb
~ 2.438) are identical within error to UCDW (= 1.159, = 2.435). The LCDW sample at station 23 with
anomalously high Pb concentration (11.8 pmol/kg; 2953 m) also shows lower 2°°Pb/?’Pb (1.150) and
208pp/297Ph (2.426) ratios compared to the samples at adjacent depths (1.163, 2.440). This Pb
concentration value has been verified by triplicate measurements and is in agreement with the result
reported by the UTAS laboratory (see Fig. 4.6a and Section 4.5.1). Across the SAZ, 2°Pb/?’Pb and

208pp/297Ph ratios within each water mass are homogeneous.

Table 4.4. Lead concentration and isotope data for seawater samples from the GEOTRACES section GS01
presented in this study.

Depth  [Pb]® 1sd®  2pp27pp©  208pp207pp(©  206py, 204py(©  Neutral Density  Water Mass
(m) (pmol/kg) (kg/m’)

Subantarctic Zone (SAZ)

Station 9 (46.65°S, 145.25°E; bottom depth: 3344 m)

14 10.7 0.3 1.149 2.424 17.92 26.31 SASW
49 11.9 0.5 1.147 2.423 17.90 26.40 SASW
97 13.6 0.1 1.153 2.427 17.98 26.86 SAMW
296 15.1 0.2 1.149 2.426 17.95 26.93 SAMW
987 15.3* 0.3 1.147 2.423 17.88 27.32 AAIW
1480 9.6 0.4 1.154 2.430 18.00 27.69 UCDW
2457 6.1 0.2 1.159 2.437 18.09 28.01 LCDW
3200 4.1 0.2 1.159 2.438 18.09 28.11 LCDW

Station 23 (51.55°S, 143.00°E; 3628 m)

14 10.3 0.2 1.150 2.426 17.94 26.52 SASW
49 10.1 0.1 1.149 2.425 17.92 26.52 SASW
96 10.1 0.2 1.153 2.430 18.01 26.60 SASW
295 12.9 0.4 1.150 2.427 17.95 26.95 SAMW
493 11.5% 0.3 1.151 2.427 17.97 27.09 AAIW
984 10.8 0.1 1.151 2.426 17.95 27.53 AAIW
1972 7.4 0.1 1.163 2.440 18.17 27.96 UCDW
2953 11.8 0.3 1.150 2.426 17.94 28.12 LCDW
3097 4.7 0.4 1.163 2.440 18.14 28.14 LCDW

(a) Reported Pb concentrations are the averages of triplicate measurements.

(b) 1x standard deviation of triplicate measurements of Pb concentration in pmol/kg.

(c) Precisions of Pb isotope measurements are given by the 2x standard deviations from replicate analyses of in-
house reference materials, which correspond to ~1400 ppm, ~400 ppm and ~2200 ppm for 2Pb/?*’Pb,
208pp/297Ph and 2%°Pb/2%4Pb respectively.

* Denote samples with one of the triplicate values being removed from the calculation of the average Pb

concentrations, due to significant discrepancies (> ~2 pmol/kg) from the other replicate values (i.e. potential

contamination).
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Figure 4.4. Meridional section plots of measured (a) Pb concentrations and (b) 2°°Pb/>*’Pb ratios along the
GSO01 transect. Sampling locations and depths are shown as black dots; white contours denote the neutral density
horizons that demarcate the major water masses. The anomalous Pb concentration data at station 45 is omitted
from plot (a). Graphics were created using the ODV software (Schlitzer, 2020).
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Figure 4.5. Vertical depth profiles of Pb concentrations ([Pb]), 2Pb/?'’Pb and 2°*Pb/*’Pb ratios for the
eight stations sampled for Pb concentrations and isotopes from the GS01 transect. Upper panels (a) show
results for the SAZ, north of the SAF (< ~52°S); lower panels (b) show results for the PFZ, AZ and CZ, south of
the SAF. Double asterisk (**) denotes the Pb concentration value from station 45 that is flagged as anomalous.
Horizontal lines mark the average boundary depths of major water masses (refer to Table 4.3 for the full names
of water masses and exact density horizons). The distinct water mass distributions at the CZ station 56 are
indicated by the water mass labels next to its 2°Pb/2’Pb profile (lower middle panel). Error bars denote the
precisions of Pb concentration (1 SD) and isotope (2 SD) measurements; these are only shown if larger than the

symbol size.
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4.4.2.2 Latitudinal variations in Pb concentrations and isotopes across the GS01 transect

The new data from the GSO1 transect allow, for the first time, description of the first-order large-
scale variations in Pb concentration and isotope composition across the Southern Ocean (Fig. 4.4; 4.5).
In general, the GSO1 transect is characterised by low Pb concentrations (3-15 pmol/kg) and large
variations in 2°°Pb/?"’Pb (1.15-1.20) and 2°Pb/?"’Pb (2.42-2.48) ratios. Across the surface mixed layer
(SASW and AASW), Pb concentrations decrease steadily poleward, from 10-12 pmol/kg in the SAZ
close to Tasmania (stations 9-23), to 4-7 pmol/kg at the southern end of the transect close to Antarctica
(stations 51 and 56). Decreasing Pb concentrations in surface and subsurface waters southwards are
accompanied by increasing 2°°Pb/?*’Pb and 2*Pb/?’Pb ratios, from = 1.150 and = 2.426 at the SAZ
stations 9-23, to = 1.170 and ~ 2.447 respectively at stations 51 and 56 (southern AZ and CZ). As
described for the SAZ in the previous section, Pb concentrations decrease and 2°Pb/*’’Pb and
208ph/207Ph ratios increase with depth. The most elevated Pb concentrations (15 pmol/kg) and lowest
206pp/297Ph (= 1.147) and 2®Pb/*"Pb (= 2.423) ratios are observed in SAMW and AAIW that occupy
the subsurface and intermediate depths in the SAZ. Deep and bottom waters (AABW and LCDW) close
to the Antarctic margin (e.g. station 51) are the most depleted in Pb (= 3 pmol/kg) and have the highest
206pb/207Ph (1.189 + 0.005) and 2%Pb/2’Pb (2.471 £ 0.007) ratios. UCDW samples across the transect
are characterised by relatively elevated Pb concentrations (7-12 pmol/kg) as well as intermediate and
relatively homogeneous *°Pb/*’Pb (1.159 + 0.005) and 2*Pb/?*’Pb (2.435 + 0.005) ratios. Across the
LCDW layer, Pb concentrations are generally low across the transect (3-7 pmol/kg), while 2*°Pb/?*’Pb
and 2%*Pb/*"’Pb ratios in the SAZ are distinctively lower (1.160 £ 0.002, 2.438 + 0.002) than in the ACC
belt (1.175 + 0.005, 2.452 + 0.007) south of the Subantarctic Front, which appears to mark a dividing

line in LCDW isotope compositions.
4.5 Discussion

4.5.1 Inter-laboratory Comparison of Dissolved Pb Concentration Data

Figure 4.6 and Table A5 in the Appendix show the Pb concentration results obtained by the
laboratories at ICL and at UTAS for GS01 seawater samples from the same stations. Whilst sampling
at sea followed the same protocol for all samples, subsequent processing for Pb concentrations at ICL

and UTAS differed as outlined in Sections 4.3.2 and 4.3.3 respectively.

Across all eight stations, similar Pb concentration profiles are obtained based on the data determined
in both laboratories (Fig. 4.6a). Three results, two from UTAS and one from ICL, are henceforth omitted
from a detailed comparison of the data. The excluded UTAS data were flagged in the GEOTRACES
IDP 2021 as ‘bad values’ and encompass the anomalously high Pb concentration of 17.0 pmol/kg at
984 m depth of station 23, and the anomalously low Pb concentration of 3.4 pmol/kg at 3928 m depth
of station 15 (GEOTRACES Intermediate Data Product Group, 2021). The omitted ICL result is the Pb
concentration of 9.6 pmol/kg measured for 2461 m depth at station 45. Notably, this result is
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significantly higher than the Pb concentration of 4.1 pmol/kg that was determined at UTAS for the same
sample. Furthermore, the ICL value significantly exceeds the Pb concentrations of deep water samples
from adjacent depths at the same station (4.4 pmol/kg, 1970 m; 7.7 pmol/kg, 4216 m), and the sample
does not coincide with any unusual hydrographic features or anomalous concentrations of other
dissolved trace metals (e.g. Mn, Fe, Figure A6 in the Appendix). The significantly higher ICL value
was therefore most likely impacted by contamination during sample handling and was hence not further

considered.

Excluding the three outliers, the majority (80%) of the 67 samples analysed in both laboratories
display Pb concentrations that agree to within 2.4 pmol/kg. In detail, the measured values for samples
from station 9 show the best inter-laboratory agreement, as the results agree to within 1 pmol/kg or 10%
of the Pb concentrations. As such, the results largely agree within the quoted intra-laboratory precisions
(0.1-0.8 pmol/kg). Most data for samples from station 15 agree to within 2 pmol/kg or 20% of the Pb
concentrations. For most samples from stations 23, 30 and 51, the ICL Pb concentrations are 0.4-2.4
pmol/kg (7-33%, average 21%) lower than the data obtained at UTAS. In contrast, for most samples
from stations 40, 45 and 56, the ICL values are 0.4-4.2 pmol/kg (6-61%, average 33%) higher than the
Pb concentrations obtained at UTAS.

The overall agreement between the Pb concentrations determined in the two laboratories is
furthermore assessed by a linear regression analysis (Fig. 4.6b). The linear regression fitted for the
UTAS versus the ICL data exhibits a statistically significant (p << 0.05) correlation with r* = 0.51, a
slope of 0.68 + 0.01 and a y-intercept of 1.2 + 0.6. The slope of < 1 indicates an overall bias of the ICL
data towards higher Pb concentrations, which is most apparent for samples with lower Pb concentrations.
In particular, a significant proportion of the samples with UT AS-measured Pb concentration of less than
8 pmol/kg plot close to a 1:2 correlation line and these results are dominated by samples from stations
40, 45 and 56 at more southern latitudes, which show the lowest Pb concentrations, whereby the ICL

values are conspicuously higher (Fig. 4.6a).

Measurements of seawater Pb concentrations at levels as low as those encountered in the GSO1
transect (8 + 3 pmol/kg) are extremely challenging. Both laboratories are rigorous in the control and
correction of Pb blanks but contamination during sample processing cannot be ruled out as the origin
of the discrepancies. Procedural Pb blanks for the analyses of the GSO1 samples are only available for
the ICL laboratory, and these were 20.2 + 11.3 pg (1 SD, n = 18) for the 2017/2018 data for stations 15,
30, 40, 45, 51 and 56 and 5.6 + 3.0 pg (1 SD, n = 18) for the 2021 analyses of samples from stations 9
and 23. However, low Pb procedural blanks of 2-7 pg, converted from published values of 0.2-0.6
pmol/kg, were reported for earlier analyses at the UTAS laboratory (Wuttig et al., 2019). As such, it is
conceivable that the slightly higher ICL Pb concentrations are a consequence of insufficient blank
corrections, as the ICL sample preparation procedure is more elaborate and blank contamination may

hence be more variable. However, other analytical issues, such as Pb loss during sample preparation at
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(c) Dissolved Pb concentration [pmol/kg] - ICL
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Figure 4.6 (cont’d). Inter-laboratory (ICL and UTAS) comparison of measured Pb concentrations along
the GSO01 transect. (a) Vertical depth profiles of Pb concentration data from ICL (Griffiths, 2019 and this study)
and UTAS (data by Andrew Bowie et al.; GEOTRACES Intermediate Data Product Group 2021) for the eight
stations with measurements from both laboratories. Single (*) and double (**) asterisks denote flagged values
from the UTAS and ICL laboratories respectively (see text for the criteria of data quality). Error bars indicate the
1 SD precisions reported by each laboratory; shown only if they exceed the symbol size. (b) A correlation plot of
Pb concentration values of UTAS versus ICL. Black dashed lines denote 1:1 and 1:2 correlations. Red solid line
denotes the correlation line from weighted linear regression analysis, with shade indicating the 95% confidence
interval. An outlier from the UTAS dataset that lies beyond the scale is not shown. (c, d) Meridional section plots
of measured Pb concentrations along the GSO1 transect obtained by the UTAS (c) and ICL (d) laboratories,
respectively.
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the UTAS laboratory (where no Pb spike that corrects for such losses is added to samples), cannot be

ruled out at present.

With the majority of the ICL and UTAS Pb concentration data agreeing to within 2.4 pmol/kg for
measured Pb concentrations of 8 + 3 pmol/kg (1 SD), the bias between the results is typically 33% or
better. Notably, this is similar to the agreement of 20-30% that was reported for a recent intercomparison
of Pb concentration data (Boyle et al., 2020). The latter investigation evaluated repeated analyses of
samples with Pb concentrations of 11 + 8 pmol/kg (n = 861), as determined in different laboratories
from GEOTRACES section GP16 in the Southeast Pacific Ocean. As such, the differences found here
between the Pb concentrations of the ICL and UTAS laboratories are not unusual and a currently
unavoidable consequence of the extremely challenging analyses. Notably, a superior inter-laboratory
agreement of better than 15% was reported for an earlier GEOTRACES intercalibration effort (Zurbrick
et al., 2012), but investigated samples with much higher Pb concentrations of 60 + 22 pmol/kg (n = 33),

and where the measurements are hence less prone to analytical artefacts.

Despite the identified limitations in the accuracy of the Pb concentration results, the data quality is
readily sufficient to resolve key vertical gradients and the spatial heterogeneities within and between
major water masses along the transect. This is highlighted by Fig. 4.6¢c, d, which shows along-section
plots of the dissolved Pb concentrations determined in the two laboratories. In particular, both plots
reveal relatively high Pb concentrations of > 12 pmol/kg at subsurface and intermediate depths in the
SAZ, where SAMW and AAIW are present, with maximum concentrations at the northern SAF station
9. A tongue of intermediate Pb concentrations (10-11 pmol/kg) can be observed for UCDW in both
plots, with both diagrams also delineating the southward thinning of this water mass. The data from
both laboratories also highlight that the lowest Pb concentrations of 2-7 pmol/kg are present in the deep
and bottom water masses of LCDW and AABW, and within the water columns of the southernmost
stations 51 and 56. Furthermore, both laboratories found unusually high Pb concentration in the near-

bottom samples from station 23.

4.5.2 Natural and Anthropogenic Sources of Pb to the Southern Ocean Sector South of

Tasmania

The Pb isotope signatures of potential source areas to the studied region are assessed by compiling
the relevant literature data, including (1) loess deposits representing the natural mineral dust from
Australia (Vallelonga et al., 2010), (2) volcanic emissions from Antarctica (Mount Erebus, Sims et al.,
2008), (3) anthropogenic aerosols from the urban areas of Australia, southern Africa and Patagonia
(Bollhdfer and Rosman, 2000), and (4) river sediments from mainland Australia (De Deckker et al.,
2010) and Tasmania (Townsend and Seen, 2012) (Fig. 4.7a). The Pb isotope compositions of seafloor
Fe-Mn crusts from the vicinity of the GSO01 transect, which act as archives of the pre-anthropogenic

compositions of local deep and bottom waters, are compiled for comparison (Abouchami and Goldstein,

141



1995). In general, natural sources exhibit high 2°Pb/*’Pb (> 1.19) and *Pb/**’Pb (> 2.47) ratios, while
anthropogenic aerosols are characterised by low 2°Pb/>’Pb (1.06-1.16) and ***Pb/?’Pb (2.33-2.43)
ratios. The latter is attributed to historic consumptions of ‘Broken Hill -type’ leaded petrol across the
Southern Hemisphere nations that was manufactured principally with Pb ores from Australian mines
such as Broken Hill and Mount Isa (Bollhéfer and Rosman, 2000), which exhibit very low 2°Pb/**’Pb
(= 1.04) and *®Pb/*’Pb (= 2.32) ratios (Doe and Stacey, 1974; Townsend et al., 1998). The
compositions of Australian/Tasmanian river sediments lie between natural mineral dust and
anthropogenic aerosols from Australia, suggesting the combined influence of local weathering products

as well as transported mineral dust and anthropogenic aerosols.

In the triple isotope space (*°°Pb/>""Pb-2*Pb/**’Pb), the dissolved Pb isotope data across the GSO1
transect define a linear mixing array (r> = 0.99, n = 67) between two endmembers: (1) a natural
endmember defined by the Australian loess and local Fe-Mn crusts, and (2) an anthropogenic
endmember defined by the various aerosol sources in the Southern Hemisphere (Fig. 4.7a). In a plot of
206pb/297Ph versus Pb concentration, the GSO01 data define a mixing array between a low->Pb/?’Pb
endmember with an elevated Pb concentration, and a high-*Pb/>*’Pb endmember that has a lower Pb
concentration (Fig. 4.7b). This suggests that the anthropogenic endmember, characterised by lower
206pb/207Ph (and 2°°Pb/*"’Pb), is enriched in Pb compared to the natural endmember. Data from the
Subantarctic Zone show the lowest *°Pb/**’Pb (and *®Pb/?"’Pb) isotope ratios and highest Pb
concentrations of the GSO1 array, suggesting relatively strong anthropogenic influence throughout the
water column in this region (red symbols). GSO1 samples on the other end of the mixing array are
mainly those associated with LCDW and AABW close to Antarctica, indicating the most natural Pb

signatures in those samples (green inverted triangles and pentagons).

The overlap between Australian mineral dust and local Fe-Mn crust (Fig. 4.7a) suggests that
Australian mineral dust could form a key source of Pb to the ancient deep and bottom waters of the
region, and hence contribute to the natural Pb signature that is most strongly present in the LCDW and
AABW samples. This finding corroborates with mineral dust dispersal modelling in the Southern Ocean
(Li et al., 2008), which suggested that Australian mineral dust dominates the natural dust input (> 80%)
to the Southern Ocean region between Tasmania and Antarctica. For the anthropogenic endmember,
potential candidates are SE Australian / Tasmanian aerosols, Tasmanian river sediments, and Southern
African and Patagonian anthropogenic aerosols. If anthropogenic aerosols are assumed to have similar
dispersal behaviour as mineral dust as modelled by Li et al. (2008), aerosols from SE Australia and

Tasmania are likely the major source of the anthropogenic endmember in the GS01 samples.
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Figure 4.7. (a) 2°Pb/>""Pb versus 2®Pb/*'’Pb ratios for all seawater samples from the GSO01 transect in
comparison to literature data. Colour-filled fields indicate the literature data of potential sources of atmospheric
input: aerosols from Tasmania and the southeastern part of Australia (Bollhofer and Rosman, 2000; Wu et al.,
2016), southern Africa and Patagonia (Bollhofer and Rosman, 2000); Quaternary loess from southern Australia
defining the natural mineral dust source (Vallelonga et al., 2010). Open fields indicate the literature data of river
sediments from Australia: Murray-Darling Basin, southeastern Australia (De Deckker et al., 2010); Derwent River,
Tasmania (Townsend and Seen, 2012). Lead ores from the Broken Hill mine in Australia characterise the
compositions of the leaded petrol consumed across large parts of the Southern Hemisphere (Doe and Stacey, 1974;
Townsend et al., 1998). Seafloor Fe-Mn crusts from south of Tasmania and New Zealand characterise the ancient
deep and bottom water compositions in the region (Abouchami and Goldstein, 1995). Lava samples from Mount
Erebus characterise the volcanic emissions from Antarctica’s Ross Sea region (Sims et al., 2008). (b) 2°Pb/>'Pb
ratios versus Pb concentrations for all seawater samples from the GS01 transect. The grey dotted line shows
the calculated mixing curve between two endmembers defined by the samples with the lowest and highest
206pb/207Pb respectively.
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4.5.3 Sources and Cycling of Pb in the Upper and Intermediate Waters of the SAZ
(SASW, SAMW and AAIW)

The upper and intermediate waters of the Subantarctic Zone are characterised by the highest Pb
concentrations (10.1-15.3 pmol/kg) and lowest 2°°Pb/2’Pb (1.147-1.153) and 2®*Pb/?*’Pb (2.423-2.430)
ratios across the GSO1 transect (Fig. 4.5; 4.7b). The dissolved Pb budget in the surface mixed layer of
the SAZ (SASW) is below discussed in terms of atmospheric input and lateral advection within a typical
mixed layer residence time of less than 2 years for Pb (Schaule and Patterson, 1981; Flegal and Patterson,
1983; Boyle et al., 1986). The dissolved Pb budget at the subsurface and intermediate depths (SAMW
and AAIW) is discussed in terms of the transfer of historic input through advection and potential

modification by the vertical transport and redissolution / remineralisation of particles.

4.5.3.1 Surface mixed layer (SASW)

Across the mixed layer of the GSOI1 transect, relatively high Pb concentrations ([Pb] = 10-12
pmol/kg) and low 2*Pb/?*’Pb (= 1.150) and **Pb/?"’Pb (= 2.426) ratios are found in the SAZ relative to
the ACC region south of the Subantarctic Front ([Pb] < 10 pmol/kg; 2*Pb/?’Pb = 1.158 + 0.006,
208ph/207Ph = 2.434 + 0.007) (Fig. 4.5). Mineral dust dispersal modelling by Li et al. (2008) showed
significantly higher dust flux of Australian origin to the SAZ (10 to 10! kg/m?) than to the ACC
region (1043 to 107 kg/m?). The observed increase in surface water Pb concentrations from the ACC
region to the SAZ could therefore reflect the larger flux of atmospheric particles to the latter region.
However, the lower surface water 2°°Pb/2’Pb and 2°Pb/2“Pb ratios in the SAZ indicate that the
enhanced Pb input into this region is coupled with increasing influence of anthropogenic (i.e. polluted)
Pb, rather than natural Pb from mineral dust. This could reflect the heavy pollution of atmospheric
particles from Australia, which results in stronger anthropogenic perturbations to the surface waters of
the SAZ where the atmospheric particle flux is higher. Alternatively — or additionally — a similar signal
could arise from southward advection of polluted subtropical surface waters along the EAC — Tasman
Outflow and the Zeehan Current (Clementson et al., 1998; James et al., 2002), which are likely to have

accumulated elevated levels of dissolved Pb as they propagate along the Australian-Tasmanian shelf.

4.53.2 Subsurface and intermediate depth layers (SAMW and AAIW)

Across the subsurface and intermediate depths (100-1100 m) of the SAZ, waters characterised as
SAMW and AAIW carry slightly higher Pb concentrations (13-15 pmol/kg) than those in the mixed
layer (Fig. 4.4; 4.5a). Lead isotope ratios are homogenous across SAMW and AAIW and the overlying
mixed layer (***Pb/?°’Pb = 1.150 £ 0.002, 2®*Pb/?*’Pb = 2.426 + 0.002).

SAMW south of Tasmania is formed locally by deep convection of local mixed layer water during
austral winters (Rintoul and Bullister, 1999; Hanawa and Talley, 2001). The pCFC-11 apparent age for
SAMW in the studied region is approximately 3 years (Rintoul and Bullister, 1999). Therefore, the

observed isotope homogeneity between the mixed layer and SAMW could reflect the stable isotope
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signatures of the (polluted) Pb input from Australia over the recent few years before seawater sample

collection in 2018.

In contrast, AAIW south of Tasmania constitutes of advected waters that originate from the
Southwest Atlantic and/or Southeast Pacific Oceans (Sloyan and Rintoul, 2001; Herraiz-Borreguero
and Rintoul, 2011). The low temperature (8 < 8°C) and salinity (< 34.4) observed in the SAZ during
the GSO1 expedition indicates the presence of the cooler and fresher Atlantic-derived variety of AAIW
(Fig. 4.3a). The pCFC-11 apparent age for AAIW in the area is 21-26 years (Rintoul and Bullister,
1999), in the order of the modelled residence time for Pb (< 30 years) at depths of 0-2000 m in the
region (Henderson and Maier-Reimer, 2002). This suggests that the preformed Pb budget at the time of
ventilation in the Southwest Atlantic Ocean (the 1990s) could impact the observed Pb signatures of
AAIW in the studied region. The observed 2°°Pb/2’Pb (1.147-1.152) and 2°*Pb/?’Pb (2.423-2.427)
signatures of the Tasmanian AAIW during GS01 are very similar to those of AAIW samples collected
in the Southwest Atlantic Ocean in 2012, of 2°Pb/?*’Pb = 1.153 and 2**Pb/?"’Pb =~ 2.426, at station 18
of the GEOTRACES section GA10 (Fig. 4.8a) (data by Maxence Paul (ICL) and available in the
GEOTRACES IDP 2021; GEOTRACES Intermediate Data Product Group, 2021). The Tasmanian
AAIW data also overlap with the data of AAIW samples collected in the subtropical South Indian Ocean
in 2009, of 2%Pb/2"’Pb = 1.146-1.149 and 2°Pb/*’Pb = 2.421-2.427, at stations 11 and 12 along the
GEOTRACES section GI04 (Fig. 4.8b) (Lee et al., 2015), which shares the same Southwest Atlantic
origin and a similar ventilation age (< 25 years) as the Tasmanian AAIW (Fine et al., 2008). [n summary,
the Pb isotope signature of the Tasmanian AAIW agrees with upstream AAIW signatures in the Indian
and Atlantic Oceans. Therefore, advection of AAIW that was ventilated about 25 years ago in the
Southwest Atlantic Ocean seems a plausible explanation for the observed AAIW Pb signatures along

the GSO1 transect.

Sinking of particles from the mixed layer into the ocean interior and subsequent release of Pb into
the dissolved pool (‘vertical flux’) was proposed by Griffiths (2019) to explain the enhanced
anthropogenic contribution to the Pb budget of the intermediate depth waters of the GS01 transect. Such
a vertical process could provide an alternative explanation for the observed enrichment in Pb
concentrations, as well as the homogeneous isotope compositions of SAMW and AAIW relative to the
overlying mixed layer (Fig. 4.5a). In addition, enrichment in dissolved Mn was observed in SAMW
(100-300 m) and was attributed to the offshore transport of Tasmanian shelf waters that had been
enriched with dissolved Mn from sediment redissolution (see Fig. A6 in the Appendix) (Latour et al.,
2021). Release from sediment and riverine particles is widely recognised as a mechanism for injecting
dissolved Pb near the seafloor and along continental margins and large estuaries (Annibaldi et al., 2009;
Noble et al., 2015; Chien et al., 2017; Rusiecka et al., 2018), as dissolved Pb is reductively released
from sediments and carried offshore by Fe-Mn oxyhydroxide colloids (Kalnejais et al., 2007; Noble et
al., 2015). The observed co-enrichment in dissolved Pb and Mn in SAMW, therefore, supports lateral
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Figure 4.8. Profiles of 2°°Pb/?"’Pb versus neutral density (y" > 27.0) for four stations from the GS01 transect
(colour-filled squares; stations 9, 23, 30 and 40) in comparison to published data from reference stations in
the Atlantic and Indian Oceans. (a) Stations 6 and 18 from the GEOTRACES section GA10 in the South Atlantic
Ocean (open circles; data by Maxence Paul (ICL); GEOTRACES Intermediate Data Product Group, 2021); (b-c)
stations 11, 12 and 14 in the South Indian Ocean and stations 3 and 10 in the Central Indian Ocean, GEOTRACES
section GI04 (open diamonds; Lee et al., 2015). Horizontal dashed lines mark the neutral density boundaries of
major water masses.
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Figure 4.9. Time series profiles of Pb concentrations obtained near three GS01 stations (SAZ stations 9 and
15; PFZ station 30) during the period 2002-2018. Periods of sample collection: grey shaded regions —
November 2002 (Lai et al., 2008); cyan shaded regions — March/April 2008 (data by Andrew Bowie et al. and
available in the GEOTRACES IDP 2017; Schlitzer et al., 2018); solid lines — January/February 2018 (Griffiths,
2019 and this study).
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input from Mn-rich sediments on the Tasmanian shelf and/or river particles from Tasmania as an
additional source of dissolved Pb to the subsurface waters of the SAZ. The Pb isotope compositions of
Tasmanian river sediments overlap with anthropogenic aerosols from Australia (Fig. 4.6a), making a

local source a possibility.

4.5.4 Temporal Evolution of Dissolved Pb Concentrations in the SAZ

Near the SAZ stations 9 and 15 and the PFZ station 30, dissolved Pb concentrations were sampled
and measured during two earlier expeditions in November 2002 (CLIVAR-SR3 expedition, Lai et al.,
2008) and in March/April 2008 (GEOTRACES section GIPY06, data by Andrew Bowie et al. and
available in the GEOTRACES IDP 2017; Schlitzer et al., 2018) (Fig. 4.9). Together with the GSO1 data
from the current study, this enables reconstruction of the temporal evolution of dissolved Pb

concentrations in the region over the period 2002-18 across two oceanographic zones (SAZ and PF).

4.54.1 Upper and intermediate waters (2002-18)

The upper waters (< 300 m) of the SAZ (SASW and SAMW) showed significantly higher levels of
dissolved Pb during 2002 (72 + 22 pmol/kg), six times the levels in 2018 (12 + 2 pmol/kg) (Fig. 4.9a,
b). A strong, threefold decline in Pb concentration was observed during the initial interval from 2002
to 2008 (23 + 6 pmol/kg), followed by an attenuated twofold decline to the 2018 levels. In contrast, the
upper waters of the PFZ in 2002 (15 + 4 pmol/kg) were only about two times the levels in 2018 (= 8
pmol/kg) (Fig. 4.9c). An enhanced latitudinal gradient in Pb concentration therefore existed across the
Subantarctic Front in 2002, which weakened over time, as the upper waters of the SAZ experienced a

dramatic decline in Pb concentrations.

The dramatic decline in upper water Pb concentrations over the period 2002-18 probably reflects
the progress of phasing-out of leaded petrol in Australia, which involved the onset of nationwide
regulation on the amount of allowable Pb in petrol in 1995-96, followed by a complete ban on leaded
petrol consumption in 2002 (Kristensen, 2015; Kristensen et al., 2017). Lead concentrations in SASW
and the subducting SAMW remained high in 2002 (72 + 22 pmol/kg, Fig. 4.9a, b), due to continuous
consumption of leaded petrol in Australia before the complete ban. High Pb input flux was likely
delivered to the subantarctic upper waters through the westerly transport of heavily polluted aerosols
from Australia, as well as the southward flow of subtropical waters that accumulated polluted riverine
and atmospheric inputs near the Australian margin. The strong, threefold decline in Pb concentrations
between 2002 and 2008 in the SAZ reflects the decrease in atmospheric input in response to the
elimination of leaded petrol in Australia since 2002. Compared to the 2018 levels, dissolved Pb in these
surface and subsurface waters were still about two times higher in 2008, six years since the elimination
of leaded petrol in Australia. This could reflect the re-emission of previously deposited petrol-derived
Pb from the land surface or changes in emission loads from other industrial activities between 2008 and

2018. In contrast, the upper waters of the more southerly PFZ showed much lower Pb concentrations in
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2002 (15 + 4 pmol/kg, Fig. 4.9¢), which likely reflects lower atmospheric deposition, as well as efficient

eastward advection of surface waters by the ACC along its major flow path.

4.5.4.2 Deep waters (2008-18)

Dissolved Pb concentrations for the ocean interior (> 300 m) along the SR3 line were also sampled
and measured during the GEOTRACES GIPYO06 expedition in March/April 2008 (data by Andrew
Bowie et al. and available in the GEOTRACES IDP 2017; Schlitzer et al., 2018). Together with the
GSO01 data from the current study, the decadal evolution of deep water Pb concentrations in the studied

area can be examined.

Across the SAZ and PFZ, significantly higher Pb concentrations were observed in 2008 in the
deepest part of the water column (LCDW) compared to the data in 2018 (Fig. 4.9). At stations 9 and 30,
Pb concentrations within the bottom 300-400 m (depths of 2954-3327 m, station 9; 2179-2522 m,
station 30) in 2008 (9-13 pmol/kg) were about twice the levels in the same depth ranges in 2018 (4-5
pmol/kg). At station 30, the bottom sample (2522 m) from the 2008 dataset shows even higher Pb
concentration of 21 pmol/kg. At station 15, the Pb concentrations in LCDW between depths of about
2900 and 4200 m in 2008 (18-27 pmol/kg) were up to four times the levels in 2018 (= 6 pmol/kg). In
contrast, Pb concentrations at lesser depths in UCDW had remained relatively unchanged between 2008

(7-12 pmol/kg) and 2018 (5-11 pmol/kg).

The most reasonable explanation for the deep water enrichment in dissolved Pb in 2008 is provided
by enhanced vertical flux driven by reversible scavenging of particles. The influx of Pb into the upper
ocean was higher in 2008. These fluxes were even higher in the years before 2008. During 2008, the
sinking particles derived from the upper ocean likely remained enriched in Pb, from their indigenous
inventory and/or through additional scavenging from the seawater. These particles could release their
enriched Pb budget into the deep seawater, during their sinking through the water column and/or
following their deposition on the seafloor and subsequent resuspension in benthic nepheloid layers. The
latter mechanism has been suggested to explain observations of near-bottom enrichment in dissolved
Pb in the North Atlantic Ocean (Noble et al., 2015; Chapter 3 of this thesis). In contrast, the Pb released
from the surface-derived particles in more recent time (2018) could have decreased following the
decline in Pb input to the upper ocean, which resulted in lower amounts of Pb that were delivered to the

deep ocean by sinking particles.

4.5.5 Sources and Cycling of Pb in the Deep Water of the SAZ (UCDW and LCDW)

In the Australian sector of the Southern Ocean, UCDW (y" =27.55-28.00) originates predominantly
from IDW, whilst LCDW (y™ = 28.00-28.27) originates from NADW (Rintoul and Bullister, 1999;
Talley, 2013). IDW (y" =27.7-28.1) in turn originates from a dense mixture of NADW and AABW that
flows northward into the Indian Ocean (defined as ‘Lower IDW’, y" =28.0-28.1), where the water mass

undergoes modification, upwells and flows southward into the Southern Ocean (defined as ‘Upper
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IDW’, y" =27.7-28.0), forming UCDW (Park et al., 1993; McDonagh et al., 2008; Talley, 2013) (Fig.
4.2a). Both types of Circumpolar Deep Water are advected eastward by the ACC.

In this study, sharp latitudinal gradients are observed in the Pb isotope compositions of LCDW
across the Subantarctic Front (Fig. 4.4b; 4.5). In detail, LCDW in the SAZ is characterised by markedly
lower 2°Pb/2Pb (1.160 + 0.002) and 2%*Pb/>*’Pb (2.438 + 0.002) ratios than at the four PFZ and AZ
stations across the main ACC belt (2°Pb/?’Pb = 1.175 + 0.005 and 2°*Pb/*’Pb = 2.452 + 0.007). Such
a latitudinal gradient is absent for Pb concentration, as the LCDW samples of the SAZ stations and the
more southern stations are uniformly low in Pb concentration (5.4 + 1.0 pmol/kg and 5.9 + 1.9 pmol/kg,

respectively) (Fig. 4.4a; 4.5).

4.5.5.1 Advective inputs to UCDW (and LCDW) along the GS01 transect

The strong circumpolar flow of the ACC across the Southern Ocean advocates for advection as a
key control on the Pb budget to the Circumpolar Deep Water of the studied region (Griffiths, 2019).
This can be assessed by comparing the Pb isotope signatures of CDW along the GS01 transect with
upstream deep water data from the South Indian Ocean (GEOTRACES section GI04; Lee et al., 2015)
and the South Atlantic Ocean (GEOTRACES section GA10; data by Maxence Paul (ICL) and available
inthe GEOTRACES IDP 2021; GEOTRACES Intermediate Data Product Group, 2021) (Fig. 4.2a; 4.8).

Across both the SAZ and the ACC region (PFZ/AZ) along the GS01 section, the observed Pb
isotope signatures for UCDW (*°Pb/**’Pb = 1.154-1.163, **Pb/?"’Pb = 2.430-2.439) overlap with the
signatures of Upper IDW within the same neutral density range (y" = 27.6-28.0) at GI04 stations 11 and
12 in the subtropical South Indian Ocean (1.148-1.165, 2.431-2.441; 30°S and 38°S), and fall below
the UCDW signatures at the upstream region of ACC at GI04 station 14 in the Indian sector of the
Southern Ocean (1.165-1.172, 2.443-2.447; 62°S) (Fig. 4.8b). This observation is consistent with the
known (Upper) IDW origin of the UCDW that is advected to the Australian sector of the Southern
Ocean (Park et al., 1993; van Aken et al., 2004).

In contrast, the observed Pb isotope compositions of LCDW along the GSO1 section cannot be
explained by the upstream (i.e. advected) ACC signature alone. Within the neutral density range of
LCDW (y"=28.0-28.2), the LCDW signature observed for GS01 stations in the ACC region (***Pb/**’Pb
=1.169-1.178, 2%8Pb/?’Pb = 2.445-2.458; PFZ station 30 and AZ station 40) broadly agrees with the
signature of NADW — the principal source of LCDW in the Southern Ocean, at GA10 station 6 in the
Southeast Atlantic Ocean (= 1.168, = 2.441), as well as the Lower IDW and LCDW signatures at G104
stations 11, 12 and 14 across the South Indian Ocean (1.167-1.178, 2.443-2.454) (Fig. 4.8a, b). However,
the LCDW signature for GS01 stations in the SAZ (= 1.160, = 2.438; stations 9 and 23) is distinctively
lower than the upstream signatures. Whilst similarly low 2*Pb/?’Pb (= 1.165) and ***Pb/?’Pb (= 2.439)
ratios were observed in the NADW samples at GA10 station 18, near the major flow path of NADW
from the Southwest Atlantic Ocean into the Southern Ocean (Stramma and England, 1999) (Fig. 4.2a;

4.8a), this source is unlikely to explain the observed Pb isotope signature of LCDW in the SAZ along
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the GSO1 section. In particular, higher 2°Pb/**’Pb and °*Pb/*"’Pb ratios were consistently observed in
LCDW samples across the Southeast Atlantic and South Indian Oceans (Fig. 4.8a, b), which suggest
that the NADW-derived Pb signature has been modified by high- 2°Pb/?’Pb and 2**Pb/?’Pb source(s)
of Pb along the ACC path as it reaches the Australian sector of the Southern Ocean.

Based on physical oceanographic knowledge, another source region for the deep water Pb signature
in the SAZ is feasible: the lower southern latitudes in the Southeast Indian Ocean (Fig. 4.10a). While
the ACC is traditionally considered as the major conveyor of the deep water filling the South Australian
Basin (e.g. Rintoul and Bullister, 1999), the Deep Eastern Boundary Current (DEBC) has been
increasingly recognised as a deep advective pathway to the basin, which carries IDW from the Southeast
Indian Ocean, and propagates it along the West and South Australian continental slopes to join the ACC
south of Tasmania (Fig. 4.2) (Talley, 2013; Tamsitt et al., 2019). Lagrangian particle transport
modelling across the SR3 line indicated maximum eastward transport within the latitudinal range of the
SAZ (48°S and 51°S), at the depth ranges of CDW between 1800 and 3500 m (Tamsitt et al., 2019),
while velocity measurements at ~32°S west of Australia revealed net southward transport (4-9 Sv)
across both the Upper and Lower IDW layers (y" = 27.7-28.11) along the West Australian continental
slope (McDonagh et al., 2008).

The upstream signatures of the DEBC can be inferred from the limited dissolved Pb isotope data
from east of the Central-Southeast Indian Ridge in the Central Indian Ocean (Fig. 4.2a; 4.8c) (Lee et
al., 2015). At GI04 station 3 (0°) in the Bay of Bengal, the Pb isotope ratios in IDW (**Pb/*"’Pb =
1.159-1.179, 2%¥Pb/?’Pb = 2.440-2.461; y" = 27.7-28.11) are significantly higher than the compositions
of CDW at the two SAZ stations south of Tasmania (1.154-1.163, 2.430-2.440) within the same neutral
density range, and therefore cannot explain the Pb budget of the latter. In contrast, the IDW samples at
GI04 station 10 (20°S) in the Central Indian Basin reveal relatively low 2°Pb/>*’Pb (1.153-1.163) and
208pb/207Ph (2.434-2.440) ratios, which agree well with the Pb isotope signatures of CDW at the
Tasmanian SAZ stations. Whilst the upstream dynamics of the DEBC north of the Perth Basin (~32°S)
remain poorly constrained (Tamsitt et al., 2019), the above comparison nevertheless suggests that a type
of IDW, characterised by Pb isotope signatures that are congruent with CDW in the SAZ south of
Tasmania, is circulating on the east side of Central-Southeast Indian Ridge and could feasibly contribute

to the advected Pb budget in the studied region.

4.5.5.2 Role of particulate exchange processes along the GS01 transect

An alternative explanation for the incongruence between the observed LCDW signatures in the
SAZ and the advected ACC signatures stems from the observation that the LCDW Pb isotope signature
seems to change quite abruptly at or near the position of the Subantarctic Front (i.e. between the SAZ
and the ACC region) (Fig. 4.4b; 4.10b). The Subantarctic Front marks a biogeochemical boundary,
which could hence separate different vertical processes on either side (e.g. particle compositions and

associated behaviour of Pb). The sinking particles in the SAZ to the north and the PFZ to the south
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exhibit distinct compositions, due to the distinct phytoplankton communities in their respective euphotic
zones (Nissen et al., 2021). In the SAZ, productivity is dominated by calcifying coccolithophores and
the sinking particles are dominated by calcium carbonate (CaCO3, dominantly in calcite form), whilst
in the PFZ to the south, productivity is dominated by silicifying diatoms and the sinking particles are
dominated by biogenic silica (opal) (Kopczynska et al., 2001; de Salas et al., 2011; Ebersbach et al.,
2011; Rigual-Herndndez et al., 2015).

Experimental studies demonstrated distinct partitioning behaviour of the radionuclide 2!°Pb into
coccolithophores and diatoms (Lin et al., 2017). In coccolithophores, 2!°Pb is scavenged primarily into
the carbonate shells (coccosphere) due to favourable substitution of Pb?" for Ca?* in CaCOs, whilst in
diatoms, 2!°Pb is scavenged into organic macromolecules embedded in the diatom frustules or inside
the cells (Chuang et al., 2015; Lin et al., 2017). Assuming similar partitioning behaviour for the stable
isotopes of Pb, the release of Pb from the scavenging particles would be dependent on the reactivity of
the carrier phases in the deep ocean. Calcite remains relatively stable in the deep ocean above the calcite
saturation horizon, i.e. the depth below which the extent of calcite dissolution increases significantly
(Milliman et al., 1999). The modelled calcite saturation depth for the subantarctic latitudes south of
Tasmania is about 3150 m (Bostock et al., 2011), which coincides with the depth range of LCDW in
the SAZ (2200 m depth to the seafloor). Increased dissolution of the carbonate-rich ballast at LCDW
depth will hence likely release the scavenged Pb content, characterised by the low 2°Pb/**’Pb (= 1.150)
and *%Pb/>""Pb (= 2.426) signatures of the upper ocean, into the dissolved pool, and this will modify
the advected Pb signature from the ACC (= 1.17; = 2.45). In contrast, opal ballasts are known for their
substantial loss of organic carbon as they sink through subsurface and mesopelagic depths (100-1000
m) (Francois et al., 2002; Klaas and Archer, 2002; Ebersbach et al., 2011; Rosengard et al., 2015). In
the PFZ, substantial release of the organically bound Pb from the opal ballast is hence expected at
intermediate depths where UCDW is present, whilst the opaline particles that reach LCDW depths (>
1100 m depth) would be depleted in scavenged Pb and thus release only minor Pb flux to LCDW.

Notably, Pb concentrations in LCDW are uniformly low across the SAZ and the ACC region (Fig.
4.4a). This contrasts with observations in the deep North Pacific Ocean, where modifications of deep
water Pb isotope compositions by vertical fluxes are coupled with an increase in seawater Pb
concentrations (Wu et al., 2010; Lanning et al., 2023). This apparent mismatch can be reconciled by
different Pb concentration baselines across the Subantarctic Front. LCDW is more poorly ventilated in
the SAZ than in the ACC region (Rintoul and Bullister, 1999), which could lead to a greater loss of its
preformed Pb budget to particle scavenging (i.e. more time to scavenge Pb). If LCDW in the SAZ is
more depleted of preformed Pb, the replenishment of dissolved Pb in the SAZ through vertical fluxes
may not result in higher Pb concentrations compared to the LCDW in the ACC region. Constraints on

deep water Pb scavenging rates in the region are required to further test this hypothesis.
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(b) Model of Distinct Particulate Exchange Dynamics
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Figure 4.10 (cont’d). Conceptual illustration of the explanatory models for the observed deep water Pb
isotope variations across the oceanographic zones (AZ, PFZ and SAZ) along the GS01 section. (a) Model of
distinct advective inputs; (b) model of distinct particulate exchange dynamics. For simplicity, only 2°°Pb/?’Pb
ratios are shown in the illustration.

4.6 Conclusions

The first full set of results of dissolved Pb concentrations and isotopes in seawater samples from
the GEOTRACES section GSO1 across the Southern Ocean provides novel insights into water mass
origin and vertical flux dynamics. The most pristine Pb signatures are found in Antarctic Bottom Waters
close to the Antarctic continent, and the most polluted signatures are located in the upper and
intermediate parts of the water column in the northern part of the section. 2*Pb/*’Pb and ***Pb/*"’Pb
signatures of seawater from the SAZ (i.e. north of the main flow of the ACC) are consistent with mixing
between anthropogenic sources from Australian emissions, as well as natural mineral dust from

Australia. Deep water Pb signatures in the SAZ, in particular LCDW in the SAZ, is characterised by
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distinctively lower 2°Pb/2’Pb and ***Pb/**’Pb signatures compared to the same water mass to the south
of the Subantarctic Front (i.e. within the ACC). This observation might point to the significance of a
Deep Eastern Boundary Current in advecting Indian Ocean signatures to the Australian sector of the
Southern Ocean. Alternatively, the observation could reflect differences in the remineralisation
behaviour of Pb associated with the types of sinking particles between the SAZ and the ACC region. In
such a model, carbonate-rich ballast in the Subantarctic Zone would undergo dissolution at depth and
thereby generate significant modification of the deep water Pb isotope signatures. In contrast, opal-rich
ballast in the more southern ACC region would undergo relatively shallow remineralisation, which

therefore restricts the vertical transport of polluted Pb isotope signatures to shallower depths.

Better data coverage and process studies would enable deciphering of the relative significances of
advection versus vertical flux of Pb in the area. In particular, dissolved Pb isotope data in the Southeast
Indian Ocean and other Southern Ocean transects would be critical to test the ideas that are proposed in
this study. In addition, process studies, dedicated to Pb behaviour during scavenging and redissolution
/ remineralisation by different particle types, would allow a more quantitative assessment of the

migration of pollution signals within the ocean.

4.7 Researcher Contributions

The dissolved Pb concentration and isotope results of seawater samples from GS01 stations 9 and
23 that are presented in this study were obtained by the author. The dissolved Pb concentration and
isotope data of seawater samples from GSO1 stations 15, 30, 40, 45, 51 and 56 were obtained by Alex
Griffiths and were presented in Alex Griffith’s PhD thesis (Griffiths, 2019). Dissolved Pb
concentrations of the same sample set were measured at the University of Tasmania by Andrew Bowie
et al. (University of Tasmania, Australia) and are available in the GEOTRACES Intermediate Data
Product 2021 (GEOTRACES Intermediate Data Product Group, 2021). The author led the
interpretations of the results presented in this study, with insightful comments from Tina van de Flierdt,
Mark Rehkdmper and Alex Griffiths. Andrew Bowie, Melanie East and all the participants of the
GEOTRACES GS01 expedition are thanked for collecting the seawater samples for this study.
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Chapter 5

Summary
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The primary aim of this thesis is to improve understanding of the marine source and sink fluxes of
Pb and the internal cycling of the element in two marine settings that are poorly addressed, including
the vicinity of hydrothermal activities and the Southern Ocean. Towards this end, geochemical analyses
were performed for sediment and seawater samples from three different oceanic regions. In detail these

arc:

(1) The Pb (and Nd) isotope compositions of metalliferous sediments from two locations in the
Eastern Equatorial Pacific Ocean.

(2) The dissolved Pb concentrations and isotope compositions of seawater depth profiles collected
from above and in the vicinity of the TAG Hydrothermal Field in the North Atlantic Ocean
(GEOTRACES section GA13, ‘FRIDGE’).

(3) The dissolved Pb concentrations and isotope compositions of seawater depth profiles collected
from a transect across the Australian sector of the Southern Ocean (GEOTRACES section

GSO1).

In the following, the key findings of each chapter will first be presented. This is followed by a discussion

on the wider implications of the new results and areas of further research (Fig. 5.1).
5.1 Key Findings

5.1.1 Chapter 2: Terrigenous and Hydrothermal Inputs of Pb and Nd in the Eastern
Equatorial Pacific Ocean

In Chapter 2, the Pb and Nd isotope results are presented for bulk, detrital and leachate fractions of
core-top sediment samples collected from MANOP Sites H (6°33°N, 92°48°W) and M (8°48°N,
104°00°W) in the Guatemala Basin, Eastern Equatorial Pacific Ocean. A key result entails the detection
of a mantle-derived isotope signature for Pb but not Nd in the leachate fractions at MANOP Site M
close to the East Pacific Rise (~25 km). This observation reflects the decoupling in the behaviours of
the two elements in proximity to hydrothermal activity. In particular, the presence of hydrothermally
derived Pb in the sediment fallout away from the ridge crest suggests its stabilisation in the dissolved
pool for transport by the hydrothermal plume, whilst the absence of hydrothermally derived Nd is in
accord with its efficient scavenging and removal close to source (e.g. German et al., 1990; Halliday et
al., 1992). For the provenance of terrigenous sediments deposited in the Guatemala Basin, the combined
Pb-Nd isotope data for the detrital sediment fractions in this study reinforce the findings of previous
provenance studies for the wider Eastern Equatorial Pacific Ocean (Stancin et al., 2006; Hofig et al.,
2016; Erhardt et al., 2021). In particular, the results suggest the predominance of proximal inputs from
Mexico and the Northern Andean sector of South America to the Guatemala Basin. It highlights two
types of climatic-tectonic settings that are conducive to high input fluxes of terrestrial detritus to
marginal ocean basins: (i) semi-arid / arid terranes that are favourable for high dust emissions, and (ii)

continental runoff from an active margin setting.
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5.1.2 Chapter 3: Fluxes and Cycling of Pb Above and in the Vicinity of the TAG
Hydrothermal Field

In Chapter 3, dissolved Pb concentration and isotope data are presented for five seawater depth
profiles above and in the vicinity of the TAG Hydrothermal Field in the North Atlantic Ocean. The Pb
concentration results reinforce the conclusion from previous studies (Godfrey et al., 1994; Noble et al.,
2015) that despite the significant enrichment of Pb in TAG vent fluids, there is a net loss in dissolved
Pb within the buoyant TAG plume. This is due to the intense scavenging of Pb by hydrothermal particles.
The observed deep water variabilities in Pb isotope compositions, furthermore, reveal novel insights
into the cycling of Pb in hydrothermal plumes. In particular, unusually low 2*Pb/**’Pb and ***Pb/>*’Pb
signatures were observed across some of the deep water samples that were collected from within the
buoyant and neutrally buoyant TAG plume and within a benthic nepheloid layer. These isotope
anomalies predominantly reflect mixing between background NADW and anthropogenic Pb of
European and/or North African origin, with only minor presence of mantle-derived Pb. The influence
of recent anthropogenic Pb signatures on the deep water samples is thought to be caused by the exchange
of anthropogenic Pb from sinking aerosol particles (or resuspended sediments in the nepheloid layer)
with dissolved Pb in ambient seawater. These exchange reactions may be enhanced by the distinct
physicochemical conditions within the TAG plume, such as the depletion of dissolved Pb in seawater
due to scavenging by hydrothermal particles, elevated levels of dissolved organic ligands and reducing
conditions in the buoyant plume. An additional observation of this study relates to significant small-
scale vertical and lateral heterogeneities in dissolved Pb concentrations and isotopes in the upper ocean.
These observations most likely reflect the release of anthropogenic Pb from aerosol particles in the

upper water column.

5.1.3 Chapter 4: Variations in the Sources of Input and the Redistribution Mechanisms
of Pb across the Southern Ocean between Antarctica and Tasmania

In Chapter 4, dissolved Pb concentration and isotope data are presented for two seawater depth
profiles collected from the Subantarctic Zone (47-52°S) in the Australian sector of the Southern Ocean,
near Tasmania. Together with results for higher southern latitudes (52-65°S) that were previously
reported by Griffiths (2019), the complete dataset represents the first meridional section of dissolved
Pb concentrations and isotopes across the Southern Ocean. The dataset reveals that the most pristine Pb
signatures are found in Antarctic Bottom Waters close to the Antarctic continent. The most polluted
signatures, on the other hand, are found in upper and intermediate depth waters in the Subantarctic Zone
close to Tasmania. A key observation relates to the Pb isotope variations within the Lower Circumpolar
Deep Water (LCDW): distinctively low 2°°Pb/2’Pb and 2®Pb/*’Pb (i.e. more polluted) signatures are
observed in the Subantarctic Zone but not in the same water mass to the south of the Subantarctic Front

within the Antarctic Circumpolar Current (ACC). Whilst the LCDW signature of Pb within the ACC is
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consistent with lateral advection from the Indian sector of the Southern Ocean, the more polluted
signature in the Subantarctic Zone cannot be reconciled by advection along the ACC. Variable vertical
fluxes driven by exchange with distinct compositions of sinking particles are proposed to explain the
abrupt variation in deep water Pb isotope compositions across the Subantarctic Front. In particular, deep
remineralisation of carbonate-rich ballast in the Subantarctic Zone could lead to significant vertical
transfer of anthropogenic Pb from the upper into the deep ocean. In contrast, shallow remineralisation
of opal-rich ballast within the ACC could limit the downward export of the polluted upper ocean Pb
signature, allowing for a predominance of the advected signature. However, the significance of the Deep
Eastern Boundary Current in supplying a distinct, advected source of Pb of Indian Ocean origin to the

study area cannot be ruled out.
5.2 Implications and Future Work

5.2.1 Terrigenous Provenance Tracing in the Eastern Equatorial Pacific Ocean

For terrigenous provenance tracing in the Eastern Equatorial Pacific Ocean, the work in Chapter 2
of this thesis relies on a comparison of the Pb and Nd isotope fingerprints of detrital sediments with the
bulk rock signatures of potential source areas. This work highlights the strength of a combined Pb-Nd
isotope approach in achieving better terrigenous source identification but also discusses how artefacts
from anthropogenic Pb contamination must be carefully excluded to avoid erroneous conclusions. In
addition, this work also shows the challenges of the methodology in the setting of the Eastern Equatorial
Pacific Ocean, as this is surrounded by a large number of potential source areas with highly variable
and overlapping bulk rock Pb and Nd isotope signatures. Improved provenance tracing for the region
may be achieved through better characterisation of the radiogenic isotope fingerprints of sources and
sinks. For the former, analyses of direct erosional products, especially for the North American source
areas, would provide a better characterisation of the terrestrial source signatures. For the latter,
systematic mapping of the detrital isotope signatures could be carried out in the region. For example,
the occurrence of isotope trends emerging from the continental margin would define transport vectors,

which would help to locate the key contributing source areas.

5.2.2 Hydrothermal Activities and the Marine Pb Cycle: Net Flux and Sources of Pb in
the Hydrothermal Plume

The dissolved Pb concentration and isotope data presented for the TAG hydrothermal plume, Mid-
Atlantic Ridge (~26°N) in Chapter 3 of this thesis represent the second dataset for this plume (after
Noble et al., 2015), whilst providing the first dissolved data for the neutrally buoyant TAG plume or
any neutrally buoyant plume in the Atlantic Ocean. Together with results presented for an unnamed
plume at ~15°S on the East Pacific Rise (Boyle et al., 2020), the seawater data for two major mid-ocean

ridge hydrothermal systems (Mid-Atlantic Ridge and East Pacific Rise) provide critical observations
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for evaluating earlier conclusions on Pb cycling in hydrothermal plumes and offer new insights into the
complex distribution of Pb in the vicinity of hydrothermally active mid-ocean ridges (lower inset figure,
Fig. 5.1). In addition, the sedimentary Pb isotope data presented for MANOP Site M in Chapter 2 of
this thesis enable assessment of the fate of hydrothermally derived Pb in the vicinity of another

hydrothermally active region (~8°N) at the East Pacific Rise.

Dissolved data at both the TAG plume (Chapter 3 of this thesis; Noble et al., 2015) and the plume
at ~15°S on the East Pacific Rise (Boyle et al., 2020) suggest that hydrothermal fluids are negligible
sources of Pb to the ocean, and that there is net removal of dissolved Pb in the hydrothermal plumes.
Such consistent findings reinforce earlier conclusions that mid-ocean ridge hydrothermal systems
probably act as an overall net sink of Pb in seawater. However, the new data presented in Chapter 3
show negligible scavenging of dissolved Pb in the neutrally buoyant TAG plume, which contrasts with
the observed deficit in dissolved Pb for the neutrally buoyant plume at the East Pacific Rise. This reveals
significant variability in the scavenging behaviour of Pb between different hydrothermal plumes, which
calls for caution when making estimates in global Pb fluxes based on observations at individual vent
sites or ridge systems. Furthermore, the Pb isotope signatures of metalliferous sediments and
hydrothermal Fe-Mn crusts, located 25 to 1000 km away from the East Pacific Rise, including MANOP
Site M in Chapter 2 and previous work (Barrett et al., 1987; van de Flierdt et al., 2004), indicate
significant influences by mantle-derived Pb. These observations imply distal transport of
hydrothermally derived Pb in ancient seawater away from the vent source — a conclusion which appears
to contrast with the observed depletion of mantle-derived Pb in present-day seawater near hydrothermal
vents. This apparent discrepancy may be reconciled by the transport of mantle-derived Pb in small,
suspended Fe oxyhydroxide particles. Recent studies revealed the distal transport of dissolved Fe of
hydrothermal origin away from the sources at the East Pacific Rise (Resing et al., 2015) and the Mid-
Cayman Spreading Centre (Lough et al., 2019). Such transport has been attributed to the movement of
suspended Fe oxyhydroxide particles along with the hydrothermal circulation, and whereby the particles
are affected by coagulation and disaggregation reactions, such that they can remain suspended over long
distances (Fitzsimmons et al., 2017; Lough et al., 2019). The close affinity of Pb to Fe oxyhydroxides
(Koschinsky and Hein, 2003) may hence support the distal transport of hydrothermally derived Pb,
through Pb incorporation into Fe oxyhydroxide phases that are carried along with the hydrothermal

circulation.

A novel, surprising result of this thesis (Chapter 3) is the enhanced release of anthropogenic Pb
from sinking particles into the dissolved Pb pool in the buoyant and neutrally buoyant TAG plumes.
The vertical shuttling of Pb, as mediated by sinking aerosol particles and Pb exchange, is one of the key
mechanisms (other than advection) for the downward export of Pb in the water column. The results of

this thesis suggest a possible enhancement of such vertical Pb shuttling in hydrothermal plumes, which
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Figure 5.1. Summary illustration of the major findings in this thesis relevant to the Pb cycle in the modern global ocean.
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may therefore have a yet uncharacterised but possibly more widespread impact on the marine cycling
of Pb. An important next step would be to conduct combined Pb concentration and isotope studies of
filtered seawater and particulate samples for hydrothermal systems. Such analyses would improve
understanding of how Pb (and other trace metals) are exchanged between the dissolved and particulate
phases, and how the physicochemical conditions of hydrothermal systems may impact exchange
processes. Lead isotope analyses of additional hydrothermal vent sites and plumes would thereby
capture any variabilities in scavenging intensity and other Pb exchange processes at mid-ocean ridge

systems across the global ocean.

5.2.3 Lateral Versus Vertical Fluxes of Pb in the Ocean Traced by Isotope Signatures

Finally, the new seawater data presented in the thesis reveal the importance of vertical processes
for the cycling of Pb in the Southern and Atlantic Oceans (upper inset figure, Fig. 5.1). In the Australian
sector of the Southern Ocean (Chapter 4), a model of variable vertical Pb fluxes in different
biogeochemical regimes is introduced to explain the observed Pb isotope variations within a single deep
water mass. Whilst such dynamics may be unique to the Southern Ocean, which is characterised by a
distinct zonation in phytoplankton compositions (e.g. Henley et al., 2020), they could potentially also
play a role in other parts of the global ocean. However, as advective Pb fluxes from variable sources
may also impact the observed Pb isotope variations, more work is needed to address the importance of
lateral versus vertical Pb fluxes in the Southern Ocean, and this should focus on the acquisitions of
dissolved Pb isotope data for the Southeast Indian and the Atlantic sector of the Southern Ocean. In the
North Atlantic Ocean, the observed small-scale spatial heterogeneities in Pb signatures in the upper part
of the water column (Chapter 3) may point to an oceanographic regime, in which vertical Pb fluxes
dominate over advective fluxes. This interpretation challenges the traditional, advection-dominant
model for the surface and subsurface Pb budgets of the North Atlantic Ocean (Boyle et al., 1986; Shen
and Boyle, 1988; Noble et al., 2015; Bridgestock et al., 2018). Further results presented in the same
chapter reveal local enhancements in vertical Pb fluxes to the deep ocean in the presence of the TAG

hydrothermal plume.

Significant vertical Pb fluxes are typically associated with poorly ventilated deep ocean regions,
such as the deep waters of the North Pacific and North Indian Oceans (Wu et al., 2010; Lee et al., 2015;
Zurbrick et al., 2017; Lanning et al., 2023). However, the observations in this thesis suggest that such
process may also be significant in the North Atlantic and (potentially) the Southern Ocean, which are
characterised by strong physical circulation and therefore thought to be dominated by advective
transport of Pb (Sherrell et al., 1992; Noble et al., 2015; Bridgestock et al., 2018). Process studies and
laboratory experiments, dedicated to unravelling the mechanisms and rates of scavenging and
remobilisation of Pb in the presence of different particle types and under different physicochemical
conditions, will be crucial for testing the newly proposed particulate flux models for the vertical cycling

of Pb in the Southern Ocean and in the TAG hydrothermal plume. Such mechanistic understanding
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would also provide the key constraints for modelling the relative roles of advective and vertical fluxes

of Pb.
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Appendix 1. Literature Compilation of Source Signatures for the Eastern

Equatorial Pacific Ocean (Chapter 2)

(1) Terrestrial Sources

The Pb and Nd isotope signatures of potential sources of terrestrial inputs to the Guatemala Basin
were characterised based on the bulk rock compositions of major mountain segments along the
American Cordillera and analyses of loess and silt deposits from regions of significant dust emissions
(Fig. 2.5). For the terrestrial bulk rock compositions, extensive literature data were retrieved from the

GEOROC database (https://georoc.eu/) on 27 October 2020, 16 February 2021 and 10 May 2021. These

data were filtered largely based on the procedure of Pichat et al. (2014). Briefly, only whole rock data
were used and results for xenoliths, ores, mineral separates and inclusions were excluded, to avoid a
bias in the average bulk rock compositions available for weathering and erosion. Replicate analyses of
the same sample were combined as single entries to ensure that all samples were weighed equally.

The Pacific margins of North and Central America are flanked by various mountain belts. Across
the north-south extent of the Pacific margin of Mexico, major mountain belts include the Peninsular
Ranges that traverses the Baja California Peninsula, the Sierra Madre Occidental (SMOc) that traverses
the northwest part of mainland Mexico, and the Trans-Mexican Volcanic Belt (TMVB) and Sierra
Madre del Sur (SMdS) in Southern Mexico (Fig. 2.5). The Pb isotope signatures of these Mexican
terranes largely overlap with each other (*°Pb/**Pb = 18.5-18.9, 2’Pb/?*Pb = 15.52-15.67, ***Pb/***Pb
= 38.2-38.8) (Fig. 2.6a, b). The Nd isotope compositions of TMVB, SMdS and the Peninsular Ranges
are also similar, with eng values of between —1 and +8, while the composition of SMOc is less radiogenic,
with eng of between —4 and +2 and a mean eng = —1 (Fig. 2.6c). The Central American Volcanic Arc
(CAVA) traverses the Central American land bridge and can be subdivided into a northwest segment
(CAVA-NW; Guatemala, El Salvador, Honduras and Nicaragua) with relatively low 2*°Pb/?**Pb ratios
(18.4-18.7), and a southeast segment (CAVA-SE; Costa Rica and Panama) with higher 2*°Pb/?*Pb ratios
(18.6-19.3). Both segments of the CAVA have high eng values of +3 to +9. Bulk rocks from the North
American Basin and Range Province span large ranges of Pb and Nd isotope compositions, which can
be geographically subdivided into a western sector (Great Basin and Mojave Deserts) with high
20xpp/2%4Ph ratios (*’°Pb/2*Pb = 17.8-19.6, 27Pb/?*Pb = 15.50-15.75, 2%°Pb/?*Pb = 38.1-39.5), and an
eastern sector (Mexican Highlands and Rio Grande Rift area) with 2**Pb/2**Pb ratios that extend to very
unradiogenic values (*Pb/2%Pb = 17.0-19.3, 2°’Pb/**Pb = 15.40-15.70, 2®Pb/**Pb = 36.8-39.0) (Fig.
2.7). Lead isotope data by Erhardt et al. (2021) for silt from islands off the coast of Southern California
(*Pb/?™Pb = 18.8-19.0, 2Pb/?%Pb = 15.64-15.66, 2%®Pb/**Pb = 39.0-39.4) was taken to be
representative for the average dust composition from the Western USA.

Western South America is dominated by the Andean Range, which can be divided into four

latitudinal segments with distinct geological histories: the Northern Andes (12°N-5°S, Colombia and
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Ecuador), the North-Central Andes (5-14°S, Peru), the Central Andes (14-33°S, Southern Peru,
Northern Chile and Bolivia) and the Southern Andes (33-56°S, Chile and Argentina) (Fig. 2.5) (see
review by Stern, 2004). The active volcanic arc dominates the Western Cordillera of the Andes and can
be divided into the Northern Volcanic Zone (NVZ) in the Northern Andes, the Central Volcanic Zone
(CVZ) in the Central Andes, and the Southern Volcanic Zone (SVZ) in the Southern Andes. Bulk rock
compositions were compiled separately for these three volcanic zones. A Cenozoic volcanic gap occurs
in the North-Central (Peruvian) segment of the Andes due to flat-slab subduction, and the rocks from
this segment of the Western Cordillera are plutonic granitoids, known as the Peruvian Coastal Batholith
(PCB). Data coverage for the Eastern Cordillera is scarce except for the Central Andean segment.

The NVZ and PCB are characterised by high 2°°Pb/?*Pb (> 18.7), with some granitoids from the
PCB having very high 2°Pb/***Pb (~19.8) and ***Pb/***Pb (~39.8) ratios (Fig. 2.6a, b). These sources
have relatively high enq values of —1 to +7 (Fig. 2.6¢). In contrast, Central and Southern Andean rocks
are relatively low in 2°Pb/?***Pb. The CVZ spans a large range of Pb isotope compositions, and it can
be divided into the northern Arequipa Domain, characterised by very low 2*°Pb/?%Pb (17.7-18.4), and
the southern Antofalla Domain, characterised by higher 2°°Pb/?**Pb ratios (18.6-19.0). The Pb isotope
compositions of lithologies from the Eastern Cordillera of the Central Andes are intermediate between
the results obtained for rocks from the Arequipa and Antofalla Domains. The SVZ is characterised by
low 2%Pb/?%Pb ratios (***Pb/***Pb = 18.3-18.7, 2"Pb/>*Pb = 15.56-15.65, ®*Pb/***Pb = 38.1-38.7). Most
Central Andean materials (CVZ and Eastern Cordillera) have negative ena values, while Southern
Andean materials (SVZ) have positive eng signatures (0 to +5).

Several major dust-producing regions are present across the North-Central and Central Andes,
including a continuous desert strip along the Peruvian and Northern Chilean coasts, and the plateaus of
Puna and Altiplano between the Western and Eastern Cordilleras in the Central Andes (Ginoux et al.,
2012). The Pb isotope compositions of surficial deposits from the Atacama Desert (Erhardt et al., 2021)
fall on a trend between the SVZ and CVZ, suggesting derivation of erosional products from the terranes
that border the desert region (Fig. 2.5; 2.6a, b). Similarly, the Pb and Nd isotope compositions of
surficial deposits from Puna-Altiplano fall within the CVZ field (Gili et al., 2016, 2017), in accord with
the derivation of erosional products from the Western and Eastern Cordilleras that bound this
intermontane plateau. The Central Andean dust sources are characterised based on these surficial
deposits, as they better represent the average composition of the aeolian materials that are exported to
the atmosphere and ultimately the EEP.

The Pb and Nd isotope compositions of the silicate residue fractions of Chinese loess samples by
Jones et al. (1994, 2000) were obtained to represent the East Asian dust source. This source has high
20xpp/204ph  (20Pb/2%Pb > 18.9, 27Pb/2%Pb > 15.67, 2%°Pb/2™Pb > 39.2) and highly negative &nd

signatures of about —11.
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(2) MORB

The literature data of Pb and Nd isotope compositions for MORB were retrieved from the PetDB
database (https://search.earthchem.org/) on 10 March 2023 and the output was filtered based on the

following criteria: (1) fresh basaltic glass samples only; (2) samples from near the axial valley of the
EPR segment within 8-10°N. The selected MORB samples have very low 2**Pb/?*Pb (**Pb/?*Pb =
18.2-18.4, 27Pb/?*Pb = 15.45-15.50, 2°Pb/***Pb = 37.8-38.1) and high exg values of about +10.
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Appendix 2. Resin Coagulation during Nobias PA-1 Solid Phase Extraction
(Chapter 3)

During processing of seawater samples which were collected from within the TAG hydrothermal
plume, the Nobias PA-1 resin coagulated into larger clumps of about 1 mm size. These clumps adsorbed
more strongly to the Teflon walls of the filter funnel in the extraction system and could not be rinsed
off readily using the distilled water and 3 M HNOs that are used in the normal procedure (Fig. A2).
Processed water samples from the plume were therefore subsequently treated with larger volumes of
H,0; to achieve a concentration of 0.1 mmol/L (instead of 0.01 mmol/L in the original procedure)

before the extraction step. Resin clumping persisted but the clumps that formed were smaller.

This issue is likely related to distinct physicochemical properties of the seawater within the
hydrothermal plume. Whilst such issue was previously not reported for the processing of seawater
samples with Nobias PA-1 resin, it most likely reflect the presence of high levels of organic colloids,
which led to a strong hydrophobic attraction between the Nobias PA-1 resin particles, thus resulting in

particle coagulation.

The adsorbed resin was effectively removed from the walls of the filter funnel by rinsing with
distilled ethanol. After processing of plume samples, the recovered resin was shaken at least twice in a
large volume of 3 M HNO; (> 500 mL acid per 10 mL resin) until the clumps disaggregated and the
resin texture was smooth. The calculated Pb yields for samples that were affected by Nobias PA-1 resin
coagulation generally exceeded 90%, as for non-plume samples that were not impacted by resin
coagulation. This demonstrates that resin coagulation was not associated with additional loss of sample

Pb during processing or Pb carry-over between samples.
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Normal sample Plume sample

Figure A2. Images of the Nobias Chelate PA-1 resin in the Teflon filter funnel during processing of a normal
(non-plume) seawater sample (90 m depth at valley wall station 37; a-b) and a sample from the buoyant
TAG hydrothermal plume (3100 m depth at vent site station 35/39; c-d). The upper panels show the resin
particles in a liquid suspension. The lower panels show the resin particles accumulated on the filter after the liquid
was suctioned off. Note the larger resin clumps in suspension and adhering to the funnel wall in panels (c) and (d)
respectively.
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Appendix 3. Air Mass Back Trajectory Analyses for the TAG Hydrothermal
Area (Chapter 3)
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Figure A3. Results of air mass back trajectory analyses for distal W station 29 and vent site station 35/39.
Models were run over two 7-day periods for the boreal winter (Jan 2018, 7 days before collection of the seawater
samples) and summer (Jul 2017), to capture the annual variation of the atmospheric input. Arrival heights of 10,
500 and 1000 m were used with the model vertical velocity. The results were obtained with the NOAA HYSPLIT
(National Oceanic and Atmospheric Administration’s HYbrid Single Particle Lagrangian Integrated Trajectory)
model using the GDAS Meteorological Data (Draxler and Rolph, 2003).
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Appendix 4. Dissolved Pb Concentration Results and Isotope from the
GEOTRACES Section GS01 by Griffiths (2019) (Chapter 4)

Table A4. Lead concentration and isotope data for seawater samples from the GEOTRACES section GS01
that were previously presented by Griffiths (2019).

Depth  [Pb]® 1sd®  2°pp/7pp©  28ppA7pp©  26pp2Mpp©  Neutral Density  Water Mass
(m) (pmol/kg) (kg/m’)

Subantarctic Zone (SAZ)

Station 15 (49.27°S, 144.09°E; bottom depth: 4292 m)

14 11.5 0.8 1.149 2.425 17.93 26.51 SASW
49 10.6 0.8 1.151 2.427 17.96 26.52 SASW
97 12.4 0.8 1.153 2.430 18.00 26.62 SASW
295 14.2 0.8 1.147 2.423 17.89 26.96 SAMW
493 11.3 0.8 1.151 2.427 17.97 27.09 AAIW
987 12.4 0.8 1.152 2.427 17.96 27.51 AAIW
1972 11.0 0.8 NDY ND ND 27.95 UCDW
2953 5.7 0.8 ND ND ND 28.11 LCDW
3097 6.5 0.8 ND ND ND 28.16 LCDW
Polar Frontal Zone (PFZ)

Station 30 (54.07°S, 141.60°E; 2563 m)

13 8.6 0.8 1.153 2.428 17.98 26.88 AASW
48 6.8 0.8 1.156 2.433 18.06 26.94 AASW
98 7.8 0.8 1.158 2.433 18.06 27.35 AASW
296 114 0.8 1.156 2.430 18.02 27.63 UCDW
986 10.8 0.8 1.156 2.431 18.02 27.96 UCDW
1726 53 0.8 1.171 2.447 18.29 28.07 LCDW
2216 5.2 0.8 1.171 2.445 18.26 28.13 LCDW
2482 4.5 0.8 1.169 2.445 18.22 28.17 LCDW
Antarctic Zone (AZ)

Station 40 (58.85°S, 139.84°E; 3929 m)

14 8.6 0.8 1.151 2.426 17.94 26.98 AASW
49 8.1 0.8 1.154 2.429 17.99 26.99 AASW
97 9.8 0.8 1.157 2.432 18.06 27.36 AASW
295 14.5 0.8 1.155 2.430 18.01 27.65 UCDW
493 12.2 0.8 1.158 2.433 18.06 27.79 UCDW
985 10.1 0.8 1.163 2.439 18.16 27.96 UCDW
1971 5.6 0.8 1.173 2.449 18.31 28.10 LCDW
2948 6.7 0.8 1.178 2.458 18.41 28.21 LCDW
3730 6.0 0.8 1.186 2.470 18.54 28.27 AABW
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Table A4 (cont’d).

Depth  [Pb]® 1sd®  pppp©@  8pp7pp©@  ppYph©@  Neutral Density  Water Mass
(m)  (pmol/kg) (kg/m’)

Antarctic Zone (AZ) (cont'd)

Station 45 (60.85°S, 139.85°E; 4405 m)

14 8.5 0.8 1.149 2.425 17.90 27.03 AASW
48 10.2 0.8 1.159 2.435 18.06 27.15 AASW
97 9.2 0.8 1.161 2.437 18.10 27.49 AASW
295 11.6 0.8 1.159 2.435 18.08 27.81 UCDW
493 8.8 0.8 1.161 2.437 18.12 27.90 UCDW
986 94 0.8 1.167 2.443 18.21 28.02 LCDW
1970 4.4 0.8 1.174 2.452 18.34 28.13 LCDW
2461 {9.6}** {0.8}** 1.177 2.457 18.40 78,19 LCDW
4216 7.7 0.8 1.195 2.481 18.70 28.32 AABW

Station 51 (63.86°S, 139.87°E; 3729 m)

13 59 0.8 1.156 2.433 18.03 27.30 AASW
57 4.2 0.8 1.167 2.444 18.21 27.35 AASW
97 6.0 0.8 1.169 2.447 18.26 27.78 AASW
294 6.8 0.8 1.169 2.445 18.25 28.00 UCDW
493 9.7 0.8 1.172 2.449 18.30 28.04 LCDW
986 5.6 0.8 1.168 2.445 18.23 28.10 LCDW
1968 2.8 0.8 1.182 2.462 18.48 28.22 LCDW
3047 3.1 0.8 1.196 2.481 18.73 28.30 AABW
3612 3.6 0.8 1.191 2.472 18.66 28.34 AABW

Continental Zone (CZ)

Station 56 (65.40°S, 139.85°E; 2386 m)

13 54 0.8 1.167 2.445 18.23 27.38 AASW
48 4.4 0.8 1.175 2.452 18.36 27.40 AASW
97 6.6 0.8 1.185 2.467 ND@ 27.78 AASW
296 6.8 0.8 1.184 2.463 18.51 28.04 LCDW
493 4.9 0.8 1.179 2.457 18.39 28.12 LCDW
986 6.1 0.8 1.179 2.457 18.43 28.22 LCDW
1478 4.6 0.8 1.189 2.466 18.57 28.27 AABW
1970 4.2 0.8 1.186 2.463 18.54 28.32 AABW
2313 5.6 0.8 1.191 2471 18.64 28.33 AABW

(d) Reported Pb concentrations are the averages of triplicate measurements.

(e) 1x standard deviation of triplicate measurements of Pb concentration in pmol/kg.

(f) Precisions of Pb isotope measurements are given by the 2x standard deviations from replicate analyses of in-
house reference materials, which correspond to ~1200 ppm, ~300 ppm and ~1200 ppm for 2°Pb/?’’Pb,
208pp/297Ph and 2%°Pb/2%4Pb respectively.

(g) No data.

** Denote Pb concentration data from the ICL laboratory that was potentially affected by contamination, based

on comparison with the result from the UTAS laboratory.
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Appendix 5. Inter-Laboratory Comparison of Dissolved Pb Concentration

Results from the GEOTRACES Section GS01 (Chapter 4)

Table AS. Lead concentration data for filtered seawater samples reported by the laboratories at Imperial
College London (ICL) and the University of Tasmania (UTAS).

ICL UTAS
Depth n-ID®  [Pb]® 1sd [Pb]® 1sd Deviation in [Pb]”
(m) (pmol/kg) (pmol/kg)

Polar Frontal Zone (PFZ)

Station 30 (54.07°S, 141.60°E; 2563 m)

13 1 8.6 0.8 6.8 0.3 1.8
48 1 6.8 0.8 No data

98 1 7.8 0.8 73 0.3 0.5
296 3 11.4 0.8 13.0 0.5 -1.6
986 3 10.8 0.8 12.8 0.5 -2.0
1726 1 53 0.8 7.5 0.3 2.2
2216 1 52 0.8 6.0 0.2 -0.8
2482 3 4.5 0.8 4.9 0.2 -0.4
Antarctic Zone (AZ)

Station 40 (58.85°S, 139.84°E; 3929 m)

14 1 8.6 0.8 7.0 0.3 1.6
49 3 8.1 0.8 53 0.2 2.8
97 1 9.8 0.8 7.1 0.3 2.7
295 1 14.5 0.8 10.0 0.4 4.5
493 1 12.2 0.8 9.6 0.4 2.6
985 1 10.1 0.8 9.9 0.4 0.2
1971 1 5.6 0.8 5.1 0.2 0.5
2948 3 6.7 0.8 3.6 0.1 3.1
3730 3 6.0 0.8 3.8 0.2 2.2

Station 45 (60.85°S, 139.85°E; 4405 m)

14 3 8.5 0.8 44 0.2 4.1
48 3 10.2 0.8 5.4 0.2 4.8
97 1 9.2 0.8 7.0 0.3 2.2
295 1 11.6 0.8 9.5 0.4 2.1
493 3 8.8 0.8 9.6 0.4 0.8
986 1 9.4 0.8 7.7 0.3 1.7
1970 1 4.4 0.8 43 0.2 0.1
2461 1 9.61%%  {0.8} 4.1 0.2 (5.5}
4216 1 7.7 0.8 5.6 0.2 2.1
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Table AS (cont’d).

ICL UTAS
Depth n-ID®  [Pb]® 1sd [Pb]® 1sd Deviation in [Pb]*
(m) (pmol/kg) (pmol/kg)
Polar Frontal Zone (PFZ)
Station 30 (54.07°S, 141.60°E; 2563 m)
13 1 8.6 0.8 6.8 0.3 1.8
48 1 6.8 0.8 {45.2}* {1.8} {-38.4}
98 1 7.8 0.8 7.3 0.3 0.5
296 3 11.4 0.8 13.0 0.5 -1.6
986 3 10.8 0.8 12.8 0.5 -2.0
1726 1 5.3 0.8 7.5 0.3 2.2
2216 1 5.2 0.8 6.0 0.2 -0.8
2482 3 4.5 0.8 4.9 0.2 -0.4
Antarctic Zone (AZ)
Station 40 (58.85°S, 139.84°E; 3929 m)
14 1 8.6 0.8 7.0 0.3 1.6
49 3 8.1 0.8 53 0.2 2.8
97 1 9.8 0.8 7.1 0.3 2.7
295 1 14.5 0.8 10.0 0.4 4.5
493 1 12.2 0.8 9.6 0.4 2.6
985 1 10.1 0.8 9.9 0.4 0.2
1971 1 5.6 0.8 5.1 0.2 0.5
2948 3 6.7 0.8 3.6 0.1 3.1
3730 3 6.0 0.8 3.8 0.2 2.2
Station 45 (60.85°S, 139.85°E; 4405 m)
14 3 8.5 0.8 4.4 0.2 4.1
48 3 10.2 0.8 54 0.2 4.8
97 1 9.2 0.8 7.0 0.3 2.2
295 1 11.6 0.8 9.5 0.4 2.1
493 3 8.8 0.8 9.6 0.4 -0.8
986 1 9.4 0.8 7.7 0.3 1.7
1970 1 4.4 0.8 43 0.2 0.1
2461 1 {9.6}** {0.8} 4.1 0.2 {5.5}
4216 1 7.7 0.8 5.6 0.2 2.1
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Table AS (cont’d).

ICL UTAS
Depth n-ID®  [Pb]® 1sd [Pb]® 1sd Deviation in [Pb]
(m) (pmol/kg) (pmol/kg)

Antarctic Zone (AZ) (cont'd)

Station 51 (63.86°S, 139.87°E; 3729 m)

13 1 59 0.8 7.9 0.3 -2.0
57 1 4.2 0.8 5.9 0.2 -1.7
97 1 6.0 0.8 7.8 0.3 -1.8
294 3 6.8 0.8 8.9 0.4 2.1
493 1 9.7 0.8 7.2 0.3 2.5
986 1 5.6 0.8 5.9 0.2 -0.3
1968 1 2.8 0.8 3.9 0.2 -1.1
3047 1 3.1 0.8 4.2 0.2 -1.1
3612 1 3.6 0.8 5.1 0.2 -1.5
Continental Zone (CZ)

Station 56 (65.40°S, 139.85°E; 2386 m)

13 3 54 0.8 2.9 0.2 2.5
48 1 4.4 0.8 3.3 0.2 1.1
97 1 6.6 0.8 5.0 0.3 1.6
296 1 6.8 0.8 6.8 0.5 0.0
493 1 4.9 0.8 6.7 1.1 -1.8
986 1 6.1 0.8 3.8 0.3 23
1478 1 4.6 0.8 3.5 0.2 1.1
1970 1 4.2 0.8 3.1 0.2 1.1
2313 1 5.6 0.8 3.6 0.3 2.0

(a) Number of measurements conducted for Pb concentrations at the ICL laboratory.

(b) For samples with triplicate measurements, the averages of triplicate values are reported. Curly brackets
highlight the Pb concentration values that were potentially affected by contamination, and their deviations to
the values of the same sample from the other laboratory.

(c) Denote the deviation of the ICL value relative to the UTAS value. Positive is excess in the ICL value.

* Denote values that were flagged as bad by the UTAS laboratory (GEOTRACES Intermediate Data Product

Group, 2021).

** Denote value from the ICL laboratory that is flagged as bad in this study based on inter-laboratory comparison.
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Appendix 6. Behaviour of Pb in Hydrothermal Plumes along the
GEOTRACES Section GS01 (Chapter 4)

During the GSO01 transect, coupled enrichments in dissolved Mn and Fe above their background
levels (~0.25 nmol/kg for Mn; ~0.6 nmol/kg for Fe) associated with hydrothermal activities on the
Southeast Indian Ridge were detected above and in the vicinity of the ridge crest (Fig. A6) (Latour et
al., 2021; Tagliabue et al., 2022a). These plumes of hydrothermal Mn and Fe enrichments primarily
reside in the LCDW layer (y" = 28.00-28.17; > 2000 m depth) and extend latitudinally between ~47°S
to the north (SAZ) and ~59°S to the south (northern part of the AZ), across an extent of about 1300 km.
Relatively strong enrichments in dissolved Mn and Fe (“hotspots”) were detected above and on the
northern flank of the Southeast Indian Ridge. At PFZ station 30 above the ridge crest, the strongest
enrichments in Mn (~10-fold) and Fe (~5-fold) were detected across depths of 1800 and 2400 m (y" =
28.09-28.17) near the seafloor, reaching maxima of 2.4 nmol/kg (Mn) and 3.4 nmol/kg (Fe) at 2216 m
(Fig. A6d). On the northern ridge flank, hotspots up to 1-2 nmol/kg of Mn and ~1 nmol/kg of Fe were
detected at the SAZ stations 15 and 23 (Fig. A6b, c¢), in a lighter density range (y" = 28.00-28.09; 2000-
2700 m) at station 23 and across a larger vertical extent (1900-3300 m; y" = 27.95-28.17) at station 15.

The Pb concentration and isotope signatures in the hydrothermal plumes are assessed against the
signatures at station 45 in the ACC region and station 9 in the SAZ respectively, which exhibit no
hydrothermal enrichments in dissolved Mn and Fe and therefore define the ambient LCDW
characteristics (Fig. A6a, €). Above the ridge crest (station 30), where the strongest plume signals were
detected, the Pb concentrations (5.2 and 4.5 pmol/kg) within the plume depths (2216 and 2482 m) are
analytically identical to the LCDW samples above the plume (5.3 pmol/kg, 1726 m) and at station 45
(4.4 pmol/kg, 1967 m), while the 2*Pb/?’Pb ratios within the plume depths (1.171, 1.169) are identical
to that above the plume (1.171) and somewhat slightly lower than at station 45 (1.174) (Fig. A6d, e).
At the SAZ station 15, the Pb concentration of the plume sample (5.7 pmol/kg, 2952 m) is also
analytically identical to the ambient levels at station 9 in the same depth range (6.1 pmol/kg, 2457 m)
(Fig. A6a, b).

Based on the limited data, it can be concluded that hydrothermal activities exert negligible impact
on the dissolved Pb budget along the GSO01 transect. This can be attributed to the distal locations of the
plumes, > 300 km to the east of potential vent sources (Boulart et al., 2017; Latour et al., 2021), the
quantitative removal of hydrothermal Pb close to the vent sources, as well as minimal hydrothermal
scavenging of dissolved Pb by Fe-Mn oxyhydroxide particles. Alternatively, venting of low-
temperature hydrothermal fluids (Latour et al., 2021), which are less enriched in Pb (< ~10 folds)
compared to high-temperature fluids (between ~10° and ~10* folds) (Douville et al., 2002), could

explain the lack of Pb concentration and isotope anomalies in the plumes.
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At the SAZ station 23, anomalously higher Pb concentration (11.8 pmol/kg) and lower *°Pb/**’Pb
(1.150) and 2%®Pb/?’Pb (2.426) ratios are found just below the plume depth (2953 m). This sample is
found to also show an anomalous depletion in dissolved Mn and Fe (0.3 nmol/kg for both elements)
(Fig. A6c). The low- 2°Pb/*’Pb and °*Pb/?’Pb anthropogenic signature is most likely derived from
surface-derived sinking particles or resuspended bottom sediments enriched in anthropogenic Pb. The
enrichment in dissolved Pb concentration compared to the deficits in Mn and Fe for this sample is
surprising. This observation can be attributed to unusual dissolved-particulate exchange processes near
the base of the hydrothermal plume, in which most other trace metals were preferentially scavenged
into the particulate phase, while anthropogenic Pb in the particulate phase, which is concentrated in
relatively labile chemical species (Chester et al., 1989; Maring and Duce, 1990; Fishwick et al., 2018),

is preferentially released.
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Figure A6. Detection of sediment dissolution and hydrothermal plume. Vertical profiles of dissolved Pb concentrations (squares), 2°°Pb/?’Pb ratios (circles), Mn
concentrations (solid lines) and Fe concentrations (dashed lines) for the three SAZ stations (9, 15 and 23, panels a-c), the PFZ station (30, panel d) and an AZ station (45,
panel e). The dissolved Mn and Fe data were generated by Andrew Bowie et al. at UTAS and were retrieved from the GEOTRACES IDP 2021 (GEOTRACES Intermediate
Data Product Group, 2021). Grey shades denote the depth ranges with plume-associated enrichments in dissolved Mn (> ~0.25 nmol/kg) and Fe (> ~0.6 nmol/kg) above the
deep ocean background. Flagged value of Pb concentration is omitted for clarity. Thin, horizontal dashed lines mark the approximate depth horizons of major water masses.
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