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BIOGEOCHEMISTRY OF TRACE METALS IN EUROPEAN SHELF SEAS

by Dagmara Rusiecka

Shelf seas are considered an important source of trace metals (TMs) to the open ocean.
However, the processes controlling distributions of dissolved TMs (DTMs) in shelf seas, their
seasonal variability and the mechanisms facilitating off-shelf transport to the open ocean are not
well constrained. Reported here is the first seasonal study of the DTMs, cadmium (DCd), zinc
(DZn), nickel (DNi) copper (DCu) manganese (DMn), cobalt (DCo), aluminium (DAI) and lead (DPb)
and their contrasting biogeochemical behaviours in the Celtic Sea continental system.

Strong correlations (r2 = 0.91 - 0.97, n = 454) between nutrient-like metals (DCd, DZn, DCu,
DNi, DCo (surface waters only)) and macronutrients (phosphate (PO,>) and silicic acid (SiO4")
were observed over all seasons (autumn, spring and summer) indicating that biological uptake in
the euphotic zone and remineralization of sinking phytoplankton debris in deeper waters form
key controls on their distributions. The correlation between DAl and PO,> (r* = 0.80) and SiO," (r
= 0.85) in the upper waters (< 1500 m depth) mimicked the DZn distributions, which was a
surprising observation and requires further investigation. Variable DTM ratios relative to PO,
were observed across different seasons in off-shelf surface waters and for DCd and DZn (full
depth profiles) across the continental shelf. Observations from the Celtic Sea region suggest the
influence of distinct water masses, phytoplankton community structure and potentially metal
specific biogeochemical processes, on DTMs distributions on a seasonal time-scale.

Dissolved Co and Mn were more strongly influenced by scavenging and sedimentary inputs.
Vertical distributions of DMn showed a typical scavenged type behaviour with enhanced surface
waters concentrations from atmospheric inputs combined with photochemical stabilisation.

Enhanced DMn and DCo concentrations were observed close to slope sediments and extended



away from the shelf at intermediate depths. These observations were related to suspended
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sediments as indicated by increased signals in turbidity and short-lived ““°Ra and ““"Ra isotopes
(tracers of sediment inputs). This implies that resuspended shelf or slope sediments can act as a
source of DMn and DCo that can be transported to the adjacent open ocean. The full depth
relationship of DCo with PO,> revealed a shift in dominant biogeochemical processes controlling
DCo vertical distributions in the study region. While biological uptake and remineralization were
dominant processes in surface waters, as indicated by a strong correlation with PO, (r=0.89), a
gradual decoupling of DCo from PO,> at intermediate depths was suggestive of progressive
scavenging and less pronounced remineralization and a significant negative correlation (r = -0.72)
in deeper waters (> 1500 m depth) was suggestive of scavenging as the dominant process at these
depths.

Beside the natural sources of DTMs, anthropogenic activities have resulted in enhanced DTMs
emissions to the environment over the past centuries. Lead has a strong anthropogenic signal as a
result of the combustion of leaded fuel and coal. Presented here is the first combined DPb, labile
Pb (LpPb) and particulate Pb (PPb) distributions from the Celtic Sea since the phasing out of
leaded fuel in Europe. Concentrations of DPb in surface waters have decreased by 4-fold over the
last four decades. Nevertheless, a distinct anthropogenic Pb signal was observed from the
Mediterranean Sea at intermediate depths, showing that Pb can transported over long distances
(>2500 km). Benthic DPb fluxes exceeded the atmospheric Pb fluxes in the region, indicating the
importance of sediments as a contemporary Pb source. A strong positive correlation between
DPb, PPb and LpPb indicates a dynamic equilibrium between the phases and the potential for
particles to ‘buffer’ the DPb pool.

This study highlights the requirements of continuing efforts in regulating Pb emissions but also
of detailed seasonal TMs studies in coastal systems in future. Results reported here provide

insights into distinct biogeochemical processes in oceanographically dynamic shelf seas and

demonstrates the potential of Pb in constraining ocean circulation patterns.
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Chapter 1

Chapter1 Introduction

Preface

Our understanding of the biogeochemical cycles of iron (Fe) has improved substantially over
the last decades, yet other trace metals have not received as much scientific attention despite
their fundamental biological roles for marine organisms. To address the current gaps in our
knowledge, this PhD thesis examines specific biogeochemical processes determining the
distributions of the dissolved trace metals, aluminium (Al), cadmium (Cd), nickel (Ni), copper (Cu),
zinc (Zn), manganese (Mn), cobalt (Co), lead (Pb) in the Celtic Sea shelf environment over three
seasons, thus providing insights into trace metals cycling in an oceanographically dynamic shelf
system. This project forms part of a work package that studies the benthic and pelagic physico-
chemical speciation of Fe in the Celtic Sea and potential of the off-shelf transport within large
Shelf Sea Biogeochemistry (SSB) Programme. The overall aim of the SSB Programme is to gain
insights to carbon and nutrient cycles and their controls on primary production in the shelf sea
environment. The SSB Programme contributes to the GEOTRACES Programme as a process study.

The aim of chapter 1 is to provide the reader with a broad overview of biogeochemical cycling
of several trace metals in the marine environment. Each metal has unique chemical properties
and different sources and sinks. They are subject to specific processes related to chemical
complexation, biological uptake and consequently feature unique relationships with one another,
macronutrients and phytoplankton species. Further, in-depth discussion of distinct processes
influencing the biogeochemistry of trace metals in the Celtic Sea region are described in chapters
3 — 5. Certain metals are chosen as examples to describe specific biogeochemical processes, in
Chapter 1. Although this PhD thesis does not focus on the Fe biogeochemistry, in some instances
Fe, due to its complex marine cycling, is also included to compare and contrast the observations
made in this PhD project. For in depth description of physico-chemical speciation of Fe in the

Celtic Sea region reader is referred to the PhD thesis by A.Birchill (2017).
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1.1 History

Our understanding of marine concentrations and distributions of trace metals has expanded
tremendously since the early 1970s. This major advance in knowledge was associated with
improvement in analytical chemistry and ultra sensitive instrumentation along with
implementation of trace metal clean techniques. The progress in analytical techniques started
with the introduction of the graphite furnace atomic absorption spectrometer (GFAAS) in 1969, as
the first instrument which provided a sensitivity high enough to measure sub-nanomolar trace
metal concentrations (L'vov 1969), which are typical for the open ocean. The more recent
development of inductively coupled plasma mass spectrometry (ICP-MS) in 1983 offered even
lower sensitivities, greater precision and analysis speed along with simultaneous multielemental
analysis (Longerich 2012). Additionally to these ‘shore-based’ instruments, portable methods such
as stripping voltammetry and flow injection analysis (FIA) provided an opportunity for shipboard
analysis (Obata et al. 1993). Due to the ultra-low oceanic levels of TMs (Bruland & Lohan 2004),
contamination risk during sampling, sample handling and analysis is exceptionally high. These
issues led to development of TM clean working practices, specialised equipment (TM clean
sampling rosettes, laminar flow hoods) and laboratories with highly sensitive analytical

instrumentation.

1.2 The role of trace metals in marine organisms

Over the past four decades extensive experimental and field studies have revealed the
bioessential character of some TMs and thus their potential to control primary production and the
community structure of marine phytoplankton (Martin & Fitzwater 1988; Martin et al. 1990;
Tsuda et al. 2003; Landry et al. 2000; Browning et al. 2017; Moore et al. 2013). Iron has received
the most attention out of all TMs, because in some oceanic regions the Fe concentrations in
surface waters are sufficiently low to be limiting to phytoplankton growth (Moore et al. 2013).
These regions are characterised by high nitrate and low chlorophyll (HNLC) conditions, where Fe
concentrations are depleted relative to other nutrients leading to limitations of phytoplankton
community growth. Natural fertilization in the form of atmospherically deposited Fe enriched
volcanic ash has been observed in Fe depleted surface waters of the N. Atlantic and N. Pacific
Ocean (Achterberg et al. 2013; Olgun et al. 2011). In these oceanic systems, a substantial decline
in nitrate concentrations coincided with an increase in chlorophyll concentrations indicative of Fe
stress. Recent evidence from the South Atlantic gyre suggested that some regions can be Fe and
nitrate co-limited and that only simultaneous addition of both nutrients can stimulate the

phytoplankton growth (Browning et al. 2017). Interestingly, subsequent addition of Co or
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Table 1. Biochemical functions of metalloproteins within marine phytoplankton (Morel et al.
2003; Twining & Baines 2013).

Metal Protein Role
Cytochromes Electron transport in photosynthesis and respiration
Elect t ti hot thesi it
Ferrodoxin ectron transpor |n|c? olosyn esis and nitrogen
fixation
Nitrate and nitrite reductase Nitrate to ammonia conversion
Fe Nitrogenase Nitrogen fixation
Catalase Hydrogen peroxide to water conversion
Peroxidase Reactive oxygen species reduction
. . Superoxide disproportionation to hydrogen peroxide
Superoxide dismutase P prop YArogen p
and oxygen
Carbonic anhydrase Carbon dioxide hydration and dehydration
7n Alkaline phosphatase Phosphate esters hydrolysis
. . Superoxide disproportionation to hydrogen peroxide
Superoxide dismutase P brop YArogen p
and oxygen
O, — evolving enzyme Water oxidation during photosynthesis
Mn Superoxide disproportionation to hydrogen peroxide
Superoxide dismutase P brop YArogen p
and oxygen
Urease Urea hydrolysis
Ni Superoxide disproportionation to hydrogen peroxide
Superoxide dismutase P brop YArogen p
and oxygen
Plastocyanin Photosynthesis electron transport
Cu Cytochrome oxidase Mitochondrial electron transport
. . Superoxide disproportionation to hydrogen peroxide
Superoxide dismutase P brop YArogen p
and oxygen
Vitamin By, Carbon and hydrogen transfer reactions
Co
Carbonic anhydrase Carbon dioxide hydration and dehydration
. Carbon dioxide hydration and dehydration (observed
Cd Carbonic anhydrase y y (

only in diatoms)

Co-containing vitamin By, further enhanced the chlorophyll concentrations, suggestive of an

important role of other TMs. Several other elements, in particular first row transition metals,

manganese (Mn), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn) are also bioessential and form

active centres in metabolically vital metalloenzymes (Table 1) (Morel et al. 2003). Cobalt, Cd, Zn,

Ni and Cu form active sites of vitamins (e.g. cobalamin, Co) or enzymes such as carbonic

anhydrase (Zn, Co, Cd), urease (Ni) and plastocyanin (Cu) required in vital metabolic functions

such as uptake and assimilation of inorganic carbon and urea (Morel et al. 2003). Additionally,

biogeochemical cycles of Zn, Co, and Cd are linked through the biochemical replacement of one

another within carbonic anhydrase (CA) (Sunda & Huntsman 1995). On the other hand, low Zn

concentrations can accelerate the uptake rate of other trace metals, such as Co (Sunda &
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Huntsman 1995) and Cd (Sunda & Huntsman 1998a). However, some TMs at high concentrations
can also have a toxic and thus inhibitory effect on phytoplankton growth. Free Cu®* ions are
extremely toxic to marine organisms (Gledhill et al. 1997) at relatively low concentrations (10
M; (Sunda et al. 1987)) and (section 1.4.7), whilst eg. Pb has no biological function but is one of
the most toxic elements (WHO 1995) (section 1.5.3). Therefore, there is growing evidence for the
important biological roles of TMs other than Fe and because their marine cycles are closely
interlinked, they should not be considered as individual entities. Furthermore, trace metals
potentially influence the primary productivity and global carbon cycle through their bioessential
role in phytoplankton biological functions. These aspects are further discussed in section 1.4.6

and Chapter 3.

1.3 Biogeochemistry of trace metals in the global ocean

Seawater concentration profiles of most TMs have been measured in all oceanic basins
providing insights into their biogeochemical cycles. Seawater samples are usually filtered through
0.4 or 0.2 um membranes in order to separate smaller and thus potentially more bioavailable
species referred to as ‘dissolved’ from the ‘particulate’ fraction which is more inert with respect
to uptake by phytoplankton. Dissolved trace metals (DTMs) have been classified according to their
oceanic vertical depth profiles into: ‘nutrient-like’ (eg. DCd, DZn, DNi, DCu), ‘scavenged-type’ (eg.
DAIl, DMn, DPb) and ‘hybrid-type’ (DFe, DCo, DMn, DCu) (Bruland & Lohan 2004).

1.3.1 Nutrient-like trace metals

The distributions of dissolved nutrient-like DTMs eg. DCd, DZn, DCu, DNi resemble vertical
depth profiles of the major macronutrients (nitrate, phosphate and silicic acid), with depleted
concentrations in surface waters due to biological uptake and enhanced concentrations with
depth as a result of remineralization and dissolution of sinking organic matter (Chapter 3).
Nutrient-like TMs, similarly to macronutrients, are not susceptible to scavenging processes in
deep waters resulting in relatively long residence time of 40 000 — 50 000 years (Bruland 1980).
Consequently, their concentrations increase along the global ocean conveyor belt, as the deep
ocean waters age, and are distinctively higher in the older deep Pacific Ocean relative to the
younger deep Atlantic Ocean. As evident from Figure 1.1, strong interbasin fractionation is
observed in the vertical distributions of dissolved DCd, perhaps the most striking example of a
nutrient-like metal in the oceans. Boyle et al. (1976) reported the first cadmium distribution in
seawater and demonstrated a strong correlation of DCd with phosphate. Since then, remarkably

strong correlations with macronutrients of other nutrient-like TMs have been observed
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Figure 1.1 Profiles of dissolved cadmium (left) and phosphate (right) in the Pacific (red triangles)
and Atlantic Oceans (blue squares). Data taken from (Bruland et al. 1978) station 64 (Pacific
Ocean) and (Danielsson et al. 1985) station 87 (Atlantic Ocean, 48.3° N, 20.0° W).

throughout the global ocean, in the North Atlantic (Cd: Roshan & Wu 2015; Wu & Roshan 2015;
Yeats 1998), South Atlantic (Cd: Xie et al. 2015; Zn: Wyatt et al. 2014), Pacific (Cd: Boyle et al.
1976; Boyle 1988; Bruland 1980; Bruland et al. 1978; Roshan et al. 2017), Indian (Cd: Saager et al.
1992), and Southern Oceans (Cd, Zn: Saito et al. 2010). Consequently, nutrient-like TMs have been
used as paleoproxies for nutrient content of deep waters in the past (Boyle 1988). The fossil
record of e.g. Cd that strongly correlates with macronutrients in the present ocean may serve as
an indirect proxy of past nutrient conditions. Cadmium/calcium ratio in benthic foraminifera can
trace back past Cd concentrations, and through correlation with phosphate, can allow estimations

of macronutrient concentrations in the in the water column.

1.3.2 Scavenged type trace metals

The scavenged-type metals such as Al, Mn and Pb, have strong interactions with particles
resulting in a short residence time of < 100 — 1000 years in deeper waters (Bruland & Lohan 2004)
and 3 — 5 years in surface waters (Orians & Bruland 1986; Bacon et al. 1976; Nozaki et al. 1976))
(Chapter 4 and Chapter 5). In many ocean regions, scavenged-type metals exhibit surface water
maxima due to atmospheric inputs and photoreduction dissolution processes in case of redox
sensitive metals (e.g. Mn, (Sunda et al. 1983; Sunda & Huntsman 1988)). Dissolved Al is probably a
prime example of scavenging-type metals in the global ocean. It is the third most abundant
element in the Earth’s crust (Taylor 1964) yet it is present at nanomolar concentrations in
seawater (Bruland & Lohan 2004) (Figure 1.2) as a consequence of particle scavenging which acts
as a strong removal mechanism for the Al dissolved pool. The distributions of scavenged-type
dissolved metals are driven by proximity to their major sources such as inputs of atmospheric

dust, rivers, sediment resuspension and hydrothermal vents (Bruland & Lohan 2004). Because
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Figure 1.2 Left: profiles of dissolved aluminium in the Pacific (red triangles), Atlantic Oceans (blue
squares) and Mediterranean Sea (green circles). Data taken from: station ER-11 (Indian Ocean,
30.0°S, 65.0° E, G104 section (Thi Dieu Vu & Sohrin 2013)) station 39 (Atlantic Ocean, 2.5° N, 41.7°
W, GAO2 section, (Middag et al. 2015)) and from (Rolison et al. 2015): station 11 (Mediterranean
Sea, 37.4° N, 16.0° E, GAO4 section). Right: map showing station locations in the Indian (red
triangle), Atlantic Oceans (blue square) and in the Mediterranean Sea (green circles).

these metals have a high particle affinity, their concentrations tend to decrease with distance
from the source, thus can be used as source tracers. The main input of DAI to surface ocean is
particle dissolution from atmospheric dust, and thus Al has been used to estimate the dust inputs
to oceanic surface waters (Measures & Vink 2000). The highest DAl concentrations have been
observed in the Mediterranean Sea (up to 80 nmol kg™) due to inputs from the Saharan desert
(Rolison et al. 2015) with a build-up in deeper waters (up to 175 nmol kg). Due to the enclosed
nature of the basin, DAl concentrations in the Mediterranean Sea are significantly higher relative
to the open Atlantic and Indian Ocean basins (Figure 1.2). Furthermore, in contrast to the
nutrient-like metals, DAl concentrations in the Atlantic Ocean are elevated (Middag et al. 2015) in
comparison to the Indian Ocean. Basin fractionation of DAl is likely a consequence of higher dust
inputs over the Atlantic, Al particle affinity and progressive scavenging during water mass

transport along the global conveyor belt.

133 Hybrid type metals

Dissolved TMs such as Co, Mn and Fe are subject to biological uptake, remineralization,
scavenging processes, with concentrations influenced by the magnitude of their local sources.
These elements consequently exhibit hybrid-type vertical distributions (Figure 1.3) (Chapter 4).
Similarly to nutrient-like depth distribution (Figure 1.1), DCo vertical profile is observed to have
low (picomolar) concentrations in surface waters (due to biological uptake) that increase with

depth (through remineralization of sinking organic particles) and decrease in deeper waters, due
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Figure 1.3 Dissolved cobalt vertical depth profile

in the North Atlantic. Data taken from IDP 2017,

solution, with scavenging at depth. station 1 (39.7° N, 14.2° W) section GA04,
(Rolison 2016).

MnO, to Mn(ll), which retains Mn in

However, as a result of sedimentary

inputs, DMn concentrations may increase towards the seafloor (Laés et al. 2007).

1.4 Sources and sinks of trace metals

14.1 Deep oceanic waters and internal recycling

Remineralisation of sinking particles in the oceanic waters is a primary source of nutrient-like
DTMs such as Cd, Zn, Ni and Cu to the water column. Metals are assimilated within biogenic
particles in surface waters that sink and remineralize in deeper waters subsequently releasing
DTMs and macronutrients. Nutrient-rich deeper waters can return to surface waters through
vertical mixing, upwelling and winter overturning (Biller & Bruland 2013; Porter et al. 2016;
Birchill et al. 2017). Similarly to macronutrients, TMs undergo multiple cycles in the water column
until eventual export to sediments in the form of larger particles or particle aggregates (Hutchins

& Bruland 1994).

1.4.2 Rivers

The average concentrations of DAI, DMn and DFe in rivers is in the micromolar range, which is
three orders of magnitude higher relative to the nanomolar concentrations observed in the global
ocean (Gaillardet et al. 2003; Bruland & Lohan 2004). The significant decrease in DTM

concentrations across the river-sea interface is a reflection of estuarine removal mechanisms with
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complex chemical processes such as flocculation, salting-out and sedimentation (Boyle et al.
1977). In river waters DTMs are mostly present as colloids (0.02 — 0.2 um) that are organically
coated and slightly negatively charged (Howard 2005). Once DTMs enter more saline estuarine
environment with higher ionic strength, compression of the colloidal double layer and immediate
precipitation occur (Boyle et al. 1977). For example, a significant decline in DMn concentrations
from 729 to 36.4 nM (95%) in the Severn estuary has been observed in the freshwater to
seawater interface (Morris 1984). However, estuarine flocculation of DTMs does not necessarily
mean complete removal of dissolved species as portion of the suspended particulate matter may
remain in suspension in the form of colloids (Gustafsson et al. 2000; Mayer 1982). Additionally, in
the coastal environment particulate TMs may be released back to the water column through
several processes including diffusive benthic inputs of redox sensitive metals (Mn, Co, Fe, Cu)
(Froelich et al. 1979; Stockdale et al. 2010; Heggie & Lewis 1984) and sediment resuspension (Laés
et al. 2007) and/or stabilized by the organic matter (Rue & Bruland 1995) and thus, may be
available for transfer to the open ocean (Noble et al. 2017; Laés et al. 2007). Therefore, the total
fluvial flux to coastal environment can still be significant (Table 2). However, the estimation of
fluvial fluxes of TMs is difficult due to complexity of estuarine processes and scarce sampling of

the major systems that requires specialised equipment and TM clean techniques.

Table 2 Fluxes of trace metals to the Ocean or coastal waters. River fluxes do not take into
account estuarine removal processes and atmosphere fluxes represent total (dry + wet)
depositional fluxes.

Element Riverl . Atmosphere (umol m? yr™) Sedimt_aznts_l
(kmol yr™) Open ocean Coastal/Seas (umol m™yr™)

Al 44 444 100 - 2000 590 — 10 000 -
cd 26.7 0.21-0.80 0.20 - 38 -
Pb 14.5 0.068 — 7.0 0.01-4.54 9.9-15.09
Mn 23133 0.73-10.4 10 - 170 140 - 4850
Fe 44 265 132 - 600 220 - 4570 17 — 1570 &8
Co 93.4 0.042 —0.46 0.6-6.6 100
Cu 866 0.63-16 5.0- 205 -
Ni 511 1.4-15 6.3-66 1.6+0.6®
Zn 352 0.37-21 50 - 1370 2.4%079

fal (Gaillardet et al. 2003), [b] Atmosphere: (Mason 2013 and references therein), [l Rusiecka et
al. 2018, (d (van der Zee et al. 2001; Berelson et al. 2003; Landing & Bruland 1987; Charette et
al. 2016; McManus et al. 2012; Sanial et al. 2017; Scholz et al. 2011), tel (Elrod et al. 2004), y
(Sanial et al. 2017), ® (Warnken et al. 2001).
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1.4.3 Atmosphere

The atmosphere is one of the main sources to the surface ocean of land derived bioessential
metals such as Fe, Mn and Co (Jickells 2005; Rijkenberg et al. 2014; Noble et al. 2017) and a major
source of Al and Pb (Measures et al. 2008; Middag et al. 2015; Wu & Boyle 1997). It is particularly
important in remote oceanic regions where it serves as an important way of metal transport to
surface waters. A good example are HNLC regions, where Fe availability can affect the primary
production (Boyd & Ellwood 2010a). Natural fertilization of Fe-depleted surface waters through
volcanic-derived ash particles stimulated phytoplankton growth and nutrient drawdown in the N.
Atlantic and N. Pacific (Achterberg et al. 2013; Olgun et al. 2011). The concentrations of DMn are
typically elevated relative to deeper waters due to atmospheric Mn inputs, with concentrations
maintained by photoreduction processes that alter the redox state of Mn from insoluble Mn (IV)
to soluble Mn (ll) species (Sunda et al. 1983; Sunda & Huntsman 1988). Aluminium surface waters
concentrations are strongly driven by the proximity and magnitude to dust sources. The DAI
maximum in surface waters (> 30 nmol kg™) observed in the Western North Atlantic was
associated with long range Atlantic Saharan dust transport (Middag et al. 2015). Lead is another
example of atmospherically supplied metal that strongly impacts the surface water
concentrations. In contrast to Al, the vast majority of Pb in the atmosphere comes from
anthropogenic high temperature activities such as leaded fuel and coal combustion (J. F. Wu &
Boyle 1997; Lee et al. 2014). A DPb maximum (~160 pmol kg™) in surface waters was observed at
the peak of the leaded fuel utilization in 1970s when the clean air act was put in place due to toxic
Pb properties. Lead concentrations decreased (< 20 pmol kg™) since the implementation of the
leaded fuel phase out process and strict environmental regulations (Boyle et al. 2014; Bridgestock
et al. 2016) as a result of lower Pb inputs to the atmosphere.

Various processes influence the surface water concentrations of atmospherically derived
metals, including the deposition mechanism, particle source, particle size and distance from the
source. The solubility of atmospheric particles varies between the wet and dry deposition
mechanisms, with the first delivering more DPb to surface waters (Bridgestock et al. 2016) and
the importance of these mechanisms varies temporally and spatially (Powell et al. 2015; Patey et
al. 2015; Baker et al. 2013). The solubility of atmospheric particles is strongly related to their
source and character, while Al in lithogenic particles is less soluble (0.45%) due to incorporation
into refractory aluminosilicate matrices, anthropogenically derived metals (eg. Pb, Zn, Cu) usually
adsorbed onto particle surfaces are more soluble (up to 90%) (Jickells et al. 2016; Luo et al. 2008;
Thurdczy et al. 2010). Additionally, anthropogenic aerosols are usually dominated by the smaller
size particles that therefore can be transported long distances prior to deposition (Jickells et al.

2016).
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The estimation of atmospheric fluxes of TMs to surface waters is difficult due to expensive ship
deployments and a lack of sufficient number of remote sites across the oceanic basins that would
provide routine sampling opportunities. The North Atlantic Ocean has seen routine and long term
sampling at eg. Bermuda Atlantic Time Series (BATS) station (Tian et al. 2008), Cape Verde (Patey
et al. 2015) and intensive ship sampling (Baker et al. 2013; Powell et al. 2015) delivered by the
international SOLAS and GEOTRACES Programmes and the Atlantic Meridional Transect (AMT)
time series. Yet, the majority of remote oceanic regions is still heavily under sampled.

The distinct influence of atmospheric inputs of certain DTMs can also be observed at oceanic
intermediate depths. Lead and aluminium are excellent examples of atmospherically derived
metals that were subducted into the ocean interior and transported long distances (Noble et al.
2015; Measures et al. 2015; Zurbrick et al. 2018; Bridgestock et al. 2018; Rusiecka et al. 2018)
Thus, these elements can be used to trace water mass transport and oceanic circulation patterns.

These aspects are further discussed in Chapter 5.

1.4.4 Sediments

Sediments of continental shelves and shelf breaks are important source of DTMs to overlying
waters with potential subsequent transfer to the open ocean (Elrod et al. 2004; Sanial et al.
2017). As mentioned in previous sections, particles enter coastal waters through the atmosphere
and rivers and can ultimately be deposited in sediments. Particulate metals that settle in
sediments can return to the dissolved phase of pore waters through reductive dissolution and
with potential of subsequent diffusion to water column (Froelich et al. 1979; Klar et al. 2017) or in
form of nanoparticle/colloids (Homoky et al. 2013) or via physical resuspension (bottom current,
storms, internal tides, tides) (Kalnejais et al. 2007). In sediments oxygen is depleted due to
microbial decomposition of organic carbon, which may lead to anoxic conditions (Froelich et al.
1979). As oxygen is depleted, redox reaction utilize alternative electron acceptors (oxidants) in
the following energetically favourable order: 0, > NO;” > Mn** > Fe** > 50,% > CO, (Froelich et al.
1979). Consequently, this leads to reductive dissolution of insoluble species (Fe**, Mn*) and
distinctive depth zones in sediments where the maximum concentration of soluble species (Fe',
Mn*"/Mn?*) is observed (Froelich et al. 1979). Microbial reduction processes can produce large
inventories of the soluble metal species in porewaters that can partially (13 — 29% (Sundby &
Silverberg 1985)) be released to the water column through diffusion, tidal pumping or sediment
resuspension (Elrod et al. 2004; Johnson et al. 1992; Warnken et al. 2001; Klar et al. 2017). From a
thermodynamic point of view, it is assumed that the vast majority of the soluble species Fe** and
Mn?* released to oxic conditions in seawater are rapidly oxidised and return to sediments as oxi-
hydroxide precipitates (Liu & Millero 2002; Sundby & Silverberg 1985). The magnitude of the

benthic TMs inputs to the overlying waters depends on several factors, including sediment and
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bottom water oxygen concentrations (Lohan & Bruland 2008), the amount of organic matter
(Slomp et al. 1997), pH of sediments (Hong et al. 2011; Atkinson et al. 2007), sediment type
(Komarek & Zeman 2004) and the amount of suspended solids.

Manganese and Fe are redox sensitive metals that undergo abovementioned reductive
dissolution related to organic matter oxidation in sediments. It has been observed that the redox
conditions of sediments and the quantity of organic matter deposited in sediments may
determine if the sediments become sufficiently depleted in O, and NOs;™ to cause Fe and Mn
reduction with subsequent release to overlying water column (Lohan & Bruland 2008; Slomp et al.
1997). Some other TMs, such as Pb are pH sensitive and the Pb solubility increases with decline in
pH, and below pH 5, Pb is mostly present as soluble Pb** species (Marani et al. 1995). However, in
particle-rich benthic boundary layers, dissolved species may be adsorbed on particle surfaces and
consequently be scavenged (Homoky et al. 2016). Furthermore, two other mechanisms have been
shown to maintain dissolved species in oxic seawater. Association of metals with colloids (0.02 —
0.2 ) that have longer residence time in seawater in comparison to bulk sediment particles due to
large surface area to volume ratio and/or organic complexation of metals with dissolved organic
compounds, preventing metals precipitation (Boyd & Ellwood 2010; Klar et al. 2017; Homoky et al.
2011; Homoky et al. 2013). Some other bioessential metals (eg. Co) and contaminants (eg. Pb) are
associated with Fe/Mn precipitates and thus can also be released along with Fe and Mn following
reduction of these elements (Stockdale et al. 2010; Heggie & Lewis 1984; Lee et al. 2015; Noble et
al. 2015; Rusiecka et al. 2018). Our knowledge about the mechanisms of benthic release of
elements other than Fe and Mn is underdeveloped. Further discussion of sedimentary TMs
sources and challenges of flux calculations can be found in section 1.5.1 and sedimentary inputs

of Mn and Co are reported in Chapter 4 and of Pb in Chapter 5.

1.4.5 Hydrothermal vents

Submarine hydrothermal activity has been observed in all oceanic basins (Beaulieu et al. 2015)
and vents release high concentrations of TMs into the deep ocean (Edmond et al. 1979; Von
Damm et al. 1985). When seawater penetrates downward into the fractured Earth’s oceanic crust,
it is heated up to 400 — 500° C and chemically modified through reactions with the rocks. At high
temperatures fluid rises rapidly back to the deep ocean and is expelled into the overlying waters,
often in the form of black smoke. The hydrothermally supplied fluids act as a source of a range of
dissolved TM species eg. DMn and DFe but also act as a sink of a range of eg. DPb, DCu. In the
Pacific Ocean, elevated DFe, DMn (Hatta et al. 2015) and DAI concentrations (Measures et al.
2015) propagated thousands of kilometres into the ocean interior, whilst concentrations DCu
(Jacquot & Moffett 2015) and DPb (Noble et al. 2015) were reduced relative to seawater above

and below the plume. The dissolved species released from the hydrothermal vents precipitate
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upon contact with significantly colder seawater in form of sulphide and oxide metal rich particles
or are scavenged onto particles (Jacquot & Moffett 2015; Noble et al. 2015; Metz & Trefry 1993;
Zierenberg et al. 2000; German et al. 1991). Similarly to riverine and sedimentary inputs, metals
may remain in solution through organic complexation or in form of colloids and nanoparticles

(Sander & Koschinsky 2011).

1.4.6 Biological uptake and scavenging

The main two mechanisms of TM removal from the seawater are active biological uptake or
passive scavenging onto particle surfaces. Nitrogen and phosphorus are assimilated and removed
from the surface oceanic waters at a so called ‘Redfield ratio’ (Falkowski 2000) and with more
recent acknowledgments of the bioessential roles of TMs, this ratio has been extended to TMs
(‘extended Redfield Ratio’ (Ho et al. 2003)). However, the relationship of TM:C can vary over a few
orders of magnitude depending on metals availability in surface waters (section 1.2) (Sunda &
Huntsman 1995; Sunda & Huntsman 1998a), phytoplankton species and their biochemical
demands (Finkel et al. 2007; Twining & Baines 2013), and/or oceanic regime (Twining & Baines
2013). Finkel et al (2007) showed highly variable Cd:P ratios in various phytoplankton species
ranging from almost 50 fold higher in coccolithophore relative to cyanobacteria. Additionally, the
biochemical demand of coastal species in comparison to their open ocean relatives can also span
over a large range. Furthermore, as discussed in section 1.2, it has been shown that DTMs such as
Cd, Co and Zn can replace each other in enzymes (Price & Morel 1990; Morel et al. 1994; Sunda &
Huntsman 1995) confirming the complexity of biogeochemical interactions of TMs in the marine
environment. Further discussion of TMs and biological interactions can be found in Chapter 3.

Distributions of DTMs such as DPb, DAI, DMn, DCo and DFe are strongly influenced by the
passive adsorption onto wide variety of particle surfaces (Bruland & Lohan 2004; Noble et al.
2012) ranging from dead or living biogenic particles, Fe and Mn oxyhydroxides, CaCOs, opal,
lithogenic matter (Lam et al. 2015), but also by oxidation by Mn-oxidizing bacteria (DMn and DCo)
(Moffett & Ho 1996). The high particle affinity of these metals results in scavenging and hybrid-
type vertical depth distributions as described in section 1.3. However, the rates of scavenging and
affinity for different type of particle differs between DTMs. Basin scale plumes of DFe, DMn and
DCo have been observed in Benguela — Angola oxygen minimum zone (Noble et al. 2012).
Interestingly, concentrations of these metals extended to a different degree into the Atlantic,
which was associated to specific scavenging rates of each metal. Whilst, DFe was scavenged the
fastest (0.0025 km™), DMn was 2.5 times slower (0.001 km™) and DCo concentrations gradient did
not change significantly away from the coast. The distinctively lower DCo concentration gradient
relative to DMn was attributed to either lower DCo concentrations present in seawater,

preferential oxidation of DMn relative to DCo or a different degree of complexation of Co.
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Although scavenging has been established as one of the key processes controlling DTMs
distributions in the marine environment, our understanding of the exact mechanisms is still poorly

constrained with consequences for the success of ocean biogeochemical models.

1.4.7 Organic matter complexation

Some bioessential TMs are present in seawater as chelates with metal binding organic ligands,
e.g. Fe (Gledhill & van den Berg 1994), Zn (Bruland 1989; Ellwood & Van den Berg 2000) Cu (Coale
& Bruland 1988; Buck & Bruland 2005), Co (Saito & Moffett 2001; Saito et al. 2005) Ni (Nimmo &
Chester 1993; Nimmo et al. 1989) and Cd (Bruland 1992). Although the exact structure of these
complexes is still largely unknown, their crucial roles in marine ecosystems has been shown to
control metals concentrations and bioavailability and to reduce metals toxicity. Free Zn** ions are
assumed to be easily assimilated by the phytoplankton species (Sunda & Huntsman 1995), yet up
to 98% of the total DZn pool is present as organic complexes, thus potentially influencing Zn
bioavailability (Bruland 1989; Ellwood & Van den Berg 2000). In contrast, free Cu** cupric ions are
soluble in seawater but highly toxic to marine organisms (Brand et al. 1986). However, more than
99% of DCu pool is organically complexes, thereby reducing Cu toxicity (Coale & Bruland 1988;
Buck & Bruland 2005). On the other hand, organic complexation stabilizes DCo (90%) and DFe
(99%), which reduces their susceptibility to particle scavenging and precipitation in seawater and
thus, maintains their bioavailable dissolved pools (Saito & Moffett 2001; Rue & Bruland 1995).
Therefore, organic complexation plays an important role in distributions and bioavailability of TMs

in seawater.

1.5 Shelf seas and the marine cycle of trace metals

Shelf seas cover ~9% of the global ocean area and comprise < 0.5% of its volume, yet feature a
2.5 times greater carbon fixation rate relative to the open ocean (Simpson & Sharples 2012).
Coastal systems contribute to 16% of global oceanic primary production and > 40% of the total
annual particulate organic carbon export and therefore have a disproportionate impact on the
marine carbon cycle (Simpson & Sharples 2012; Muller-Karger et al. 2005). Shelf seas may be an
important source of TMs to the open ocean due to their proximity to the major TMs sources
(section 1.4). Although the crucial role of various TMs in carbon uptake processes and thus their
potential influence in the biological carbon pump have been reported, detailed studies of TMs
biogeochemistry in productive shelf sea systems are scarce. Moreover, considering that coastal

waters are subject to increasing anthropogenic impacts, with their potential for the off-shelf
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transport of bioessential metals and contaminants to the open ocean, detailed shelf sea studies

are required.

1.5.1 Shelf sediments as a source of trace metals

Only recently sediments have been recognised as an important, if not major source of
bioessential DMn, DCo, DCu, DFe metals but also of contaminants (DPb) to overlying waters (Elrod
et al. 2004; Sanial et al. 2017; Laés et al. 2007; Noble et al. 2012; Biller & Bruland 2013b; Rusiecka
et al. 2018) (section 1.4.4). Shelf seas, due to their large sediment — water interface have the
potential to facilitate high sedimentary fluxes. In case of DFe, shelf sediment may be a greater
source than the global atmospheric flux to the ocean (Elrod et al. 2004). Local sedimentary fluxes
of DMn, DCo and DPb are reported to exceed the atmospheric inputs to the water column in the
Peruvian and Celtic Sea continental margin (Sanial et al. 2017; Rusiecka et al. 2018). Distinct
benthic inputs of TMs have also been observed in other marginal regions eg. Angolan (Noble et al.
2012), Bay of Biscay (Laés et al. 2007; van der Zee et al. 2001) Kerguelen Plateau (Bown et al.
2012), Monterey Bay (Berelson et al. 2003; Landing & Bruland 1987) and along the Californian
coast (Biller & Bruland 2013; Elrod et al. 2004; McManus et al. 2012).

The benthic fluxes of TMs are difficult to estimate. Beside the complexity of natural processes
influencing the benthic TMs release as described in section 1.4.4, a choice of accurate method for
the flux measurement may be an important factor (Homoky et al. 2016). Various approaches have
been implemented to calculate the sedimentary fluxes of TMs (Table 3). The diffusive benthic flux
can be estimated using vertical TM distributions in porewaters, in situ benthic chambers and core
chambers incubators, or Radium (Ra) sedimentary input tracer measurements (Homoky et al.
2016). Porewater estimations rely on metal concentration gradient between metal enriched
porewaters in sediments and overlying seawater and with the assumption of the Fick’s first law of
diffusion, a benthic flux can be quantified (Homoky et al. 2016). These estimates assume that
diffusion is the only mechanism of metal transport, which may lead to flux underestimation due
to influence of other processes such as advection and physical mixing (eg. bottom currents) and
biological activity (bioturbation and bioirrigation) (Homoky et al. 2016). Benthic chambers,
enclosed containers deployed and maintained over the sediments that directly measure the flux
at in situ conditions, tend to take into account the biological aspect but similarly to porewaters

223
Ra among

measurements, not the physical component (McManus et al. 2012). Radium-224 and
several other radioisotopes, have been successfully implemented for the estimations of benthic
TM release fluxes. Short-lived *Ra (11.43 days) and ***Ra (3.66 days) are continuously produced
through the decay of thorium (227Th and 228Th) isotopes in sediments as their primary source
(Moore 2000). In contrast to particle reactive Th, Ra is soluble in seawater and thus diffusive

fluxes can be estimated (Sanial et al. 2017). Considering their short half lives, these radioisotopes
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are perhaps the most suitable to calculate recent benthic inputs to seawater. However, short-
lived Ra isotopes require high seawater volumes and on-board isotope measurements (Moore
2000).

The magnitude of DMn fluxes estimated in various marginal regions (Table 3) and extrapolated
to the global shelf area (3 x 10" m?, (Menard & Smith 1966)) differ by more than an order of
magnitude (Figure 1.4). The uncertainty in the estimate is related to difficulties in accurate flux
measurement, the complexity of processes that influence sedimentary inputs, and the variations
between geographical areas that span from upwelling regions (Californian coast), Oxygen
Minimum Zones (Peruvian margin), slopes with high turbidity (Iberian margin). When a similar
approach was applied to DFe flux estimates, the range spanned 2 — 4 orders of magnitude (Birchill

2017).

Table 3 DMn sedimentary flux estimates in various ocean margin regions.

. DMn sedimentary
Region 2 Method References
flux umol m™ yr
. ) (van der Zee et al.
70-4 P t
Iberian margin 370-4850 ore water 2001)
In situ
Berel tal.
Monterey Bay 3560 incubation (Berelson et a
2003)
chamber
) (Landing & Bruland
14 tt
Monterey Bay 0 Sediment traps 1987)
Charette et al.
22 228R (
New England 0 a 2016)
) . Benthic (McManus et al.
Oregon/California 2900 + 1800 chamber 2012)
Peruvian margin 3300 ®Ra (Sanial et al. 2017)
Peru upwelling 400 Pore water (Scholz et al. 2011)
1.5.2 Trace metals transport within nepheloid layers

Nepheloid layers (NLs) may enable off-shelf transport of DTMs to the open ocean (Noble et al.
2017; Laés et al. 2007). They can be described as plumes or clouds of suspended particulate
matter that occur near the seafloor in bottom waters (benthic NLs (BNLs)) and at intermediate
depths (intermediate NLs (INLs)). These phenomenon are typically observed on continental
shelves, continental slopes and within submarine canyons due to enhanced physical
oceanographic mechanisms generating sediment resuspension, internal tides, internal waves and
slope currents in these regions (McCave et al. 2001). Nepheloid layers can propagate off-shelf

over long distances along isopycnal surfaces (Gardner et al. 2017), thus serving as a potential

15




Chapter 1

16.00

14.00 A
12.00
10.00 A
8.00 -
6.00 -
4.00
2.00
0.00 |
é{}(\

Figure 1.4 Global flux of dissolved manganese from shelf sediments, based on extrapolations of
observations from different locations. The method of extrapolation is the same as that used in by
Elrod et al. 2004 with dissolved manganese flux in various regions to the global shelf area of 3 x
10" m? (Menard & Smith 1966). The data comes from the following sources: Iberian margin (van
der Zee et al. 2001), Monterey Bay (Berelson et al. 2003) and (Landing & Bruland 1987), New
England margin (Charette et al. 2016), Oregon/Californian coast (McManus et al. 2012) and
Peruvian continental margin (Sanial et al. 2017) and (Scholz et al. 2011).

m-2yrl)

Global flux of dissolved manganese
from shelve sediments (10° mol Mn

mechanism for the long range transport of TMs to the open ocean. Yet, very little is known about
the role of NLs in the off-shore transport of TMs due to their transient and unpredictable nature
and scarce sampling opportunities. Recently, commercial bottom trawling activities have been
recognised as one of the biggest anthropogenic impacts on the seafloor and consequently a major
driver of sediment transport at depths below the reach of storm waves, feeding enhanced NLs
(ENLs) to the water column (Martin et al. 2014). Enhanced NLs have an order of magnitude higher
concentrations of suspended particulate matter (SPM) in comparison to naturally occurring INLs
(Wilson 2016). Therefore, ENLs have the potential to enhance DTMs off-shelf transport. However,

this aspect and its environmental consequences is lacking direct observations.

1.5.3 Anthropogenic impact on trace metals distributions in marine environment

Coastal marine ecosystems are subject to enhanced anthropogenic disturbances due to the
proximity of persistent and pronounced chronic land based pollution (Halpern et al. 2008) (Table
4), with prediction of the British and Norwegian shelf seas to be the most impacted by humans
activities in Europe (Halpern et al. 2008). More than 40% of the global population lives in areas

within 200 km of the ocean and 12 out 15 major cities are coastal and host to much of industrial
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activity, and with expanding global population and rapidly growing technological requirement of
the society this results in increasing chemical pollution (Visbeck 2018). Many of the metals that
form the focus of this thesis (Cu, Zn, Cd, Pb, Co) are economically important to society (Table 4),
and therefore have been extracted from the Earth’s crust and consequently remobilised from
their natural phases and released to the environment as a result of industrial processes. These
metals enter the marine environment through high temperature processes, fossil fuel
combustion, waste water run-off, mining and smelting activities (Wu & Boyle 1997; Garcia-
Ordiales et al. 2017; De Vleeschouwer et al. 2007). Lead is one of few elements for which the
impact of human activity on the marine environment is clearly evident. It is a toxic element to all
living organisms and may cause health impacts upon exposure to high levels (World Health
Organization 1995). Yet, humans have introduced large amounts of Pb into environment and
anthropogenic perturbation of the natural biogeochemical cycle of Pb in the ocean that dates
back to at least ~1850 (Kelly et al. 2009). High temperature activities, coal and leaded fuel
combustion serve as major sources of anthropogenic Pb to the atmosphere (Kelly et al. 2009; Wu
& Boyle 1997) in the form of fine aerosol particles that can travel long distances, and are
deposited in remote ocean areas (Kumar et al. 2014; Véron & Church 1997). Consequently,
surface ocean concentrations of DPb reaching >190 pmol kg™ were observed during the peak of
the Pb emissions in 1970-80 (Laumond et al. 1984). Anthropogenic Pb has entirely masked signals
of naturally sourced Pb (understood to be ca. 2.2 pmol kg™ in surface waters (Henderson & Maier-
Reimer 2002)). To date, leaded fuel has been virtually phased out (except in 3 countries, as of
March 2017, UNEP), and overall Pb emissions in Europe have decreased by 63% between 2000 —
2015 (European Environment Agency 2017). Consequently, Pb concentrations in surface waters
have decreased significantly from ~170 to <15 pmol kg™ (Boyle et al. 2014), leading to natural Pb
signatures re-emerging in the North Atlantic (Bridgestock et al. 2016; Zurbrick et al. 2018). Recent
findings from the European coastal waters indicated sediments rather than the atmosphere, as a
contemporary source of Pb to overlying waters as a result of historical Pb deposition in sediments
(Rusiecka et al. 2018). In contrast, surface waters Pb concentrations have increased to > 100 pmol
kg™ in the Pacific Ocean (Gallon et al. 2011) and > 80 pmol kg™ in the Indian Ocean (Echegoyen et
al. 2014), suggesting an increase of anthropogenic lead inputs to these oceanic basins. Elevated
Pb concentrations in these regions are a result of industrialization, late phase-out and limited
environmental regulations. The total Pb emissions from Asia in 1989 exceeded those in the U.S. by
at least 3 — 4 fold (Bollhéfer & Rosman 2001), and in 2005 Pb emissions from coal combustion in
China exceeded those from historical leaded fuel combustion (Lee et al. 2014). The anthropogenic
pollution of the natural environment is usually associated with the start of the ‘Industrial
Revolution’ in the mid-nineteenth century. However, recent evidence revealed that Pb pollution
can be dated back to the Roman Empire (~2000 years) (De Vleeschouwer et al. 2007; More et al.

2017) with significant decline in Pb inputs that coincided with the time of the Black Death
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pandemic in Europe (~1349 — 1353 C.E.) (More et al. 2017). Therefore, the only time when
humans reduced atmospheric lead pollution was when the population and thus anthropogenic
activities were drastically reduced.

Major anthropogenic sources of other trace metals from mining, smelting and fossil fuel
combustion have left a large legacy in the worldwide environment (Garcia-Ordiales et al. 2017)
(Table 4). Metals such as Cu, Zn and Pb have been dissipated for centuries into the environment
through ore mining and smelting, yet the maximum inputs occurred during the Industrial
Revolution in mid-nineteenth century (De Vleeschouwer et al. 2007; Eckel et al. 2002). Although
the mining activities have decreased over the last few decades, their continuous inputs to the
environment are still significant through uncontrolled release of metals from mining wastes
(Delgado et al. 2011; Jabtonska-Czapla et al. 2016; Abraham & Susan 2017).

The economic market for Co has expanded tremendously in recent years through the
application of Co in for example lithium oxide cathode based batteries (Scrosati & Garche 2010).
Inappropriate disposal of Co based batteries and Co alloys along with burning of fossil fuels and
smelting (Kim et al. 2006; Banza et al. 2009) will likely increase in future and potentially serve as
an anthropogenic Co source to the marine environment. In case of Pb, the estimation of its
natural concentrations is difficult due to severe environmental pollution before any reliable
measurements had been taken. In order to avoid the same mistake with Co and other TMs,
understanding the natural cycle is critical to allow the assessment of the potential anthropogenic

impacts on the marine environment in future.

Table 4 Examples of trace metals commercial applications and environmental release

Metal Application Anthropogenic environmental release
Al Cans, foils, aeroplane parts, alloys with Mining, ore extraction, coal combustion,
Cu, Mn, Mg, Si waste incinerators
cu Electrical equipment, coins, motors, Mining, smelting, agriculture, sewage due to
roofing, plumbing the corrosion of copper plumbing.
7n Galvanised steel, transportation, Mining, smelting, steel production, coal and
bridges, electricity alloys with Ni and Al waste combustion
. . . Non-ferrous metal production, stationar
Ni-Cd batteries, electroplating, alloys . .p . . Y
Cd with Cu fossil-fuel combustion, waste incineration,
iron and steel production, cement production
. . . Leaded fuel and fossil-fuel combustion, waste
Leaded fuel, plumbing, paint, batteries .. ) .
Pb o incineration, production of non-ferrous
ammunition .
metals, iron, steel and cement
. . . Fuel and coal combustion, mining, waste
. Electroplating, alloys with Fe, Al, Si, Cd- . . &
Ni . . . incineration, sewage sludge, steel
Ni batteries, coins
manufacture
Co based magnets, turbines, . .
) ) ) Inappropriate battery disposal, coal
Co electroplating, paint, batteries . . .
. . combustion, mining, ore extraction
Inappropriate battery disposal
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1.6 Aims and hypotheses

The overall aim of this study was to provide insights into seasonal biogeochemical seasonal
cycling of trace metals (TMs) in the North-West European continental margin. Seawater sampling
consisted of three research cruises in the Celtic Sea in autumn (DYO018), spring (DY029) and
summer (DY033) and land based multielement analysis. This study examines the seasonal and
temporal variability of DCd, DZn, DNi, DCu, DCo, DMn, DAl and DPb along full depth sections in
the Celtic Sea region. The thesis is based around contrasting biogeochemical behaviours of these

metals, and thus split into 3 hypotheses with supporting objectives:

* Hypothesis 1: Off-shelf vertical distributions of DCd, DZn, DNi and DCu in the Celtic Sea
strongly correlate with macronutrients over all seasons due to biological uptake and
remineralization processes. In shelf waters, DTM distributions de-couple from
macronutrients due to multiple TM sources, and modifications in the coastal zone of
oceanic and fresh waters.

* Hypothesis 2: Shelf sediments supply DMn and DCo to overlying waters. Off-shelf
transport of DMn and DCo within nepheloid layers is a persistent feature at the
continental margin.

* Hypothesis 3: DPb concentrations in surface waters have decreased since the last
reports (1995) due to the phasing out of leaded fuel in Europe (between 1980 and

2011) and implementation of strict environmental regulations
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Chapter2 Methods

The aim of this chapter is to describe the methods used to determine concentrations of
cadmium (Cd), zinc (Zn), nickel (Ni), copper (Cu), manganese (Mn), cobalt (Co), lead (Pb) and
aluminium (Al) that form the primary focus of this thesis. Described are also methods used by
other researchers and can be found in Appendix A. The results from other researchers were used

to support the interpretation of dissolved trace metals results.

21



Chapter 2

2.1 Introduction

Accurate and precise measurements of trace metals (TMs) in seawater are critical to gain
insights into their marine biogeochemical cycles. The major challenges associated with this task
are related to the extremely low TM concentrations in seawater (10'6 -10" M), the seawater
sample matrix and ubiquitous contamination risks from reagents and plastic labware and during
sample collection and handling. As mentioned in Chapter 1, technological advances and
implementation of TM ultra-clean techniques (Cutter et al. 2010; Achterberg et al. 2001) have
resulted in the collection of reliable, high quality TM data from all oceanic basins. Additionally,
extensive efforts have been put into the production of consensus seawater material (SAFe

GEOTRACES, http://es.ucsc.edu/~kbruland/) as a robust method to check the accuracy of the

results produced by various analytical methods. A thorough description of all critical steps in ultra-
clean TM sample collection and handling can be found in the ‘Sampling and Sample-handling
Protocols for GEOTRACES cruises’ (Cutter et al. 2010), here a brief overview of aspects relevant to

the work undertaken in this research is provided.

2.2 Study region and sampling plan

Samples for TM analysis were collected on three separate cruises in the European continental
shelf and slope region of the Celtic Sea (Figure 2.1), on board the RRS Discovery. The study was
part of the UK Shelf Sea Biogeochemistry (SSB) Programme. Two off-shelf transects were sampled
at a high spatial resolution (7 stations over < 1°). Transect 1 was located along a canyon (T1_C)
and transect 2 (T2_S) along a neighbouring spur, ca. 22 km north of T1_C (Figure 2.1). A spuris a
lateral ridge or tongue of land descending from a continental shelf, whilst a submarine canyon is a
steep valley in the seabed of the continental slope. In comparison to spurs, submarine canyons
are known hotspots of sedimentation, particle and water fluxes to the open ocean due to their
specific topography (Stoker et al. 1998). Station C15 was included in the sampling plan in April and
in July in order to reduce the distance between stations C02 and C03. Subsequently, station CO7
was removed from the sampling plan in April in July. Seawater samples collected at station CS2 in
July were not analysed. Station A is located on the continental shelf, in close proximity to the
Bristol Channel (Figure 2.1) and is a distinctive station due to specific currents and sediment type.
Due to bad weather conditions or time constraints, station JO5 was sampled only in November,
J04 only in April and July, J02 only in April. Repeat sampling was undertaken during three different
seasons, November — December 2014 (DY018), April 2015 (DY029), and July — August 2015

(DY033) to investigate processes influencing the distribution of trace metals in this region.
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Figure 2.1 Station locations across canyon T1_C (white and red circles), spur T2_S (green
circles) transects, and on-shelf transect (black circle) during three research expeditions in
November (DY018), April (DY029), and July (DY033). Blue diamond represents Penlee Point
Atmospheric Observatory (PPAO) station. Map is generated using GeoMapApp,
http://www.geomapapp.org (Ryan et al., 2009).

2.3 Clean procedures

231 Acid washing

Any material that comes into direct contact with the seawater sample at any stage between
sampling and sample analysis, serves as a potential source of TM contamination. Therefore, all
materials such as bottles, tubing and filters used in sample processing were acid washed. In this
study, all low density polyethylene (LDPE) (Nalgene) sample bottles and any general labware (eg.
measuring cylinders) were cleaned via four sequential steps:

(1) Soaked in Mucasol detergent (Sigma Aldrich) for 1-3 days and rinsed 3 times with
deionized water (18.2 MQ cm™, Milli-Q, Millipore), in order to remove any fat residual
on bottle surfaces.

(2)  Soaked in 5 M hydrochloric acid (HCI) (reagent grade, Fisher Scientific) for one week and

rinsed 3 times with deionized water.
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(3) Soaked in 8 M nitric acid (HNO3) (reagent grade, Fisher Scientific) for one week and
rinsed 3 times with deionized water.

(4a) Filled with acidified to 0.02 M HCI (Ultra pure Acid grade, Romil) deionized water.
Acidified sample bottles were stored double-bagged in ziplock bags until sampling at sea. All new
fluorinated ethylene propylene (FEP) (Nalgene) bottles used for sample analysis described later in
this chapter were cleaned in a similar way (steps 1 — 3) and step 4a was replaced by:

(4b) Soaked overnight (16 hrs) in 1 M HCI (analytical grade, Fisher Scientific) at 45°C followed
by UV-irradiated for 4 hours in order to condition the material prior to usage. Bottles
were rinsed 5 times with deionized water prior to usage.

This step was added due to significant TM contamination noted when new FEP bottles were not
soaked in acid at high temperature and UV-irradiated. No obvious contamination was noted when
reusing FEP bottles and therefore, on reuse, FEP bottles were rinsed 3 times with deionized water,
filled with acidified to 0.2 M HCI (Ultra pure Acid grade, Romil), UV-irradiated for 2 hours and left
to soak for a week.

Polypropylene (PP) 4 ml vials used in preconcentration step described later in this chapter
were cleaned prior to use in three sequential steps:

(1) Soaked in Mucasol detergent (Sigma Aldrich) for 1-3 days and rinse 3 times with

deionized water, in order to remove any fat residual on vial surfaces.

(2)  Heated in 10% v/v HCI (analytical grade, Fisher Scientific) at 45°C overnight (16 hrs) and
rinse 3 times with deionized water.

(3) Heated in 10% v/v HNO; (analytical grade, Fisher Scientific) at 45°C overnight (16 hrs)
and rinse 5 times with deionized water.

(4)  Dried upside down inside a class 1000 laminar flow hood bench.

Clean vials were stored double-bagged in ziplock bags until usage.

2.3.2 Seawater Sampling and sample acidification

Trace metal clean Ocean Test Equipment (OTE) sample bottles were always handled wearing
vinyl gloves and prepared for sampling by opening the bottles and securing them on the rosette
shortly before sampling on the ship’s deck. Seawater samples were collected using 24 x 10 L
Teflon coated OTE bottles positioned on a titanium (Ti) frame rosette system (housing sensors for
conductivity, temperature and depth) and deployed using a Kevlar conducting cable. Samples
were collected during the upcast after flushing with seawater during the downcast. On recovery,
the OTE bottles taps were protected from the contamination with a dedicated vinyl gloves and
transferred immediately into a class 1000 clean sampling laboratory and rinsed thoroughly with
deionized water. Then, all OTE bottles were pressurized with filtered (0.2 um PTFE, Millex-FG 50,

Millipore) compressed air. Seawater samples were filtered in-line using a 0.2 um membrane filter
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capsule (Sartorius, Sartobran P) into acid washed 125 ml LDPE bottles. Sample bottles were rinsed
three times prior to filling with sample. The Sartobran filters were re-used between samples but
always rinsed with at least 0.5 — 1 L of sample before collection. Filters were stored in the fridge
between casts and replaced every 3-4 casts. New filters were flushed with at least 10 L of surface
seawater prior sampling. All samples were acidified to 0.016 M HCl (pH 1.8 with ultra-pure
hydrochloric acid (UpA Romil) under a laminar flow hood and stored double-bagged in ziplock
bags until analysis. Diluted acid used for seawater sample acidification was analysed by
inductively coupled plasma mass spectrometer (ICP-MS) and its contribution was negligible

(<0.1 %) for all TMs.

233 Handling

Bottles containing seawater samples and reagents, and all acid washed plastic labware were
handled with vinyl gloves and stored double-bagged in ziplock bags and opened only in the
laminar flow hood bench (ISO 3) in a clean laboratory (ISO 5). When any of the reagents were
pipetted, the pipette tip was washed three times with ~3 M HCl (Trace Metal Grade, Fisher
Scientific) solution followed by triple rinse with MQ deionized water and one rinse with the

required solution.

2.4 Dissolved trace metals analysis

The seawater sample analysis described in this section follows the method described in Rapp
et al (2017). However, there were two deviations from the published method and are discussed
later in this chapter: lead (Pb) seawater measurements were calibrated using standard addition
technique and cadmium (Cd) counts were not corrected for MoO" interference. For the purpose
of this thesis, all the relevant methods are briefly described in this chapter. For specific
methodological details, the reader is referred to the published methods.

The TM analysis consisted of two steps: offline preconcentration using a SeaFast (Sc-4 DX
SeaFast pico; Elemental Scientific Inc. (ESI)) automated unit and multielemental analysis using an

ICP-MS.

241 Sample pre-concentration: SeaFast automated system
24.1.1 Reagents

All reagents were prepared in deionized water. Nitric acid (SpA, Romil) was purified by single

distillation in a sub-boiling perfluoroalkoxy-polymer (PFA) distillation unit (DST-1000, Savillex). The
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purity of 1 M the nitric acid was routinely checked before each run on the ICP-MS. Acetic acid and
ammonium hydroxide (20 — 22%) were of the highest commercially available purity (Optima,
Fisher Scientific). Ammonium acetate (NH;Ac) buffer (1.5 M) (Milne et al. 2010a; Lagerstrom et al.
2013; Kagaya et al. 2009) was utilized in the sample preconcentration and was prepared by mixing
140 ml ammonium hydroxide solution with 90 ml of acetic acid solution for 1 L buffer with
deionized water. The pH of the buffer was adjusted to pH 8.5 + 0.05 using either ammonium
hydroxide or acetic acid. This solution was always prepared fresh prior to each SeaFast pre-
concentration run, used at room temperature and was kept in the fridge when not in use. 1 M
HNO; was prepared using sub-boiled acid and MQ deionized water. Three solutions of 1 M HNO3
were prepared for each run: elution HNO; (EA) spiked with 250 ng L™ indium (In) for instrumental
drift corrections during ICP-MS analysis and TMs elution from the pre-concentration column,
HNO; used for cleaning the pre-concentration resins, and rinsing HNO; used to rinse the
autosampler needle between samples. All the reagents were stored in acid washed FEP bottles or

PP containers.

2.4.1.2 Spike solutions

Isotope dilution was utilized for quantification of sample and reference seawater
concentrations of Cd, Ni, Cu, Zn because these elements have two or more naturally occurring
stable isotopes. For Co and Mn, monoisotopic elements, standard addition calibration was
employed. In case of Pb, although two stable isotopes *’Pb and *®Pb occur naturally, standard
addition calibration was also implemented due to insufficient amount of artificially enriched **’Pb

isotope.

Isotope spike

The isotope dilution spike (ID spike) was prepared by Dr. Christian Schlosser by dissolution of
solid artificially enriched isotopes (ISOFLEX USA) in concentrated sub-boiled HNO; and dilution to
2% HNOs;. Concentrations of each metal were externally calibrated by ICP-optical emission
spectroscopy (ICP-OES; 7500 Agilent) and by reverse isotope dilution using a multicollector ICP-
MS (MC-ICP-MS; Thermo Fisher Neptune). Spike ratios for ONi/®%Ni, Bcu/%cu, *°zn/*®zn and

19cd/**cd were determined by MC-ICP-MS.

Standard addition solutions

A multielement (Co, Mn, Pb) standard solution was prepared by serial dilution of individual
stock standards (CertiPur, Merck) in 0.45 M sub-boiled HNOs. The final concentrations of standard
solution 1 was 0.061 umol L™ for Mn and 2.828 nmol L™ for Co and Pb and standard solution 2

was 0.61 umol L™ for Mn and 28.28 nmol L™ for Co and Pb.
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24.13 Seawater sample preparation

Each FEP sample bottle was thoroughly rinsed with few ml of the sample that was discarded
prior to pipetting of the sample. Seawater samples were sub-sampled by pipetting (15 ml) into
FEP bottles. SAFe GEOTRACES S and D1 consensus materials were prepared with each pre-
concentration run to check the accuracy of the method and were treated in exactly the same way
as the remaining seawater samples. Every 15" seawater sample, duplicate aliquots were pipetted
in order to routinely check the precision of the method. All sample bottles were spiked with 100
ul of diluted ID spike. Every 10" sample, aliquots were pipetted in triplicates and labelled as A - C.
Bottles A was treated as a sample and thus were spiked with 100 pl of ID spike, bottle B and C
were spiked with 250 pl of standard solution 1 and 2 respectively, and were used as standard
calibration points.

Southern Ocean seawater from hereafter referred to as test seawater, was filtered through 0.2
pm pore sized membrane filter (Acropack 500, Pall) into 1 L acid washed LDPE bottles and
acidified to 0.016 M HCI (pH 1.8 with ultra-pure hydrochloric acid (UpA Romil) to obtain a pH
consistent with the seawater samples. Test seawater was sub-sampled into 7 FEP bottles in the
same way as the seawater samples described above and labelled 0 — 6. Bottle 0 was not spiked,
the 3 consecutive bottles were spiked with 50 pl, 125 pl and 250 pl of standard solution 1
respectively. Bottles 4 — 6 were spiked with 50 pl, 125 pl and 250 pl of standard solution 2
respectively. This resulted in the 7 point standard addition covering the final concentration range
of: 0.009 — 0.464 nmol L™ for Co and Pb and 0.202 — 9.460 nmol L™ for Mn. The test seawater
calibration samples were run at the beginning of each pre-concentration run.

Prior to pre-concentration, samples were UV- irradiated by placing tightly closed FEP sample
bottles in a home-made UV light box equipped with four low pressure mercury vapour lamps (25
Watt, Philips) for 4 hours. Previous studies have shown that DTMs recovery, in particular for Co
and Cu can be reduced due to strong organic complexation of these metals and UV-digestion of
the samples effectively break down the organic complexes (Milne et al. 2010). UV-irridiated

samples were left to cool down prior to preconcentration.

2.4.1.4 Preconcentration resin

Trace metals were preconcentrated using the Wako chelate resin (Wako Pure Chemical
Industries, Japan) with immobilized carboxymethylated pentaethylenehexamine (CM-PEHA)
functional groups (Figure 2.2) (Kagaya et al. 2009). The functional groups of the resin were
deprotonated/negatively charged over a optimum pH range (6.4 = 0.2) (Rapp et al. 2017). As the
seawater sample was put through the resin column simultaneously with the buffer, TMs were

complexed with the negatively charged carboxylic functional groups and tertiary nitrogen atoms
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of the resin at the optimum pH. Subsequent elution of TMs was performed with 1 M HNO; acid
such that the H" ions compete for binding sites with TMs and consequently replacing (eluting) all
the metals. The recovery of metals from the column exhibited high efficiency for all metals of
interest (83 — 100%) except for Mn (60%) and Ni (48%) (Rapp et al. 2017). However, in case of the
ID calibration approach for Ni, the isotopic ratio of two ®°Ni/*’Ni remained constant in any of the
analytical runs performed in this project. In case of Mn standard addition, a good linear regression
(r* = > 0.98) was typically observed. Additionally, results of SAFE GEOTRACES reference materials
agreed with the published consensus values (Table 5). Thus confirming Wako resin as a suitable

preconcentration resin for all metals of interest.
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Figure 2.2 Structure of the Wako preconcentration resin (Kagaya et al. 2009).

2415 Sample pre-concentration

Seawater samples were pre-concentrated by an automated system (SC-4 DX SeaFast pico; ESI)
with online pH buffering and seawater sample matrix removal. Detailed description of the
instrumental set-up is provided by Rapp et al. (2017). Briefly the SeaFast automated system
consists of 6 reservoirs; elution acid (EA, 1M HNO3) spiked with In solution, 1 M HNO; used to
clean the pre-concentration and buffer clean-up resins, de-ionized water, 1.5 M NH;Ac buffer
used to adjust the pH of the sample and two additional 4 L reservoirs containing 1 M HNOs used
to rinse the sample introduction tubing and valves. Two different resins were used for the sample
pre-concentration steps, WAKO (pre-concentration step) and Nobias (buffer clean-up column;
ESI). The Wako resin was chosen as the main preconcentration resin due to higher recoveries for
Mn and Ni relative to the Nobias resin (Rapp et al. 2017).

Prior to each run, and in particular when fresh buffer was prepared, the exact amount of
buffer required to adjust the pH of the sample to 6.4 + 0.2 was checked. This was done by pre-
concentrating 15 ml of test seawater adjusted to the same pH as the sample of interest, and

measuring the pH of the waste solution after the sample-buffer mixing step (as described later in
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Figure 2.3 Schematic set-up of SeaFast system and valve positions. Entire set-up including
autosampler unit, syringe system and valve module, blue lines contours indicate sample flow path
(A). Sample loading on resin and matrix rinsing, line contours indicate sample and reagent flow
(blue: sample, green: de-ionized water, purple: buffer, dark blue: sample-buffer mix) (B). Sample
elution step, line contours indicate the flow path of reagents (red: elution acid (EA), orange: 1M
HNO; (C). Column conditioning, line contours indicate the flow path of the reagents (green: de-
ionized MQ water, purple: buffer, brown: de-ionized water-buffer mix) (D). Figure taken from
Rapp et al. 2017.

this section). The amount of buffer added was readjusted using the automated system until the
desired pH of the waste solution was achieved.
The seawater samples were placed in an autosampler (4DX FASTready) equipped with a

sample probe and a high efficiency particulate air (HEPA) filter. The sample was first introduced
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through the sample probe and loaded into a 10 ml coil (Figure 2.3 A). The sample was then loaded
onto the pre-concentration resin simultaneously with the set amount of buffer (the pH of the
waste solution was checked) and the sample matrix was rinsed off with 10 ml of de-ionized water
(Figure 2.3 B). Sample probe and tubing were subsequently rinsed with 1 M HNO; for 60 s and the
sample was eluted from the pre-concentration resin using 1 ml EA, through the sample probe into
acid washed PP vials (Figure 2.3 C). This step provides a 10:1 pre-concentration ratio. Then, the
buffer clean-up, pre-concentration resins and sample probe are cleaned by rinsing with 1 M HNO;
and the pre-concentration resin is conditioned using the buffer solution and de-ionized water

(Figure 2.3 D). This set up allowed pre-concentration of approximately 4 samples in 1 hour.

2.4.1.6 Blanks

Blank contributions were determined in two separate parts; the manifold blank and the buffer
blank. The manifold blank was the overall contribution from the elution acid, any component of
the preconcentration procedure (SeaFast, preconcentration vials), manifold (except the buffer)
and ICP-MS analysis. The manifold blank was determined as the concentration of TMs in 1 M
HNO; after processing through the first three steps from the sample preconcentration method.
Two (or more) manifold blanks were collected every 10" sample in order to routinely check for
potential system contamination. The buffer blank was determined using two batches of filtered
(0.2 um) North Pacific seawater diluted 1:10 with deionized water and acidified to pH 1.9 and 1.6
with HCI (UpA Romil). The seawater was diluted in order to reduce concentrations of TMs in
solutions. Both solutions were treated in the same manner as other samples and were always
preconcentrated in replicates (n = 5) with the buffer added (in two different amounts) during the
preconcentration step adjusted to the same pH as for seawater samples (6.4 + 0.2). Buffer
contributions were calculated as the difference between the mean TM concentrations. However,

some important limitations of this method were identified:

1) This approach includes the contribution from the HCI acid used for acidification as more
acid was added to the pH 1.6 solution. However, considering that HCl used was of highest
purity (UpA), acid contribution should be insignificant relative to the buffer.

2) North Pacific seawater was split into two separate bottles. The calculation of buffer
contribution assumes exactly the same TM concentrations in both bottles.

3) A small inaccuracy between two solutions with low TM concentrations extrapolated to
higher volumes could have a significant impact on final TM concentrations in seawater

samples, in particular in samples with low TM concentrations.
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As a consequence, some samples could not be corrected for the buffer contribution. Typical
contribution of the buffer was variable and evident only for Ni (49.5 = 51.9 pmol kg™, n = 3) and
Zn (27.3 £ 9.2 pmol kg™, n = 4) in 2 ml of added buffer. The lowest DNi and DZn concentrations in
this study were 2.304 = 9.2 nmol kg™ and 0.210 + 0.117 nmol kg™ for DNi and DZn respectively
(see Chapter 3) thus the buffer contribution was insignificant (<3 %) for DNi but for DZn a buffer
contribution of 27.3 pmol kg* amounted to as much as 10 % of the lowest determined zinc

concentrations.

24.2 Sample analysis: Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Inductively coupled plasma mass spectrometry provides a multielement capability, good
precision, low detection limits (sub-picomolar concentrations) and rapid results. It consists of two
major parts, sample introduction (sample aspiration and ICP) and high resolution mass
spectrometer (MS). The sample is introduced into the ICP plasma through the nebulizer in the
form of a liquid aspirated with argon. When the aerosol passes through the ICP torch at
temperatures of 6000 — 10 000°C, elements are converted into positively charged ions and
transported under high vacuum (~1x107 mbar) through interface (sampler and skimmer) cones.
The lenses focus the ion beam through a ~1 mm gap into the electrostatic and magnetic sector.
These lenses separate ions by their mass-to-charge (m/z) ratio by alternating AC and DC voltages
before they reach the detector. After the separation, the ions are detected by a Faraday detector
combined with a dual mode Secondary Electron Multiplier (SEM) detector, and converted into an
electric signal proportional to the number of ions reaching the detector surface (Prohaska et al.
2015). However, substantial analytical limitations are also associated with the ICP-MS analysis,
including overlapping molecular or isobaric interferences, high cost and maintenance. The most
significant interference relevant to work described in this thesis was (MoQO") (McLaren et al. 1987;
Wu & Boyle 1997) for ™Cd and ''°Cd isotopes. The consequences and correction method are

described later in this section.

24.2.1 Reagents

1 M HNOs used to rinse the autosampler needle in between solutions during analysis was
prepared using sub-boiled acid and deionized water that was reused between the analytical runs.
The purity of the rinse solution was checked before each run and was recorded. When counts of
Fe or Zn (the elements known to be the most susceptible to contamination) increased, a fresh

solution was prepared.
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24.2.2 Spike solutions: ICP-MS

Three solutions were prepared for each ICP-MS run: multielement (ME), ID spike (spike) and 1
M HNOs (acid blank, AB). These solutions were analysed every 10" sample in order to obtain the
natural (ME) and artificial (spike) elemental isotope ratios required for calculation of metal
concentrations (see section 2.4.2.4). These three solutions were used to correct for instrumental
isotopic mass bias and to monitor contamination from the sub boiled HNO; acid. Multielement
solution containing the natural ratio of isotopes of elements of interest (Cd, Ni, Cu, Zn) was
prepared by dilution of individual stock standards (CertiPur, Merck) in AB. The spike solution
containing the artificial isotope ratios of the elements of interest was prepared by diluting
concentrated ID spike solution in AB. Spike and ME solutions were diluted in the same acid in

order to correct for contributions from the 1 M HNOs.

24.2.3 Tuning

The instrument was tuned with In and Uranium (U) solution before each run to obtain
maximum sensitivity (highest possible counts) and stability (< 1.5%) for both elements. The tuning
solution was prepared by dilution of individual stock standards (CertiPur, Merck) in sub boiled 1 M

HNOs to final concentration of 1 parts per billion (ppb).

24.2.4 Analysis

Preconcentrated samples were analysed by means of ICP-MS in low resolution (R = 300) for
Mocy, Mg, 208Pb, n and in medium resolution (R = 4000) for ONi, ®2Ni, ®3Cu, 65Cu, 7n, 68Zn,
*%Co, and >>Mn. Low resolution was applied to elements that are not significantly affected by the
isobaric interferences (***cd and '°Cd interference correction is explained later in this section),
while the medium resolution was applied to elements with more intense isobaric interferences.
The standard ICP-MS sequence consisted of EA analysis (elution acid used in the preconcentration
step) in order to routinely asses the purity of the reagents and the system, preconcentrated
samples, MB, and three ‘ICP-MS spike’ solutions analysed every 10" sample. The autosampler

needle was rinsed with 1 M HNO; for 60 s between measurement of each solution..

2.4.2.5 Corrections

ICP-MS drift corrections
An In spike solution added directly to elution acid used to elute the preconcentrated samples,

and to manifold blanks was used to correct for instrumental drift. In the case of ID calibrated
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metals (Cd, Ni Cu, Zn), drift correction was not required because the addition of isotopes provides

internal consistency.

Corrections for MoO" isobaric inferences of **'Cd analysis

Isobaric interferences of MoO* on *°Cd and *''Cd have previously been reported (McLaren et
al. 1987; Wu & Boyle 1997) and can lead to 3 — 9 pmol L™ overestimation (Rapp et al. 2017) in Cd
concentration, which is of potential significance given that surface water Cd concentrations can
be as low as 10 pmol kg™ (Wu & Roshan 2015). The isobaric MoO" interferences can be corrected
for by running *>Mo standard addition solutions (concentration range: eg. 2 — 200 nmol L) at the
beginning and end of each run and *>Mo measurement in each sample. The slopes from the linear
regression of >Mo/*'°Cd and *Mo/***Cd obtained from the Mo® standard addition solutions are
used to correct for MoO" interference on both of Cd isotopes as described in Rapp et al. (2017).
Dissolved Cd (DCd) concentrations reported here were not corrected for MoO" interferences
because this aspect was not considered during the initial method set-up. Although the DCd results
reported here were not corrected for MoO®, mean summer dissolved Cd (DCd) concentrations in
the seasonal mixed layer (SML) (32.4 = 13.5 pmol kg™) agreed with those previously reported in
the study region (65 = 43 pmol kg™) (June 1995;(Cotté-Krief et al. 2002)) analysed by atomic
absorption spectrometry (AAS). However, given that the SAFe S GEOTRACES reference material

(19.4 = 4.5 pmol kg™') was consistently higher than the consensus value (1.1 = 0.3 pmol kg™) the
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Figure 2.4 Schematic diagram of a sector-field inductively couple plasma mass spectrometer
(ICP-MS) (Ring et al. 2016).
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lower SML concentrations should be treated with caution. While there was potential for
overestimation of DCd concentrations reported here, no deviation from the linear relationship

between Cd and P was observed even at low DCd concentrations (< 50 pmol kg™) (see Chapter 3).

2.4.2.6 Calculation of elemental concentrations

Isotope dilution calculations

The final metal concentrations were calculated as follows:

MID=MT(RS_R3)/(Rn_Rs)/X €q. 1

Mp = TM concentration in the spike (externally calibrated by ICP-OES and reverse ID-ICP-MS)
Rs = isotopic ratio measured in each sample

R, = artificial isotopic ratio of the ID spike added to the sample

Rn = natural isotopic ratio of the multielement spike

X = natural abundance of the isotope
Rs = sil — (MBi1)/ si2 — (MBi2) eq. 2

sil = sample counts s™ (cps) for isotope 1
si2 = sample cps for isotope 2
MBi1l = average manifold blank cps for isotope 1
MBi2 = average manifold blank cps for isotope 2

R. = Average (spl — (Ail)/sp2 — (Ai2)) eq. 3
spl = spike cps for isotope 1 (measured every 10" sample before and after the sample)
sp2 = spike cps for isotope 2 (measured every 10" sample before and after the sample)
Ail = acid cps for isotope 1 (diluted acid used to prepare the spike and ME solution)
Ai2 = acid cps for isotope 2 (diluted acid used to prepare the spike and ME solution)

R, = Average (mel — (Ail)/me2 — (Ai2)) eq. 4

mel = ME cps for isotope 1 (measured every 10" sample before and after the sample)

me2 = ME cps for isotope 2 (measured every 10" sample before and after the sample)
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The final metal concentrations were corrected by the average counts of one manifold blank
before and two manifold blanks after the sample was measured. In this way, the contributions
from the elution acid, any component of the preconcentration procedure and ICP-MS analysis
were corrected for (except for the buffer). Final metal concentrations were corrected for the

buffer contribution (as described in section 2.4.1.6) as follows:

Mc=Mp-b eq.5
where

b=vlxdl/v2 eq. 6

vl = volume of buffer added to samples
d1 = difference in concentrations of two diluted seawater solution

v2 = difference in volume of buffer added to two diluted seawater solution

Standard addition approach
The final concentration of metals determined by the standard addition method were

calculated as follows:

Mg = (Cs/cln)/s eq.”/

¢, = sample cps
¢in = Indium cps (added to elution acid)
s = average slope of two the linear regressions (run every 10" sample, before and after the

sample)

2.4.2.6.1 Error calculations

Analytical errors were calculated as follows:
Isotope dilution
Ep=McVe eq. 8

where

e = (eil/si1)> + (€i2/5i2)’ + (Ome/Rn)* + (Tsp/Ra)’ eq. 9

eil = analytical error cps for isotope 1

ei2 = analytical error cps for isotope 2
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owme = standard deviation of two ME ratios (measured every 10" sample before and after the
sample)
Osp = standard deviation of two spike ratios (measured every 10" sample before and after the

sample)

Standard addition

Esa =

Esa = (es/en)/s eq. 10

es = sample error cps

e = Indium error cps (added to elution acid)

2.4.2.7 Data exclusion

Some data points were identified as outliers following the z-score test and were excluded from
consideration. The outliers identified in the dataset were potentially a result of analytical issues
during sample preconcentration or sample analysis, sample contamination during sampling,
sample preparation or sample analysis or extreme natural variability. Once outliers were
identified using the z-score as described below, each data point was the plotted in a depth profile
to examine the oceanographic consistency. However, the full dataset has been submitted to
British Oceanographic Data Centre (BODC), with outliers flagged. The z-scores were calculated for

each water mass identified in section 3.3.1 and for each cruise separately as follows:

Z=(M.—M,)/Mc eq. 11

M, = average metal concentration in each water mass identified

Mo = standard deviation of metal concentration in each water mass identified

All data points that fell outside of the -3 to +3 range were identified as outliers.

2.4.2.8 Unit conversion

All concentration values were converted from pmol L™ and nmol L™ to pmol kg™ and nmol kg™

using a seawater density value of 1.025 kg m’>.
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2.4.2.9 Mean concentrations of dissolved trace metals
All the mean concentrations reported in the main text were calculated as average

concentrations within the identified density layer and the error is represented by one standard

deviation.

Table 5 GEOTRACES reference material results for various trace metals. Dissolved Cd, DCo and
DPb are given in pmol kg™ and DNi, DCu, DZn, DMn and DAI are given in nmol kg™.

DCd DNi DCu DZn DMn DCo DPb DAI

SAFe S: SAFe S: SAFe S: SAFe S: SAFeS: |SAFeS: [SAFeS: |[GS:
18.9+4.4 |2.324+ 0.705 + 0.071+ |(0910+ |8.2+1.3|489+ 27.0+
(n=10) 0.216 0.130 0.025 0.063 (n=9) |14 0.6
Reported (n=10) |(n=8) (n=8) (n=8) (n=6) |(n=6)

values |SAFe D1: |SAFeD1: |SAFe D1: |SAFe D1: |SAFe D1: |SAFe SAFe D1:
979.4 8.407 2.192 7.134+ |0.418+ |D1:47.6|25.3¢
145 0.144 0.059 0.223 0.020 +1.5 0.9
(n=17) (n=15) (n=15) (n=19) |(n=29) |(n=15) |(n=20)

SAFe S: SAFe S: SAFe S: SAFe S: SAFe S: |SAFeS: |SAFeS: GS:
1.1+0.3 |2.28+ 0.52 + 0.069+ |0.790+ |4.8+1.2(48.0 27.5%

0.09 0.05 0.010 0.060 2.2 0.2
Consensus
values SAFe D1: |SAFe D1: |[SAFe D1: |SAFe D1: |SAFe SAFe SAFe D1:
991+31 |8.58+% 2.27 £ 7.40 + D2*: D1:45.4|27.7 + i
0.26 0.11 0.35 0.350+ [+4.7 2.6
0.050

*Currently, there are no consensus values available for SAFe-D1 reference samples but ‘SAFe D1
appears similar to SAFe D2, however not enough data has been submitted to report a value’.

http://www.geotraces.org/science/intercalibration/322-standards-and-reference-materials

243 Linear correlations (Pearson), one way ANOVA and least significant difference tests

All linear correlations (Pearson) and one way ANOVA analysis were performed using
StatPlus:mac statistical tool pack. Least Significant Difference post-hoc test was performed after
one-way ANOVA test in order to identify significantly different group of datasets following the

formula:

11
LSD, = tO.OS/Z,DFW\/MSW (E + E) eq. 12

where

a and b = are two datasets

t = critical value from the t-distributions

MSW = mean square within groups obtained from the results of one way ANOVA test

n = number of scores used to calculate the means
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The groups were significantly different when the absolute difference between the group

means was greater than LSD, ..

244 Seasonal mixed layer depth

The base of the seasonal mixed layer depth for each station was defined as the depth at which

temperature changes | AT | = 0.2°C relative to the shallowest temperature value (de Boyer

Montégut et al. 2004).

2.5 Other analytical methods

25.1 Dissolved Aluminium analysis

Clarisse Mariez, MSc student, GEOMAR and Université de Bretagne Occidentale, France

Seawater was sub-sampled (5 mL) into acid washed 50 ml plastic tubes. An aluminium
spectrofluorometric complex was obtained with addition of lumogallion (Hydes & Liss 1976) at pH
5.0 - 5.5 adjusted by addition of ammonium acetate buffer (prepared in the same way as in Rapp
et al 2017) and section 2.4.1.1 and heated for 3 hours at 55°C. Samples were analysed by a
spectrofluorometer (The Cary Eclipse Fluorometer). Concentrations were determined with 6 point
standard addition that ranged between 0 — 30 nmol L™. Analyses of GEOTRACES reference

material agreed with consensus values and are reported in Table 5.
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Chapter 3 A seasonal study of dissolved Cd, Zn, Co, Ni

and Cu in North East Atlantic shelf seas

The research presented in this chapter is being prepared for publication in Biogeosciences
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3.1 Introduction

Trace metals (TMs) have the potential to influence the structure and functioning of marine
ecosystems through growth limitation of phytoplankton or toxic effects (Moore, et al. 2013;
Browning et al. 2017; Sunda & Huntsman 1998). The trace elements cobalt (Co), cadmium (Cd),
zinc (Zn), nickel (Ni), and copper (Cu) form active sites in vitamins (cobalamin, Co) or enzymes
such as carbonic anhydrase (CA) (Zn, Co, Cd), urease (Ni) and plastocyanin (Cu), required in vital
metabolic functions such as uptake and assimilation of inorganic carbon and urea, and
electrontransport (Morel et al. 2003). Cobalt is fundamental for cyanobacterial growth
(Prochlorococcus and Synechococcus) (Sunda & Huntsman 1995). Cambialism is known to occur
for Zn, Co and Cd, and these elements can partially replace one another in the CA enzyme
depending on the phytoplankton species (Price & Morel 1990; Morel et al. 1994; Sunda &
Huntsman 1995). In addition, in coccolithophores (Emiliania huxleyi) Zn can partly meet Co
requirement, and in diatoms (Thalassiosira pseudonana and Thalassiosira oceanica) Zn can be
substituted by Co (Sunda & Huntsman 1995) and Cd (Thalassiosira weissflogii) (Morel et al. 1994).
In contrast, some metals can be toxic to marine phytoplankton at elevated concentrations, in
particular in coastal waters. For example, inorganic Cu is extremely toxic to marine
microorganisms (10'10 M; (Sunda et al. 1987)) through interference with uptake and/or
assimilation of other bioessential micronutrients such as Zn and manganese (Mn), and thus can
inhibit phytoplankton growth (Sunda & Huntsman 1998b) and potentially cause shifts in
community composition. Therefore, TMs through their fundamental roles in the processes that
control inorganic carbon uptake, may influence the biological carbon pump.

Dissolved (< 0.2 um) trace metals (DTMs) such as DCd, DZn, DNi and DCu have been classified
as ‘nutrient-like’ due to resemblance of their vertical distributions with those of macronutrients.
These DTMs thus typically exhibit depleted surface water concentrations with an increase with
depth through release upon remineralization of sinking biogenic particles (Bruland & Lohan 2004).
Remarkably strong correlations of DCd and DZn with phosphate have been observed throughout
the global ocean; in the North Atlantic (DCd: Roshan & Wu 2015; Wu & Roshan 2015; Yeats 1998),
South Atlantic (DCd: Xie et al. 2015; DZn: Wyatt et al. 2014), Pacific (DCd: Boyle et al. 1976; Boyle
1988; Bruland 1980; Bruland et al. 1978; Roshan et al. 2017), Indian (DCd: Saager et al. 1992) and
Southern Oceans (DCd, DZn: Saito et al. 2010). However, the slopes of TMs correlations with
macronutrients vary between ocean regions and are not always strictly linear but often described
by more than one distinct slope. Pronounced breaks - termed “kinks” - in the linear relationship of
DCd and DZn with phosphate, typically occurs at concentrations between 1.2 — 1.5 uM phosphate
(PO,*). The cause of these “kinks” has been a matter of debate for over 4 decades (Boyle et al.
1976; Boyle 1988; Cullen 2006; Xie et al. 2015; Elderfield & Rickaby 2000). Some of the ‘Cd:P kink’

hypotheses point towards a deeper Cd regeneration relative to PO,> (Boyle 1988), presence of
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water masses with different Cd:P ratios (Xie et al. 2015), iron (Fe) limitation and Zn depletion in
surface waters leading to a process called growth rate dilution where phytoplankton growth rate
is depressed but not the metal uptake and causing preferential Cd uptake (Cullen 2006), chemical
replacements between Co, Zn and Cd in carbonic anhydrase (Sunda & Huntsman 1995; Morel et
al. 1994). Considering that Cd:P relationship has been utilized as a proxy for past oceanic
processes (Boyle 1988), understanding the exact biogeochemical processes driving TMs:P
relationship in modern global ocean is crucial.

A primary goal of the international GEOTRACES program is to gain insights into the fluxes and
processes controlling the distributions of trace elements and their isotopes in the global ocean
(Anderson et al. 2014). This study contributes to the GEOTRACES programme as a ‘Process-Study’.
Coastal regions are of interest because the magnitude of supply and removal of TMs in the
interface between the continent and ocean, which therefore influences ocean ecosystem
structure and productivity. Although, shelf seas comprise 9% of the global ocean area, they
contribute 15-20% to global primary productivity (Simpson & Sharples 2012). The Celtic Sea is an
ocean margin environment characterised by a wide continental shelf (300 km) and a steep
continental slope with a highly complex topography (Bourillet et al. 2003). Quantifying processes
that influence the fate of TMs within this environment is crucial for our understanding of the
biogeochemistry of the global ocean. Nevertheless, TM studies in shelf seas are scarce due to the
complexity of the biogeochemical and physical processes that influence TM distributions in these
regions. The aim of the research reported here was to quantify biogeochemical processes
influencing the distributions of DCd, DZn, DNi, DCu (full depth investigation) and DCo and DAl
(surface waters) on the continental shelf and continental shelf break of the Celtic Sea over three
seasons. Work reported here comprises the first comprehensive seasonal study of DCd, DZn, DNi,

DCu and DCo and DAl in the Celtic Sea region.

3.2 Materials and methods

Full details of the study region, sampling and methods are provided in Chapter 2. Briefly,
samples for trace metal analysis were collected during three different seasons; November —
December 2014 (DY018), April 2015 (DY029), and July — August 2015 (DY033) in the Northeast
Atlantic continental margin (Celtic Sea) (Figure 2.1), on board RRS Discovery. Two off-shelf
transects were conducted along a canyon (T1_C, stations CO1 — C07, C15), nearby a spur (T2_S,
stations SO8 — S09) and one on-shelf transect in the Celtic Sea (stations CS2, CCS, J02 —J06, Site A).
Trace metal samples were collected following GEOTRACES protocols (Cutter et al. 2010).
Dissolved TMs were filtered using a 0.2 um pore size cartridge filter (Sartobran 300, Sartorius),

preconcentrated using an automated system (SC-4 DX SeaFAST pico; ESI) (DCd, DZn, DNi, DCu,
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DCo), and analysed by high-resolution inductively coupled plasma-mass spectrometry (HR-ICP-
MS; Thermo Fisher Element XR) (Rapp et al. 2017). Dissolved Al was analyzed using
spectrofluorometry following (Hydes & Liss 1976). Evaluation of the accuracy and efficiency of
these methods was carried out using GEOTRACES reference materials with the results showing
good agreement (Table 5). Some data points were identified as outliers following the z-score
analysis and were excluded from consideration (Chapter 2). Seawater sampling and handling for
macronutrient analysis was carried out according to the International GO-SHIP nutrient manual
recommendations (Hydes et al. 2010) and the analysis was carried on board using techniques
described in Woodward and Rees (2001). Water mass distribution was quantified using extended
Optimum Multiparameter analysis (extOMP) (Hupe & Karstensen 2000; Karstensen & Tomczak
1998; Pollard et al. 2004) (Appendix A). Section plots figures were created with the Ocean Data
View (2015) software (Schlitzer 2015) with DIVA gridding settings. Principal component analysis
was performed using Matlab software with the script provided by Cathleen Schlundt.
Conductivity, temperature and depth (CTD) data was collected and processed on board. Turbidity
was measured (Chelsea Technologies Group Aquatrack MKIIlI fluorometer, wavelength 400 nm,
bandwidth 80 nm). Salinity was measured (Sea-Bird SBE 4C sensor) and calibrated on-board using
in-situ salinity samples analysed with a Guildline Autosal salinometer. Temperature was measured
with Sea-Bird SBE 3plus (SBE 3P) temperature sensor. Dissolved oxygen was measured with Sea-
Bird SBE 43 oxygen sensor and calibrated against photometric on-board Winkler titration results.
Statistical analysis, one way ANOVA and linear regression were performed using StatPlus:mac

statistical tool pack.

33 Results

3.3.1 Hydrography

Five different water masses in the study region were identified: a seasonal mixed layer (SML)
and East North Atlantic Central Waters (ENACW), Mediterranean Outflow Waters (MOW),
Labrador Sea Water (LSW) and North East Atlantic Deep Waters (NEADW). The SML was identified
as detailed in Chapter 2 and the remaining water masses were identified by extensive Optimum
Multiparameter Analysis (extOMP, Appendix A). ExtOMP results are presented in Figure 3.1 b and
Figure 3.2. These observations were consistent with previous reports from the study region
(Cotté-Krief et al. 2002).

In general, in all the sampling months the upper water column (< 500 m, < 27.30 kg m™ o)
consisted mainly of ENACW. The ENACW was further divided into the SML and upper waters

(hereafter ENACW) that overlaid MOW. Below the ENACW, at intermediate depths ~ 500 - 1500
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m (27.30 — 27.75 m™ a,,), a distinctive salinity maximum, a signature of MOW, was observed
(Garcia-lbafiez et al. 2015; McCartney 1992). The MOW are formed at the Strait of Gibraltar
where Mediterranean Sea deep waters mix with ENACW and sink to a depth of ~ 1000 m to form
a neutrally buoyant plume that spreads across the North East Atlantic (Garcia-lbafiez et al. 2015).
In our study region, the salinity (35.24 — 35.74) and temperature (4.92 — 10.58°C) within the MOW
density range (27.30 — 27.75 kg m™ o,) were consistently lower across all seasons in comparison
to salinity (35.61 — 36.36) and temperature (7.57 — 12.18°C) of the MOW in the Gulf of Cadiz
(GEOTRACES GAO04 section, (Rolison 2016)). This indicates the mixing of bottom layers of MOW
with colder (3.30°C) and less saline (34.87) LSW (Talley & McCartney 1982) that underlies MOW.
Additionally, the salinity within the LSW water mass was higher (34.98) than salinity at formation
(34.89), indicating vertical mixing with the more saline MOW. At depths > ~ 2300 m, the
temperature (3.30 — 3.03°C) decreased to below the temperature at formation of LSW (Talley &
McCartney 1982), indicating the mixing of LSW with colder NEADW (1.98°C). Distinctive seasonal
changes were observed in the upper water column. Sea surface temperature decreased from
14.60°C in November to 11.68°C in April and increased to 16.32°C in July. Also, the SML depth
varied between 40 — 103 m in November, 30 — 170 m in April and 20 — 30 m in July. These changes
were a result of the ocean — atmosphere heat exchange driven by the yearly cycle of solar
irradiance (Simpson & Sharples 2012). Seasonal stratification was the strongest in July, as a result
of heat gain during the summer season. The lowest sea surface temperature was measured in
April as a result of the winter water column overturning and heat loss to the atmosphere during
winter. The initiation of water column stratification was observed in April (Birchill et al. 2017). A
high variability of the SML depth in November and April was likely influenced by strong internal
tides, a distinctive feature in the Celtic Sea (Vlasenko et al. 2015).

Seasonal variations in a density driven along-shelf current has previously been observed in the
upper waters of the region and follows SOMA (September/October — March/April) variability
(Porter et al. 2016; Pingree & Le Cann 1989). In winter months, this along-slope current flows in a
poleward direction due to strong south-westerly winds (Huthnance 1984), whilst in summer
months it reverses and flows in an equatorward direction due to relaxation of south-westerly
winds and variabilities in sea surface height (Pingree & Le Cann 1989). A slight variability was also
observed in the MOW density range where salinity maxima were highest in November (35.74) and
slightly lower in April (35.66) and July (35.68). This indicates either slight variations in MOW
mixing with ENACW and LSW between seasons during transit, or intra-annual changes in
properties of water masses at their origins (Bellanco & Sanchez-Leal 2016; Talley & McCartney
1982). Additionally, a salinity maximum observed in the MOW density range along the canyon
transect decreased towards the continental slope from 35.74 to 35.61 in November, 35.66 to
35.52 in April and 35.68 to 35.50 in July (Figure 3.1 a). This feature was not prominent along the

spur transect indicating that the canyon topography limited MOW penetration and enhanced
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Figure 3.1. Upper panel (a): salinity distributions along the canyon transects (T1_C, left) and
along the spur transects (T2_S, right) in November (DY018) (top), April (DY029) (middle) and
July (DY033) (bottom). Bottom panel (b): the percentage distribution of MOW along the
canyon (T1_C) and spur (T2_S) transects in November (DY018) (left), April (DY029) (middle)
and July (DY033) (left). For the full OMP results see Figure 3.2.

vertical mixing over the shelf break. Elevated vertical mixing within submarine canyons has been
observed globally due to their complex topography that leads to greater internal wave generation
and diapycnal mixing (Gardner 1989; Hotchkiss & Wunsch 1982; Kunze et al. 2002; Carter & Gregg
2002).

Clear seasonal variability on the continental shelf was evident in terms of changes in the SML
depth and water column stratification (Figure 3.4b), as a result of the yearly cycle of solar
irradiance and subsequently sea surface — atmosphere heat exchange. Here CCS, as the main

process station of the SSB Programme, is used as an example for the seasonal temperature and
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Figure 3.2 The percentage distribution of Source Water Types in the Celtic Sea region plotted against
depth (a) and potential density anomaly (b) along the canyon (T1_C) and spur (T2_S) transects in
November (DY018) (i), April (DY029) (ii) and July (DY033) (iii). ENACW (East North Atlantic Central
Water), SAIW (Subarctic Intermediate Water), LSW (Labrador Sea Water), MOW (Mediterranean

Outflow Water), NEADW (North East Atlantic Deep Water).
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Figure 3.2 Continued
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Chapter 3

the SML depth changes of the water column in the Celtic Sea. Slight differences were observed at
other on-shelf stations relative to CCS, but the patterns of the seasonal cycle were consistent. In
November, the water column still exhibited a weak stratification that relaxed throughout the
month as evident in declining surface temperatures from 13.7 to 12.8°C (11/11 and 29/11) along
with the SML deepening from 32 m to > 50 m. During the winter months, a full water column
overturning occurred, and these conditions lasted until the spring as evident in a fully mixed
profile on the 3" of April. The lowest surface water temperatures (10.1°C) where observed in
spring when initiation of the water column stratification was observed and the SML shoaled from
51 m to < 30 m. The highest surface water temperatures were recorded in summer (16.3°C, July)
along with a fully stratified water column and the shallowest SML < 26 m as a consequence of
heat gain from the atmosphere. Seasonal variability in the salinity gradient across the shelf was
also evident (Figure 3.5). More saline waters were observed in bottom waters at stations CCS in
November in comparison to other months. Fresh water inputs were evident in surface waters at

Site A in April and July.

Salinity DCo

0.5

PC-2(10.1 %)
o

DMn e Si)
DCu
-0.51 7
_1 1 | |
-1 -0.5 0 0.5 1

PC-1(65.7 %)

Figure 3.3 Plot of principal component loadings of 13 variables (n = 454): salinity, dissolved
manganese (DMn), cobalt (DCo), lead (DPb), aluminium (DAI), cadmium (DCd), nickel (DNi), zinc
(DZn), copper (DCu), nitrate and nitrite (N+N), phosphate (P), silicic acid (Si), salinity and
turbidity on the continental slope of the Celtic Sea over all seasons. Red circles indicate
positively correlated groups of variables.

47



Chapter 3

3.3.2 Principal component analysis

In order to broadly categorize the TMs on the Celtic slope, principal component analysis (PCA)
was used to identify the biogeochemical parameters with similar variance. The PCA allowed the
number of variables to be compressed without a loss of information and provided a graphical
representation of patterns in the dataset. The first two principal components (PC-1 and PC-2)
explained 75.7% of variances in the dataset and PC-1 was strongly correlated (principal
component loading (PCL) > 0.8) with nine of the original variables, DCd, DZn, DNi, DAI, NO, (N+N),
PO,* (P), Cu and SiO,* (Si) and moderately correlated with DCo (PCL > 0.5), suggestive of similar
factors associated with these variables. An anti-correlation was observed for salinity and DMn
(PCL > - 0.5) and no correlations was noted for DPb or turbidity (PCL < 0.5). The second principal
component (PC-2) explained 10.1% of the variance in the dataset and moderately correlated with

salinity and DCo (PCL > 0.5).

3.3.3 Macronutrient distributions

Macronutrient concentrations of phosphate (PO,>), nitrate and nitrite (NO* + NO%, from here
after referred to as NO,) and silicic acid (SiO,") are presented in Table 6 and Figure 3.5, Figure 3.6
and Figure 3.7. In November concentrations ranged between 0.18 — 1.31 umol kg™ (PO,Y), 1.62 —
19.51 umol kg™ (NOy) and 1.02 — 28.48 umol kg™ (Si0,"), whilst in April concentrations ranged

Salinity [PSU]

. J06105 J04 102 SiteA b Temperature (°C)
) 0 5 10 15 20

~-11/11/2014
8-29/11/2014
-A-03/04/2015
—28/04/2015
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-0-29/07/2015

20

Water depth [m]

40
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80 1

Water depth (m)

Water depth [m]

100 A

120 A

140

Water depth [m]

400 300 200 100 0
Section Distance [km]

Figure 3.4 Salinity distribution along the on-shelf transect (a) in November (top), April (middle)
and July (bottom) and (b) vertical depth profile of temperature at station CCS in November (blue
diamonds and red squares), April (green triangles and purple horizontal lines) and July (orange
crosses and yellow circles).
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Figure 3.5 Upper panel:
phosphate distributions along the
canyon transects (T1_C, left), and
along the spur transects (T2_S,
right), in November (DY018)
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July (DY033) (bottom). Bottom
panel: phosphate distributions
across the shelf in November
(top), April (middle) and July
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between 0.32 — 1.34 umol kg™ (PO,*), 5.48 — 19.47 umol kg™ (NO,) and 2.43 — 29.73 umol kg™
(Si0,*) and in July they ranged between 0.05 — 1.34 umol kg™ (PO,*), 0.02 — 19.22 umol kg™ (NOy)
and 0.22 - 29.92 umol kg™ (Si04%). The lowest macronutrient concentrations were observed in
the SML (summarised in Table 6) and differed seasonally: 0.25 + 0.06 umol kg™ (PO,*, n = 36),
3.09 + 1.25 umol kg'1 (NO4, n =36) and 1.38 + 0.33 umol kg™ (Si0*, n = 36) in November, 0.49 +
0.05 umol kg™ (PO,>, n = 51), 8.04 + 0.82 umol kg™ (NO,, n = 51) and 3.02 + 0.21 umol kg™ (Si0,",
n = 51) in April and 0.14 + 0.09 umol kg™ (PO,*, n = 33), 1.36 + 1.55 umol kg™ (NO,, n = 33) and

0.56 + 0.35 umol kg™ (Si04*, n = 33) ) in July. Seasonal variability in macronutrients concentrations
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was significant as confirmed by the one-way ANOVA test: PO,> (ANOVA (F(2, 117) = 314.3, p = <
0.05)), NO,” (ANOVA (F(2, 117) = 364.9, p = < 0.05)) and SiO,* (ANOVA (F(2, 117) = 795.3, p = <
0.05)). Below the SML, macronutrient concentrations generally did not differ seasonally and
gradually increased with depth to concentrations of 1.20 + 0.07 umol kg™ (PO,>, n = 65) 17.90 +
0.74 umol kg™ (NOy, n = 64) and 19.34 + 5.18 umol kg™ (Si0,", n = 65). These observations were

generally in agreement with previous reports for the study region (Cotté-Krief et al. 2002).
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Table 6 Average concentrations (+ o) of nutrients and metals in the various water masses of the

Celtic Sea shelf break region in late autumn (November, DY018), spring (April, DY029) and

summer (July, DY033). Nitrate and nitrite (NO,), phosphate (PO,*) and silicic acid (Si0,*) are in

-1

umol kg™, dissolved manganese (DMn), nickel (DNi), copper (DCu), zinc (DZn) and aluminium (DAI)

-1

are in nmol kg, dissolved cobalt (DCo), cadmium (DCd) and lead (DPb) are in pmol kg
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Table 6 Continued
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On the continental shelf, macronutrient concentrations ranged between 0.17 — 0.76 umol kg'1
(PO,*), 2.03 —10.20 umol kg™* (NOy), 0.76 — 5.53 umol kg™ (Si04*) in November and 0.06 — 0.60
umol kg™ (PO,*), 0.94 —9.29 umol kg™ (NO,) and 0.69 — 5.10 umol kg™ (Si0,") in April and 0.02 —
0.77 umol kg™* (PO,*), 0.02 —9.23 umol kg™ (NO,’) and 0.20 — 6.11 umol kg™* (Si0,*) in July.
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Figure 3.7 Upper panel: silicic acid
distributions along the canyon
transects (T1_C, left), and along the
spur transects (T2_S, right), in
November (DY018) (top), April
(DY029) (middle) and July (DY033)
(bottom). Bottom panel: silicic acid
distributions across the shelf in
November (top), April (middle) and
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3.3.4 Trace metals distributions

Cadmium
Dissolved Cd concentrations are presented in Figure 3.8 and Table 6 and ranged between 56.0
—355.9 pmol kg™ in November, 39.0 — 357.1 pmol kg™ in April and 15.2 — 347.0 pmol kg in July in
the continental shelf break region. The lowest DCd concentrations were observed in the SML and
differed significantly between seasons (ANOVA (F(2, 106) = 149.2, p = < 0.05)), 69.4 + 12.8 pmol
kg™ (n = 36) in November, 112.3 + 24.2 pmol kg™ (n = 50) in April and 32.4 + 13.5 pmol kg™ (n =
DCd [pmol kg'] DCd [pmol kg']

S08 10 12 S14
Yoo V11¥13 \4 cs2

C01 C02 C15 (O3 co4 cos CO6 CO7 CS2

Water depth [m]

Ocean Data View/ DIVA

November H November

0
o gy |
2000 . 1 E
April April E
p - pril K
[
—
) - iy |
2000 July July E
80 70 60 50 40 30 20 10 0 40 30 20 10 0

Section Distance [km] Section Distance [km]

Water depth [m]

Ocean Data View/DIVA
-
=3
S

Water depth [m]

DCd [pmol kg'']
CS2 CCs JO6 J05 J04 )02  SiteA

Water depth [m]

Figure 3.8 Upper panel: dissolved
cadmium distributions along the
canyon transects (T1_C, left), and
along the spur transects (T2_S,
right), in November (DY018) (top),
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(DY033) (bottom). Bottom panel:
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23) in July. Below the SML, DCd concentrations generally did not differ seasonally and gradually
increased with depth to concentrations of 307.5 + 24.8 pmol kg™ (n = 49). These observations are
in agreement with previous reports from the study region for summer surface (41 + 20 pmol kg™,
(Cotté-Krief et al. 2002)) (21 + 6 pmol kg™, (Le Gall et al. 1999)), winter surface (104 + 18 pmol kg™
(Cotté-Krief et al. 2002)) and deep waters (310 + 26 pmol kg*, (Cotté-Krief et al. 2002)). Dissolved
Cd concentrations in surface waters in summer were also in agreement with North East Atlantic
open ocean concentrations of 30 pmol kg™ (Saager et al. 1997). Deep water DCd concentrations

were in agreement with concentrations (295 + 28 pmol kg™, n = 19) at stations USGT-10-1- USGT-
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10-5 along GAO3 section (Roshan & Wu 2015). On the continental shelf, DCd concentrations
ranged between 59.1 — 184.4 pmol kg™ in November, 92.8 — 155.8 pmol kg™ in April and 55.4 —
167.7 pmol kg™ in July with the lowest concentrations observed in surface waters and an increase
with depth. DCd concentrations in the Celtic Sea reported here were generally lower than in

previous reports (Muller et al. 1994).

Nickel
Dissolved Ni concentrations are presented in Table 6 and Figure 3.9 and ranged between 2.390

— 4.821 nmol kg™ in November, 2.783 — 4.569 nmol kg™ in April and 1.998 — 4.703 nmol kg™ in
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July. The lowest DNi concentrations were observed in the SML and differed significantly between
seasons (ANOVA (F(2, 106) = 177.9, p = < 0.05)), 2.607 + 0.147 nmol kg™ (n = 36) in November,
2.976 + 0.123 nmol kg™ (n = 50) in April and 2.304 + 0.190 nmol kg™ (n = 23) in July. Below the
SML, DNi concentrations generally did not differ seasonally and gradually increased with depth to
concentrations of 4.203 + 0.250 nmol kg@ (n = 49). These observations were generally in
agreement with previous reports from the study region (Cotté-Krief et al. 2002; Le Gall et al.
1999) and open ocean (Saager et al. 1997). However, mean DNi concentrations in the SML
reported here were lower than values reported in the study region by Cote-Krief (3.0 £ 0.4 nmol
kg™ in summer and 3.5 + 0.7 nmol kg™ in winter) but in agreement with 2.44 + 0.21 nmol L™ in
winter and 2.33 £ 0.26 nmol L™ in summer reported by Kremling and Pohl (1989) in the study
region and with the open ocean values (2.4 + 0.8 nmol kg in summer) (Saager et al. 1997). For
deep water DNi concentrations, values reported here were in agreement with DNi concentrations
reported for the study region (4.1 + 0.4 nmol kg™) (Cotté-Krief et al. 2002) but higher than the
open ocean concentrations (3.9 + 0.9 nmol kg™) (Saager et al. 1997). On the continental shelf, DNi
concentrations ranged between 2.401 — 3.385 nmol kg™ in November, 2.900 — 3.661 nmol kg™ in
April and 2.477 — 3.501 nmol kg™ in July. These concentrations were lower than concentrations

measured in surface waters around the British coast (4 — 160 nM) (Achterberg et al. 1999).

Zinc

Dissolved Zn concentrations are presented Table 6 and Figure 3.10 and ranged between 0.172
— 2.384 nmol kg™ in November, 0.152 — 2.665 nmol kg™ in April and 0.068 — 2.755 nmol kg™ in
July. The lowest DZn concentrations were observed in the SML and differed significantly (ANOVA
(F(2, 102) = 18.0, p = < 0.05)) between the autumn and summer and the spring and summer
seasons, with no significant difference between autumn and spring seasons concentrations
(Fisher’s Least Significant Difference post-hoc (LSD) test (Chapter 2)). The DZn concentrations
observed in the SML were 0.302 + 0.102 nmol kg™ (n = 36) in November, 0.338 + 0.115 nmol kg™
(n = 48) in April and 0.173 + 0.062 nmol kg™ (n = 20) in July. Below the SML, DZn concentrations
generally did not differ seasonally and gradually increased with depth to concentrations of 1.989
+ 0.298 pmol kg™ (n = 49). To my knowledge, there is only one historical DZn full depth profile
observation in the Celtic Sea slope region (Danielsson et al. 1985). However, all DZn
concentrations reported by Danielsson and co-workers were variable and higher than DZn
concentrations reported here. On the continental shelf, DZn concentrations were elevated in
comparison to the slope region and ranged between 0.114 — 3.703 nmol kg™ in November, 0.162
- 5.236 nmol kg™ in April and 0.363 — 7.280 nmol kg™ in July with the lowest concentrations
observed in surface waters and a general increase with depth. These concentrations were lower
than concentrations measured in surface waters around the British coast (8 — 530 nM)

(Achterberg et al. 1999).
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Dissolved Cu concentrations are presented in Table 6 and Figure 3.11 and ranged between
1.025 — 2.150 nmol kg™ in November, 1.027 — 2.083 nmol kg™ in April and 0.922 — 2.125 nmol kg™
in July. Similarly to DZn, the lowest DCu concentrations were observed in the SML and differed
significantly (ANOVA (F(2, 105) = 35.2, p = < 0.05)) between Autumn and Summer and Spring and

Summer seasons, with no significant difference between Autumn and Spring season
concentrations (LSD test, Chapter 2). The DCu concentrations observed in the SML were 1.087 *

0.035 nmol kg™ (n = 36) in November, 1.101 + 0.032 nmol kg™ (n = 49) in April and 1.012 + 0.067
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nmol kg™ (n = 23) in July. Below the SML, DCu concentrations generally did not differ seasonally
and gradually increased with depth to concentrations of 1.713 + 0.230 pmol kg™ (n = 48). Summer
SML DCu concentrations reported here were in agreement with values reported by Kremling and
Pohl (1989)) (1.07 + 0.13 nmol L™) but lower than concentrations reported by Cotté-Krief et al.
(2002) (1.18 + 0.19 nmol kg'). Winter SML DCu concentrations agreed with previous
measurements in the study region (1.04 + 0.31 nmol kg™) (Cotté-Krief et al. 2002) and values in
the open ocean (1.04 + 0.31 nmol kg™) for the same season (Saager et al. 1997). In case of deep
water DCu concentrations, values reported here were higher than in previous reports for the
study region (1.56 + 0.33 nmol kg') (Cotté-Krief et al. 2002) but in agreement with open ocean
values (1.73 + 0.4 nmol kg™) (Saager et al. 1997). On the continental shelf, DCu concentrations
were elevated in comparison to the slope region and ranged between 1.035 — 2.395 nmol kg™ in

November, 1.078 — 4.433 nmol kg™ in April and 1.418 — 3.993 nmol kg™ in July.

Cobalt and Aluminium

This chapter focuses on the variability of DCo and DAl in the upper waters on the continental
slope only, where a significant correlation with macronutrients was observed (r* > 0.74). The DCo
distributions below the SML are discussed in detail in Chapter 4 and DAI distributions below
ENACW are discussed in Chapter 5. Concentrations of DCo and DAl in the SML are presented in
Table 6 and Figure 3.12 and ranged between 26.6 — 75.6 pmol kg™ and 2.58 and 14.78 nmol kg™
for DCo and DA, respectively. The DCo and DAI concentrations in the SML varied significantly
between seasons, DCo: ANOVA (F(2, 102) = 150.5, p = < 0.05) and DAIl: ANOVA (F(2, 105) = 87.4, p
= < 0.05)) with mean concentrations of 55.1 + 4.5 pmol kg™ (n = 36), 66.5 + 4.7 pmol kg™ (n = 47),
41.1 + 8.9 pmol kg™ (n = 22) for DCo and 4.84 + 0.63 nmol kg™ (n = 34), 6.61 + 1.29 nmol kg™ (n =
50), 3.02 + 0.33 nmol kg™ (n = 21) for DAl in November, April and July, respectively.

3.4 Discussion

The PCA revealed distinct groups of DTMs (Figure 3.3): DCd, DZn, DNi, DAI, DCu, DCo in
association with macronutrients (phosphate (PO,>) and silicic acid (SiO,*)), and two separate
groups of DTMs (DMn and DPb), which can be associated with the global DTMs categorisation
described in the Chapter 1. Dissolved Cd, Zn, Ni and Cu are generally classified as nutrient-like
metals due to their resemblance of macronutrient profiles with low surface water concentrations
that increase with depth, which is also evident in the PCA results. Dissolved Mn and DPb usually
exhibit a scavenged-type depth profile with concentration maximum in the upper waters that
decrease with depth (Bruland & Lohan 2004), which would explain the anti-correlation of DMn

and nutrient-like DTMs and macronutrients. However, DPb did not correlate with any other
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variables suggesting distinct factors influencing its distributions in the study region. Dissolved Co
has been reported as a hybrid-type element that features nutrient-like behaviour in the upper
waters and scavenged-type in deeper waters (Bruland & Lohan 2004). The results of this PCA—
alongside global TMs observations—structured this thesis, dividing it into three chapters:
nutrient-like TMs (DCd, DZn, DNi, DCu, DAI) and their relationship with macronutrients (Chapter
3), sedimentary derived DTMs (DMn and DCo) (Chapter 4) and the anthropogenic contaminant
DPb (Chapter 5).

3.4.1 Continental shelf break

Dissolved Cd, Zn, Ni and Cu exhibited nutrient-like vertical depth profiles during all seasons,
with the lowest concentrations observed in surface waters due to biological utilization and
enhanced concentrations with depth due to remineralization of sinking biogenic particles (Bruland
& Lohan 2004). These observations are in agreement with global ocean observations of nutrient-
like metals (Bruland & Lohan 2004). Surface water concentrations differed significantly between
seasons (section 3.4.1.1) and strong correlations (Figure 3.13) with major macronutrients (PO43',
nitrate and nitrite (NOy) and Si0,") (r* = 0.77 — 0.97) were observed. The strongest correlations

were observed between PO,* and DCd (r* = 0.97), DZn (r* = 0.91), DNi (r* = 0.90), DCo (r* = 0.77)
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Figure 3.12 Box plots of concentrations of phosphate (a), nitrate and nitrite (b), silicic acid (c),
dissolved cadmium (d), nickel (e), copper (f), zinc (g), aluminium (h) and cobalt (i) in November
left column of each plot, April middle column and July right column.
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and DAI (r* = 0.80), and between SiO,* and DCu (r* = 0.92) and DAI (r* = 0.85), and hence this
discussion focuses on relationships with these macronutrients. In case of DCo and DAl
distributions in deeper waters, the influence of additional biogeochemical processes such as
scavenging (DCo) and presence of MOW (DAIl) was observed. These processes are further
discussed in Chapter 4 and Chapter 5. The following three sections focus on elemental ratios of
TMs relative to PO43' and Si0,*. Section 3.4.1.1 discusses variability of TM concentrations in
surface waters and their elemental ratios across three different seasons, whilst sections 3.4.1.2
and 3.4.1.3 focus on full depth profile of TMs and their ‘overall’ relationships with macronutrients

for all seasons.

34.1.1 Seasonal variability in surface waters

A significant seasonal signal in concentrations of all metals and macronutrients was observed
in off-shelf surface waters between April 2015 and July 2015 due to water column stratification
and biological utilization (Figure 3.12). A drawdown of TMs: 80 pmol kg™ (71%) DCd, 0.671 nmol
kg™ (23%) DNi, 0.089 nmol kg™ (8%) DCu, 0.165 nmol kg™ (49%) DZn, 3.59 nmol kg™ (54%) DAl and
25.4 pmol kg™ (38%) DCo was observed, with a drawdown of 0.35 umol kg™ (72%) PO,>, 6.68
umol kg™ (83%) NO, and 2.46 umol kg™ (81%) Si0,* for macronutrients. Drawdown of Cd, Ni and
NO, observed between the four months of April to July 2015 in the slope region of the Celtic Sea
was higher, and drawdown of Cu was lower than previously reported for the study region
between January 1994 and June 1995 (36% NO*, 41% Cd, 22% Cu, 14% Ni) (Cotté-Krief et al.
2002) and March — June 1987 (56% Cd, 12% Cu, 4% Ni) (Kremling & Pohl 1989). Furthermore, the
surface water drawdown reported here, yielded the following ‘uptake’ ratio as normalised to

3_
PO4 .
(N15+0.4517:0.3P1)1000Al10£0.5Ni1.9:0.4ZN0 5:0.6CU0 25:0.89Cd0 2:0.5C00.0720.49

A significant increase of surface water concentrations of all metals and macronutrients was
observed between July and November in the Celtic Sea study region, 37.1 pmol kg™ DCd, 0.303
nmol kg™ DNi, 0.074 nmol kg™ DCu, 0.129 nmol kg™ DZn, 1.83 nmol kg™ DAI and 14.0 pmol kg™
DCo whilst 0.12 umol kg'1 Po,*, 1.74 umol kg'1 NO;s and 0.82 umol kg'1 Si0," for macronutrients.

The surface water build-up reported here, yielded the following ‘remineralisation’ ratio:

(N1511.551741.1P1)1000Al1541Ni2 541 2ZN141 3CUg 641 4Cd0 341.1C00 124118

The difference between the ‘uptake’ ratio and ‘remineralisation’ ratios, with larger values for all
metals in the remineralisation ratio, can be explained by metal inputs from deeper oceanic waters

that increased TM:P ratios (Figure 3.13 and Cu:P (r2 =0.69, n = 48)):

(P1)1000Al15 2Ni17Zn; 3Cuq 3Cdo 3
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Figure 3.13 Relationships between phosphate and dissolved cadmium (a), zinc (b), nickel (c) and
silicate and dissolved copper (d) for full depth profiles during all seasons. Red squares in plot (b)
indicate phosphate concentrations < 0.4 umol kg where the linear correlation was not
significant, green squares indicate outliers omitted in the linear analysis. Examination of
relationships between phosphate and dissolved aluminium (e) and silicic acid and aluminium (f)
(waters above Mediterranean Outflow Waters). Dissolved aluminium (g) and dissolved cobalt (h)
relationship with phosphate in surface waters during all seasons.

A further increase in concentrations of all metals and macronutrients was observed between
November and April, presumably as a result of the resupply of nutrients to surface waters via

winter mixing: 42.9 pmol kg™ DCd, 0.368 nmol kg™ DNi, 0.015 nmol kg™ DCu, 0.036 nmol kg™ DZn,
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1.77 nmol kg™ DAl and 11.4 pmol kg DCo whilst 0.24 umol kg™ PO,>, 4.95 umol kg™ NO5 and
1.64 umol kg™ Si0,* in macronutrients and yielded the following ‘remineralization-winter mixing’

(from hereafter referred to as ‘winter mixing’) ratio:

(N2140.551740.4P1)1000Al7.420.9Ni1 540.6ZN0 224 32CU0 0623.25Cd0.240.7C 00 054066

Elemental ratios observed in the Celtic Sea region agreed well with the full depth ratios in the

North Atlantic Ocean compiled by Twining and Baines (2013):
(P1)1000Ni1.6ZN2 6CuU0 3Cd0 2C00.06

and with the extended Redfield ratio obtained by Ho et al. (2003), for phytoplankton cultures:
(C106N16P1)x1000ZN0.8CU0.4Cd0.2C00 2

Nutrient-like TM concentrations are assumed to be influenced by the same biogeochemical
processes as macronutrients. However, if this is strictly the case, the elemental ‘uptake’,
‘remineralization’ and ‘winter mixing’ elemental ratios should be uniform. The differences in
elemental concentrations between seasons in the Celtic Sea region were significant and the
elemental ratios were in excess of error for N, Si and Al but within error for all other elements
under consideration. Nevertheless, the potential of metal specific biogeochemical processes
relative to PO,> over a short time scale (< 4 months) should be considered in future studies. Given
that all the nutrient-like TMs, except Al, are not susceptible to scavenging, findings reported here
may suggest inter-seasonal differences in TMs remineralisation and/or uptake rates of TMs
relative to PO,>. Although Fe and manganese (Mn) are crucial bioessential micronutrients, they
were not included in the above comparison. A seasonal variability was not observed in DMn
distributions in the SML (Chapter 4) and DFe distributions were not considered as part of this
thesis. Further interpretation of this dataset in preparation for publication will consider the
elemental Fe:P ratio.

A nutrient-like biogeochemical behaviour for DAl was a surprising observation that emerged
from the above comparison of elemental ratios. Given that Al has no known biological function in
marine organisms and is considered a scavenging-type metal, its correlation with PO, was
suggestive of either passive biological uptake or adsorption onto biogenic particles. Further

discussion of DAI relationship with macronutrients can be found in section 3.4.1.2

34.1.2 DCd, DZn DAI and DCo relationship with PO, in full depth profiles

The strongest positive linear correlation with PO,> was observed for DCd (r* = 0.97, n = 458)
and yielded a Cd:P ratio of 257 umol mol™ based on a linear regression of dissolved species
concentrations across full depth profiles in all seasons. The Cd:P relationship observed in the

Celtic Sea can be described by one set of data points without a distinct ‘kink’. Full depth profiles
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of DCd and PO,> were obtained for the GAO3 study in the Gulf of Cadiz (Figure 3.14) from the
GEOTRACES intermediate product (IDP 2017). The examination of Cd:P correlation in these waters
revealed a ‘kink’ at 0.3 umol kg™ PO, (Figure 3.15) (stations USGT-10-1-USGT-10-5, IDP 2017).
The Cd:P relationship yielded 84 umol mol™ (r* = 0.78, n = 10) Cd:P ratios in waters < 0.3 umol kg™
PO43' and 281 umol mol™ (r2 =0.98, n = 57) in waters above > 0.3 umol kg'1 PO43'. The full GAO3
dataset from the North Atlantic exhibited Cd:P ratios of 274 umol mol™ but was limited to
waters > 300 m depth (Roshan & Wu 2015). Therefore, the Cd:P ratios in the Celtic Sea agreed
well with observations in North Atlantic waters (> 300 m depth) with our study lacking a ‘kink’ at
low PO,> concentrations, which is potentially the result of local biological activity in surface
waters (Cullen et al. 2003; Cullen 2006; Sunda & Huntsman 1995; Elderfield & Rickaby 2000).

A number of potential biogeochemical processes causing a ‘kink’ in Cd:P ratios have been
suggested: (i) deeper water Cd regeneration relative to PO, (Boyle 1988), (ii) transport of water
masses with different Cd:PO,> ratios (Xie et al. 2015), (iii) Fe limitation and/or Zn depletion in
surface waters (Cullen 2006) leading to enhanced Cd uptake relative to PO, or (iv) Cd
substitution for Co/Zn in CA (Sunda & Huntsman 1995; Morel et al. 1994). Considering the
consistency of Cd:P ratios in deeper waters for the GAO3 and Celtic Sea study regions, the latter
two processes (iii and iv) relevant to elemental ratios in surface waters are considered. A
significant drawdown of DFe to 0.03 — 0.16 nM (Birchill 2017) and DZn (0.210 = 0.117 nmol kg™, n
= 20) concentrations was observed in Celtic Sea surface waters in July (Birchill 2017). These
potentially phytoplankton growth limiting conditions were supportive of the mechanisms (iii) and
consequently formation of a distinct ‘kink’ in Cd:P relationship, which is in contrast to findings
reported here. However, low (micro-nutrient) conditions in the Celtic Sea were observed only in
July, and thus were a seasonal, not a persistent feature. It is likely that the short timescale of
these conditions was insignificant to affect the overall Cd:P relationship in our study region, in
contrast to the permanently oligotrophic surface waters in the North Atlantic gyre (GAO3 study
region).

Mechanism (iv) suggests a close association of Cd uptake and Co/Zn availability in surface
waters and a potential of Cd substitution for Co/Zn in CA (Sunda & Huntsman 1995; Morel et al.
1994; Elderfield & Rickaby 2000). Interestingly, the Zn:P ratio could also be split into two groups
of data points separated by a distinct ‘kink’ at 0.4 umol kg™ PO,>. The ‘kink in Zn:P has been
observed at 1.5 umol kg™ PO,> globally (Wyatt et al. 2014; Vance et al. 2017). As evident from
Figure 3.13, the Zn to P correlation was weak in waters with PO,> < 0.4 umol kg™ (r* = 0.04), but
for waters PO,> > 0.4 umol kg™ a Zn:P ratio of 2261 umol mol™ (r* = 0.91, n = 378) was observed
and in agreement with an estimation of 2161 umol mol™ for the North Atlantic (Figure 3.15)
(stations USGT-10-3 and USGT-10-5, IDP 2017). A Zn:P ratio of 1304 + 802 umol mol™ (n = 71) in

waters PO,> < 0.4 umol kg™ was determined as the mean Zn:P ratio of all data points, and was
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higher than Zn:P estimation in the North Atlantic (440 umol mol™, Figure 3.15). Higher Zn:P ratios
in the Celtic Sea surface waters were potentially a result of the more nutrient replete conditions
throughout the year in comparison to the GA03 study. Although, there was no obvious evidence
for off-shelf transport of DZn at a time of sampling (section 3.4.2), and considering elevated DZn
concentrations on the shelf (> 3.7 nmol kg?), the influence of coastal DZn sources on this ratio
cannot be ruled out.

A significant linear correlation (r* = 0.79, n = 105) of DCo with PO,> was observed in surface
waters and yielded Co:P ratios of 63 umol mol™ (Figure 3.13). Below the SML, there was no
correlation between DCo and PO,> due to scavenging processes (Chapter 4). The Co:P ratio
observed in surface waters of the Celtic Sea is in agreement with ratios observed in surface
waters of the North Atlantic (64 umol mol™ (Saito et al. 2017)) and North Atlantic Subtropical
Gyre (67 umol mol™ (Saito et al. 2017)). The observed Co:P ratio of 63 umol mol™ in the Celtic Sea
study region was below the optimal growth requirements of coccolithophore (E.Huxleyi) and

diatom species (Thalassiosira oceanica and Thalassiosira pseudonana), but above those for
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Figure 3.14 Station locations across GEOTRACES sections: GA03 in 2010 (red circles) (Noble et al.
2015), GAO4 in 2013 (green triangles), GAO1 in 2014 (black squares) and our study region in 2014
(yellow stars). Map generated using GeoMapApp, http://www.geomppapp.org (Ryan et al. 2009).
Station 5 in the Alboran Sea (Western Mediterranean Sea) formed part of the GA04 expedition in
2013.
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Figure 3.15 Examination of full depth profiles of dissolved cadmium (left) and dissolved zinc (right)
along the GA03 GEOTRACES section GAO3 section, stations UGT-10-01 — UGT-10-05 (cadmium)
and stations UGT-10-03 and UGT-10-05, IDP 2017.

cyanobacteria (Synechococcus bacillaris) (Sunda & Huntsman 1995). Therefore, the kink in Zn:P
relationship could potentially be a result of Zn-Co cambialism in surface waters where Cd
concentrations were not affected.

Surprisingly, the Al:P ratio also exhibited a distinct ‘kink’ at 0.4 umol kg™ PO,> (Figure 3.13).
Similarly to Zn and P, the correlation between Al and P was weak (r* = 0.22) in waters < 0.4 umol
kg™ PO,*, and we estimated a mean Al:P ratio of 214000 =+ 10.7 umol mol™ (n = 74). In waters >
0.4 umol kg™ PO,* and above the MOW (where a DAl maximum was observed, Chapter 5) the Al:P
ratio was 18158 umol mol™ (r* = 0.80, n = 58). The strong correlation of DAl and macronutrients
as evident from depth profiles (Figure 3.13) and confirmed by the PCA (Figure 3.3), was an
unexpected finding given that aluminium is not thought to be bioessential. The structural
association of Al and silica at the stage of biosynthesis has been reported through an examination
of diatom opaline frustules (Gehlen et al. 2002). Recently, a correlation and DAl concentrations
and silicic acid (r’ = 0.76) has been observed in the North Atlantic surface waters and connected
with diatom abundance (Menzel Barraqueta et al. 2018), further confirming Al association with
biogenic particles. A strong correlation (r2 =0.85, n = 132) between DAl and SiO," Figure 3.13) was
observed in upper waters (SML and ENACW, < 27.30 kg m™ o) in the Celtic Sea study region
without a distinct ‘kink’ suggestive of a close association of DAl with SiO,* biogeochemical cycles.
Although the Al:P and Zn:P ratios exhibited similar patterns, a strong correlation of DAl with PO,
and the apparent ‘kink’ cannot be explained by the elevated biological uptake of DAl due to low
concentrations of other TMs (mechanism iii) or replacement in enzymes (mechanism iv) as
suggested for Zn:P. Although passive uptake and/or biogenic particle DAl and DZn scavenging
(John & Conway 2014) have been suggested, it is not clear why the PO,* relationship with non
bioessential DAl mimicked the relationship of the bioessential element Zn. This aspect should be

addressed in future studies.
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3.4.1.3 Ni and Cu relationship with macronutrients

In the Celtic Sea region, good correlations between DNi and PO,> (r* = 0.90, n = 458) and
between DCu and Si0,* (r’ = 0.92, n = 453) were observed. The correlation of Ni and PO,*> was
suggestive of uptake by phytoplankton in surface waters and deep water remineralization of
sinking organic matter but the correlation of DCu with SiO," suggests a more specific association
with siliceous diatom frustules. Hard opal frustules remineralize over longer timescales, and
hence the SiO," and DCu concentrations enhancement is usually observed in deeper oceanic
waters in comparison to shallower remineralisation of sinking soft tissue material with release of
PO,> and NO, , DCd (Twining et al. 2012). However, Ni has been found within diatom cells, likely
as part of urease and superoxide dismutase enzymes or potentially organic material as suggested
for Zn (Vance et al. 2017), but also Ni also contributes to opaline frustules (Twining et al. 2012). In
contrast to DCo, DCd and DZn, DNi and DCu concentrations did not decrease to sub-nanomolar or
picomolar levels and exhibited the smallest drawdown in surface waters in summer (23% DNi, and
8% DCu) suggesting that these metals were potentially in excess of biological requirements.
Although both of these micronutrients are bioessential to marine organisms, studies that focus on

their biogeochemical cycles are scarce.

3.4.2 Continental shelf system

The residence time of waters in the Celtic Sea is 1 — 2 years (Hydes et al. 2004). Sampling in the
Celtic Sea in late autumn (November), spring (April) and summer (July) provided the opportunity
to study a seasonal cycle of TMs. Distinctively different biogeochemical behaviours for a range of
DTMs (Cu, Co, Ni) were observed in the continental shelf environment in contrast to the shelf
break system. For simplicity, the following discussion excludes Site A (unless specifically stated),
where strong sediment resuspension events and enhanced turbidity were observed across all
seasons, and freshwater inputs were observed in surface waters in April and July. The events were
most prominent at Site A and are discussed further in Chapter 4 and Chapter 5, and were not
observed to the same extent at any other station in the Celtic Sea. Therefore, stations J02 — J06,
CCS and CS2 were selected as representative for the Celtic Sea shelf environment. In general,
DTMs on the continental shelf can be divided into two groups according to their correlation with
salinity (DCo, DCu and DMn, full depth data) across all the stations, and with PO, (DCd and DZn)
across the majority of stations during all seasons. DNi did not show a significant correlation with
either salinity (r> = 0.24) or macronutrients (r* = 0.09, n = 129). Considering that DNi is not
susceptible to scavenging, the exact processes influencing DNi distribution on the Celtic Sea

continental shelf were unclear. Nevertheless, the relatively high DNi concentrations with little
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evidence for biological removal and remineralisation, combined with negligible freshwater inputs,
may contribute to the lack of correlations between DNi and salinity or nutrients.

Concentrations of DCu and DCo were elevated on the continental shelf in comparison to
concentrations along the off-shelf transects, which is suggestive of continental sources. A strong
inverse correlation was observed between salinity and DCu (r* = 0.81, n = 129), and DCo (r* = 0.78,
n = 128) (Figure 3.16) across all seasons, which indicates a fluvial input and physical mixing of low-
salinity, metal-enriched waters with saline, low-metal oceanic waters. The strong correlation of
DCu with salinity has been previously observed in the study region (Muller et al. 1994).The more
coastal stations were in close proximity to the Bristol Channel and River Severn, one of the largest
river systems in the UK (Zhao & Marriott 2013). The Severn river has been subject of disposal of
commercial and household effluents, with metal refining activities inputs centred around
Avonmouth and South Wales (Apte et al. 1990), which form important sources of DTMs. Evidence
for sedimentary inputs of DCo was also observed, particularly at Site A where elevated
concentrations of these metals towards the seafloor were found. Similar observations were made
for DMn, and along with DCo are described in Chapter 4. Therefore, DCo and DCu distributions
were mainly controlled by physical mixing of water masses and sedimentary inputs on the
continental shelf across all seasons.

Overall, a good correlation between DCd and PO,> (r* = 0.76, n = 128) was observed on the
shelf, in contrast to DZn (r* = 0.17, n = 87). However, a closer examination of the relationships
with PO,> at each station revealed a wide range in linear relationships between Cd and P and Zn
and P with various slopes across the shelf in November and April, whilst in July the elemental
ratios were more homogenous (Figure 3.17). The autumn season (November) was defined by low
irradiance and a weakly stratified water column. A linear correlation of DCd with PO43' was
observed at stations CS2 and CCS (casts from 11/11/2014 and 29/11/2014) (r* = 0.97, n = 29)

which yielded a ratio of Cd:P of 213 umol mol™. At stations JO5 and J06 a linear correlation of DCd
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Figure 3.16 Dissolved copper (left) and dissolved cobalt (right) versus salinity for full depth
datasets across the shelf during all seasons. Open symbols indicate data points excluded from the
linear analysis.
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Figure 3.17 Relationship of dissolved Zn (a, c, ) and dissolved Cd (b, d, f) with phosphate in
November (DY018) (top), April (DY029) (middle) and July (DY033) (all stations) (bottom) on the
continental shelf. Open symbols indicate data points excluded from the linear analysis.

and PO, (r* = 0.83, n = 14) resulted in a distinctively lower elemental ratio of 73 umol mol™.

Contrasting observations were made for the DZn relationship with PO,*, with a higher Zn:P ratio
of 2522 umol mol™ at stations JO5 and JO6 (r* = 0.88, n = 13) compared with stations CS2 and CCS
(cast 29/11/2014) of 1532 umol mol™ (r* = 0.73, n = 18). The spatial variability of the ratios was
more prominent in spring (April), when the water column stratification developed and chlorophyll
concentrations were the highest (up to 153 mg m™) (Poulton et al. 2017) with evidence for a
coccolithophore bloom at station J02 (27/04) (Mayers et al. 2018). A linear correlation between
DCd, DZn and PO,> was not observed at stations J02, J06 and CCS at the beginning of April. At the
remaining casts, the slopes of the linear correlations (r* = 0.61 — 1.0) between DCd and PO,>
ranged from as low as 54 umol mol™ at the most coastal station (J04) to 255 umol mol™ at the
shelf edge CS2 station (Figure 3.17). Opposite trends were observed in the linear relationship

between DZn and PO,> (r* = 0.61 — 0.95) that yielded ratios ranging from 1619 at CS2 to 4011
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umol mol™ at JO4 (Figure 3.17). Although, the variability in the ratios for both metals with PO,>
was relatively large in November and April, the range of Zn/Cd ratios was similar for both seasons
and ranged from 35:1 (JO5+J06) and 7:1 (CCS+CS2) in November and 74:1 (J04), 34:1 (J06), 16:1
(CCS), 6:1(CS2) in April (Figure 3.18). In July, a uniform linear relationship was observed between
both DCd and DZn and PO, at all stations and yielded ratios of Zn:P 1859 umol mol™, Cd:P 152
umol mol™ and a Zn:Cd ratio of 12:1. In comparison, on the continental slope, Zn/Cd ratio was
found to be 5:1 in waters < 0.4 umol PO,> and 9:1 in waters > 0.4 pmol PO,>.

The variability in TM:P ratios and the opposite trends for the Cd:P and Zn:P relationships
across the shelf may be driven by three not-mutually exclusive processes: (1) different strengths
of DZn, DCd and P sources across the shelf and/or (2) distinct water masses propagating across
the shelf with different elemental ratios (oceanic vs. coastal) and (3) dynamic shifts in community
structure. (1) Distinctively higher DZn concentrations were observed at the most coastal stations
and DZn levels gradually decreased away from the coast (Figure 3.10). In general, the DZn
concentration gradient was more pronounced than concentration gradients for DCd and PO,>
(Figure 3.8 and Figure 3.5). The difference in near surface (< 25 m) DCd, DZn and PO,
concentrations plotted against the distance from the coast is presented in Figure 3.19. In
November, distinctly higher concentrations of DCd and DZn were observed at stations JO5 and at

JO6 in contrast to uniform concentrations at CCS, CS2 and off-shelf transects, whilst no
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Figure 3.18 Dissolved zinc:phosphate (blue) and dissolved cadmium:phosphate (green) ratios at
on-shelf stations (J04 - CCS), shelf edge station (CS2) in April and on the continental slope.
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Figure 3.19 Near surface (< 25 m) concentrations of phosphate (left), dissolved cadmium (middle)
and dissolved zinc (right) in November (top) and April (bottom) plotted against the section
distance from Site A (0 km), across the shelf (J stations and CCS), shelf break (CS2) and off-shelf
transects. In the upper panel JO5 and JO6 stations are indicated in blue, CCS and CS2 stations in
green and off-shelf transects stations in red. Bottom panel J02-J06 stations are indicated in
orange, CCS in green, CS2 in blue and off-shelf transects stations in red. Black arrow indicates the
shelf break at 200 m isobaths.

concentration gradient was observed for PO,>. In April, even more distinct differences were
observed across the on-shelf stations. A strong DZn concentration gradient between J02 station,
CCS and CS2 was observed, whilst this feature was not as prominent for DCd. Interestingly, PO,>
concentrations increased slightly with distance from the coast (Figure 3.19), which likely was a
result of winter water column overturning that supplied higher PO,> concentrations to surface
waters on the slope or greater PO, utilization on the shelf relative to the slope surface waters.
Therefore, the magnitude of the on-shelf DZn sources was greater than DCd, whilst no distinct on-
shelf sources of PO,> (beside remineralization) were observed. Features observed for the
concentration gradients across the shelf stations in November and April exhibited the same
patterns as DTM:P elemental ratios (Figure 3.17 and Figure 3.18) described above.

(2) The seasonal variability in salinity gradients across the shelf (Figure 3.4) was indicative of
water mass movement across the shelf, with more saline waters observed at CCS in November in
comparison to April and July. Almost identical DTM:P ratios were observed in November at CCS,
CS2 stations (Zn 1576 umol mol™, Cd 213 umol mol™) and off-shelf stations (Zn 1304 = 802 umol
mol™®, Cd 257 umol mol™) (Figure 3.17), in contrast to the coastal stations (Zn 2522 umol mol™, cd
72.2 umol mol™), which indicates a stronger influence of oceanic waters at CCS and CS2. In April,
the gradual characteristics of the salinity gradient across the shelf was also reflected in gradual
changes in DTM:P ratios (Figure 3.17 and Figure 3.18). Ratios observed at the shelf break station

(CS2) (Zn:P 1619 umol mol™, Cd:P 255 umol mol™) were almost identical to the ‘oceanic’ values
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and progressively altered towards the coastal J-stations. In July, the coastal system was more
uniform across the shelf and was characterised by a stratified water column and surface water
drawdown of all elements (section 3.3.3 and 3.3.4) (Birchill et al. 2017; Poulton et al. 2017).
Uniform ratios (Zn:P 1859 umol mol™, Cd:P 152 umol mol™) observed across the on-shelf stations
fell between the ‘oceanic’ and the most ‘coastal’ values (Zn:P ~ 4000 umol mol™, Cd:P < 100 umol
mol™), reflective of a fully stratified and thus potentially more stable system in comparison to
autumn (November) and spring (April). Therefore, the variability in DTM:P ratios could be a result
of distinct magnitudes of DCd, DZn and PO,* sources imprinted over the coastal zone modification
of oceanic signatures across the shelf.

(3) The above explanations focus mainly on chemical (sources) and physical (water mixing)
processes. Considering the enhanced primary production in the shelf sea systems, the influence of
stoichiometry of biological Zn, Cd and PO, uptake and its relationship to elemental availability
and community structure should also be considered. Phosphorus uptake experiments conducted
at CCS exhibited seasonal variability in PO,> uptake relative to carbon and followed ‘non-Redfield’
uptake ratios. While a low PO,> uptake was observed in autumn and a high PO,> uptake was
observed in summer, the spring measurements revealed a transition between these two seasons.
Phosphorus changes were driven by the plankton community (bacteria vs. phytoplankton) and
PO,*, light and NO, availability over different seasons (Poulton et al. 2017). These observations
could explain seasonal changes in TM:P ratios at CCS but not the gradual changes in TM:P across
the shelf over all seasons (Figure 3.17) or the inverse Cd:P and Zn:P ratio pattern on the shelf in
April (Figure 3.18). Finkel et al. (2007) showed highly variable Cd:P ratios related to various
phytoplankton species, including 50 times higher ratios in coccolithophore (335 umol mol™)
compared to cyanobacteria (7 umol mol™), 40 times higher in dinoflagellates (257 umol mol™) and
15 times higher in diatoms (101 umol mol™). Therefore the Cd:P ratios observed over all seasons
on the Celtic Sea shelf correlated well with Cd:P ratios (42 — 168 umol mol™) observed in the
diatom taxonomic group. However, the phytoplankton community in our study region was
dominated by smaller cells such as nanoeukaryotes (2 — 20 um) and picoeukaryotes (< 2 um)
(Tarran et al., in prep.). Sunda and Huntsman (1998a) have shown that at enhanced Zn* (10 m)
and Mn** (10'6'5 M) concentrations in the coastal environment, Cd uptake is strongly suppressed,
which leads to lower Cd concentrations in phytoplankton in comparison to the oceanic taxa.
Although measurements of zZn** and Mn* species were not conducted, as evident from Figure
3.10 and as discussed in Chapter 4, DZn and DMn concentrations gradually decreased towards the
shelf break from > 3.5 nmol kg™ (DZn) and > 4 nmol kg™ (DMn) to < 1 nmol kg*. Therefore, a
suppression of free metal (Zn and Mn) concentration of Cd biological uptake could also gradually

decrease, along with metal concentrations, towards the shelf break so that changes in the free
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Mn or Zn concentration could potentially also influence biological Cd uptake and resultant Cd:P
ratios.

According to the extended Redfield ratio, Cd has the lowest biological requirement in marine
organisms (Ho et al. 2003). A recent discovery of a Cd-specific CA enzyme provided the first
evidence of a direct biological role of Cd (Lane et al. 2005). Considering DCd drawdown of 58.2
pmol L™ at JO6 (casts from 27/04 and 28/07) and 63.0 pmol L™ at CCS (casts from 28/04 and
29/07) between April and July with a period of 96 days between sampling, this yields a Cd uptake
of 0.63 pmol L™ d™ (JO6) and 0.68 pmol L™ d™ (CCS). This is in excellent agreement with Cd uptake
radiotracer experimental estimation of Cd uptake in the Celtic Sea, where 0.64 pmol L d™* was

reported for the spring and summer months (Dixon et al. 2006).

3.5 Summary and conclusions

Sections of DCd, DZn, DCu, and DNi in the Celtic Sea continental slope region demonstrated
nutrient-like behaviour of these elements, with strong correlations with macronutrients (r2 =091
—0.97). Dissolved Co and Al correlated strongly with macronutrients in the upper waters only (r* =
0.74 — 0.80), confirming the biological role of DCo in phytoplankton metabolic functions.
Considering that DAl has no known biological function, scavenging of DAl to biogenic particles or
passive uptake were likely responsible for the observed behaviour. The strong linear correlation
between DCd and PO,> surprisingly did not exhibit the ‘kink’ observed in the other regions of the
global ocean. In contrast to the DZn:PO,* relationship that displayed a distinct ‘kink’ at 0.4 umol
kg™. The DCo concentrations relative to PO, in the SML were potentially below the requirement
of some taxa and considering that Co, Zn and Cd can be substituted in carbonic anhydrase in some
phytoplankton species, Zn replacement for Co could lead to enhanced Zn uptake relative to PO,>
and consequently driving the ‘kink’ in the Zn:P relationship. Interestingly, the Al:P relationship
also exhibited a ‘kink’ at the same PO,> concentrations as Zn:P. Whilst a strong Al:P relationship
was suggestive of passive uptake and/or adsorption onto biogenic cells, the reason for the
apparent ‘kink’ and potential connection to Zn:P biogeochemical processes were unclear and thus
require further studies.

A significant seasonal variation in DTM concentrations in the SML resembled seasonal patterns
in macronutrients, with the lowest concentrations observed in summer (July) and highest in
spring (April), as a result of biological uptake and winter water column overturning re-supplying
nutrients to surface waters. However, the elemental ratios observed in the study region agreed
well with full depth ratios in the North Atlantic Ocean (Twining and Baines 2013) and the

extended Redfield ratio (Ho et al. 2003) for phytoplankton cultures.
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Dissolved TMs exhibited different biogeochemical behaviours in the shelf environment of the
Celtic Sea compared to the shelf break system. Strong inverse correlations of DCu and DCo with
salinity (r = 0.78 — 0.81) suggested continental sources of these metals with physical mixing of
fresher coastal waters with more saline waters across the shelf over all seasons. DCd and DZn
generally correlated well with PO43', with however, spatially and temporally variable ratios of
DCd:P and DZn:P, as a result of different magnitude of coastal water mass modification between
saline oceanic and fresher coastal waters and different magnitudes of DCd, DZn and PO,> sources
across the shelf. Additionally, the influence of phytoplankton uptake ratios related to bloom
development, metal availability and community structure likely played a role in the diverse Cd:P
and Zn:P ratios in the shelf system, imprinted by physical mixing processes. The drawdown of
DCd between April and July yielded an uptake of 0.63 — 0.68 pmol Cd L* d™. These field
observations agreed well with results from incubation experiments using radiotracers in the Celtic
Sea (Dixon et al. 2006).

Observations from the Celtic Sea stress the importance of seasonal studies in order to gain
insights into detailed biogeochemical processes influencing the distributions of TMs in the global
ocean. Furthermore, the spatial and temporal variability in elemental ratios of Cd:P and Zn:P
observed in coastal waters reflect the dynamic character of shelf systems and thus highlights the
necessity of more studies in these productive regions. Additionally, dissolved TMs distributions

should be evaluated as combined datasets, and TMs should not be treated as individual entities
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Chapter4  Biogeochemical process controlling
manganese and cobalt distributions in European Shelf

Seas

The research presented in this chapter is being prepared for publication in Marine Chemistry
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4.1 Introduction

Cobalt (Co) and manganese (Mn) are crucial micronutrients for marine ecosystems. These
metals form part of vital enzymes involved in the cellular processes of marine organisms, such as
photosynthesis and respiration (Morel et al. 2003). Cobalt plays an essential role in the
functioning of in particular cyanobacteria and diatoms (Sunda & Huntsman 1995). This metal is
incorporated in hydrolytic enzymes: carbonic anhydrase and Cobalamin (vitamin Bi,). Carbonic
anhydrase is a catalyst in hydration and dehydration of CO, and may be significant in the chemical
enhancement of air-sea CO, exchange (Raven 1997). Manganese forms a central part of the
superoxide dismutase enzyme that protects cells against O, radicals, and acts as an electron
acceptor and oxidizes water to O, in photosystem Il system (Moore et al. 2013; Peers & Price
2004; Sunda 2012). However, in the marine environment these metals can be present at low
concentrations and be potentially co-limiting nutrients (Browning et al. 2014; Browning et al.
2017). Recently, addition of various nutrients (nitrate, iron and Co) revealed multi-nutrient co-
limitation that stimulated the phytoplankton growth (Browning et al. 2017).

Dissolved Mn (DMn) and Co (DCo) exhibit ‘hybrid’ nutrient-like and scavenged-type vertical
distributions. In surface waters DCo is the scarcest of metallic nutrients with low concentrations
of 45 — 85 pmol kg™ in spring and 20 — 40 pmol kg™ in summer, that increase with depth similarly
to nutrient-like metals (Saito et al. 2010). Furthermore, a strong correlation of DCo with PO43', has
been observed in the Ross Sea (Saito et al. 2010) and the North (Noble et al. 2017), Western
(Dulaquais et al. 2014) and South Atlantic basins (Noble et al. 2012). Whilst, DCo exhibit nutrient-
like distributions in surface waters, in intermediate and deeper waters DCo concentrations
decrease at depth due to particle adsorption (Noble et al. 2012; Noble et al. 2017) or water mass
mixing (Dulaquais et al. 2014) demonstrating a scavenged-type behaviour. DMn usually exhibits a
contrasting distribution to DCo in upper waters. In surface waters, DMn concentrations are
typically elevated (up to 3 nM, (de Jong, van den Berg, et al. 2007)) in comparison to deeper
waters due to atmospheric inputs and levels maintained by photoreduction processes that alter
redox state of Mn from insoluble Mn (IV) to soluble Mn (Il) species and inhibit the activity of Mn-
oxidizing bacteria (Sunda et al. 1983; Sunda & Huntsman 1988). Below the euphotic zone, DMn is
scavenged due to a high particle affinity and the activity of Mn-oxidizing bacteria that catalyse the
oxidation processes (Emerson et al. 1982; Tebo & Emerson 1985), resulting in a decrease in DMn
concentration (down to subnanomolar levels, (Le Gall et al. 1999)) with depth that may be
elevated towards the seafloor due to benthic inputs. The scavenging of both metals results in
relative short residence times (40 — 150 years) in comparison to nutrient-like metals (40 000 — 50
000 years, (Bruland 1980)) and therefore prevents deep water accumulation. However, strong
organic ligand complexation is thought to stabilize Co to some degree (Noble et al. 2017).

Complexes of Mn (lll), an intermediate product in sedimentary redox Mn (ll) and Mn (IV)
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processes (Madison et al. 2013) with marine siderophores have been reported (Parker et al. 2007)
but the influence of organic matter complexation on Mn is still largely unknown.

Dissolved Mn and Co have similar sources and sinks. Natural and anthropogenic atmospheric
deposition, riverine discharges and reductive dissolution in sediments and deep water
remineralization act as sources of these metals. Biological uptake, particle scavenging,
precipitation and Mn-oxidizing bacteria remove these metals from the water column (Bruland &
Lohan 2004). Sedimentary inputs of DMn and DCo to the water column have been identified as an
important source of these bio-essential micronutrients. (Heggie & Lewis 1984; Stockdale et al.
2010; Bown et al. 2012; Noble et al. 2012). Reduction processes in anoxic sediments solubilize
Mn(ll) and Co (ll) species associated with Mn-oxides (Heggie & Lewis 1984). These soluble species
accumulate in pore waters and may be resuspended and/or diffuse to the overlying waters.
Continental margins are of particular interest due to their high productivity with oxygen depleted
sediments and relatively shallow water-sediment interfaces that may supply these metals to
overlying waters. Coastal regions have been reported to supply DMn and DCo to the open ocean
in off Benguela-Angola (Noble et al. 2012), Mauritania (Noble et al. 2017), the Californian coast
(Biller & Bruland 2013), Ross Sea (Dulaquais et al. 2014) and Bay of Biscay (Laés et al. 2007).
However, the exact processes facilitating the transport from shelf seas to offshore ocean regions
are poorly constrained.

Strong physical mechanisms such as internal tides, internal waves and slope currents occur
along continental slopes, causing sediment resuspension processes resulting in intermediate and
bottom depth nepheloid layers (INLs and BNLs, respectively) (McCave et al. 2001), affecting trace
element distributions in continental margin regions (Noble et al. 2017; Laés et al. 2007). Yet, very
little is known about the role of nepheloid layers in off-shore trace metals transport due to the
transient and unpredictable nature of these phenomena. Sediments are the main sources of
radium (Ra) short-lived *Ra (11.4 days) and ***Ra (3.6 days) isotopes (Moore 2000) and thus can
be utilized as tracers of recent sedimentary inputs to overlying waters. Radium isotopes are highly
soluble in seawater and accumulate in sediments porewaters through continuous radioactive
alpha decay of particle reactive thorium (Th). Once transported through sediment water
interface, Ra isotopes are dispersed away from the source and their activity gradient decreases
through the decay (Burt et al. 2014). However, in addition to remobilisation of trace metals from
sediments, scavenging is also expected to occur in the particle rich waters overlying on the shelf
break. As a consequence, for efficient transport of DMn and DCo within nepheloid layers to occur,
a dynamic exchange of trace metals between particles and water is required (Milne et al. 2017,
Achterberg et al. 2018). Additionally, continental slope topography may play a role in sediment
resuspension and off-shelf transport of particulate material. Submarine canyons are known

hotspots of intense mixing and enhanced sediment flux to the open ocean due to their complex
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topography that leads to greater internal wave generation and diapycnal mixing (Gardner 1989;
Hotchkiss & Wunsch 1982; Kunze et al. 2002; Carter & Gregg 2002). This study was conducted
along a marine spur and canyon (west bank of the Explorer Canyon) on the Celtic Sea continental
margin during three separate cruises. The region is characterised by highly complex morphology
with over 30 canyons stretching along a 300 km shelf edge (Bourillet et al. 2003) where lateral
transport of particulate material within INLs is a common feature (Dickson 1986; Antia et al. 1999;
McCave et al. 2001). Therefore, the Celtic Sea serves as an excellent opportunity to examine the
influence of seafloor topography, spatial and temporal variability of nepheloid layers and their
role on DCo and DMn distributions.

In addition to natural sources, the economic market for Co has expanded tremendously in
recent years through the application of Co in for example lithium oxide cathode based batteries
(Scrosati & Garche 2010). The environmental impact of inappropriate disposal of Co based
batteries and Co alloys along with burning of fossil fuels, mining and smelting (Kim et al. 2006;
Banza et al. 2009) will likely increase in future and potentially serve as an anthropogenic source
to the marine environment, in particular in coastal regions. Therefore, understanding of the
natural cycle of DCo is critical to allow assessment of the potential anthropogenic impacts of
increased anthropogenic Co use on the marine environment in future.

The aim of the research reported here was to quantify biogeochemical processes governing
the distributions of DMn and DCo in the continental margin and to examine potential role of INLs
off-shelf transport of these metals to the open ocean. Work reported here demonstrates first
extensive study of DMn and DCo in the North West European Shelf Sea continental margin on

small spatial (< 5 km) and temporal (< 4 months) scale.

4.2 Materials and methods

Full details of the study region, sampling and methods are provided in Chapter 2. Briefly,
samples for trace metal analysis were collected during three different seasons; November —
December 2014 (DY018), April 2015 (DY029), and July — August 2015 (DY033) on the Northeast
Atlantic continental margin (Celtic Sea) (Figure 2.1), on board RRS Discovery. Two off-shelf
transects were conducted along a canyon (T1_C, stations CO1 — C07, C15), nearby a spur (T2_S,
stations SO8 — S09) and one on-shelf transect in the Celtic Sea (stations CS2, CCS, J02 —J06, Site A).
Trace metal samples were collected following GEOTRACES protocols (Cutter et al. 2010).
Dissolved TMs were filtered using a 0.2 um pore size cartridge filter (Sartobran 300, Sartorius),
preconcentrated using an automated system (SC-4 DX SeaFAST pico; ESI) and analysed by high-
resolution inductively coupled plasma-mass spectrometry (HR-ICP-MS; Thermo Fisher Element

XR) (Rapp et al. 2017). Evaluation of the accuracy and efficiency of these methods was carried out
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using GEOTRACES reference materials with the results showing good agreement (Table 5). Some
data points were identified as outliers and were excluded from consideration following the z-
score (Chapter 2). Particulate Mn and Co was collected on clean 25 mm Supor® polyethersulfone
membrane disc filters (Pall, 0.45 pm) and subjected to a 25% acetic acid-hydroxylamine
hydrochloride leach (LpMn, LpCo) (Berger et al. 2008) that represented potentially bioavailable,
exchangeable fraction and subsequently an hydrofluoric (HF) acid digestion (PMn, PCo) that

represented refractory fraction (Ohnemus et al. 2014). Particulate samples were analysed using

223 224

ICP-MS (Thermo Fisher X Series 2). Radium (Ra) isotopes ““°Ra and ““"Ra were extracted from
large seawater volumes (60 — 100 L) by adsorption onto Mn acrylic fibers (Sun & Torgersen 1998).
Radium activities were analysed at sea by Radium Delayed Coincidence Counting following

standard methodology (Annett et al. 2013; Garcia-Solsona et al. 2008; Moore 2008; Moore &

224 223

Arnold 1996). Radium activities used here (““"Ra,s and ““°Ra,s) were in excess of activity supported
by the parent isotopes in the water column (Chapter 2). Seawater sampling and handling for
macronutrient analysis was carried out according to the International GO-SHIP nutrient manual
recommendations (Hydes et al. 2010) and the analysis was carried on board using techniques
described in Woodward and Rees (2001). Water mass distribution was quantified using extended
Optimum Multiparameter analysis (extOMP) (Hupe & Karstensen 2000; Karstensen & Tomczak
1998; Pollard et al. 2004). Conductivity, temperature and depth (CTD) data was collected and
processed on board. Turbidity was measured (Chelsea Technologies Group Aquatrack MKIII
fluorometer, wavelength 400nm, bandwidth 80 nm). Salinity was measured (Sea-Bird SBE 4C
sensor) and calibrated on-board using in-situ salinity samples analysed with a Guildline Autosal
salinometer. Temperature was measured with Sea-Bird SBE 3plus (SBE 3P) temperature sensor.
Dissolved oxygen was measured with Sea-Bird SBE 43 oxygen sensor and calibrated against
photometric on-board Winkler titration results. Statistical analysis, one way ANOVA and linear

regression were performed using StatPlus:mac statistical tool pack. Section plots figures were

created with the Ocean Data View (2015) software (Schlitzer 2015) with DIVA gridding settings.

4.3 Results and discussion

43.1 Hydrography

Detailed hydrography description can be found in section 3.3.1.
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Figure 4.1. Dissolved manganese distribution plots along (a) the canyon transects (T1_C,
left), and along (b) the spur transects (T2_S, right), in November (DY018) (top), April
(DY029) (middle) and July (DY033) (bottom). Black lines represent the density range of
DMn concentration enhancement within identified nepheloid layers.
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Figure 4.2 Dissolved cobalt distribution plots along (a) the canyon transects (T1_C, left),
and along (b) the spur transects (T2_S, right), in November (DY018) (top), April (DY029)
(middle) and July (DY033) (bottom). Black lines represent the density range of DMn
concentration enhancement within identified nepheloid layers.
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4.4 Distributions of DCo and DMn

Dissolved Mn

The concentrations of DMn in the slope region of the Celtic Sea ranged between 0.218 — 1.116
nmol kg (Figure 4.1). In general, elevated DMn concentrations were noted in the top 500 m and
ranged between 0.312 — 1.116 nmol kg'l. In November, DMn exhibited surface water maxima
(0.866 = 0.174 nmol kg™, n = 36) that decreased with depth. In contrast, subsurface maxima were

observed in April (0.671 = 0.079 nmol kg™, n = 32) and July (0.775 + 0.081 nmol kg, n = 51) at <
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Figure 4.3 Dissolved manganese distribution plots along the on-shelf transect in November
(DY018) (top), April (DY029) (middle) and July (DY033) (bottom).
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400 m and < 150 m depth respectively. Dissolved Mn minimum (0.350 = 0.068 nmol kg'l, n = 89)
was persistent across all seasons and coincided with salinity maxima at ~ 1000 m depth. In deeper
waters, DMn concentrations increased towards the seafloor (up to 0.895 nmol kg@). These
observations are generally consistent with previous observations in the study region (Le Gall et al.
1999), with DMn concentrations being higher than those reported for the East North Atlantic
Ocean (0.224 + 0.125 nmol kg*, n = 76 (Saager et al. 1997; Hatta et al. 2015)). There was no
distinctive seasonal difference in DMn concentrations throughout the water column. Distinctively

higher DMn concentrations were observed on the continental shelf (0.600 - 14.49 nmol kg™,
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Figure 4.4 Dissolved cobalt distribution plots along the on-shelf transect in November (DY018)
(top), April (DY029) (middle) and July (DY033) (bottom).
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Figure 4.3) and generally agreed with DMn concentrations of 1 — 10 nmol L™ previously reported
in the study region (Muller et al. 1994). The highest DMn concentrations were measured towards

the seafloor at Site A in November (9.765 nmol kg™), April (10.89 nmol kg™) and July (14.49 nmol
kg™).

Dissolved Co

The concentrations of DCo in the Celtic Sea slope region ranged between 26.6 — 96.8 pmol kg™
(Figure 4.2). In general, the lowest DCo concentrations were measured in the seasonal mixed
layer (SML) with differences observed between seasons; 55.1 + 4.5 pmol kg™ (n = 36), 66.5 + 4.7
pmol kg™ (n = 47), 41.1 + 8.9 pmol kg™ (n = 22) in November, April and July respectively. Below the
SML, there was no distinctive seasonal difference in DCo concentrations throughout the water
column and DCo concentrations increased to 73.7 + 7.9 pmol kg (n = 296) and were fairly
uniform until 1500 m depth. Dissolved Co concentrations generally decreased to 71.3 £ 4.7 pmol
kg™ (n = 46) below 1500 m along T1_C (canyon) and T2_S (spur) transects. However, in April, DCo
concentrations increased towards the seafloor at stations C02 (88.2 pmol kg™*), C15 (94.3 pmol kg’
') and S08 (92.1 pmol kg?). Dissolved Co concentrations were lower than previously reported
values of 100 - 200 pmol L™ (Muller et al. 1994).

Similarly to DMn, higher DCo concentrations were observed on the continental shelf (47.8
pmol kg™ - 211.6 pmol kg*, Figure 4.4) in agreement with previous findings (100 — 250 pmol L™,
(Muller et al. 1994)) (75 — 143 pmol L™ in surface waters, (Kremling & Hydest 1988)) in the study
region. The highest DCo concentrations were observed in bottom waters at Site A in November

(153.5 pmol kg™*), April (211.6 pmol kg™*) and July (208.0 pmol kg™).

44.1 Relationship between dissolved cobalt and manganese with phosphate

The relationship between DCo and PO,> across all seasons in the study region revealed a shift
in biogeochemical processes that dominated the DCo distributions in the water column (Figure
4.5). In contrast, although DMn is a bioessential micronutrient, it did not correlate with PO43' due
to high surface waters concentrations that decrease with depth. A detailed discussion on seasonal
variability of DCo concentrations and the relationship with PO,> in the SML can be found in
sections 3.4.1.1 and 3.4.1.2 respectively. Briefly, the seasonal variability in DCo concentrations in
the SML was similar to that of PO43', NO; and SiO,” and other micronutrient (DCd, DZn, DAI, DCu
and DNi) (Table 6) (section 3.4.1.1). The strongest positive correlation between DCo and nutrients
was noted with PO43' (r=0.89, n =104, p = < 0.05). This observation is in agreement with other
studies (Saito et al. 2010; Noble et al. 2012; Noble et al. 2017) and indicates biological utilization

and remineralization as the primary processes influencing DCo in surface waters. The lowest DCo
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concentrations were thus observed in summer (41.1 + 8.9 pmol kg™ (n = 22)( (July, post spring
bloom) as a result of biological uptake. Highest off shelf surface water DCo concentrations were
observed in spring (66.5 + 4.7 pmol kg™ (n = 47)) (April, pre-spring bloom) as a result of the winter
water column overturning that re-supplied nutrients to the surface waters. Below the SML, there
was no seasonal variation and the correlation with PO,> decreased with depth. Whilst within East
North Atlantic Central Water (ENACW) (< 27.30 kg m™ o) the correlation declined (r = 0.64, n =
209, p = < 0.05) in comparison to the SML, within the Mediterranean Outflow Water (MOW)
density range (27.30 — 27.75 kg m? 0p) there was no correlation (r = -0.25, n = 87, p = < 0.05) and
in deep waters (Northeast Atlantic Deep Water (NEADW), > 27.75 kg m™ o,) a strong inverse
correlation between DCo and PO,> was observed (r = -0.72, n = 46, p = < 0.05). This decoupling
between DCo and PO,> indicates a gradual change in processes influencing DCo distributions
through the water column. Whilst PO,> concentrations continuously increased with depth due to
remineralization of sinking organic matter, uniform DCo concentrations within ENACW and MOW
depth ranges were a result of interplay between sources (remineralization) and sinks
(scavenging). Progressively more negative relationship with depth was likely a result of scavenging
onto sinking particles and/or incorporation onto bacterially formed manganese oxides (Moffett &

Ho 1996; Lee & Tebo 1994). However, additional sedimentary sources of DCo were evident in the
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Figure 4.5. Full depth relationship of dissolved cobalt and phosphate in all seasons. Red squares
represent seasonal mixed layer (SML), green diamonds represent East North Atlantic Central
Waters (ENACW), blue triangles represent Mediterranean Outflow Waters (MOW) and orange
circles represent North East Atlantic Deep Waters (NEADW).
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distinct nepheloid layers transported off-shore along isopycnals in upper and intermediate waters
(section 4.4.4). This source of DCo would contribute to the scatter in the DCo vs. PO,
relationship at ENACW and MOW density ranges (Figure 4.5). Therefore, the dominant
biogeochemical processes influencing DCo distributions shift from biological uptake in surface
waters to remineralization and sedimentary inputs in the mesopelagic waters to scavenging in

deep, bathypelagic waters.

4.4.2 DMn spatial variability in surface waters

Dissolved Mn distributions were both temporally and spatially variable in surface waters.
However, these changes did not follow seasonal pattern observed for DCo (section3.4.1.1 and
4.4.1), other DTMs (dissolved cadmium, zinc, nickel, copper, aluminium) and macronutrients
(section3.4.1.1). Mean DMn concentrations in November (0.866 + 0.174 nmol kg™, n = 36) were
higher in comparison to April (0.604 + 0.059 nmol kg™, n = 52) and July (0.694 + 0.099 nmol kg™, n
= 23). Elevated DMn concentrations in November along both transects were consistent with
previous studies (Saager et al. 1997; Le Gall et al. 1999; de Jong et al. 2007) and likely a result of
photoreduction of insoluble Mn (1V) to soluble Mn (II) species and photoinhibition of Mn oxidizing
bacteria and/or external sources such as atmospheric input (de Jong et al. 2007; Moffett & Ho
1996). No correlations with macronutrients were observed across seasons, suggesting little
influence of biological activity on DMn distributions and DMn concentrations likely exceeded the
biological requirement in surface waters in all seasons.

Additionally, a small scale (< 20 km) spatial variability was observed between transects in
November, when distinctly higher DMn concentrations were observed along the canyon transect
(1.001 + 0.094 nmol kg, n = 20) in comparison to the spur transect (0.696 + 0.068 nmol kg™, n =
16). Spatial variability was also observed for Pb with elevated DPb (50.8 + 3.0 pmol kg™, n = 20)
along the canyon in comparison to the spur transect (DPb 42.5 + 5.5 pmol kg™ (n = 16) (section
5.3.3). DAl is used as a tracer for atmospheric dust inputs (Measures & Vink 2000), but results did
not indicate enhanced surface water concentrations at the time of sampling with also no
differences in salinity between transects in November suggesting that atmospheric deposition
and transport of lower salinity shelf waters were unlikely the cause of the observed features.
However, the SML waters along the canyon transect were 0.8°C warmer in comparison to the
spur transect suggestive of different origin of the water masses. Considering that in November
the density driven surface water current flows in a poleward direction (Porter et al. 2016; Pingree
& Le Cann 1989), the warmer waters observed in November on the canyon transect masses
potentially originated south of the study region. This feature was unique for DMn and DPb
(Rusiecka et al. 2018). Although the exact source of the surface waters with enhanced DMn (and

DPb) measured in November could not be identified, considering their short residence time of 1.9
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years for DMn (de Jong et al. 2007) and 5.3 years for DPb, this finding suggests a recent input of

both metals to these waters.

4.4.3 DMn minima within MOW

Persistent DMn minima 0.350 + 0.068 nmol kg™ (n = 89) were observed at a depth range ~ 550
— 1500 m (27.30 — 27.75 oy) that coincided with salinity, DAl and DPb maxima associated with
MOW (Measures et al. 2015; Noble et al. 2015 and section 5.3.1). The presence of MOW at
intermediate depths in the study region was confirmed by the extOMP analysis (Figure 3.2). Saline
Mediterranean waters mix with ENACW in the Strait of Gibraltar, and form MOW at intermediate
depths. This neutrally buoyant plume spreads across the NE Atlantic at ~ 500 — 1500 m towards
the Bay of Biscay and propagates further along the continental slope towards the continental
shelf break of the Celtic Sea. The DMn minimum at intermediate depths was consistent with
previous reports for the study region (Le Gall et al. 1999) and the Bay of Biscay (Laés et al. 2007).
However, in the Celtic Sea study region the mean DMn concentrations were higher than those
observed in the Atlantic Ocean at equivalent densities (0.205 + 0.080 nmol kg™ (n = 31), (de Jong,
Boyé, et al. 2007) and the Gulf of Cadiz (GAO4 section, 0.211 + 0.074 nmol kg™ (n = 14, (Rolison
2016)) and the GAO3 section, 0.219 + 0.097 nmol kg™ (n = 11), (Hatta et al. 2015)) but lower than
in the Bay of Biscay (0.454 + 0.144 nmol kg™ (n = 10), (Laés et al. 2007)). Mediterranean Sea
surface waters show enhanced DAI ( up to 80 nmol kg™) (Rolison et al. 2015) and DMn (up to 14
nmol kg?) (Rolison 2016) concentrations as a result of the dissolution of atmospherically
deposited Saharan dust, whilst increased DPb generally results from anthropogenic aerosol
supplies (Rolison 2016)). Mediterranean Outflow Waters enriched in DAl and DPb were evident in
the Gulf of Cadiz at intermediate depths (Measures et al. 2015; Noble et al. 2015) but this feature
was not observed for DMn and DFe (Rolison 2016; Hatta et al. 2015). This is likely a result of
scavenging processes occurring in the Mediterranean Sea and suggests more efficient scavenging
of DMn and DFe in comparison to DPb and DAI.

Variable DMn concentrations within the MOW in the North East Atlantic are indicative of
modification of the water masses during transport. Elevated DMn concentrations in the Bay of
Biscay in comparison to the Gulf of Cadiz, were associated with resuspended sedimentary inputs
during MOW propagation along the continental slopes (Laés et al. 2007; McCave & Hall 2002).
DMn concentrations declined between the Bay of Biscay and the Celtic Sea region indicative of
further modification of DMn during MOW transit along the continental slopes. Similarly to
findings from Bay of Biscay, benthic source and nepheloid layers transporting enhanced
concentrations of DMn and DCo were observed in the Celtic Sea study region (see below section

4.4.4).
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4.4.4 Benthic source of DMn and DCo
4.4.4.1 Continental shelf sediments

Sedimentary inputs on the continental shelf are exemplified by persistently elevated DMn and
DCo concentrations in bottom waters at Site A (Figure 4.8), which coincided with elevated signals
in particulate Mn (PMn) (18.87 — 26.0 nmol kg), Co (PCo) (304.33 — 456.0 pmol kg™) and turbidity
(Figure 4.8 and Figure 4.6). Similar observations were noted for DFe distributions (Figure 4.8)
(Laés et al. 2007; Birchill 2017). A strong positive correlation (r* = 0.85, n = 8) between DMn and
DFe was observed close to the seafloor (below the thermocline) for all seasons and suggests
similar geochemical processes influencing the fate of these metals with reductive dissolution and
remobilisation of soluble Mn (11}, Mn (lll) (Madison et al. 2013) and Fe (ll) species from porewaters
(Froelich et al. 1979). Indeed, a build-up of Fe (Il) species in porewaters was reported at Site A
(Klar et al. 2017). Benthic inputs of DMn, DCo and DFe are further supported by increased levels
of the short-lived ***Ray, (3.66 days) and ***Ray (11.4 days) isotopes. Radium-224 and **Ra are
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Figure 4.6. Sections of turbidity along the on-shelf transect in November
(DY018) (top), April (DY029) (middle) and July (DY033) (bottom).
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Figure 4.7. Sections of turbidity along the canyon transects (T1_C, left), and along the spur
transects (T2_S, right), in November (DY018) (top), April (DY029) (middle) and July (DY033)
(bottom). Black lines represent the density range of DMn concentration enhancement.

produced as a result of radioactive decay of particle reactive parent Thorium isotopes (**’Th and
22%Th) isotopes accumulated in sediments and thus have a primary benthic source. Elevated
isotopic signals in the water column are indicative of recent contact of these waters with
sediments. Interestingly, a strong positive correlation (r* = 1.0, n = 4) of particulate Co (PCo) and
Mn (PMn) (Figure 4.8) indicate strong Co association with Mn particulate phases such as Mn-
oxihydroxides through incorporation of DCo to Mn particulate phases and deposition in
sediments (Moffett & Ho 1996). Although the DCo depth profile generally resembled the depth
profiles of DMn and DFe as evident from Figure 4.8, the DCo concentration gradient towards the
seafloor was not as prominent as with DMn and DFe and there was no correlation (r* = 0.05)
between DCo and DMn or DFe. Dissolved Co was likely released from sediments through similar
mechanisms as DMn and DFe, but was subsequently influenced by different biogeochemical
processes in the water column. Dissolved Co strongly correlated with salinity across the
continental shelf (r2 = 0.78, n = 128) in all seasons (section 3.4.2). Therefore, a fluvial input and
physical mixing of low-salinity, metal-enriched waters with saline, low-metal oceanic waters and
some sedimentary inputs were the dominant processes controlling distributions of DCo on the
continental shelf.

A benthic flux to overlying waters of 8.2 — 9.5 x 10° moles Mn m2 d™ (n = 3) and 53.8 — 63.0 x
10° moles Co m2 d™ (n = 3) at Site A in April was determined using Ra, measurements following

the method described in Moore (2000). The vertical sedimentary flux (J,) was estimated from the
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224 223

decreasing activity of two short-lived ““"Ra and ““°Ra isotope and the vertical Mn and Co
concentration gradients measured at the same station in April 2015 below the thermocline. The
vertical gradient of In?**Ra was described with In(***Ra,) = 0.0621x — 2.2854 (r* = 0.83) and
In(**3Ray) = 0.0382x — 1.7799 (r* = 0.73). The vertical flux of DTM (J,, mol m? d™?), was calculated

as:
oM
J, =Ky ™
where Kj, is the effective vertical eddy diffusion coefficient (m?d™; detailed in Moore 2000 (Moore
oM

2000)) multiplied by the vertical dissolved metal (Mn and Co) concentration gradient (6x) (mol

m?). If the exchange is dominated by eddy diffusion, an assumption which can be evaluated by

224Raxs) versus vertical distance, then K, is constant and the system is under

m= /L and A=23
Kp t1/2

where A is the decay constant, ty, is the half-life of 22%Ra (3.66 days) and ?**Ra (11.4 days) and the

the linearity of In(

steady state:

. . . 223 .. . .
slope m. A linear relationship between In***Ra, and In***Ra,, activity with distance assumes an
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Figure 4.8 Upper panel: dissolved manganese (red circles), iron (blue triangles), cobalt (green
crosses), turbidity (grey diamonds) and ***Ra,, measurements at Site A in November (left), April
(middle) and July (left). Bottom panel: particulate manganese (red circles) and cobalt (green
crosses) at Site A in November (left) and July (middle) and relationship of particulate manganese
and cobalt below thermocline at Site A in April and July (right).
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eddy-diffusive dominated system in steady state. Dissolved Mn benthic fluxes estimated at Site A
were in good agreement with the DMn flux estimation (0.1 — 13.3 x 10°® moles Mn m™ d!) on the
Iberian continental margin (van der Zee et al. 2001) and exceeded the atmospheric DMn flux

(0.018 — 0.066 x 10°° moles Mn m™ d) in the North Atlantic (de Jong et al. 2007).

4.4.4.2 Continental shelf break nepheloid layers

Persistently elevated DMn concentrations (0.339 — 0.895 nmol kg™') towards the seafloor were
observed in deeper waters (> 1500 m, > 27.75 o) along both transects during all seasons (Figure
4.1). The elevated DMn concentrations coincided with an increased signal in 2R Ak (Figure 4.9,
Figure 4.10) and turbidity (Figure 4.7) indicating a transfer of DMn from resuspended sediments
through nepheloid layers via similar geochemical mechanism as described in section 4.4.4.1,
reductive dissolution and remobilisation of soluble Mn (II), Mn (lll) and Fe (IlI) species from
porewaters. Persistently higher DMn concentrations were measured along the spur transect
(0.441 + 0.147 nmol kg™ (n = 24)) compared to the canyon transect (0.319 + 0.033 nmol kg™ (n =

24)) for all seasons. However, the turbidity signal along the canyon transect was higher than along
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Figure 4.9. Upper panel: depth profiles of DMn (left) and ***Ra,, (right) at stations S08 (blue

diamonds), S09 (red squares) and S10 (green triangles). Bottom panel: turbidity
measurements at stations S08 (left), SO9 (middle) and S10 (left) during DY0O18 (November).
Black horizontal lines indicate the density range of elevated concentrations of dissolved
manganese and cobalt during DY018 (November).
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Figure 4.10 Upper panel: vertical depth profiles of dissolved manganese (red triangles) and
cobalt (blue diamonds) plotted against potential density anomaly at stations CO1 — C04 in
November (a-d). Bottom panel: turbidity measurements against potential density anomaly at
stations CO1 — CO4 in November (e-h) and vertical depth profiles ***Ra,s measurements at station
C03 (green square) and C04 (orange circle) in November. Red horizontal rectangle in both panels
indicates the density range of elevated concentrations of dissolved manganese and cobalt.
Brown horizontal rectangle indicates elevated concentrations of these metals in bottom waters.

the spur transect (Figure 4.7), which is agreement with the global observations in submarine
canyons (Gardner 1989; Hotchkiss & Wunsch 1982; Kunze et al. 2002; Carter & Gregg 2002). This
suggests either a non-linear relationship between sediment resuspension and magnitude of DMn
sedimentary release or the influence of other factors such as sediment type (Komarek & Zeman
2004), sediment and bottom water oxygen concentrations (Lohan & Bruland 2008) and/or organic
matter content in sediments (Slomp et al. 1997) that can also influence the magnitude of DMn
sedimentary release. Potentially, considering the potential for DMn scavenging of, the particle
rich BNLs may also act as a sink for this metal in the water column.

In addition to the benthic inputs to the deep waters, three distinctive metal rich intermediate
nepheloid layers (INLs) that extended away from the continental slope were observed in
November and July (Figure 4.1 and Figure 4.2). Resuspended sediments were a persistent feature
along the Celtic Sea continental margin as confirmed by elevated signals in turbidity (Figure 4.7),
and variable but persistent INLs propagating off-shore along isopycnals that transported DFe and
particulate Fe (PFe) have been observed in the study region (Birchill 2017). In November, along
the canyon transect, elevated DMn and DCo concentrations of 0.425 + 0.071 nmol kg™ (n = 7) and
79.1 + 5.1 pmol kg™ (n = 7) were observed at stations C03 — C04 and decreased off-shore to 0.304
+ 0.030 nmol kg* (n = 3) and 75.1 + 1.0 pmol kg™ (n = 3) (CO1) along 27.21 — 27.48 kg m™ o,
isopycnal (400 — 850 m depth) (Figure 4.1a and Figure 4.10). Similarly to Site A, these elevated

DMn and DCo concentrations coincided with increased signals in DFe (Birchill 2017), PMn and
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PCo. Particulate Mn decreased from 0.764 + 0.119 nmol kg™ (n = 5) to 0.217 + 0.052 nmol kg™ (n =
2), whilst PCo decreased from 31.5 + 12.7 pmol kg™ (n = 5) to 17.1 + 3.8 pmol kg™ (n = 2) across

224

C04 — C03 and CO01 stations (Figure 4.11). Elevated signals in turbidity and ““"Ra,s (measurement
available for C01, C0O3 — C04 stations) were also evident (Figure 4.10). Along the spur transect,
elevated DMn concentrations of 0.401 + 0.078 nmol kg™ (n = 3) were observed at station $10 and
decreased off-shore to 0.336 + 0.033 nmol kg™ (n = 4) at station SO8 along 27.33 — 27.58 kg m™ o,
isopycnal (700 — 1000 m depth) (Figure 4.1b and Figure 4.9). Similarly to the canyon transect,
elevated PMn and PCo were observed along the same isopycnals (Figure 4.11). Particulate Mn
concentrations decreased from 0.556 nmol kg™ (510) to 0.352 + 0.120 nmol kg™ (n = 2) (S08) and
PCo concentrations decreased from 26.4 pmol kg™ to 13.3 + 8.2 pmol kg™ (n = 2) across the

respective stations and coincided with elevated signals in turbidity and ***

Rays. In contrast to the
canyon transect, DCo concentrations were not elevated suggesting lower DCo inputs or
scavenging processes removing DCo from the water column. Interestingly, along the spur transect
INLs were only observed at the most off-shelf stations. Considering the poleward current
direction along slope, this signal could have the same (sedimentary) source but originated south
of the sampling stations and was transported northward. An elevated ***Ra, signal was also
measured at 400 m at station S09 (Figure 4.9) but this feature was not reflected in the DMn depth
profile. Potentially, this elevated DMn signal was masked by the higher DMn concentrations
observed in surface waters (see section 4.4.2).

Along the canyon transect in July, elevated DMn concentrations of 0.398 + 0.028 nmol kg™ (n
=3), 0.342 + 0.042 nmol kg™ (n = 2), 0.321 + 0.107 nmol kg™ (n = 2) were observed along 27.23 —
27.54 kg m™ o, isopycnal (500 — 850 m depth) at stations C15, C02 and CO1 respectively (Figure

4.1a). Similarly elevated concentrations were observed for DFe with 1.31 — 1.41 nmol L™ DFe at
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Figure 4.11 Particulate manganese (top left and bottom left) and cobalt (right) distribution plots
along the canyon transects (T1_C, left), and along the canyon transect in November (DY018)
(top) and July (DY033) (bottom). Black lines represent the density range of DMn concentration
enhancement within identified nepheloid layers.
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station C15 and decreased to 0.87 — 0.94 nmol L™ at station CO1 (Birchill 2017). This observation

along with elevated signals in particulate metals, ***

Ra,s and turbidity confirms a resuspended
sedimentary source of DMn and DCo and subsequent lateral off-shelf isopycnal transport.
Elevated DMn concentrations decreased off-shore by 0.065 nmol kg™ over 5 km (spur) and
0.149 nmol kg™ over 30 km (canyon) distance in November and 0.077 nmol kg™ over 20 km in July
(canyon). However, DMn concentrations at the most off-shelf stations (CO1 and S08) ‘exceeded’
the NE Atlantic ‘background’ DMn concentrations. This indicates that potentially the off-shelf
transport of DMn had a larger spatial scale than the distance of the transects sampled.
Additionally, predominantly poleward direction of the slope current could potentially cause off-
shore transport of DTMs in a northerly direction along the slope rather than westward direction,

away from the slope. If this is the case, the plumes of dissolved metals would be transported

along the continental slopes, and potentially hinder the transport to the open ocean.

4.4.43 Subsurface dissolved Mn plumes

DMn maxima were observed in the upper waters at ~ 400 m depth in April and ~ 100 m depth
in July along both off-shelf transects (Figure 4.1). DMn maxima propagated off-shore along
isopycnals, 27.27 kg m™ o, in April and 27.14 kg m™ g, in July. In April, DMn concentrations
decreased off-shore from 0.752 nmol kg™ (S14) to 0.509 nmol kg™ (508) along the spur transect (~
15 km) and along the canyon transect (~ 50 km), DMn concentrations decreased off-shore from
0.795 nmol kg™ to 0.524 nmol kg™ between stations CO6 and C15 but increased to 0.824 nmol kg™
(C01-C02) further offshore. Considering that stations CO1 and CO2 were the outermost stations of
the canyon transect (Figure 2.1), it was likely that elevated DMn concentrations at these stations
originated south of the stations and were transported by the northward slope current. In July,
DMn concentrations did not decrease offshore, and remained in the range 0.764 + 0.087 nmol kg’
'(n=22)and 0.782 + 0.076 nmol kg™ (n = 29) along the spur and canyon transect respectively.

Similarly to the INLs, elevated ***Ra,, signals (data not available for July) were observed at the
same depths, which suggests recent contact of these waters with sediments. However, in contrast
to INLs, the subsurface maxima did not coincide with increased turbidity or PMn, which suggests a
diffusive rather than resuspended sedimentary input of DMn. The DMn distribution in the upper
waters could potentially be a result of the elevated biological activity in April (spring) and July
(summer) with surface removal and sub-surface regeneration. Though, it was unlikely that the
influence of biological activity in pre bloom conditions would considerably affect DMn
concentrations and extend to 400 m depth in April but this explanation is more plausible in July
when the shoaling of the DMn plume to depths < 100 m and significant drawdown of macro and

micro nutrients was observed (3.4.1.1). However, a lack of correlation with macronutrients,
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suggests that biological activity was not a major influence on DMn distributions in the upper

waters.

4.5 Summary and conclusions

Observations of DMn and DCo distributions in the Celtic Sea region demonstrate a spatially
and temporally variable influence of the sedimentary environments of the continental shelf. The
elevated DMn and DCo concentrations towards the seafloor on the continental shelf, along with
turbidity and ***Ra,s measurements confirmed a sedimentary source of these metals to the water
column with estimated flux of 8.2 = 9.5 x 10° moles Mn m? d™* and 53.8 — 63.0 x 10”° moles Co m™
d™’. Benthic DMn and DCo inputs were also observed on the continental slope in form of BNLs in
deeper waters and INLs at intermediate depths that extended away from the slope. Distinctive
benthic DMn inputs were also observed in the upper waters in April that also extended off-shore
and in contrast to NLs, these observations coincided with elevated signal in ***Ra, but not
turbidity, indicative of diffusive rather than resuspended sedimentary DMn source. Additionally,
modification of DMn concentrations during MOW transit due to continental slope sedimentary
inputs was described through comparison of DMn average concentrations in other studies.

The examination of full depth profile relationship of DCo and PO,> on the continental slope
revealed a gradual shift in biogeochemical processes influencing DCo distribution. Whilst
biological uptake and remineralization were the dominant processes in the upper waters as
evident in good linear correlation (r = 0.89 — 0.64), interplay between scavenging,
remineralization and sedimentary inputs resulted in a low correlation at intermediate depths and
scavenging processes were likely the dominant process in deeper waters and thus responsible for

strong inverse correlation (r = -0.72) of DCo and PO,>.
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5.1 Introduction

Lead (Pb) is one of few elements for which the impact of human activity on the marine
environment is clearly evident. Anthropogenic perturbation of the natural biogeochemical cycle
of Pb in the ocean dates back to ~1850 (Kelly et al. 2009), with coal and leaded fuel combustion
serving as major sources of Pb to the atmosphere (Kelly et al. 2009; Wu & Boyle 1997).
Anthropogenic Pb is transported in the atmosphere associated with fine aerosol particles that can
travel long distances, and are deposited in remote areas resulting in enhanced DPb surface ocean
concentrations (Kumar et al. 2014; Véron & Church 1997), reaching >190 pmol kg™ during the
peak of the Pb emissions in 1970-80 (Laumond et al. 1984). Anthropogenic Pb has entirely masked
signals of naturally sourced Pb (ca. 2.2 pmol kg™ in surface waters (Henderson & Maier-Reimer
2002)). To date, leaded fuel has been virtually phased out (except in 3 countries, as of March
2017, UNEP), and Pb concentrations have decreased significantly from ~170 to <15 pmol kg™ in
surface waters (Boyle et al. 2014; Schaule & Patterson 1983), leading to recent evidence for
natural Pb signatures re-emerging in the North Atlantic (Bridgestock et al. 2016).

The spatial and temporal variable historic Pb inputs to the marine environment can be used to
investigate the reactivity and cycling of this element, and trace long-range ocean circulation
patterns (Chen et al. 2016; Fine 2010; Lee et al. 2015). Anthropogenic Pb has been utilised as a
tracer of subducted surface waters in the Indian (Lee et al. 2015) and Pacific Oceans (Chien et al.
2017), and ventilated surface waters of the Northwest Atlantic (Boyle et al. 2014). Anthropogenic
perturbation of natural Pb concentrations in the ocean has been described as an ‘evolving global
experiment’ (Boyle et al. 2014) that demonstrates the magnitude of human impact on the
environment.

Lead is a particle reactive element in marine waters and is typically removed through
scavenging, with the sediments acting as repositories. However, the role of particulate matter and
the physico-chemical processes that influence the fate of dissolved Pb (DPb) and facilitate long-
range transport are poorly constrained. A slow release of DPb from particles and a rapid isotopic
exchange with particulate matter that can influence the fate of particulate Pb (PPb) has recently
been reported (Chen, Boyle, et al. 2016). Therefore, in order to gain insights into biogeochemical
cycling of Pb in the marine environment, both phases should be considered.

Here the first extensive seasonal study of DPb, PPb and leachable Pb (LpPb) distributions in
Northeast Atlantic marginal seas since the phase-out in Europe of leaded fuel use in 1980 — 2011
(European Communities 1978; Economic Commission for Europe 2014) is reported and evaluated.
This study provides insights into the dynamic relationship between dissolved and particulate
phases and demonstrates the role of benthic Pb release and Pb as a tracer of North Atlantic

circulation patterns.
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5.2 Study region, materials and methods

Full details of the study region, sampling and methods are provided in Chapter 2. Briefly,
samples for trace metal analysis were collected during three different seasons; November —
December 2014 (DY018), April 2015 (DY029), and July — August 2015 (DY033) in the Northeast
Atlantic continental margin (Celtic Sea) Figure 2.1, on board RRS Discovery. Two off-shelf
transects were conducted along a canyon (T1_C, stations CO1 — C07, C15), nearby a spur (T2_S,
stations SO8 — S09) (SI, S1) and one on-shelf transect in the Celtic Sea (stations CS2, CCS, J02 — J06,
Site A). Trace metal samples were collected following GEOTRACES protocols (Cutter et al. 2010).
Dissolved Pb and Mn (DMn) were filtered using a 0.2 um cartridge filter (Sartobran 300,
Sartorius), preconcentrated using an automated system (SC-4 DX SeaFAST pico; ESI) and analysed
by high-resolution inductively coupled plasma-mass spectrometry (HR-ICP-MS; Thermo Fisher
Element XR) (Rapp et al. 2017). Dissolved Fe (DFe) (0.2 um filtered) was analyzed by flow injection
with chemiluminescence detection (Hajime. Obata et al. 1993) as detailed in (Birchill et al. 2017).
Particulate Pb was collected on clean 25 mm Supor® polyethersulfone membrane disc filters (Pall,
0.45 um) and subjected to a 25% acetic acid-hydroxylamine hydrochloride leach (LpPb) (Berger et
al. 2008) and subsequently an hydrofluoric (HF) acid digestion (PPb) (Ohnemus et al. 2014).
Particulate samples were analysed using ICP-MS (Thermo Fisher X Series 2). Dissolved aluminium
(DAI) (0.2 um filtered) was analysed using spectrofluorometry following the method by Hydes and
Liss (1976). Evaluation of the accuracy and efficiency of these methods was carried out using
Certified Reference Materials with the results showing good agreement (Table 5). Some data
points were identified as outliers and were excluded from consideration (Chapter 2). Radium (Ra)
isotopes 223Ra and 224Ra were extracted from large seawater volumes (60 — 100 L) by
adsorption onto Mn acrylic fibers (Sun & Torgersen 1998). Ra activities were analysed at sea by
Radium Delayed Coincidence Counting following standard methodology (Annett et al. 2013;

224

Garcia-Solsona et al. 2008; Moore 2008; Moore & Arnold 1996). Ra activities used here (““"Raxs

223
and

Raxs) are in excess of activity supported by the parent isotopes in the water column
(Chapter 2). Water mass distribution was quantified using extended Optimum Multiparameter
analysis (extOMP) (Hupe & Karstensen 2000; Karstensen & Tomczak 1998; Pollard et al. 2004).
The propagation time of MOW from the Gulf of Cadiz was calculated analogously to (Waugh et al.
2003), using CFC-12 data available in the GLODAPv2 data product (Olsen et al. 2016). Aerosol
samples were digested using HF and HNO3 following the method adapted from (Morton et al.

2013), and analysed by the ICP-MS (Thermo Fisher X Series 2). Section plots figures were created
with Ocean Data View (2015) software (Schlitzer 2015) with DIVA gridding settings.
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5.3 Results and discussion

DPb concentrations in the Celtic Sea region ranged between 29.6 and 122 pmol kg™ (Figure 5.1
a-c and Figure 5.2). Off-shelf distributions showed elevated DPb concentrations (50.8 + 3.0 pmol
kg™ (n = 20)) in the seasonal mixed layer (SML) along the canyon transect in November, and also
at stations SO8 and S09 along the spur transect. Below the SML, DPb distributions were generally
consistent along both transects for all seasons and decreased down to 38 pmol kg™ in the
subsurface waters and increased at depths of ~ 550 — 1500 m to 46.6 + 5.6 pmol kg™ (n = 84). In
deeper waters (> 1500 m), DPb concentrations decreased to 37.0 + 3.2 pmol kg™ (n = 39). On the
continental shelf, DPb concentrations were generally higher in comparison to the off-shelf
transects and ranged between 36.1 — 122 pmol kg™. Elevated DPb concentrations were measured
in surface waters in April (96.8 pmol kg™) and July (99.1 pmol kg™) with somewhat lower levels in
November (72.6 pmol kg™), whereas DPb was persistently elevated in bottom waters (up to 121

-1 . .
pmol kg ) across all seasons. No correlations between DPb and macronutrients were observed.
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Figure 5.1 Upper panel: dissolved lead distribution plots (a) along the canyon transects (T1_C,
left), (b) along the spur transects (T2_S, middle), and (c) and along the on-shelf transect (left) in
November (DY018) (top), April (DY029) (middle), and July (DY033) (bottom). Bottom panel: (d)
example of dissolved aluminum distribution plots from November (DY018) along the canyon
(T1_C) transect (left) and spur (T2_S) transect (right). For the full dissolved aluminum results
please see Figure 5.3. Black lines represent Mediterranean Outflow Water density range
contour plots. (e) Reduction of DPb concentrations in the Celtic Sea slope region over the last
30 years. Data are from Briigmann et al. (1985, green circles), Lambert et al. (1991, blue
triangles), and Cotté-Krief et al. (2002, yellow squares), and this study is represented by the
S08 station in April (DY029) by red diamonds.
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Table 7 DPb data compilation to date from various European coastal environments. ? Indicates
values extracted from the published figures therefore not representing the exact values
reported, ® indicates measurements by ASV and € indicates measurements by GFAAS for the

same study.

Region Year Level Pb (pM) References
North Sea 1981 Surface/water 29 - 440 (Brigmann et al.
column 1985)
North Sea 1988 Surface waters ~ 200 - 380° (Muller et al. 1994)
. Surface/water (Brigmann et al.
English Channel 1981 column 63 -190 1985)
English Channel 1988 Surface waters ~120-290° (Muller et al. 1994)
. (Helmers & Van der
English Channel 1990 Surface waters 83-183 Loeff 1993)
Celti f t
eltic Sea, 195 | Surface/water | 50 sege | (Muller et al. 1994)
shelf column
Celtic Sea, a
shelf 1988 Surface waters ~70-200 (Muller et al. 1994)
Celtic Sea, 1994- (Cotté-Krief et al.
shelf 1995 Surface waters 158 - 431 2002)
Hebridean Sea, shelf 1993 Surface waters 17 -55 (Kremling & Streu
2001)
Hebridean Sea, shelf 1996 Surface waters 34-68 (Kremling & Streu
2001)
Celtic Sea, 1981 Surface/water 24-170 (Brligmann et al.
slope column 1985)
Celti 1984- f t
eltic Sea, 98 Surface/water | | 55pe (Muller et al. 1994)
slope 1985 column
Celti f t
eltic Sea, 1985 | Surface/water | 00 5022 | (Lambert et al. 1991)
slope column
Celtic Sea (Helmers & Van der
! 1 f t 116 -11
slope 990 Surface waters 6 9 Loeff 1993)
Celtic Sea, 1994- Surface/water 57215 (Cotté-Krief et al.
slope 1995 column 2002)
. 1989 - a
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Surface water DPb concentration of 40.2 + 7.5 pmol kg™ (n = 109) along the shelf break in
2014-2015 showed at least a 4-fold decrease compared to previous reports for the region (Figure
5.1 and Table 7) (Briigmann et al. 1985; Cotté-Krief et al. 2002; Helmers & Van der Loeff 1993;
Lambert et al. 1991; Muller et al. 1994), and were generally lower in comparison to other
European shelf waters over the last 4 decades (Kremling & Streu 2001; Laumond et al. 1984;
Monteiro et al. 2015; Pohl et al. 2011; Prego et al. 2013; Waeles et al. 2008). The diminishing DPb
concentrations over the last 2 decades form a success of the phase-out process of leaded fuel.
Nevertheless, the observed concentrations in the study region exceeded predicted natural levels
of Pb (Henderson & Maier-Reimer 2002) by at least an order of magnitude, indicating that the
vast majority of Pb still has an anthropogenic origin. Thus, the elevated DPb concentrations
reported in surface waters indicate the presence of recent anthropogenic Pb inputs to Northeast

Atlantic waters from sources such as coal burning, smelting or mining (Nriagu & Pacyna 1988; Lee

et al. 2014).

5.3.1 Long range Pb transport in MOW

Elevated DPb concentrations of 46.6 + 5.6 pmol kg™ (n = 84) were a persistent feature in the

depth range ~550 — 1500 m (27.30 — 27.75 kg m™ &) in the slope region of the Celtic Sea. The DPb
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Figure 5.2 Boxplot of DPb concentrations in four distinctive water masses; seasonal mixed
layer, upper waters, MOW and deep waters in all three seasons.
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maximum coincided with salinity (35.74) (Figure 3.1a) and DAl (17.3 + 2.6 nmol kg™, n = 88)
maxima (Figure 5.3), signatures of Mediterranean Outflow Water (MOW) (Measures & Edmond
1988; Rolison et al. 2015). Surface waters in the Mediterranean Sea received enhanced
atmospheric Pb inputs during the period of leaded fuel use, with maximum surface DPb of >190
pmol kg (Laumond et al. 1984). Mediterranean waters also receive enhanced aeolian fluxes of Al
from Saharan dust (Rolison et al. 2015). Deep water formation occurs in the Levantine Basin and
Gulf of Lions, and the saline deep Mediterranean waters with enhanced DPb (40 - 80 pmol kg™)
(Rolison 2016) and DAI (125 — 170 nmol kg™ (Rolison et al. 2015)) exit the Strait of Gibraltar as
bottom waters and mix with ENACW (Garcia-lbafiez et al. 2015). The MOW spreads across NE
Atlantic at a depth ~550 — 1500 m and propagates along the continental slope towards the Celtic
Sea shelf break. The mean propagation time of MOW from the Gulf of Cadiz to the Celtic Sea
slope region is ~5 years (Figure 5.4). The presence of MOW at intermediate depths in the study
region has previously been reported (Cotté-Krief et al. 2002; Lambert et al. 1991) and was
confirmed by the extOMP analysis (Figure 3.1b and Figure 3.2). The core of the MOW (up to 55%)
was identified at ~1000 m depth with a Gaussian decay (20% at 550 m and 1500 m).

Enhanced DPb concentrations were also observed along GEOTRACES transects in
corresponding MOW density layers (27.22 — 27.82 kg m? 0p): in the Gulf of Cadiz (49.0 + 2.6 pmol
kg™, n = 14, GAO4 (Rolison 2016)), north (46.1 + 6.1 pmol kg™, n = 18, GA0O1) and south of the Gulf
of Cadiz (55.1 + 5.5 pmol kg™, n=10, GAO3, (Noble et al. 2015)) (Figure 3.14), in agreement with

observations reported here. Celtic Sea study region is ~2500 km away from the Strait of Gibraltar,
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Figure 5.3 Dissolved aluminium distribution plots (a) along the canyon transects (T1_C,

left), (b) along the spur transects (T2_S, right) in November (DY018) (top), April (DY029)

(middle) and July (DY033) (bottom). Black lines represent MOW density range contour

plots.

103



Chapter 5

therefore the concentration of DPb and DAl may be expected to decrease through scavenging
and/or dilution processes during transit. Whilst DAl concentrations and salinity correlated well (r*
= 0.68) and decreased from 27.8 + 7.2 nmol kg™ and 35.6-36.4 (Gulf of Cadiz) to 17.3 * 2.6 nmol
kg™ and 35.4-35.7, there was no correlation of DPb with salinity and DPb concentrations remained
unchanged (Figure 5.5). Suggested are the following processes that maintain elevated DPb signal
during MOW transit: i) benthic inputs from the European continental slopes. Shelf break
sediments have been suggested as a Pb source in the Philippine Sea (Chien et al. 2017). Local
sediment resuspension events in the Bay of Biscay as MOW propagates along the continental
slope have also been reported (McCave & Hall 2002). ii) Reversible Pb sorption onto particle
surfaces. This mechanism has been suggested to supply DPb to North Pacific deep waters (Wu et
al. 2010). Pb isotope exchange between these two phases has been demonstrated (Chen, Boyle,
et al. 2016; Sherrell et al. 1992) and the potential of particle reversible sorption has been shown
using thorium isotopes (Bacon & Anderson 1982). Potentially, DPb (< 0.2 um) may be released
from particles in the form of small, low specific density inorganic particles (colloids 0.02 — 0.2 pum)
with longer residence time. However, PPb dissolution within MOW is also plausible. Results
reported here show that the major portion of PPb was in LpPb form (78 + 10%, n = 205) while
overall the majority of the total Pb pool (PPb + DPb) was in the DPb fraction (70 + 18%, n = 171),
thus implying a significant role of particles in DPb distributions.

Partial mixing with other historically Pb polluted waters, such as Northeast Atlantic ventilated

surface waters and LSW transported across the North Atlantic (Bridgestock et al. 2018; Zurbrick et
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Figure 5.4 Propagation time of MOW from Mediterranean Sea to Gulf of
Cadiz (black line) and from Gulf of Cadiz to the Celtic Sea continental shelf
break (red line) with y-axis representing probability density function.
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al. 2018), has been shown to influence DPb concentrations at intermediate depths and thus also
need to be considered. Low-salinity, and high-oxygen LSW underlies the warm, saline MOW
(Talley & McCartney 1982). Extended OMP confirmed a layering of the water masses with MOW
at a core depth 27.60 kg m™ transiting into the LSW core at 27.79 kg m™ (Figure 3.2) and a
potential for vertical mixing of bottom layers of MOW with LSW. Within waters identified as LSW
(27.76 — 27.85 kg m™ o), concentrations of DPb (42.9 + 4.5 pmol kg™ (n = 42)) and DAI (15.8 + 1.0
nmol kg™ (n = 40)) were somewhat lower, and salinity (34.98 — 35.4) and temperature (from 8.8 +
1.5 to 5.1 + 1.0 ° C) were lower in comparison to overlying MOW. These values were higher in
comparison to DPb (36.9 + 7.4 pmol kg™, n = 60), DAI (13.0 + 1.2 nmol kg™, n = 60), salinity (34.94
- 35.2) and temperature (4.3 + 0.6 °C) observed within LSW (27.68 — 27.81 kg m? Op) in the NW
Atlantic (GAO2 section, 2010) (Mawji et al. 2015). Densities of MOW and LSW are similar and a
complete differentiation is therefore challenging, preventing us from determining the exact
fraction of each water mass. These findings indicate the potential for MOW penetration into
deeper waters, altering properties of LSW although the upward vertical mixing cannot be ruled
out. Therefore, the DPb maximum in the Celtic Sea region was a result of anthropogenically

perturbed MOW masses reaching NE Atlantic continental margins.

5.3.2 Sediment release of particle reactive element

Elevated DPb (65.9 — 121 pmol kg™') and PPb concentrations (149 — 806 pmol kg') were
observed in bottom waters at Site A during all seasons, and on the continental slope at C03-C04
stations in November (DPb: 52.5 + 5.6 pmol kg™, n = 7, PPb: 29.3 + 13.9 pmol kg™, n = 8) (Figure
5.3). Following fluvial or atmospheric inputs to marine waters, Pb is typically scavenged and
transferred to the seafloor (Bastami et al. 2015; Marani et al. 1995). Tidal currents, wind driven
waves and storm events cause resuspension of sediments (Kalnejais et al. 2007), thereby
supplying Pb-enriched porewaters and particles to the water column. This mechanism has been
reported for deep ocean (Lee et al. 2015; Noble et al. 2015), coastal (Annibaldi et al. 2009; Chien
et al. 2017), estuarine (Rivera-Duarte & Flegal 1994), and riverine systems (Ferrari & Ferrario
1989), and observed in sediment chamber experiments (Kalnejais et al. 2007; Zago et al. 2000).

At Site A, the enhanced DPb and PPb concentrations near the seafloor coincided with
persistently elevated turbidity signals (Figure 5.3), indicating particle resuspension and
subsequent DPb and PPb remobilization from the sediments to overlying waters. The benthic Pb
supply is supported by increased levels of the short-lived isotopes “*’Rays and **Rays (half-lives
3.66 and 11.4 days, respectively) near the seafloor (Figure 5.3), indicating recent sedimentary
supply. A similar feature was observed on the continental slope along the canyon transect in
November where salinity maximum associated with MOW decreased towards the continental

shelf break (Figure 3.1a) from 35.74 (COl1) to 35.61 (C04) (~1000 m depth) thus DPb
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Figure 5.5 DPb (top) and DAI (bottom) concentrations along the salinity gradient
across the Strait of Gibraltar, GAO4 stations 1 - 4 (red) and this study (yellow).
Mediterranean deep water end member concentrations (green) represent GA0O4
station 5 from the Alboran Sea in close proximity to the Strait of Gibraltar. End
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concentrations were also expected to decrease. Yet DPb concentrations remained unchanged

223 224

(Figure 5.1a) and PPb concentrations were elevated, coinciding with increased “““Ra,s, ““"Rays and
turbidity signals (Figure 5.6 and Figure 5.7), indicating a sedimentary Pb source to overlying
waters.

Benthic DPb remobilization has been reported by (Noble et al. 2015) and (Chien et al. 2017).

To my knowledge, provided here is the first clear evidence of a benthic Pb source supported by
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Figure 5.6. Upper panel: depth profiles of DPb (circles), PPb (triangles), LpPb (squares), turbidity
(diamonds), and ***Raxs (crosses) at Site A in November (DY018) (left), April (DY029) (middle),
and July (DY033) (left). Bottom panel: depth profiles of DPb (circles), PPb (triangles), ***Raxs
(squares), and turbidity (black line) at station CO3 (left) and C04 (right) in November (DY018).

PPb and Ra field measurements. Furthermore, results reported here showed a strong positive
correlation between DPb and PPb (r> = 0.97, n = 12), and DPb and LpPb (r* = 0.97, n = 12) at Site A
and CO03/C04 stations (Figure 5.8), indicating a dynamic equilibrium between the phases.
Although, little is known about biogeochemical processes facilitating DPb sedimentary release,
benthic remobilization could be facilitated through Pb association with Fe/Mn oxi-hydroxide
precipitates (Allen et al. 1990; Bastami et al. 2015; Fernex et al. 1992; Kalnejais et al. 2007) with
subsequent reductive dissolution of the solid Fe and Mn forms in sediments (Fernex et al. 1992).
This mechanism is supported by elevated DFe and DMn concentration towards the seafloor
(Figure 5.9) and a build up of Fe(ll) in sediments at Site A (Klar et al. 2017), but not at stations
C03/C04. Potentially, DPb may be supplied in the form of small colloids deposited onto sediments
(Muller 1996; Sen & Khilar 2006), with these Pb-enriched resuspended fine particles having a

longer residence time in comparison to bulk sediment particles (Ferrari & Ferrario 1989; Kalnejais

et al. 2007).
The vertical sedimentary Pb flux (J,) of 27 - 41 x 10° moles Pb m?d* (n = 3) to overlying waters
at Site A in April was estimated from the decreasing activity of two short-lived ***Ra and ***Ra
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isotope (Moore 2000) and horizontal Pb concentration gradient measured at the same station

224 223
d

below the thermocline. ““"Ra an Ra are produced as a result of radioactive decay of parent
isotopes accumulated in sediments due to high particle affinity. The vertical gradient of In***Ra
was described with In(***Rays) = 0.0621x — 2.2854 (r* = 0.83) and In(***Ray) = 0.0382x — 1.7799 (r* =

0.73). The vertical flux of DPb (J,, mol m™? d™), was calculated as:

aPb

Je=Kn
Where K, is the effective vertical eddy diffusion coefficient (m*d™; detailed in Moore (2000)
multiplied by the vertical DPb concentration gradient (%Cb) (mol m?®). If the exchange is

dominated by eddy diffusion, an assumption which can be evaluated by the linearity of In(***Ray)

versus distance, then K, is constant and the system is under steady state:

m = ’L and 7\=lnﬁ
Kp t1/2
where A is the decay constant, ty, is the half-life of 229Ra (3.66 days) and ***Ra (11.6 days) and

the slope m.

Assumptions:

A linear relationship between the In***Ra, and In*Ra,, activity with distance assumes eddy-
diffusive dominated system in a steady state. However, DPb concentrations decreased towards
the seafloor and there was curvature in the Ra activity away from the source, which indicate that
the system was not in a steady state. Assuming that waters closest to the seafloor are influenced

by different processes (eg. tides) consequently violates the assumption of eddy diffusivity in a
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Figure 5.7 Turbidity measurement plots (a) along the canyon transects (T1_C, left), (b)
along the spur transects (T2_S, right) in November (DY018) (top), April (DY029) (middle)
and July (DY033) (bottom). Black lines represent MOW density range contour plots.
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steady state system. Therefore fluxes were recalculated excluding the deepest data point: flux
estimates with ***Ra,, increased from 34.8 nmol m? d™ to 41.0 nmol m?d* (In(mRaxs) =0.0833x —
3.6499 (r* = 0.89)) and with **Ra, decreased from 29.5 nmol m? d* to 26.9 nmol m? d*
(In(mRaxs) = 0.0582x — 3.0714 (r2 = 0.91)). Therefore, reported here is the full ranges of 34.8 —

41.0 nmol Pb m? d™* and 26.9 — 29.5 nmol Pb m? d™ with implementation of 2Ra,s and %2

Rays
respectively. The two short-lived isotopes of Ra are influenced by processes on different
timescales (week — month) and therefore, the tidal influence on Ra distributions was likely
averaged out above the deepest sample depth. This flux is based on the assumption of a single
diffusive sedimentary source of DPb to water column, although other sources such as
resuspended particles or influence of strong tides are also plausible. This calculation also does not
take into account scavenging processes that likely occur in the water column. Therefore,
estimated flux range should be taken with precaution. Nevertheless, to my knowledge, this is the
first benthic Pb flux estimate from field observations. Furthermore, this sedimentary Pb flux was
up to 2 orders of magnitude higher than the atmospheric flux (0.03 — 12.2 x 10° moles Pb m™ d?)
observed at nearby Penlee Point Atmospheric Observatory in 2015 (Figure 2.1 (Arimoto et al.
2003)). The benthic DPb flux was likely a result of accumulation in sediments of Pb deposited over
time, whilst the recent relatively low atmospheric Pb flux reflects the implementation of strict
European air emission regulations. Therefore sediments containing legacy Pb will continue to

serve as an important, if not the major source of Pb to overlying waters

5.3.3 Recent Pb sources in the NE Atlantic shelf region

A strong spatial and temporal variability in surface water DPb concentrations were observed
over the various transects across the seasons. Elevated surface DPb concentrations (36.1 — 122
pmol kg™) were observed on the continental shelf during all sampling seasons, with lower levels
along off-shelf transects (Figure 5.1c). Elevated DPb concentrations observed in surface waters at
Site A in April and July in comparison to November, indicated recent Pb inputs (Figure 5.3). A
strong inverse correlation of DPb with salinity r = -0.96 (April, n = 6) and r = -0.94 (July, n = 4)
between Site A and CS2 stations suggest a freshwater source of DPb, which could be continental
run-off or wet deposition (Figure 5.10). On the continental slope, elevated DPb concentrations in
the SML were observed along the canyon (T1_C) transect in November (50.8 + 3.0 pmol kg™, n =
20) and at SO8 and S09 stations on the spur (T2_S) transect. Lower DPb concentrations were
observed during other seasons; 39.6 + 6.9 pmol kg™ (n = 23, T1_C) and 35.0 + 4.2 pmol kg™ (n =
30, T2_S) in April and 35.2 + 3.8 pmol kg (n =9, T1_C) and 37.4 + 4.9 pmol kg™ (n = 6, T2_S) in
July (Figure 5.1a-b). The distinctive changes in DPb over short spatial scale observed between

closely spaced stations (<20 km), suggest presence of different water masses with different DPb
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input histories over the last months to years. These observations coincided with distinct

temperature and DMn concentration differences (Figure 5.11)), that enforce this suggestion.

5.4 Conclusions

Observations reported here demonstrate the widespread impact of anthropogenic Pb
emissions on the marine environment. The elevated Pb signal (46.6 + 5.6 pmol kg™') in MOW is
transported long distances (> 2500 km) at intermediate depths across the Northeast Atlantic
following anthropogenic Pb emissions during the past century. Following implementation of
stricter environmental regulations in Europe, this oceanic Pb signal will behave similarly to
chlorofluorocarbons (CFCs) in that it is predicted to decrease with time. However, considering the
residence time of Pb in the deep ocean of ~100 years (Nozaki & Tsunogai 1976), the presence of
recent Pb sources (> 90 pmol kg™ in surface waters) and the ‘re-supply’ of Pb to the water column
from sediments containing legacy Pb (27 - 41 x 10° moles Pb m™ d™), the anthropogenic Pb signal

is excepted to remain in the marine environment for decades to come. The role of the particulate
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phase in buffering Pb concentrations in the water column needs to be considered in the
interpretation of oceanic DPb distributions due to a close relationship between the dissolved and

particulate phases.
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(top), April (DY029) (middle) and July (DY033) (bottom).

111



Salinity [PSU]
a 0 52 CCS JO6J05 JO4 JO2 SiteA
~
g
£
Q
3 <
5 g
S :
;
~
g
£
Q
] s
5 8
k] ¢
g S
i
i
S
~
3
£
Q
] s
3 :
§
400 300 200 100 0
Section Distance [km]
b 120
__ 100 )
_g) 80 \‘\
\g-: 60 t.\
o ° \. -
O 40 |
BDY029 r=-0.96
*| eDY033 r=-0.94
0 - v T . )
34.6 34.8 35.0 35.2 35.4 35.6 35.8
Salinity

Figure 5.10 (a) The distribution of salinity along the on-shelf transect in

N E B
£ 8 ;
©

35.6

354

35.2

November (DY018, top), April (DY029, middle) and July (DY033, bottom). (b)
Relationship between DPb and salinity across on-shelf stations at 20 m depth

in April (red squares) and July (blue circles).

112

Chapter 5



Chapter 5

DMn [nmol kg™'] DMn [nmol kg™']
co1 Cco2 C15 C03 co4cos CO6 CO7 S08 S09S10 11 12 13 S14

Water depth [m]

Temperature [°C] Temperature [°C]
16
~ 15
i‘ 14
E" 13
$ 2 12

0

s 11
10

50 40 30 20 10 0 15 10 5 0

Section Distance [km] Section Distance [km]

Figure 5.11 DMn concentrations (top) and temperature measurements (bottom) along (a) the
canyon transects (T1_C) and (b) along the spur transects (T2_S, right) in November (DY018).
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Chapter 6 Conclusions

All marine organisms require trace metals (TMs) for metabolic processes such as uptake and
assimilation of inorganic carbon and urea (Morel et al. 2003). The extensive efforts of the
international GEOTRACES Programme have improved our understanding of the sources, sinks and
biogeochemical cycling of TMs in major oceanic basins, yet process studies in highly productive
and dynamic shelf systems still remain scarce. This PhD project contributes to the GEOTRACES
Programme as a process study that focused on the seasonal cycling and transport of TMs in the
North-West European shelf seas as part of the Shelf Sea Biogeochemistry (SSB) Programme.
Considering that shelf sea studies are rare, in particular seasonal investigations, the framework of
the SSB Programme is thus unique. Research in this PhD project has not only contributed to our
knowledge of the dynamics of several TMs in this region and wider North East Atlantic basin,
highlighted the importance of distinct biogeochemical coastal processes but also added to the
growing evidence of the impact of stricter environmental regulations on the ocean. This work has

been based on three hypotheses described in chapter 1, which are revisited below.

6.1 Hypothesis 1 revisited:

‘Off-shelf vertical distributions of DCd, DZn, DNi and DCu in the Celtic Sea strongly correlate
with macronutrients over all seasons due to biological uptake and remineralization processes. In
shelf waters, DTM distributions de-couple from macronutrients due to multiple TM sources, and

modifications in the coastal zone of oceanic and fresh waters.’

Biogeochemical processes of TMs in the dynamic and highly productive shelf seas have the
potential to influence open ocean TMs distributions, but comprehensive TM studies in coastal
waters are scarce. The international GEOTRACES Programme has provided a large amount of high
quality TM data for the major oceanic basins. However, majority of the results to date are
generally limited to the open ocean full depth profiles, with a lack of shelf data. Vertical
distributions of DCd, DZn, DNi and DCu in off shelf waters of the Celtic Sea exhibited nutrient-like
profiles and correlated well with macronutrients and thus confirmed hypothesis 1. Surprisingly,
the non bioessential element DAI, also exhibited a nutrient-like depth profile in the upper waters
and correlated well with phosphate and silicic acid, suggesting a preferential scavenging onto
biogenic particles. A significant seasonal variation of TM concentrations was observed in surface
waters, likely a result of biological drawdown and winter mixing processes and yielded diverse

‘seasonal’ elemental ratios (relative to phosphate). This is the first direct evidence of variable
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elemental ratios that yielded a stoichiometry that was in agreement with observations in the
North Atlantic and phytoplankton culture studies. Although findings from the Celtic Sea indicate
the potential of metal specific biogeochemical processes, this aspect requires further
investigation.

On the Celtic Sea continental shelf, the ratios of DCd:P and DZn:P varied spatially and
seasonally, which highlighted the distinct and dynamic character of biogeochemical processes
with specific DTM sources (benthic and or atmospheric), coastal water mass mixing and biological
drawdown that influenced DTM distributions throughout the year.

Findings described in this PhD thesis, along with recent reports of potential phytoplankton
growth limitation by DFe in the study region (Birchill et al. 2017) stress the need to better
constrain the role of continental shelves in TMs dynamics and their potential exchange with the
open ocean for global TMs budgets. In order to expand our knowledge, more emphasis should be
placed on comprehensive shelf sea studies, which should include geochemical aspects and also

associations with physical and biological studies.

6.2 Hypothesis 2 revisited:

‘Shelf sediments supply DMn and DCo to overlying waters. Off-shelf transport of DMn and DCo

within nepheloid layers is a persistent feature at the continental margin.’

The supply of DMn and DCo from margin sediments is recognised as an important source to
the open ocean (Laés et al. 2007; Noble et al. 2017; van der Zee et al. 2001). The results of
repeated shelf break transect sampling revealed elevated concentrations of DMn and DCo within
intermediate nepheloid layers (INLs) during all sampling seasons over the Celtic Sea slope. Thus,
forming a persistent conduit for DMn and DCo transport to the adjacent North Atlantic Ocean,
confirming hypothesis 2. If TMs remobilised from the slope sediments are transported off-shelf
within shallow INLs, there is a potential they can be mixed to surface waters through vertical
mixing processes eg. winter mixing, internal tides or upwelling and thus serve as an additional TM
source to surface waters. Nepheloid layers are formed through strong current interactions with
complex, steep topographies of the shelf break and are widely observed in the submarine
canyons. Globally there are >9000 submarine canyons along the continental margins comprising
of 11.2% (460 km?) of the total continental slope area (Harris et al. 2014), thus transport of DMn
and DCo to the open ocean within INLs is potentially a widespread phenomenon. If the supply of
DTMs to surface waters through INLs is plausible, and considering that submarine canyons
enhance the formation of INLs, this supply mechanism may be important in micronutrient

depleted waters of the Arctic and Southern Oceans where the highest number of submarine
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canyons has been reported (Harris et al. 2014). Therefore, potentially elevated sediment
transport within INLs may serve as an additional DTMs source to surface waters in these regions.
Beside natural sediment resuspension processes, commercial bottom trawling activities have
an important anthropogenic impact on sediment resuspension and its transport (Martin et al.
2014) leading to enhanced NLs (ENLs). Anthropogenically induced NLs convey higher
concentrations of suspended particulate matter (SPM) (Wilson 2016) and thus may potentially
supply higher concentrations of DTMs relative to natural INLs. Although the distinction between
the natural INLs and anthropogenic ENLs is difficult to make, this aspect and its environmental
consequences have not been studied and require direct observations. Furthermore, considering
some TMs (eg. DAI, DMn, DCo, DPb) that are susceptible to particle scavenging, a higher particle
load may also act as a more efficient sink for TMs present suggesting a diverse role of NLs on TMs
distributions in seawater. A comprehensive knowledge of TM transport within NLs in continental
margins and mechanisms of their transport are critical to further asses the role of NLs on TMs

distributions in these regions.

6.3 Hypothesis 3 revisited:

‘DPb concentrations in surface waters have decreased since the last reports (1995) due to the
phasing out of leaded fuel in Europe (between 1980 and 2011) and implementation of strict

environmental regulations’

There has been growing evidence of reductions in Pb surface waters concentrations in the
North Atlantic as a consequence of implementation of stricter environmental regulations leading
to natural Pb signatures re-emerging in the North Atlantic waters (Bridgestock et al. 2016). The
last Pb study in the Celtic Sea was conducted in 1995 that reported DPb concentrations of up to ~
200 pmol kg in surface waters (Cotté-Krief et al. 2002) at the beginning of the phase-out process
of leaded fuel in Europe (1980 - 2010). Results presented in this thesis (Chapter 5) indicate at least
a 4-fold decrease in DPb concentrations to 40.2 + 7.5 pmol kg™ (n = 109) in 2014 and 2015 in the
Celtic Sea region. This result confirmed hypothesis 3 and further added to the growing evidence of
the impact of strict regulations on the environment. Nevertheless, the presence of recent DPb
sources to surface waters in the study region was also observed, which was not surprising. Along
with a 63% decline in overall atmospheric Pb inputs largely due to the phasing out of leaded fuel,
a 130% rise in the commercial and household emissions (2000 — 2015) has been reported within
European Union (EU) and Economic European Area (EEA) countries (European Environment
Agency 2017). Consequently, DPb concentrations in surface waters and atmospheric Pb emissions

have declined over the last three decades in the North Atlantic, yet the evidence of continuous
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marine pollution in all major oceanic basins stresses the importance of continuing global efforts to
minimize anthropogenic Pb inputs to the environment, in particular in Asia.

Evidence for historic anthropogenic Pb emissions was observed at intermediate depths in the
study region. The elevated signal (46.6 + 5.6 pmol kg™) was associated with historical pollution of
surface waters of the Mediterranean Sea, with subducted deep waters transported long distances
(> 2500 km) across the North Atlantic basin at ~1000 m depth. The Mediterranean Sea contains a
strong legacy of historical Pb emissions and is still subject to continuous emissions from regions in
Europe, Middle East and Africa where environmental regulations are not as strict, in particular in
Algeria and in Iraq, where Pb leaded fuel is still in use (as of March 2017, UNEP). Therefore, the
Mediterranean Sea will continuously serve as a reservoir of anthropogenic Pb, and consequently
as a source of Pb to the Celtic Sea region and entire North East Atlantic basin for decades to come.

Whilst the atmosphere has been recognised as a major input of Pb to the water column,
sediments were assumed to be only a sink for Pb (and other contaminants eg. Cu, Zn) due to
water column scavenging and subsequent particle sinking. A lack of direct Pb benthic release data
has made it hard to assess the validity of this assumption. However, clear benthic DPb signals in
the Celtic Sea region were observed. Sedimentary release of DPb was likely a result of continuous
Pb supply to the sediments over decades of anthropogenic pollution, with eventual return of the
Pb to the water column. Only recently sediments have been proposed as a potential DPb source
(Noble et al. 2015; Chien et al. 2017) that in fact formed 49% of Pb inputs to deep Pacific Ocean
(Chien et al. 2017) and even exceeded the atmospheric Pb inputs in the Celtic Sea (Chapter 5 and
(Rusiecka et al. 2018)). This novel finding raises a few questions concerning Pb cycling in the
global ocean and more importantly, its future conditions. Given that anthropogenic Pb
contamination dates back to at least the 19™ century, why is Pb sedimentary input a recent
observation? Potentially, these sediments have reached an ‘adsorption saturation point’ or only
now with declined ambient seawater Pb levels that the concentration gradient is clearly evident.
Moreover, given that the global ocean has already received large amount of historical Pb and that
Pb inputs will continue to pollute marine environment, the build up of Pb in sediments is expected
to increase. Therefore, novel evidence of benthic inputs in the Celtic Sea suggests that modern
sediments have turned from a DPb sink to a contemporary DPb source to overlying waters.
However, the understanding of the exact processes that facilitate benthic release requires further
investigation as benthic fluxes of Pb (and other contaminants eg. Cu and Zn) have been suggested
to increase in light of progressive ocean acidification (Martin-Torre et al. 2015; Rodriguez-Romero
et al. 2014; Roberts et al. 2013). This finding is particularly important to coastal waters that not
only are subject to enhanced anthropogenic pollution but also serve an important role to society
in the form of ecosystem services. Anthropogenic Pb inputs to the atmosphere have been
reduced through the control of environmental regulations as evident in the 63% reduction in Pb

emissions. However, the potential sedimentary Pb release to overlying will be out of our control.
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Therefore, it is of critical importance to gain the comprehensive knowledge about the
mechanisms of the sedimentary inputs of Pb in order to asses the potential of future benthic

inputs to the water column, their magnitude and ecological consequences.

6.4 Future work

Future work related to this PhD project

The studies presented in this PhD thesis combined geochemical measurements of eight
different TMs, macronutrients and two short-lived Ra isotopes. Further interpretation of these
measurements will be undertaken through connection with physical and biological studies. The
interpretations of the seasonally and spatially variable ratios of DCd:P and DZn:P on the
continental shelf of the Celtic Sea was based on mainly chemical measurements. Further
investigation of potential links of the community structure from Flow Cytometry measurements
and microscopic cell counts and physical processes may provide insights into the complex TM-
biological relationship in coastal waters.

Intermediate NLs represent a persistent conduit for the supply of DMn and DCo to the ocean
interior. However, a key piece of information missing at this point is the rate of the off-shelf DTMs
transport. Short-lived Ra isotope measurements can provide estimates of the DTM fluxes and
these calculations are currently underway. Additionally, findings in this thesis should be closely
linked with the physical data from e.g. Acoustic Doppler Current Profiler (ADCP), gliders and long-
term moorings that were collected as part of the SSB Programme. These measurements will
supplement the geochemical findings with physical processes occurring in the study region.

Sedimentary inputs of Pb to overlying waters have been reported, which may serve as a
contemporary Pb source to marine environment. In order to asses the importance of this source
in a future ocean, the exact mechanisms of the benthic release should be further examined and
the release and transport of Pb should be investigated using model studies.

In future sample collection in the Celtic Sea continental margin region, waters > 2500 m depth
should be included. This approach would enable investigation of Cd:P > 1.3 umol kg™ PO,
relationship (Chapter 3). Additionally sampling plan including waters > 2500 m depth would
extend the transect section distance and thus potentially enable the full estimation of the DMn
and DCo off-shelf transport.

Future work should also include MoO" correction of Cd results in particular at low (< 50 pmol
kg™) concentrations (Chapter 2). The method for corrections of Cd results work was developed at

the end of this PhD project and was published in Rapp et al (2017).
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Recommendations for the future

Shelf seas contribute to 16% of global oceanic primary production, > 40% of the total annual
particulate organic carbon export and serve as an important TM source to the open ocean, yet
due to pronounced chronic land based pollution these regions are the most threatened marine
ecosystems. Considering expansion of the global population and rapidly growing technological TM
requirement of our society, studies in these regions should be of high importance. Given that
rivers form an important land-derived source of DTMs to coastal environments, future studies
should focus on constraining fluvial DTM fluxes and their fate in proximity to the largest rivers
such as eg. Amazon, Congo, Yangtze rivers. Scientific focus should be placed on the
biogeochemical cycling of TMs and also anthropogenic pollution assessment and its monitoring.
One of the recent GEOTRACES cruise (M121, GAO8 section, December 2015) focused on the
Congo and Orange rivers in the South Atlantic region, and a forthcoming GEOTRACES process
study (M147, GAprll, April — May 2018) will focus on the Amazon estuary and associated fluvial
plume. However, to best of my knowledge, there are no plans to study other large rivers such as
Yangtze and Yellow rivers in the China Sea or Mississippi river in the Gulf of Mexico. Considering
the tremendous industrial growth in Asia, in particular in China, and the Deepwater Horizon
accident in the Gulf of Mexico, these coastal regions should receive more scientific focus in future
studies.

Shelf sediments have only recently been recognised as an important source of DTMs. In this
thesis the sedimentary inputs of TMs to the overlying waters were one of the major controls of
bioessential DTM and contaminant distributions. Thus, stronger emphasis should be put on the
benthic metal supply from shelf sediments and mechanisms of their potential off-shelf transport
to the open ocean. Furthermore, variable elemental stoichiometries of DTMs relative to
macronutrients were observed in the continental shelf waters and in off-shelf surface waters over
different seasons and highlight the importance of detailed seasonal studies and also the power of
multi-elemental dataset for the interpretation of biogeochemical processes. In order to gain
insights into specific biogeochemical processes influencing distributions of DTMs in marine
environment, DTMs datasets should be treated as whole, not as individual entities as is done in
many GEOTRACES publications. Also, a new look at the control of metals other than Fe on
productivity and community structure in coastal systems should also receive more scientific

attention.
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Appendix A  Other methods

The responsible researchers that shared their data are acknowledged here and in respective

sections.

* Particulate trace metals concentrations: Angie Milne, Plymouth University

* Dissolved Fe concentrations: Antony Birchill, Plymouth University

* Aerosol trace metal concentrations and atmospheric flux calculations: Sov Atkinson,
Plymouth University

* Radium isotopes (***Ra, **

Ra) activity: Amber Annett, University of Edinburgh

* Extended Optimum Multiparameter analysis: Johannes Karstensen, GEOMAR

* Mediterranean Water Outflow propagation time: Toste Tanhua, GEOMAR

* Macronutrients concentrations: Malcolm Woodward and Carolyn Harris, Plymouth

Marine Laboratory
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A.1 Other analytical methods

A.1.1 Dissolved iron

Antony Birchill, Plymouth University

Full method details are available in Birchill et al (2017). Briefly, Dissolved iron (Fe) (0.2 pm
filtered), were collected in separate LDPE bottle at the same time as samples other trace metals
(TMs) described in this thesis. Dissolved Fe samples were acidified to 0.024 M HCI with high purity
HCl (UpA, Romil) under a class 100 flow hood and analysed using flow injection with
chemiluminesence detection (Obata et al. 1993), after spiking with hydrogen peroxide. The
accuracy of the method was validated with the analysis of SAFe GEOTRACES seawater reference
materials. The concentrations of dFe determined was 0.12 + 0.013 nM (n=4) for SAFe S, 0.96 +
0.100 nM (n=14) for SAFe D2, 0.15 + 0.024 nM (n=15) for GEOTRACES Pacific (GSP), 1.51 + 0.076
nM (n=14) for GEOTRACES Coastal (GSC). These values are in agreement with published values
(5=0.10 £ 0.008 nM, D2=0.96 + 0.024 nM).

A.1.2 Particulate and leachable trace metals analysis

Angie Milne, Plymouth University

To assess the labile and total metal fraction of the particulate material, filters were processed
following a sequential leach-digestion procedure as detailed in (Milne et al. 2017). Filter blanks
were processed in the same manner as samples. All acids and bases used were of ultra-pure grade
(Romil, UpA) while the H,0, was supplied by Merck (Optima grade). For the labile-metal fraction a
leaching protocol similar to that described in (Berger et al. 2008) was adopted and represented
potentially bioavailable, easily exchangeable fraction. Filters were leached with 2 mL of 25 %
acetic acid and hydroxylamine hydrochloride (0.02 M, Romil) solution and heated in a drying oven
for 30 min at 90 °C in LDPE vials. After a 2 h contact time, the filters were removed and placed
into clean PFA screw cap digestion vials (Savillex). The leachate solution was then centrifuged at
3500 g for 15 min. Following centrifugation, 1 mL of the leachate was transferred to a separate
PFA vial and taken down to dryness, the residue was quantitatively diluted in 2 % HNO; for
analysis. The remaining leachate solution was disposed after centrifugation. Each vial was rinsed
with H,0, and added to the digestion PFA vial containing the relevant sample filter. A three step
sequential acid addition modified from (Ohnemus et al. 2014) was employed to fully digest the 25
mm Supor® polyethersulfone (PES) membrane disc filters (Pall, 0.45 um) and any refractory

particulate material. In loosely capped vials, 0.2 mL of H,SO,4 plus 1.0 mL H,0, were heated at
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200 °C until the PES filter dissolved. Secondly, a 4 M mix of HF/HCI/HNO; (2 mL) was added and
heated overnight at 135 °C in tightly capped vials. Finally, 1 mL of a HNO3/H,0, mix (50%/15%
v/v) was heated at 130 C for ~ 1 hr. After each stage the sample was heated to dryness. After
the final evaporation stage, the samples were quantitatively diluted in 2 % HNOs_ All particulate
samples were analysed using inductively coupled plasma-mass spectrometry (ICP-MS; Thermo
Fisher X Series 2). Potential interferences (e.g. “Ar'®0 on 56Fe) were minimized through the use of

a collision/reaction cell utilizing 7% H in He.

A.13 Trace metal aerosol sample collection, digestion and analysis

Sov Atkinson, Plymouth University

Sample collection

Prior to sampling, all filter membranes were acid-washed using an adapted method from
(Morton et al. 2013). The filter membranes were loaded onto the 47 mm Savillex filter holder
(QMX Laboratories, UK), using acid cleaned plastic tweezers, with the operator wearing a clean
pair of disposable polythene gloves, in a Class-5 laminar flow hood cabinet where they were
left to dry. The filter holder was then assembled and stored in a double sealed bag for transport
to the sampling site. At Penlee Point Atmospheric Observatory (PPAQO) (Figure 1.1), each filter
holder was housed in a separate weather shield (with an opening at the bottom) to prevent
precipitation from contaminating dry aerosol deposition. The sample (and the sample shield) was
attached to the pump via a 9 m re-enforced PVC braided tubing, 10mm ID and 3mm thickness
(Fisher, UK). A gas meter (G4, Havelock, UK) was attached to each sample tubing to record the air
flow over the filter for the duration of the sampling period. The pump (GAST Rotary vain, CJS
Direct, UK) is turned on for 24 hours for a sampling period, with an average flow rate of 91 L min™,
and this is repeated weekly. After the sampling period, the filter holders and loaded filters were
removed and brought back to the lab for processing. In a Class 5 laminar flow cabinet, the loaded
filter sample was removed from the filter holder using an acid-washed plastic tweezers, placed in

acid-cleaned petri dishes inside sealed bags and stored in the freezer (-20 °C) until analysis.

Sample digestion and analysis

In order to determine the total trace metal concentrations, aerosol samples and blanks were
completely digested using concentrated hydrofluoric acid (HF) (28.9 M) (Romil, UPA, Ultra Purity
Acid grade) and concentrated HNO;3 (15.8 M) (Romil, UPA, Ultra Purity Acid grade). The procedure
was adapted from Morton et al. (2013) and as follows:

Step 1: 0.50 mL of concentrated HNO; (Romil, UPA, Ultra Purity Acid grade) was added to a 15

mL Teflon, flat bottom/round interior vial (Savillex) and heated to 140°C overnight. Once cooled,
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the vials were uncapped and heated to 140°C until the solution was near dryness and formed a
bead.

Step 2: 1 mL of the digestion mixture (5:1 of concentrated HNOs: concentrated HF (Romil, UPA,
Ultra Purity Acid grade)) was added to the digestion vial and heated to 140°C overnight. Once
cooled, the vials were uncapped and heated to 140°C until the solution was near dryness and
formed a bead.

Step 3: 0.50 mL of concentrated HNO; was added to the digestion vial and heated to 130°C
overnight. Once cooled, the vials were uncapped and heated to 130°C until the solution was near
dryness and formed a bead.

Each aerosol filter sample was used as whole, folded using an acid-washed plastic tweezers
and placed into a 15 mL Teflon, flat bottom vial (Savillex). The first step involved an addition of 0.5
mL of concentrated HNO; and heating to 140°C on a hotplate overnight. Once cooled, the vial was
left uncapped and the acid was heated to 140°C on the hotplate until most of the acid was
evaporated and left a bead of solution. The digest was further repeated using 1mL of 5:1 mixture
of concentrated HNO; and concentrated HF, followed by 0.5 mL of concentrated HNOs. Once the
3 steps were completed, the digest was made up to 20 mL of 2% v/v solution of HNO; (Romil,

UPA) and analysed on a ICP-MS (Thermo Fisher).

Atmospheric flux calculations

Penlee Point Atmospheric Observatory (PPAO) sampling site was established by the Plymouth
Marine Laboratory in May 2014 for long term observations of ocean-atmosphere interaction and
is situated at 50° 19.08’ N, 4° 11.35’ W (Figure 2.1), Plymouth Sound.

Total daily atmospheric fluxes of Pb to the Coastal Plymouth Sounds via dry deposition were
estimated by multiplying the concentration of these trace metals in sampled air by a deposition

velocity of 0.01 ms™ for particles > 1um associated with seas salt (Arimoto et al. 2003):

Concentration of Pb (nmolm~3)

Total daily flux = eg. 11

Deposition velocity (ms—1)

The PPAO site station was chosen as a result of its close proximity to our sampling site and
overlapping sampling time with the Shelf Sea Biogeochemistry Programme expeditions (March

2015).
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A.l4 Radium isotopes sampling and analysis

Amber Annett, University of Edinburgh

Large volume samples for radium (Ra) analysis were collected from the Niskin bottles deployed
on a stainless steel CTD frame. Water from multiple bottles closed at the same depth was
transferred into acid-washed 20 L collapsible containers, and slowly (<750 mL min™) passed
through a column filled with 20 g of MnO,-impregnated acrylic fiber. This approach has been
shown to quantitatively extract Ra from up to 1000 L of seawater (Moore 2008). Fibers were
rinsed with deionised water to remove salts, and partially dried to optimize emanation of the
radon daughter (Sun & Torgersen 1998). Samples were counted immediately on-board ship using
a Radium Delayed Coincidence Counter [RaDeCC; (Moore 2008), which discriminates between the
radon daughters of different short-lived Ra isotopes based on the time between subsequent

224
R

decay events. Counting was repeated after an interval of ~30 (~90) days to determine the a

(***Ra) activity supported by the parent isotopes ***Th (**’Ac) which are also retained on the fiber.
Uncertainty calculations follow the methods of Garcia-Solsona et al. (2008), and efficiencies of the
RaDeCC systems were calibrated and monitored using standards prepared from actinium-227 and

224

thorium-232 (Annett et al. 2013). Ra activities used here (***Rays and **Rays) are in excess of

activity supported by the parent isotopes in the water column.

A.1.5 Extended Optimum Multiparameter (extOMP) analysis

Johannes Karstensen, GEOMAR

Water mass fractions and the amount of remineralized nutrients/respired oxygen (in one
single bulk number) were calculated using the extOMP analysis (Karstensen & Tomczak 1998;
Hupe & Karstensen 2000). The method was used for all observational data points where multiple
parameters were available (temperature, salinity, oxygen, nitrate, phosphate, silicate). In brief,
the method is based on a non-negative least square fit of fractions of source water types using all
parameters (Table 8) but with linear corrections on parameters that are also impacted by
biogeochemical cycling (oxygen, nitrate, phosphate, silicate) based on a defined stoichiometric
ratio (Table 8). A weighting is applied to control the impact of a parameter on the solution (Table
8) based on their variability in respective source regions, depending primarily on environmental
variability and to a lesser degree also on instrumental/measurement errors.

Source water types identified by OMPext were: Eastern North Atlantic Central Water (ENACW;
a water mass that is created by subduction in the North Atlantic subtropical gyre), Subarctic
Intermediate Water (SAIW; lightest part of the subpolar Modewater formation process and

formed in the eastern subpolar gyre), Mediterranean Outflow Water (MOW,; water mass defined
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close to the Gulf of Cadiz), Labrador Sea Water (LSW; of western subpolar gyre origin), and
Northeast Atlantic Deep Water (NEADW; a water mass that is created by mixing of various
sources of subpolar Mode waters and Iceland Scotland Overflow Water). The characteristics of
the source water masses were obtained from literature values (Garcia-lbafiez et al. 2015) except
for MOW and NEADW, which were taken from observational data that has been compiled from
the GLODAPv2 data set (Olsen et al. 2016). The final configuration used for the results presented
here is given in Table 8. It can be considered a weakness of any water mass analysis (incl. extOMP
analysis) that fractions in absolute numbers are sensitive to changes in source water definitions.
This is because moving points in parameter space will change distances. However, here interest is
on the vertical “layering” of the water masses and the selected parameters were robust for the

different configurations tested (varying source water definitions, weights, stoichiometry).

Table 8 Configuration of the input for the extOMP analysis. Source water definitions for the
respective parameters were taken from (Garcia-lbafiez et al. 2015) except were noted - ENACW:
Eastern North Atlantic Central Water; MOW: Mediterranean Outflow Water (GLODAPv2); SAIW:
Subarctic Intermediate Water; LSW: Labrador Sea Water; NEADW: Northeast Atlantic Deep Water
(GLODAPvV2). Last rows give the parameter weighting and the stoichiometrical ratio.

Potential
Source water ten? z:a:lre Salinity Oxygen Phosphate Nitrate Silicate
types FE°C) PSS-78 pmol kg™ umol kg™ umol kg™ | pumol kg™
ENACW 16.0 36.20 241 0.10 0.1 0.85
MOW 10.5 36.30 173 1.20 17.5 9.0
SAIW 6.0 34.70 287 0.86 13.0 6.3
LSW 3.0 34.87 287 1.05 16.5 10.0
NEADW 2.1 34.90 240 1.65 22.5 45.0
—
P t
aramerer 100% 100% 30% 30% 30% 10%
weighting
—
St0|ch|9metry 0 0 -170 1 16 40
ratio
A.l1.6 The propagation time of Mediterranean Outflow Water

Toste Tanhua, GEOMAR

The propagation time of MOW from the Gulf of Cadiz was calculated by comparing ages as
calculated from CFC-12 data available in the GLODAPv2 data product (Olsen et al. 2016) from
these two areas. The data in GLODAPv2 comes from several different cruises during different
years. To compensate for the transient signal of CFC-12 the mode-age of the samples was
calculated from the CFC-12 data assuming no change in ocean ventilation. For these calculations
we use the transit time distribution (TTD) concept (e.g. (Waugh et al. 2003)) using the common

assumption of an Inverse Gaussian shape of the TTD where the two moments I (mean-age) and A
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(width) are equal (the ratio of A/T giving information on the degree of diffusion vs. advection). For
the so calculated TTDs we then calculate the “mode-age”, i.e. the age of the peak of the TTD. The
change in this variable along a flow path of a water mass is a useful approximation of the

propagation time of a signal such as the one that we are investigating in this paper.

A.1.7 Macronutrients

Malcolm Woodward and Carolyn Harris, Plymouth Marine Laboratory

Unfiltered seawater samples for nutrients were taken from the same OTE bottles as TM
samples, were stored in ‘aged’ 10% HCI acid washed and deionised water rinsed HDPE bottles.
Nutrient bottles were rinsed three times with seawater sample prior to the final filling. Seawater
sampling and handling for macronutrient analysis was carried out according to the International
GO-SHIP nutrient manual recommendations (Hydes et al. 2010). Nutrient analysis was carried out

on board within few hours of sampling using techniques described in Woodward and Rees (2001).
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Abstract Anthropogenic activities have resulted in enhanced lead (Pb) emissions to the environment over
the past century, mainly through the combustion of leaded gasoline. Here we present the first combined
dissolved (DPb), labile (LpPb), and particulate (PPb) Pb data set from the Northeast Atlantic (Celtic Sea) since
the phasing out of leaded gasoline in Europe. Concentrations of DPb in surface waters have decreased by
fourfold over the last four decades. We demonstrate that anthropogenic Pb is transported from the
Mediterranean Sea over long distances (>2,500 km). Benthic DPb fluxes exceeded the atmospheric Pb flux in
the region, indicating the importance of sediments as a contemporary Pb source. A strong positive
correlation between DPb, PPb, and LpPb indicates a dynamic equilibrium between the phases and the
potential for particles to “buffer” the DPb pool. This study provides insights into Pb biogeochemical cycling
and demonstrates the potential of Pb in constraining ocean circulation patterns.

Plain Language Summary Lead (Pb) is a toxic element to all living organisms and may cause health
impacts upon exposure to high levels. Humans have introduced large amounts of Pb into environment over
last 150~years mainly through combustion of leaded gasoline and coal. The anthropogenic Pb is transported
over long distances in the atmosphere and deposited in remote ocean regions resulting in elevated Pb
concentrations. Since the implementation of stricter environmental regulations over last decades, Pb levels in
surface waters have declined. In this study we report five times lower Pb concentrations in European surface
waters compared with those from the 1980s and also present recent Pb inputs. Once anthropogenic Pb is
introduced into the marine environment, it can be used to trace specific water mass transport throughout the
global ocean. In this study we use Pb signal to demonstrate transport of Mediterranean Sea surface water over
2,500~km across the Atlantic Ocean. Our results serve as evidence of the positive impact of environmental
regulations on Pb inputs and highlight the requirement of continuing efforts in regulating Pb emissions.

1. Introduction

Lead (Pb) is one of few elements for which the impact of human activity on the marine environment is clearly
evident. Anthropogenic perturbation of the natural biogeochemical cycle of Pb in the ocean dates back to
circa 1850 (Kelly et al., 2009), with coal and leaded gasoline combustion serving as major sources of Pb to
the atmosphere (Kelly et al., 2009; Wu & Boyle, 1997). Anthropogenic Pb is transported in the atmosphere
in the form of fine aerosol particles that can travel long distances and are deposited in remote areas resulting
in enhanced DPb surface ocean concentrations (Kumar et al., 2014; Véron & Church, 1997), reaching
>190 pmol kg~ during the peak of the Pb emissions in 1970-1980 (Laumond et al.,, 1984). Anthropogenic
Pb has entirely masked signals of naturally sourced Pb (approximately 2.2 pmol kg~ in surface waters;
Henderson & Maier-Reimer, 2002). To date, leaded gasoline has been virtually phased out (except in three
countries, as of March 2017, United Nations Environment Programme), and Pb concentrations have
decreased significantly from ~170 to <15 pmol kg™ ' in surface waters (Boyle et al, 2014; Schaule &
Patterson, 1983), leading to recent evidence for natural Pb signatures reemerging in the North Atlantic
(Bridgestock et al., 2016).

The spatial and temporal variable historic Pb inputs to the marine environment can be used to investigate the
reactivity and cycling of this element and trace long-range ocean circulation patterns (Chen,
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Figure 1. Station locations across canyon T1_C (white and red circles), spur T2_S (green circles) transects, and on-shelf transect (black circle) during three research
expeditions in November (DY018), April (DY029), and July (DY033). Blue diamond represents PPAO station. Map was generated using GeoMapApp, http://www.

geomapapp.org (Ryan et al., 2009).

Goodkin, et al,, 2016; Fine, 2010; Lee et al., 2015). Anthropogenic Pb has been utilized as a tracer of subducted
surface waters in the Indian (Lee et al., 2015) and Pacific Oceans (Chien et al. 2017) and ventilated surface
waters of the Northwest Atlantic (Boyle et al, 2014). Anthropogenic perturbation of natural Pb
concentrations in the ocean has been described as an “evolving global experiment” (Boyle et al.,, 2014)
that demonstrates the magnitude of human impact on the environment.

Lead is a particle reactive element in marine waters and is typically removed through scavenging, with the
sediments acting as repositories. However, the role of particulate matter and the physicochemical processes
that influence the fate of dissolved Pb (DPb) and facilitate long-range transport are poorly constrained. A slow
release of DPb from particles and a rapid isotopic exchange with particulate matter that can influence the fate
of particulate Pb (PPb) has recently been reported (Chen, Boyle, et al., 2016). Therefore, in order to gain
insights into biogeochemical cycling of Pb in the marine environment, both phases should be considered.

Here we report and evaluate the first extensive seasonal study of DPb, PPb, and leachable Pb (LpPb)
distributions in Northeast Atlantic marginal seas since the phaseout in Europe of leaded gasoline use in
1980-2011 (European Communities, 1978; Economic Commission for Europe, 2014). This study provides
insights into the dynamic relationship between dissolved and particulate phases and demonstrates the role
of benthic Pb release and Pb as a tracer of North Atlantic circulation patterns.

2. Study Region, Materials, and Methods

Full details of the study region, sampling and methods are provided in the supporting information (SI) Text S1.
Briefly, samples for trace metal analysis were collected during three different seasons: November-December
2014 (DY018), April 2015 (DY029), and July-August 2015 (DY033) in the Northeast Atlantic continental margin
(Celtic Sea) (Figure 1), on board RRS Discovery. Two off-shelf transects were conducted along a canyon (T1_C,
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stations C01-C07 and C15), nearby a spur (T2_S, stations S08-S09) (S| Text S1) and one on-shelf transect in the
Celtic Sea (stations CS2, CCS, J02-J06, and Site A). Trace metal samples were collected following GEOTRACES
protocols (Cutter et al., 2010). Dissolved Pb and Mn (DMn) were filtered using a 0.2 um cartridge filter
(Sartobran 300, Sartorius), preconcentrated using an automated system (SC-4 DX SeaFAST pico; ESI), and
analyzed by high-resolution inductively coupled plasma-mass spectrometry (HR-ICP-MS; Thermo Fisher
Element XR) (Rapp et al,, 2017). Dissolved Fe (DFe) (0.2 um filtered) was analyzed by flow injection with
chemiluminescence detection (Obata et al., 1993) as detailed in Birchill etal. (2017). Particulate Pb was collected
on clean 25 mm Supor® polyethersulfone membrane disc filters (Pall, 0.45 um) and subjected to a 25% acetic
acid-hydroxylamine hydrochloride leach (LpPb) (Berger et al., 2008) and subsequently an acid digestion (PPb)
(Ohnemus et al., 2014). Particulate samples were analyzed using ICP-MS (Thermo Fisher X Series 2). Dissolved
aluminum (DAI) (0.2 um filtered) was analyzed using spectrofluorometry following the method by Hydes and
Liss (1976). Evaluation of the accuracy and efficiency of these methods was carried out using Certified
Reference Materials with the results showing good agreement (Sl Table S1). Some data points were identified
as outliers and were excluded from consideration (SI Text $2). Radium (Ra) isotopes 2*>Ra and 22*Ra were
extracted from large seawater volumes (60-100 L) by adsorption onto Mn acrylic fibers (Sun & Torgersen,
1998). Ra activities were analyzed at sea by Radium Delayed Coincidence Counting following standard metho-
dology (Annett et al., 2013; Garcia-Solsona et al., 2008; Moore, 2008; Moore & Arnold, 1996). Ra activities used
here (***Rays and 2*®Ra,q) are in excess of activity supported by the parent isotopes in the water column
(SI Text S1). Water mass distribution was quantified using extended Optimum Multiparameter (extOMP) analysis
(Hupe & Karstensen, 2000; Karstensen & Tomczak, 1998; Pollard et al, 2004). The propagation time of
Mediterranean Outflow Water (MOW) from the Gulf of Cadiz was calculated analogously to (Waugh et al.,
2003), using chlorofluorocarbon-12 data available in the GLODAPv2 data product (Olsen et al., 2016). Aerosol
samples were digested using hydrofluoric acid and HNOj3 following the method adapted from Morton et al.
(2013) and analyzed by the ICP-MS (Thermo Fisher X Series 2). Section plots figures were created with Ocean
Data View (2015) software (Schlitzer, 2015) with Data-Interpolating Variational Analysis gridding settings.

3. Results and Discussion

DPb concentrations in the Celtic Sea region ranged between 29.6 and 122 pmol kg~ (Figures 2a-2c and S1).
Off-shelf distributions showed elevated DPb concentrations (50.8 + 3.0 pmol kg~ (n = 20)) in the seasonal
mixed layer (SML) along the canyon transect in November and also at stations S08 and S09 along the spur
transect. Below the SML, DPb distributions were generally consistent along both transects for all seasons
and decreased down to 38 pmol kg™ ' in the subsurface waters and increased at depths of ~550-1,500 m
to 46.6 + 56 pmol kg~' (n = 84). In deeper waters (>1,500 m), DPb concentrations decreased to
37.0+3.2 pmol kg~ (n = 39). On the continental shelf, DPb concentrations were generally higher in compar-
ison to the off-shelf transects and ranged between 36.1 and 122 pmol kg™~ ". Elevated DPb concentrations
were measured in surface waters in April (96.8 pmol kg~") and July (99.1 pmol kg™") with somewhat lower
levels in November (72.6 pmol kg"), whereas DPb was persistently elevated in bottom waters (up to
121 pmol kg™ ") across all seasons. No correlations between DPb and macronutrients were observed.

Our surface water DPb concentration of 40.2 + 7.5 pmol kg™ (n = 109) along the shelf break in 2014-2015
showed at least a fourfold decrease compared to previous reports for the region (Figure 2e and Table S2)
(Briigmann et al., 1985; Cotté-Krief et al., 2002; Helmers & Van der Loeff, 1993; Lambert et al., 1991; Muller
et al,, 1994) and were generally lower in comparison to other European shelf waters over the last 4 decades
(Kremling & Streu, 2001; Laumond et al., 1984; Monteiro et al., 2015; Pohl et al., 2011; Prego et al., 2013; Waeles
et al,, 2008). The diminishing DPb concentrations over the last two decades form a success of the phaseout
process of leaded gasoline. Nevertheless, the observed concentrations in our study region exceeded pre-
dicted natural levels of Pb (Henderson & Maier-Reimer, 2002) by at least an order of magnitude, indicating
that the vast majority of Pb still has an anthropogenic origin. Thus, the elevated DPb concentrations we
report in surface waters indicate the presence of recent anthropogenic Pb inputs to Northeast Atlantic waters
from sources such as coal burning, smelting, or mining (Lee et al., 2014; Nriagu & Pacyna, 1988).

3.1. Long-Range Pb Transport in MOW

Elevated DPb concentrations of 46.6 + 5.6 pmol kg’1 (n = 84) were a persistent feature in the depth range
~550-1,500 m (27.30-27.75 kg m3 a9) in the slope region of the Celtic Sea. The DPb maximum coincided
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Figure 2. Upper panel: dissolved lead distribution plots (a) along the canyon transects (T1_C, left), (b) along the spur transects (T2_S, middle), and (c) and along
the on-shelf transect (left) in November (DY018) (top), April (DY029) (middle), and July (DY033) (bottom). Bottom panel: (d) example of dissolved aluminum
distribution plots from November (DY018) along the canyon (T1_C) transect (left) and spur (T2_S) transect (right). For the full dissolved aluminum results please
see S| Figure S2. Black lines represent Mediterranean Outflow Water density range contour plots. (e) Reduction of DPb concentrations in the Celtic Sea slope
region over the last 30 years. Data are from Briigmann et al. (1985, green circles), Lambert et al. (1991, blue triangles), and Cotté-Krief et al. (2002, yellow squares),
and this study is represented by the S08 station in April (DY029) by red diamonds.

with salinity (35.74) (Figure 3a) and DAI (17.3 + 2.6 nmol kg ', n = 88) maxima (Figure S2), signatures of MOW
(Measures & Edmond, 1988; Rolison et al., 2015). Surface waters in the Mediterranean Sea received enhanced
atmospheric Pb inputs during the period of leaded gasoline use, with maximum surface DPb of
>190 pmol kg~" (Laumond et al., 1984). Mediterranean waters also receive enhanced eolian fluxes of Al
from Saharan dust (Rolison et al., 2015). Deep water formation occurs in the Levantine Basin and Gulf of
Lions, and the saline deep Mediterranean waters with enhanced DPb (40-80 pmol kg") (Rolison, 2016)
and DAI (125-170 nmol kg™ (Rolison et al,, 2015)) exit the Strait of Gibraltar as bottom waters and mix
with Eastern North Atlantic Central Water (Garcia-Ibanez et al., 2015). The MOW spreads across NE Atlantic
at a depth ~550-1,500 m and propagates along the continental slope toward the Celtic Sea shelf break.
The mean propagation time of MOW from the Gulf of Cadiz to the Celtic Sea slope region is ~5 years
(Figure S3). The presence of MOW at intermediate depths in the study region has previously been
reported (Cotté-Krief et al, 2002; Lambert et al, 1991) and was confirmed by the extOMP analysis
(Figures 3b and S4). The core of the MOW (up to 55%) was identified at ~1,000 m depth with a Gaussian
decay (20% at 550 m and 1,500 m).

Enhanced DPb concentrations were also observed along GEOTRACES transects in corresponding MOW
density layers (27.22-27.82 kg m~3 6¢): in the Gulf of Cadiz (49.0 + 2.6 pmol kg™, n = 14, GA04; Rolison,
2016), north (46.1 = 6.1 pmol kg™, n = 18, GA01), and south of the Gulf of Cadiz (55.1 5.5 pmol kg~’,
n = 10, GAO3, Noble et al, 2015) (Figure S5), in agreement with our observations. Our study region is
~2,500 km away from the Strait of Gibraltar; therefore, the concentration of DPb and DAI may be expected
to decrease through scavenging and/or dilution processes during transit. While DAI concentrations and
salinity correlated well (* = 0.68) and decreased from 27.8 + 7.2 nmol kg~ ' and 35.6-36.4 (Gulf of Cadiz)
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Figure 3. Upper panel (a): salinity distribution plots along the canyon transects (T1_C, left) and along the spur transects (T2_S, right) in November (DY018) (top), April
(DY029) (middle), and July (DY033) (bottom). Bottom panel (b): the percentage distribution of Mediterranean Outflow Water along the canyon (T1_C) and spur (T2_S)
transects in November (DY018) (left), April (DY029) (middle), and July (DY033) (left). For the full Optimum Multiparameter results see SI Figure S4.

to 17.3 + 2.6 nmol kg~' and 35.4-35.7, there was no correlation of DPb with salinity and DPb concentrations
remained unchanged (Figure S6). We suggest the following processes that maintain elevated DPb signal
during MOW transit: (i) benthic inputs from the European continental slopes. Shelf break sediments have
been suggested as a Pb source in the Philippine Sea (Chien et al. 2017). Local sediment resuspension
events in the Bay of Biscay as MOW propagates along the continental slope have also been reported
(McCave & Hall, 2002). (ii) Reversible Pb sorption onto particle surfaces. This mechanism has been
suggested to supply DPb to North Pacific deep waters (Wu et al., 2010). Pb isotope exchange between
these two phases has been demonstrated (Chen, Goodkin, et al., 2016; Sherrell et al., 1992), and the
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potential of particle reversible sorption has been shown using thorium isotopes (Bacon & Anderson, 1982).
Potentially, DPb (<0.2 pm) may be released from particles in the form of small, low specific density inorganic
particles (colloids 0.02-0.2 um) with longer residence time. However, PPb dissolution within MOW is also
plausible. Our results show that the major portion of PPb was in LpPb form (78 + 10%, n = 205), while overall
the majority of the total Pb pool (PPb + DPb) was in the DPb fraction (70 + 18%, n = 171), thus implying a
significant role of particles in DPb distributions.

Partial mixing with other historically Pb polluted waters, such as Northeast Atlantic ventilated surface waters
and Labrador Sea Water (LSW) transported across the North Atlantic (Bridgestock et al., 2018; Zurbrick et al.,
2018), has been shown to influence DPb concentrations at intermediate depths and thus also need to be con-
sidered. Low-salinity and high-oxygen LSW underlies the warm, saline MOW (Talley & McCartney, 1982). Our
extOMP confirmed a layering of the water masses with MOW at a core depth 27.60 kg m 3 transiting into the
LSW core at 27.79 kg m 3 (Figure S4) and a potential for vertical mixing of bottom layers of MOW with LSW.
Within waters identified as LSW (27.76-27.85 kg m™> 4y), concentrations of DPb (42.9 + 4.5 pmol kg~
(n = 42)), and DAI (15.8 + 1.0 nmol kg~ (n = 40)) were somewhat lower, and salinity (34.98-35.4) and tem-
perature (from 8.8 + 1.5 t0 5.1 + 1.0°C) were lower in comparison to overlying MOW. These values were higher
in comparison to DPb (36.9 + 7.4 pmol kg", n =60), DAl (13.0 £ 1.2 nmol kg’1, n = 60), salinity (34.94-35.2),
and temperature (4.3 + 0.6°C) observed within LSW (27.68-27.81 kg m 6,) in the NW Atlantic (GA02 section,
2010) (Mawji et al., 2015). Densities of MOW and LSW are similar, and a complete differentiation is therefore
challenging, preventing us from determining the exact fraction of each water mass. Our findings indicate the
potential for MOW penetration into deeper waters, altering properties of LSW although the upward vertical
mixing cannot be ruled out. We conclude that the DPb maximum in the Celtic Sea region was a result of
anthropogenically perturbed MOW masses reaching NE Atlantic continental margins.

3.2. Sediment Release of a Particle Reactive Element

Elevated DPb (65.9-121 pmol kg’1) and PPb concentrations (149-806 pmol kg”) were observed in bottom
waters at Site A during all seasons and on the continental slope at C03-C04 stations in November (DPb:
525+ 56 pmol kg~', n = 7, PPb: 29.3 + 13.9 pmol kg™, n = 8) (Figure 4). Following fluvial or atmospheric
inputs to marine waters, Pb is typically scavenged and transferred to the seafloor (Bastami et al., 2015;
Marani et al., 1995). Tidal currents, wind-driven waves, and storm events cause resuspension of sediments
(Kalnejais et al., 2007), thereby supplying Pb-enriched pore waters and particles to the water column. This
mechanism has been reported for deep ocean (Lee et al.,, 2015; Noble et al., 2015), coastal (Annibaldi et al.,
2009; Chien et al., 2017; Safiudo-Wilhelmy & Flegal, 1994), estuarine (Rivera-Duarte & Flegal, 1994), and river-
ine systems (Ferrari & Ferrario, 1989) and observed in sediment chamber experiments (Kalnejais et al., 2007;
Zago et al., 2000).

At Site A, the enhanced DPb and PPb concentrations near the seafloor coincided with persistently elevated
turbidity signals (Figure 4), indicating particle resuspension and subsequent DPb and PPb remobilization
from the sediments to overlying waters. The benthic Pb supply is supported by increased levels of the
short-lived isotopes 2*>Ra,s and *2*Ra,, (half-lives 3.66 and 11.4 days, respectively) near the seafloor
(Figure 4), indicating recent sedimentary supply. A similar feature was observed on the continental slope
along the canyon transect in November where salinity maximum associated with MOW decreased toward
the continental shelf break (Figure 3a) from 35.74 (C01) to 35.61 (C04) (~1,000 m depth); thus, DPb
concentrations were also expected to decrease. Yet DPb concentrations remained unchanged (Figure 2a)
and PPb concentrations were elevated, coinciding with increased **Ray,, 2**Ra,s and turbidity signals
(Figures 4 and S7), indicating a sedimentary Pb source to overlying waters.

Benthic DPb remobilization has been reported by Noble et al. (2015) and Chien et al. (2017). To our
knowledge, we provide the first clear evidence of a benthic Pb source supported by PPb and Ra field
measurements. Furthermore, our results showed a strong positive correlation between DPb and PPb
(:2 =0.97,n =12), and DPb and LpPb (r2 =0.97, n = 12) at Site A and C03/C04 stations (Figure S8), indicating
a dynamic equilibrium between the phases. Although little is known about biogeochemical processes
facilitating DPb sedimentary release, we suggest that benthic remobilization could be facilitated through
Pb association with Fe/Mn oxi-hydroxide precipitates (Allen et al.,, 1990; Bastami et al., 2015; Fernex et al.,
1992; Kalnejais et al., 2007) with subsequent reductive dissolution of the solid Fe and Mn forms in sediments
(Fernex et al., 1992). This mechanism is supported by elevated DFe and DMn concentration toward the
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Figure 4. Upper panel: depth profiles of DPb (circles), PPb (triangles), LpPb (squares), turbidity (diamonds), and 224Ra,<S (crosses) at Site A in November (DY018) (left),
April (DY029) (middle), and July (DY033) (left). Bottom panel: depth profiles of DPb (circles), PPb (triangles), 224Ra,(s (squares), and turbidity (black line) at station C03
(left) and CO4 (right) in November (DY018).

seafloor (Figure S9) and a buildup of Fe(ll) in sediments at Site A (Klar et al., 2017) but not at stations C03/C04.
Potentially, DPb may be supplied in the form of small colloids deposited onto sediments (Muller, 1996; Sen &
Khilar, 2006), with these Pb-enriched resuspended fine particles having a longer residence time in
comparison to bulk sediment particles (Ferrari & Ferrario, 1989; Kalnejais et al., 2007).

We determined a benthic Pb flux to overlying waters of 27-41 x 10~ mole Pbm~2d ™" (n = 3) at Site A in April
(SI Text S4) using short-lived Ra isotopes (Moore, 2000). To our knowledge, this is the first benthic Pb flux esti-
mate from field observations. Furthermore, this sedimentary Pb flux was up to 2 orders of magnitude higher
than the atmospheric flux (0.03-12.2 x 10~° mole Pb m 2 d ") observed at nearby Penlee Point Atmospheric
Observatory in 2015 (Figures 1 and S5; Arimoto et al., 2003). The benthic DPb flux was likely a result of accu-
mulation in sediments of Pb deposited over time, while the recent relatively low atmospheric Pb flux reflects
the implementation of strict European air emission regulations. We therefore stress that sediments containing
legacy Pb will continue to serve as an important, if not the major source of Pb to overlying waters.

3.3. Recent Pb Sources in the NE Atlantic Shelf Region

A strong spatial and temporal variability in surface water DPb concentrations were observed over the various
transects across the seasons. Elevated surface DPb concentrations (36.1-122 pmol kg~ ") were observed on
the continental shelf during all sampling seasons, with lower levels along off-shelf transects (Figure 2c).
Elevated DPb concentrations observed in surface waters at Site A in April and July in comparison to

RUSIECKA ET AL.

135



Appendix B

@AG U Geophysical Research Letters

10.1002/2017GL076825

Acknowledgments

This project was funded by the UK
Natural Environment Research Council
(NE/K001973/1 (E. A. and M. G)),
NE/K001779/1 (M. L), NE/K002023/1
(A.A), and NE/L501840/1 (A. B)). The
authors declare no competing financial
interests. The authors thank the captain
and crew of RRS Discovery for their
assistance during research expeditions
and Malcolm Woodward and Carolyn
Harrys for the macronutrient data. We
thank Insa Rapp for the training in the
sample analysis and Alex Zavarsky for
the help with the Matlab scripts and
Cheryl Zurbrick and Ed Boyle for the
GAO1 section data set and their
contribution to IDP 2017. The GA04
cruises were funded by the Netherlands
Organization for Scientific Research
(882.01.015). Analysis was funded by
the University of Otago and the Royal
Netherlands Institute for Sea Research.
Data have been submitted to BODC.

November indicated recent Pb inputs (Figure 4). A strong inverse correlation of DPb with salinity r = —0.96
(April, n = 6) and r = —0.94 (July, n = 4) between Site A and CS2 stations suggests a freshwater source of
DPb, which could be continental runoff or wet deposition (Figure S10). On the continental slope, elevated
DPb concentrations in the SML were observed along the canyon (T1_C) transect in November
(50.8 + 3.0 pmol kg ', n = 20) and at S08 and S09 stations on the spur (T2_S) transect. Lower DPb concentra-
tions were observed during other seasons; 39.6 + 6.9 pmol kg~ ' (n = 23, T1_C) and 35.0 + 4.2 pmol kg’
(n =30, T2_5) in April and 35.2 + 3.8 pmol kg~ " (n =9, T1_C) and 37.4 + 4.9 pmol kg~ ' (n = 6, T2_S) in July
(Figures 2a and 2b). The distinctive changes in DPb over short spatial scale observed between our closely
spaced stations (<20 km) suggest presence of different water masses with different DPb input histories over
the last months to years. These observations coincided with distinct temperature and DMn concentration dif-
ferences (Figure S11), which enforce this suggestion.

4, Conclusions

Our observations demonstrate the widespread impact of anthropogenic Pb emissions on the marine envir-
onment. The elevated Pb signal (46.6 + 5.6 pmol kg’1) in MOW is transported long distances (>2,500 km)
at intermediate depths across the Northeast Atlantic following anthropogenic Pb emissions during the past
century. Following implementation of stricter environmental regulations in Europe, this oceanic Pb signal will
behave similarly to chlorofluorocarbons in that it is predicted to decrease with time. However, considering
the residence time of Pb in the deep ocean of ~100 years (Nozaki & Tsunogai, 1976), the presence of recent
Pb sources (>90 pmol kg~ in surface waters), and the “resupply” of Pb to the water column from sediments
containing legacy Pb (27-41 x 10~? mole Pb m~2 d "), we expect the anthropogenic Pb signal to remain in
the marine environment for decades to come. The role of the particulate phase in buffering Pb concentra-
tions in the water column needs to be considered in the interpretation of oceanic DPb distributions due to
a close relationship between the dissolved and particulate phases.
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