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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES
School of Ocean and Earth Science

Doctor of Philosophy

Dissolved Manganese in Ocean Waters: Analytical and Biogeochemical
Studies

By Farah Akmal Idrus

The aim of this study was to improve our understanding of the natural sources and
processes of the dissolved manganese associated with the Southern Ocean and the
Tropical North-Eastern (NE) Atlantic Ocean.

A flow injection analyser (FIA) with chemiluminescence (CL) detection was first set up for
the determination of dissolved manganese (DMn, < 0.2 pm). Extension work was
undertaken to solve problems relating to our limited level of understanding of the CL
reaction, and the behaviour of the resins used to either preconcentrate the manganese (i.e.
Toyopearl AF-Chelate 650M) or to remove the interfering elements (cleaning resin, i.e. NTA
Superflow and 8-Hydroxyquinoline). Using the system built in our laboratory, the
determination of the interference of other dissolved trace metals (e.g. Fe, Ni, Cu, Co, Zn
and Cd) were possible with dissolved manganese measurement in order to obtain a good
measurable CL peak for dissolved manganese.

The distribution of manganese around the Crozet Islands was examined and was used to
provide a conceptual framework for future studies. Dissolved manganese concentrations
were measured in samples collected from nine vertical profiles taken across the Crozet
Plateau (80 - ~4500 m water depth) that show evidence of a range of processes influencing
the manganese distributions. Dissolved manganese varied between 0.1 and 2.44 nM, and
the resulting detailed section showed evidence of an island souce is identified which
suggests that the plateau and the associated sediments are a source of manganese. Waters
further north also appear to be affected by this input of both coastal and shelf origin,
although dissolved manganese decrease as a function of distance to the north of the
plateau with a gradient of 0.096 nM/km as a result of dispersion and mixing. This gradient
was then combined with short-lived Radium isotopes profiles, allowing the determination
of a lateral advective flux of manganese (up to 538 nmol/m?/d). Estimates of atmosphere
and vertical fluxes of manganese to surface waters were also calculated. It was then
possible to estimate a pre-bloom concentration of ~0.4 nM.

A set of surface samples were collected from the Tropical NE Atlantic Ocean, and were
analysed for dissolved manganese. Results suggest the land-sources of manganese near to
the Canary Islands, the Cape Verde Islands and the African Continent, where high dissolved
manganese concentrations were determined, with the highest is ~3.90 nM. The lateral
advective flux of manganese was higher (47 pmol/m?/d) than the atmospheric flux of
manganese (0.17 pmol/m?/d), thus making the shelf+sediment as the most prominent
sources of dissolved manganese in the seawater close to the islands. From this
atmospheric flux of manganese, it was then possible to estimate the manganese
enrichment around the further offshore dust event regions of 0.73 nM/yr and consistent
with the dissolved manganese background concentrations. This support the low residence
time calculated in dust event regions of around 1 year.
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Figure 1lI17. A measurable CL peak signal was obtained when Tm
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Figure (A) Depth profiles of ?*®Ra and dissolved manganese concentrations at

IV20: Station M3(496). (B) Model estimates of K, fitted to the ?**Ra profile at
stations M3 (adapted from Charette et al., 2007).

Figure Dissolved manganese concentrations at all depths in BA Stations and

IV21: associated Station M3 (622) (at all depths) on moving offshore.

Figure Ln-transformed *?*Ra and ***Ra with slope used to estimate Kh (top

V22: two) and dissolved manganese data (below) of the Baie Americaine
transects (BA (567): ~1km distance from island; BA+1 (568): ~8km
distance from island; BA+2 (569): ~16km distance from island) in the
upper 50 m (***Ra and ?**Ra data were taken from Charette et al.,
2007).

Figure A positive relationship with R’=0.59 obtained between dissolved
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Figure Major dissolved manganese inputs into the bloom area around the

IV24: Crozet Islands during austral summer 2004-2005, combining with the
main circulation paths (green lines), topography and a SeaWIFS
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Note: negative values for vertical input indicated the direction of the
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Farah A. Idrus Chapter I: Introduction & Objectives

Chapter I: Introduction and Objectives

Why is manganese important in the oceans? What is the biogeochemistry of manganese in

seawater? What does this thesis aim to do?

These are questions that this chapter aims to answer, and in doing so demonstrate the
relevance of this study to ocean and earth science. Firstly, an overview of why manganese
plays an important role in biogeochemical processes in the ocean is given together with
information on its speciation, concentrations and distributions. Then mechanisms
controlling the input, removal and recycling of manganese in seawater throughout the
oceans will be presented, and the oceanic waters investigated here that require more
research to better understand processes controlling Mn concentrations are introduced. At
the end of the chapter, the project aims and objectives of this study will be outlined, along

with an overview of the chapters that follow to address these goals.

1 The importance of manganese in the oceans

Manganese plays an important role in both inorganic and biological processes in the
ocean. Removal of a range of trace elements from sea water during formation of oxidised
solid forms of Mn has led to formation of concretions and deposits (Nicholson et al., 1997)
with implications for the marine geochemistry of these elements. Additionally dissolved
manganese is vital for the metabolic functioning of many living organisms, where it is
fundamental in oxidation and reduction processes in plants, such as the electron transport
in photosynthesis and radical scavenging enzymes (Horsburgh et al., 2002; Kernen et al.,
2002). Thus the synthesis of organic carbon directly from carbon dioxide using energy
from light by phytoplankton in the ocean (i.e. through photoautotrophs such as algae,

diatoms, and cyanobacteria) is dependent on manganese.

However, other factors, such as the presence of additional nutrients, also control the
process of photosynthesis. Nutrients that are consumed by phytoplankton in large
quantities are called macronutrients (e.g. ammonia, nitrate, phosphate and silicic acid) and
nutrients that are required in small quantities are called micronutrients (mostly trace metal
elements e.g. iron, manganese, zinc, copper, nickel). These micronutrients are not only
required in small quantities, but are also present in seawater at typically low
concentrations. Lack of availability of any of these nutrients may result in limitation of
oceanic production. Alfred Redfield (Redfield et al., 1963) initially developed a general
concept of the ratio of the composition of major nutrients: C: N: P = 106:16:1.
Subsequently researchers found that several trace metals i.e. iron, manganese, zinc,
copper, nickel, cobalt and cadmium (e.g. Morel et al., 2003; Bruland et al., 1991) are also

vital for phytoplankton growth as they are used as co-factors in many enzymes in vital
1
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processes (e.g. (Sunda and Huntsman, 1983)). Later, the Redfield ratio formula was
extended to:
(C,N PS K Mg _Ca) Sr Fe Mn Zn

124" 16 1 13 1.7 0.56 0.5 1000

Cu . Co Cd 6 Mo
.38 0.19 0.21 0.0.
However, the stoichiometry of this extended ratio may vary between phytoplankton species
(Twining et al., 2004).

0.80 3

Manganese in organisms is a constituent of essential metalloenzymes, including the
antioxidant defense enzyme Mn-superoxide dismutase (Mn-SOD), that protects
phytoplankton cells by deactivating free radicals which can destroy phytoplankton tissues
(Bascik-Remisiewicz et al., 2009). Manganese is also required in the dark reaction of
photosynthesis to activate the enzyme Rubisco (Ribulose 1-5-bisphophate carboxylase

oxygenase) (Morel et al., 2003 and references therein).

However, manganese is crucial in Photosystem Il (PSIl), where four manganese ions of
oxidation states between +3 and +5, and divalent calcium ions, are required in the
“Manganese Centre” or the oxygen evolving centre (Umena et al., 2011). During
photosynthesis, the photonic energy of light is collected by the light harvesting chlorophyll
complex Il (LHCII). Excitation energy is transferred from LHCIl to a chlorophyll molecule
(P680) in the reaction centre of PSIl, where the primary charge separation takes place
between P680 and pheophytin (Pheo) molecules. At this point, the primary radical initiates
the “Manganese Centre” to oxidize water, producing oxygen (O, gas, protons, and
electrons, and can be written as the following simplified chemical reaction (Equation 1):
2H,0 > O, + 4e + 4H* (M)

The electrons from the oxidized water molecules are transported to the tyrosine sidechain
(D1-Yz) which then replace electrons in the P680 that have been removed into the Pheo
molecules and onto plastoquinone (Q, and Q). The protons are released into the thylakoid
contributing to the production of proton gradient across the thylakoid membrane. This
proton gradient then initiates the ATP synthesis that produces chemical energy for the
phytoplankton cells. This PSIl reaction is shown in Figure I1, as described in Kato and
Sakamoto (2009).
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Photosystem Il
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Figure I1. Schematic model demonstrating the biochemical processes of the PSIl of phytoplankton.
LHCII: Light harvesting chlorophyll complex Il; CP43 and CP47: the inner antennae proteins; PsbO,
PsbP and PsbQ: the extrinsic proteins involved in stabilization of the Mn cluster; (Mn),: Mn Centre; D1
and D2: the reaction center proteins bind the electron carriers involved in transferring electrons to
plastoquinone; Y, and Y_: tyrosine; P680: reaction center chlorophyll; Pheo: pheophytin; QA and QB:
plastquinone; PQ pool: plastquinone pool. The schematic is given only as a guide to the importance
of Mn to organisms (Taken from Kato and Sakamoto, 2009).

2 Speciation of manganese

Manganese is the twelfth most abundance element in the Earth’s crust (Wedepohl, 1995;
Middag et al., 2011a), and comprises approximately 0.1 wt% of this part f the planet. In the
marine environment, manganese commonly occurs in two stable oxidation states, soluble
Mn?* (Mn(ll)) (stable at low pH), and insoluble Mn* (Mn(lV)) in the form of MnO, at high pH
(Stumm and Morgan, 1996). The unstable Mn** (Mn(lll)) is an unlikely oxidation state
because it will simultaneously oxidize and reduce to Mn(ll) and Mn(lV) (Equation 2).

2 (Mn* + e > Mn*)

Mn? > Mn* + 2e°

2 Mn** > Mn** + Mn* (2)

However Mn(lll) has been identified in sub oxic waters (Tebo et al., 2010). Under typical
ocean conditions, manganese in seawater can be found in these three oxidation states:
Mn(l), Mn(ll), and Mn(lV), in dissolved and fine particulate forms. In sediment, solids
phases include manganese carbonates, oxides, and oxyhydroxides, for example, Mn(lll)
phases: MNOOH polymorphs (manganite, groutite, and feitknechtite); Mn(IV) phases: MnO,
(todorokite, pyrolusite); Mn(lll/IV) intermediate form: birnessite; and Mn(ll/Ill) intermediate
form: hausmannite (Anschutz et al., 2005). These manganese forms are incorprated in the

“manganese triangle” cycle (Figure 12).
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MnO; (s)

[Mn(w)

Birnessite, Mn(l1I/IV}

Mn2* (aq) MnOOH (s)
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Hausmannite, Mn(l1/111)

Figure I12. The manganese speciation cycle in the marine environment

The ambient oxygen concentration, and pH (oxidation increases with increases basicity) in
aqueous systems are the most important factor for redox reactions (see also Section 5), as
shown in Equation 3:

4Mn*(aq) + O,(aq) + 6H,0 > 4MnOOH(s) + 8H" (3)

Redox reactions thus influencing the solubility of manganese in seawater (Anschutz et al.,
2005), and control the distributions and concentrations of (dissolved and particulate)
manganese in seawater. Concentrations and distributions of dissolved manganese are

further discussed below.

3 Concentrations and distributions of dissolved manganese

in the oceans

Concentrations of dissolved manganese in seawater fall within a range of nanomolar to
micomolar (nM- puM) in surface water, especially close to the coastal region, extending to a
range of picomolar to nanomolar (pM-nM) at full ocean depth. Manganese in seawater can
exist in particulate and dissolved forms. However, there is still much debate on what is the
definition of true soluble manganese. The separation between the particulate and dissolved
forms is defined by physical separation rather than biological measures. The existence of
colloids make the dissolved particle size boundary difficult to establish, varying from 0.1
to 0.4 um. In earlier years, dissolved manganese was defined as the fraction of manganese
that passes through a 0.4 pm (Statham et al., 1998) pore size filter. Recently, the
recommended pore size has been decreased to 0.2 um (Xylouri, 2009). Thus, the
particulate manganese is then defined as the fraction of manganese that is retained on the
0.4 or 0.2 pym pore size filter (Statham et al., 1998; Xylouri, 2009; Tebo et al., 2010).
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Figure 13. Typical scavenged type profile of dissolved manganese (0.4um filter pore) in the Eastern
Atlantic Ocean (data replotted from Statham et al. (1998) of Stations 4, 5 and 7 (dissolved
manganese analysis were done at the University of Southampton, Department of Oceanography
(SUDO) (now known as National Oceanography Centre, Southampton)). Input of deep water from the
western North Atlantic contributed to elevated concentrations of dissolved manganese at ~3000-
3500 m.

The concentrations and distributions of manganese in seawater are controlled by a
combination of processes, including the inputs, cycling and removal mechanisms. The
distribution profile of dissolved manganese in oceanic water is a scavenged type (Figure
13). Generally, profiles of dissolved manganese show the highest concentration in the
surface mixed layer, and then rapidly decrease to uniform deeper water concentrations.
Lower concentrations of dissolved manganese in deep water are due to continual particle
scavenging (removal onto particles). Dissolved manganese concentrations also tend to be
maximal near major sources, such as atmospheric dust, fluvial discharges, hydrothermal

vents and bottom sediments, and decrease with distance from these sources.

Table 1T shows the distribution of the concentration of dissolved manganese in surface and
deep water of different oceanic regions. Overall, the concentrations of dissolved
manganese are >40 pM. The lowest surface concentration is in the Atlantic Sector of the
Southern Ocean with 40 pM (detection limit= <10 pM) (Middag et al., 2011a) and the
highest surface concentration is in the Laptev Sea of the Arctic Ocean with 20 nM due to
the fluvial input (Middag et al., 2011b). The deep water concentrations of dissolved
manganese are in a range between 50 pM (in the deep Makarov Basin of the Arctic Ocean,
Middag et al.,, 2011b) and 12 nM (detection limit= 90 pM) (due to hydrothermal input in
the Eastern Tropical Pacific Ocean, (Landing and Bruland, 1987). However, seawater around
the Kerguelen Islands which are remote islands in the Southern Ocean, are reported to
have exceptionally high concentrations of dissolved manganese in surface waters (surface
near coastal: up to 9 nM; surface offshore: up to 3 nM), and even deep water values are

high (near coastal: ~6.40 nM; offshore: 2.30 nM) with the lowest concentration being 0.54
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nM in the offshore deep water. It is believed that the main source of the manganese in this
region is the island system itself, as the soils and rocks of the Kerguelen Islands are rich in
silicate minerals (Bucciarelli et al., 2001), and it is argued the coastal zone of Kerguelen is
clearly affected by material from the islands (riverine discharges, soil leaching by rain
waters, aeolian inputs), as well as by inputs from the sediments (effluxes from the
sediment-water interface, resuspension from the sediments; Bucciarelli et al., 2001).
Overall It has been concluded that the variations of dissolved manganese concentrations
are strongly dependent on manganese sources to the oceans, combined with a complex
mixture of interactions including removal, internal cycling, and physical transport. Thus, it
is essential to determine the importance of the input, removal and recycling processes for

Mn in the ocean in order to understand appropriately its distribution.
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Table I1. Concentrations of dissolved manganese (nM) for various coastal and oceanic environments.

DMn
concentratio Reference
n (nM)
Atlantic Eastern [surface] 1.10-3.20 Statham et al., 1998
[deep] 0.2-0.5 Statham and Burton, 1986
North-Eastern [surface] ~0.4-1.10 De Jong et al., 2007
[deep] 0.1-0.4
Western [deep] <0.5 Saager et al., 1997
Pacific North [surface] 1.0-1.5 Landing and Bruland, 1987
[surface] 0.6-1.0 Landing and Bruland, 1980
[surface] near coastal 6-12 Landing and Bruland, 1980
[deepl] <0.25 Landing and Bruland, 1987
[deepl] 0.2-1.0 Landing and Bruland, 1980
Western [surface] 2.0 Landing and Bruland, 1987
[deep] <0.5
South [surface] ~0.5 Nakayama et al., 1995
[deep] ~0.2
Equatorial [surface] <0.5-2.5 Nakayama et al., 1995
Eastern- [surface] 5.0 Landing and Bruland, 1987
Tropical [deepl] ~12
South-Western [surface] 0.69-1.30 Morley et al., 1993
Indian [deep] <0.4
North-Western [surface] 2.0-4.3 Saager et al., 1989
[deepl] 0.7-1.5
Southern | Atlantic Sector [surface] 0.04-0.64 Middag et al., 2011a
[deepl] 0.07-0.23
Kerguelen [surface] near coastal 4.48-8.54 Bucciarelli et al., 2001
Islands [deep] near coastal 5.24-6.35
[surface] open ocean 0.68-2.88
[deep] open ocean 0.54-2.30
Ross Sea [surface] 0.2-1.0 Sedwick et al., 2000
[surface] ~0.10-6.60 Grotti et al., 2001
Lapter Sea [surface] Up to 20.0 Middag et al., 2011b
Arctic
[surface] over deep Up to 6.0 Middag et al., 2011b
basins
Makarov Basin [deepl] ~0.05 Middag et al., 2011b
Eurasian Basin [deepl] ~0.10 Middag et al., 2011b




Farah A. Idrus Chapter I: Introduction & Objectives

4 Inputs of manganese to the oceans

Manganese is a natural component of the Earth, and release of dissolved manganese
results from erosion and weathering of rocks and soils. Manganese occurs in streams,
rivers, atmospheres, and hydrothermal fluids in dissolved forms and also associated with
particulate materials, and aerosols. The biogeochemical cycle of manganese is presented in
Figure 14. There are three major pathways by which manganese is now known to enter the
oceans:

(1) river discharge and terrestrial run-off,

(2) hydrothermal discharge,

(3) atmospheric (dry/wet) deposition.

M
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Figure 14. The biogeochemical cycle of manganese in the ocean’s system, including inputs (yellow
arrows and cloud), internal processes (blue arrows), upwelling/vertical mixing (pink arrow),
photochemical reaction (orange arrows), wind blow (brown arrows) and sinking (black arrows).

4.1 River discharge and terrestrial run-off

Dissolved manganese concentrations in rivers reflect the combined effects of weathering of
local geology, floodplain, tributary inputs, anthropogenic inputs, water chemistry and
hydrology, and therefore the concentrations of dissolved manganese tend to be higher in
the rivers than the oceans. Several influences, such as river discharge and season, on
dissolved manganese concentrations can cause temporal variability. For example, pulses in
river flow during winter and spring in the Columbia River, appear to reduce nutrients
(macro- and micro-nutrients) concentrations in summer (Aguilar-Islas and Bruland, 2006),

suggesting that a constant input is diluted by cleaner run-off. In estuaries, where
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freshwater meets the sea, the concentrations of dissolved manganese are influenced by
processes that remove dissolved manganese from solution and by the salinity gradient that
characterizes the mixing of a river with its oceanic receiving waters. Thus, the
concentrations of dissolved manganese are at maximum at low salinities as shown in the
Columbia River estuary (Aguilar-Islas and Bruland, 2006) and Seine River estuary (Ouddane
et al., 1999) due to: (i) the solid-solution partitioning of Mn being very sensitive to salinity
by the formation of stable dissolved chloride and sulfate complexes; (ii) competitive
exchange equilibria between dissolved Ca** and Mg* and the manganese embedded in

calcium carbonate’s lattice as a solid solution within an estuary (Ouddane et al., 1999).

River outflow can indirectly supply manganese in dissolved (Mn(ll)) and particulate (Mn(lll)
and Mn(lV)) forms to the ocean systems by transporting Mn-rich particles to coastal waters.
Resuspension or effluxes at the Mn-rich sediment-water interface in near-shore regions
resulted in higher concentrations of dissolved manganese (Beck et al., 2002a; Corami et
al., 2005) compared to the offshore regions. Furthermore, manganese is known to have a
benthic source on continental shelves from reducing sediments (e.g., Tappin et al. ; 1993)
which further increases its concentration in shelf waters. At the shelf edge, the presence of
a correlation between manganese and salinity, combined with a measurable gradient of
concentration, suggests that the shelf (Chase et al.,, 2005) is an important source of
manganese for the open ocean as demonstrated in several continental margins for
example western South Pacific Ocean (Obata et al., 2008), New Zealand (Croot and Hunter,
1998), eastern North Atlantic Ocean (Le Gall et al., 1999), European shelf (Kremling, 1985),
and Arctic Ocean (Middag et al., 2011b). Manganese enrichments have also been reported
in water masses over the shelf regions of oceanic islands e.g. the Kerguelen Plateau of the
Southern Ocean (Bucciarelli et al., 2001), and the Galapagos Archipelago of the Equatorial
of the Pacific Ocean (Gordon et al., 1998).

4.2 Hydrothermal discharge

Hydrothermal inputs are a crucial source of manganese to the deep-ocean (Klinkhammer et
al., 2001; Middag et al., 2011b) especially along the mid-ocean ridges (Coale et al., 1991).
The most enriched metals in hydrothermal vent fluids are iron and manganese, and these
elements participate in redox reactions and change between reduced dissolved forms (Fe*
and Mn?) and oxidized forms (Fe(lll), Mn(lll,IV) precipitates), which are stable in the open
ocean (German and Von Damm, 2003), with the (Mn) reaction (Equation 4) (Burton and
Statham, 1988):
MnO, (s) + 4H" + 2e & Mn* « Mn** + 2H O (4)

Hydrothermal activity is usually found by looking at light scattering (transmission or
turbidity), temperature and enhanced manganese concentration (Klinkhammer et al.,
2001), as observed in the Central Basin of Bransfield Strait, Antarctica (DMnmaX=~22nM)

9
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(Klinkhammer et al., 2001); over the Gakkel Ridge, Arctic Ocean (DMn__ =~5nM) (Figure I5)
(Middag et al., 2011b); and over the Bouvet Triple Junction Ridge, Southern Ocean
(DMnmaX=].5nM) (Middag et al., 2011a), with the elevated manganese concentrations
coinciding with maxima of iron and temperature and a transmission minimum (Middag et
al., 2011b).

205 301
299 299 302 306 Mn [nM]

o 500 1000 1500
Distance [km]

Figure 15. Concentrations of dissolved manganese in the upper 500 m of the water column (upper
panel) and over the entire water column (lower panel) in the Eurasian and Makarov basin and
extending onto the Makarov Ridge of the Arctic Ocean. There was a very clear maximum around
2500 m over the Gakkel Ridge of the Nansen basin, indicated the hydrothermal input (taken from
Middag et al., 2011).

Therefore, as iron and manganese are enriched in hydrothermal vent fluids, with total
(dissolved and particulate) iron and manganese concentrations orders of magnitude
greater than normal water column values, both elements can be used as good tracers of
hydrothermal activity (German and Von Damm, 2003). In addition to manganese and iron,
other elements i.e. Ca?" Cu®, Zn*, Si can also be added to the ocean through hydrothermal
venting (Millero, 2003).

4.3 Atmospheric (dry/wet) deposition

Atmospheric inputs are the main source of manganese and other trace metal elements (in
particulate and dissolved forms) to the open ocean (Spokes et al., 2001; Statham and
Chester, 1988; Statham and Burton, 1986; Jickells et al., 1994; Guieu et al., 1994) whether

10
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by rain (wet) or/and by dust (dry) deposition, and the most important source for dust
inputs into the oceans are deserts (Jickells et al., 1994). The effect of the atmospheric
inputs can be clearly seen in central ocean gyres (Atlantic and Pacific Oceans), which has
led to suggestions that these inputs may influence the primary production of the oceans
(Jickells et al., 1994; de Jong et al., 2007; Mendez et al., 2010). The Sahara and Sahel
desert regions in Africa are the largest sources of dust in the Atlantic Ocean, and they are
estimated to range between 220 and 1000 x 10" g y' (Duce et al., 1991; Jickells and
Spokes, 2001). The Asian deserts (e.g. Gobi) are the main dust sources in the North Pacific
Ocean (Jickells et al., 2005) and the Australian deserts are the main dust inputs to the
South Pacific Ocean (Jickells et al., 2005; Obata et al., 2008); the Arabian deserts are the
main dust sources to the Northwestern Indian Ocean (Saager et al., 1989). The main

deserts in the world are shown in Figure 16.

Figure 16. Locations of the desert regions in the world are showed in world map above (yellow
patches), as deserts are the major sources of atmospheric dust to the world oceans. The map is
given as a guide to the dust sources which also bring manganese to the ocean regions. (Map taken
from the Matrix web portal:
(http://coursesa.matrix.msu.edu/~fisher/HST140_2008/MapDeserts.html)).

Dust can travel hundred miles away from their origins by strong winds, and inputs are
dependent on meteorological conditions and emission patterns (Prospero et al., 1996).
Thus, the spatial and temporal effect of atmospheric inputs on surface ocean

biogeochemistry may be seen even in remote oceanic areas.

However, Mendez and co-workers (2010) report that manganese has more complicated
profiles relative to other trace metals (e.g. Fe, Al and Co) in the ocean regions which
receive high dust inputs. The dissolution of manganese in these regions is really

dependent upon the dust concentrations (Mendez et al., 2010). After dust containing
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particulate and dissolved manganese enters the ocean surface water, they are involved in
various biogeochemical processes (Figure 14). There is evidence that manganese dissolves
readily from dust in surface seawater (Statham and Chester, 1988; Guieu et al., 1994), and
that complex photochemical reactions reduce the oxidized and insoluble Mn(lV) to soluble
Mn(ll). Light in the surface ocean promotes an electron transfer between organics, such as
humic material and Mn, while, the middle reduction state, Mn(lll), readily disproportionates
to Mn(ll) and Mn(lV). As a result, the concentration of soluble Mn in the oceanic surface
water can be as high as 30 nM after rain events (Mendez et al., 2010) and available for
biological use. Particulate manganese from dust may also be reduced during ingestion by
zooplankton, that releases the dissolved form of manganese back into the surface water
column (Sunda and Huntsman, 1998). As redox processes are the most important
processes controlling manganese removal and cycling in seawater, they are further

discussed in the next Section.

5 Removal and internal cycling of manganese

In general, manganese is removed from the water column by adsorption onto or
incorporation into particles (Burton et al., 1993; Tappin et al., 1993; Le Gall et al., 1999),
bacteria (Schoemann et al., 1998; Beck et al., 2002a) and phytoplankton (Schoemann et al.,
1998; Roitz et al., 2002), which involves complex redox processes. The redox processes of

manganese are usually dominated by the Mn(ll) and Mn(IV) oxidation states in two ways:

1. partly by direct adsorption and scavenging as Mn(ll), followed by oxidation to
Mn(lV) on particle surfaces;
2. partly by direct oxidation to particulate Mn(lV) in colloidal form, which is then

scavenged by larger particles.

However, in both cases, particulate Mn(IV) can only be reduced to soluble Mn(ll) again if the
particle encounter an oxygen-deficient (anoxic) environment. However, manganese
concentrations can also be reduced in the water column by other factors such as physical

mixing with lower Mn waters, and active uptake by biota.
5.1 Fate of manganese in upper water column

The fate of manganese once it enters seawater is influenced by complex biogeochemical
processes. Waters in the euphotic zone are exposed to sunlight that allows phytoplankton
blooms to occur, which can influence the manganese concentrations in the surface
seawaters (Middag et al., 2011b).

Unlike most other trace metal elements which are depleted in surface water due to

biological removal processes; dissolved manganese demonstrates a distinct surface
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maximum (e.g. Morley et al., 1993; Statham et al., 1998). This maximum is associated
with a minimum concentration of manganese oxides (particulate manganese), as a result of
indirect photochemical reductive dissolution of manganese oxide (Sunda and Huntsman,
1988; Morel et al., 2003), suggesting that it results at least partially from a decrease in
particule scavenging rates. These conditions however, are often seasonally variable and
depend on the reduction-oxidation potential in the system (Statham et al., 1998). For
example, during winter, deeper water mixing and the aeration of the sediment resulting in
low surface concentrations of dissolved manganese due to oxidation, and particulate
excess manganese concentrations were relatively high due to oxidation of the dissolved
phases, resuspension, adsorption, and lateral transport, as showed in the Adriatic Sea
(Tankere et al., 2000). Although thermodynamically favourable, the chemical oxidation of
Mn(ll) to Mn(lV) by oxygen is exceedingly slow at seawater pH. The oxidation of Mn(ll) in

the surface ocean is therefore largely bacterially mediated (Sunda and Huntsman, 1988).

However, during summer, high dissolved manganese concentrations are obtained in
surface seawater, where particulate manganese concentrations are low (Tankere et al.,
2000), due to photoinhibition of Mn(ll) oxidation by bacteria (Sunda and Huntsman, 1988),
and high rates of Mn oxide reductive dissolution occurs (Tankere et al., 2000). Sunlight
increased the dissolution rate of manganese oxide (MnO) in seawater to values of 6-13 %
h', 6-70 times higher than rates in the dark (Sunda and Hunstman, 1988). The lack of
oxides near the surface results in low manganese removal rates by aggregation and
sinking of Mn oxide particles. These low scavenging rates and photoinhibition of the
bacteria, in turn, increase the residence time of the photoproduced Mn(ll) in surface
seawater and thereby contribute to surface maxima in dissolved manganese concentrations
which happen over wide areas of the world's oceans (Sunda and Huntsman, 1988, 1990).
The residence time of manganese is defined as the average amount of time that
manganese spends in the surrounding waters by assuming in a dynamic steady state

condition, and can be calculated using Equation 5:

. . total mass of dissolved manganese in the oceans
Residence time (1) = (5)
rate of supply (or removal )of manganese

The residence times of dissolved manganese variy according to the oceanic region and the
local sources of manganese. For examples, reported values in the Pacific Ocean are 50
years (North Pacific) (Landing and Bruland, 1980), 3 - 74 years (Northeast Pacific) (Landing
and Bruland, 1987), and 20 - 40 years (Central North Pacific) (Bruland et al., 1994). In the
Atlantic Ocean, the reported values are 20 years (Sargasso Sea, Atlantic Ocean) (Sunda and
Huntsman, 1988), 1.0 - 3.8 years (Northeast Atlantic) (de Jong et al., 2007), and 19 years
(tropical Northeast Atlantic) (Statham and Chester, 1988); and 4 - 20 years in the Southern
Ocean (Middag et al., 2011a). The different concentrations and residence times of the

dissolved manganese also reflect the different water masses and basins, the origin and age
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of the water masses, and regional biogeochemical processes (Statham et al., 1998; Middag
et al., 2011a). Questions remain however, about an equilibrium or dynamic steady state
with a solid phase which is suggeted to be important in the control of dissolved

manganese concentrations in older deep waters (Statham et al., 1998).

In shallow waters (<600 m), where the physical disturbance (e.g. internal tide and wave
currents) and bioturbation are strong enough to disturb sediments, enhanced
concentrations of dissolved manganese that coincide with turbidity maxima are seen. The
manganese is produced as a result of reducing conditions caused by the decomposition of
organic matter leading to reduction of Mn oxides and release of dissoveld Mn (ll) (Laes et
al., 2007). Such Mn release has been observed over the continental slope, for example on
the Iberian continental margin of the Northeastern Atlantic Ocean (Van der Zee et al.,
2001, 2002) and the European continental shelf of the eastern North Atlantic Ocean, Bay of
Biscay (Laes et al., 2007).

5.2 Fate of manganese in deeper water column

Near the bottom of the euphotic zone, the concentrations of dissolved manganese (Mn(ll))
decrease. Direct chemical oxidation (abiotic pathway) of Mn(ll) to Mn(lV) is very slow, thus
it must be catalyzed by enzymes or enzyme complexes involving a multi-copper oxidase
(Webb et al., 2005) that is present in bacteria. Thus dissolved Mn(ll) is oxidized to
insoluble Mn(lll) intermediates, that convert to insoluble Mn(lV), by Mn(ll)-oxidizing bacteria
(Sunda and Huntsman, 1998) in oxic waters. Bacteria-catalysed oxidation rates are up to
five orders of magnitude greater than the abiotic pathway rates (Tebo et al., 2005). Where
sunlight can penetrate some oxide reduction can occur, whilst at night Mn(ll) oxidation
rates are higher so a pronounced diurnal cycle in oxidation rates can occur (Sunda and
Huntsman, 1990). This dynamic cycle is repeated many times before manganese leaves the
mixed layer. The number of Mn-oxidizing bacteria in the water column increases during
bloom events because they used carbon generated by the bloom. This bacterial oxidation
mechanism was originally suggested by Beck et al. (2002a) to explain the loss of dissolved
manganese (~80%) observed during microcosm simulations of the annual spring diatom

bloom in South San Francisco Bay.

Where a water column has a distinct anoxic deep layer underlying an oxic layer in contact
with the atmosphere, manganese oxides (derived mostly from margin sediments) are
reduced to Mn(ll) just below the oxic zone. Therefore Mn(ll) profiles in such regions
typically show a sharp increase at the redox boundary. The increase occurs because Mn? is
produced at the boundary by reduction, and elevated dissolved values below this layer
reflect further dissolution of particles. Just above the interface in oxic waters oxide
formation and scavenging leads to a maximum in the Mn particle phase. This type of

profile can be seen in the oxygen minimum zone for examples in the North Pacific (Bruland
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et al., 1994), and in anoxic water columns such as the Black Sea (Konovalov et al., 2004;
Alkan and Tufekci, 2009). As indicated above, in anoxic waters, significant manganese
oxide precipitation (Mn-rich particles) occurred when dissolved manganese dispersed to
the upper, oxygenated layers of the water column, for examples, amorphous and dendritic
(stellate) particles; and these Mn-rich particles are associated with large aggregates which
also contain organic matter (Neretin et al., 2003). Most trace metals (e.g. Co*, Cu*, Zn*,
Pb*, Ni**, Cd**, Mn*) have a strong adsorptive affinity for manganese oxides, where those
metals are adsorbed onto the large surface areas of the Mn-rich particles (Tonkin et al.,
2004). Any adsorbed metals are released into solution in the reducing environments
containing reductants such as sulphide and iron(ll) (Neretin et al., 2003). Reduction of
oxidized particulate phases in suboxic or anoxic waters produces high concentrations of
dissolved manganese, which can mix horizontally into the oxygenated ocean’s interior
(Bruland et al., 1994).

Manganese also can be scavenged onto a wide range of both living and dead organismes,
e.g. accumulation in phytoplankton colonies (Lubbers et al., 1990; Schoemann et al.,
2001), and skeletal materials, which then sink into the deep water of the ocean. Sinking
and decomposition of the bloom to the seafloor released Mn from Fe and Mn hydroxides in
surficial sediments (Schoemann et al., 1998). When the bloom material sinks to the
bottom, bacteria first use oxygen to decompose the organic material (Schoemann et al.,
1998). Beck and Bruland (2000) recognized that when conditions become suboxic, bacteria
can use other elements such as Mn(lV), as electron receptors. By reducing particulate
Mn(lV) to soluble Mn(ll), bacteria in suboxic conditions can increase dissolved Mn
concentrations (Schoemann et al., 1998; Beck and Bruland, 2000), and this Mn enriched
waters are believed to be transported back to the upper water column by upwelling or
vertical mixing (Chase et al., 2005). Manganese oxide particles which may also transported
to the surface water are then photo-reduced to soluble Mn(ll) (Figure 17, De Schamphelaire
et al., 2007). Roitz et al. (2002) and Schoemann et al. (1998) used this mechanism to
explain enhancement in dissolved Mn concentrations after the phytoplankton bloom in the
North Sea and South San Francisco Bay, respectively. Attempts have been made by Luengen
et al. (2007) in South San Francisco Bay to validate this mechanism as an important
process of reduction and dissolution of Mn(lV) in suboxic sediments, that leads to
remarkably high dissolved Mn during the spring phytoplankton bloom. What is unclear is
whether the much higher dissolved Mn concentrations are the result of higher rates of
input of sediment derived manganese oxides or the result of faster rates of manganese

oxide reduction.
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MOB
2Mn** +0,+2H,0 - 2MnO,+ 4 H’

Figure I7. Manganese cycle occurring in marine systems. The manganese oxidation is performed by
manganese oxidizing bacteria (MOB) in an oxic zone, while the manganese reduction is performed by
manganese reducing bacteria (MRB)-with concomitant oxidation of organic matter—in an anoxic
zone (taken from De Schamphelaire et al., 2007).
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6 Overview of the study regions

Certain oceanic regions are particularly appropriate for studying Mn biogeochemistry.
Here the two chosen regions, and for which samples were available, are the Tropical NE
Atlantic Ocean and the Crozet Islands on the edge of the Southern Ocean. The Atlantic
region has some of the highest atmospheric dust inputs in the world (thus appropriate for
study of impacts of aeolian deposition on Mn) whilst the Crozet islands provide an
opportunity to study Mn cycling and inputs in a remote part of the global ocean with

extremely low concentrations of Mn and other trace metals, and potential island inputs.
6.1 The Crozet Islands of the Southern Ocean

The Southern Ocean is a very important region of the Earth where ocean currents circle the
globe unimpeded and it is the source region of Antarctic Bottom Water (AABW) (Foster and
Carmack, 1976; Orsi et al., 1993; Farchbach et al. 1994). Moreover, the Southern Ocean is
the largest High Nutrient Low Chlorophyll (HNLC) region on the world’s oceans (Pollard et
al., 2007a). The existence of a plentiful supply of primary nutrients such as nitrate and
phosphate in HNLC regions should lead to seasonal phytoplankton blooms in the austral
spring, but the blooms do not occur, with iron limitation of primary production now known
to be a major control on biogeochemical processes in the region (Martin et al., 1990,
1994). Within this Southern Ocean HNLC area, there are hotspots (i.e. South Georgia,

Crozet and Kerguelen) of primary productivity observed every year (Figure 18).

Figure 18. Southern Ocean HNLC region showing localized on high productivity in association with
some mid ocean islands including Crozet, Kerguelen and South Georgia Islands (Pollard et al.,
2007a).
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The Crozet Islands, or also known as Crozet Bank (Recq et al., 1998; Stein and Herzen,
2007), the easternmost region of the Crozet Plateau, is located in the Southern Ocean
HNLC region, with two main islands, which form the Crozet Archipelago (Figure 19):

1. Eastern Group: lle de la Possession and lle de I’East, and three small islands;

2. Waestern Group: lle aux Cochons, lle des Pingouins, and llots des Apotres.

Between the two groups of islands is the Indivat Basin, which disects the Crozet Bank into
two separate domains (Recq et al., 1998). The distance between the Eastern and the
Western Groups is ~100 km (Giret et al., 2002). The shallow Crozet Bank appears to have
been situated on old and mechanically thick crust which is of volcanic and basalt origin,
different from the adjacent Del Cano Rise, which formed on or near the Southwest Indian
Ridge (Recq et al., 1998; Stein and Herzen, 2007). Mostly showing magmatic fractionation
from picritic to tephritic types (Giret et al., 2002), the Eastern Group of islands is volcanic
and plutonic rocks, and the Western Group of islands is only volcanic with sedimentary
levels (Giret et al., 2002).
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Figure 19. The inset shows the location of the Crozet Archipelago relative to the Southwest Indian
Ridge. The enlarge map shows the Eastern and Western Groups of the Crozet Islands, which
separated by the Indivat Basin. The big islands of the Eastern Group, I'le de la Possession and lle de
I’Est, are showed in the enlarge map. M.P: Madagascar Plateau; A. B: Agulhas Basin; C.B: Crozet Basin;
K.P: Kerguelen Plateau; DCR: Del Cano Rise; W.G: Western Group; E.G: Eastern Group; I.B: Indivat
Basin; C.P: Crozet Plateau.

Every year, there are phytoplankton bloom events recorded to the north of the Crozet
Plateau (Figure 110, Pollard et al., 2007a) with the first bloom between October and
November; and the second bloom between December and January. The most logical
hypothesis to explain these blooms are they are supported by a natural source of iron

most likely the shallow sediments of the Plateau (Planquette et al., 2007). The bloom is
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located in the Polar Frontal Zone (PFZ) with macronutrients were not the limiting factor at
the end of the winter (Pollard et al., 2007b). Nitrates were not limiting over the sampling
period (Lucas et al., 2007), but silicate concentrations were almost fully depleted in
December.
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Figure 110. The SeaWiFS chlorophyll images for the annual phytoplankton blooms occur to the north
of the Crozet Plateau in October and December of 1997, 1998, and 1999. The Crozet Plateau is
represented by a light black solid line. The Sub Antarctic Front is also represented by a thin black
line. Satellite images were taken from Pollard et al. (2007a).

According to Bucciarelli et al. (2001), atmospheric input is not the major source of
manganese in the remote Southern Ocean region. However, we know the major source of
iron in the remote region was the plateau e.g. Planquette et al. (2007). There is a
possibility that the plateau also supplies manganese to the surrounding waters, as the
sources of the redox metals iron and manganese are usually similar, as shown for the
Kerguelen Islands region (Bucciarelli et al., 2001). In a study by Marsh et al. (2007) total
Mmanganese concentrations were determined in sediments at Crozet Stations represent
contrasting productivity regimes; (1) to the north of the Plateau: is within a high-
productivity region, (2) to the south of the Plateau: is within ambient HNLC waters, and (3)
central of the Plateau: is within a region of intermediate. The total manganese
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concentrations varied between 373-804 ppm (central Plateau), 348-1906 ppm (south
Plateau), 87-490 ppm (north Plateau), and 1300 ppm (Crozet Islands) (Marsh et al., 2007).

Constant Mn/Fe ratios obtained in these sediments indicate oxic conditions, with no
fractionation of these elements (Marsh et al., 2007). There is very little organic matter
present in the sediment (ranging from 0.26% to 0.60%) and no sulphides are detectable
(Marsh et al., 2007), meaning that there is a limited supply of electron donors to reduce

the manganese present to Mn(ll) and transport this via diffusion to the redox boundary.

Sediments from this region are mixtures of biogenic components and lithogenic inputs
(Marsh et al., 2007) because the Crozet Plateau is surrounded by the PFZ, and the volcanic
islands and steep topography provide a considerable source of lithogenic material to the
deep sea (Dezileau et al., 2000). Thus, the Crozet Plateau sediments can provide a good
record of accumulation under a gradient from Mn-deplete to Mn-replete conditions that

provide an insight into the impact of manganese supply on biogeochemical cycles.

However, there is no data on dissolved manganese around the Crozet Islands until the
present work. Numerous studies in Southern Ocean have focused on the iron hypothesis
where iron can act as the limiting micro-nutrient in HNLC waters, and experiments have
demonstrated that the addition of iron does causes an increase in phytoplankton
productivity. However, iron and manganese behave differently in seawater. Different source
signals of manganese are more visible than that of iron (Bucciarelli et al., 2001) due to the
longer residence time of manganese. Hence, a study of manganese is necessary to
understand the behaviour and the biogeochemistry of manganese in term of sources, sinks

and cycling, in the Southern Ocean which is a sparsely studied region.

Therefore, seawater samples collected for trace metals analysis during the CROZet natural
iron bloom and EXport experiment (CROZEX) cruises (D285 and D286) on board RRS
Discovery during the austral summer between 3 November 2004 and 21 January 2005
provided an excellent opportunity to study how the natural sources of dissolved
manganese (either directly from the islands or from the surrounding sediments) may
impact concentrations in surrounding waters and possibly affect the growth of

phytoplankton. Details of this study are further discussed in Chapter IV.

6.2 The tropical North-Eastern (NE) Atlantic Ocean

The tropical NE Atlantic Ocean region receives high atmospheric inputs every year, with an
estimated 195 Tg of annual dust deposition (Jickells et al., 2005). Satellite and model data
show that the largest and most intense dust sources come from the Saharan desert region
(Jickells et al., 2005). Atmospheric transport of dust and its deposition in the surface ocean

is considered to be an important supply of nutrients and trace metals to the euphotic zone
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of open ocean regions (Baker et al., 2006; Baker et al., 2007; Sarthou et al., 2003). Dust
originating from the Saharan desert can be transported by strong winds and are entrained
into the atmosphere. The dust lifetime ranges from a few minutes (for particles larger than
10 pym) to several weeks (for particles in the sub pm size range). Once dust particles are
lifted into the atmosphere, they can be transported hundreds miles away from their origin
(Mahowald et al., 2005), for example in Figure 111, dusts from African deserts (e.g. Sahara
and Sahel) can readily reach the Caribbean, southern Florida, and the eastern United States

(Prospero et al., 1981).

Average dust deposition (g‘/m?/year)

-

[ Ti—
0.00 0.20 0.50

1.00 2.00 '5.00 10. 20. 50.

Figure 111. Average dust fluxes to the world oceans; based on a composite of three published
modelling studies. Taken from Jickells et al. (2005).

Dust deposition occurs through dry and/or wet deposition and is strongly seasonal and
episodic (Gao et al., 2001). Dry deposition, mainly from soil particles that have been
mobilized by strong winds and are entrained into the atmosphere, takes place after dust
has travelled in the marine boundary layer (Jickells et al., 2005) with the coarser particles,
having diameters >100um, being lost quite rapidly by gravitational settling whilst the finer
ones, with average diameter ~6um, can be transported great distances. Dust deposition is
influenced by season, soil dryness in the source area, and natural climate variability
(Xylouri, 2009), but, in the context of biogeochemical processes, the soluble or potentially
bioavailabe trace metal fraction that is relased in the surface ocean is the most crucial
(Jickells et al., 2005). Dust events are triggered when near-surface wind speeds exceed 10
m/s, and are associated with synoptic-scale variability in the large-scale atmospheric
circulation (Mahowald et al., 2005).

Dust particles are eroded soils, and their chemical composition and mineralogy may be
similar to that of parent crustal rock. The most abundant minerals in the dust from the
Saharan are illite, carbonates, chlorite and palygorskite, whereas dust from the South
Saharan contains more kaolinite and hematite (Usher et al., 2003). In previous work, dust
samples were collected from the Sal Island and the Cape Verde Islands to identify their
distinct source regions by using a combination analysis and air-mass back trajectory
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calculations (Chiapello et al., 1997). Three different source regions were recorded: north
and west Sahara; south and central Sahara; and the Sahel. Dust originating from north and
west Sahara contains high amounts of calcite and the ratio of the clay minerals
illite/kaolinite provides a good indicator of dust source, due to the higher abundance of
kaolinite in the Sahel than in the Sahara. Rare earth element (REE) patterns and strontium
isotopes have also been used to identify source regions of African dust (Chavagnac et al.,
2007).

The latitude of maximum dust transfer from Saharan region to the tropical NE Atlantic
Ocean region changes between winter and summer, and is determined by the seasonal
migration of the Inter Tropical Convergence Zone (ITCZ) (Prospero et al., 1981). At the
Cape Verde Islands, the highest dust deposition occurs in winter, as a result of dust
transport in the lower air masses of the trade winds (Chiapello et al., 1995). Saharan dust
can reach the American continent (Prospero et al., 1981) in summer, as it is transported at
higher altitude within the Saharan Air Layer (1.5-6 km).

In addition to simple dry deposition wet deposition can also occur via rainfall where the
particles are scavenged by being entrained within raindrops in the atmosphere, prior to
transport to the sea surface. In a previous study by Xylouri (2009), she concluded that
manganese could dissolve in cloud water at low pH, and remained dissolved and readily
available for phytoplankton upon reaching the seawater. These observations are in line
with those of Statham and Chester (1988) and Guieu (1994).

An opportunity to study the impact of atmospheric deposition of Mn in the NE Atlantic
arose through analysis of samples collected during a research cruise in this area. The UK
SOLAS cruise (D326) in the tropical NE Atlantic Ocean on board RRS Discovery between 5
January and 5 February 2008, started and finished at Santa Cruz, Tenerife (Canary Islands)
and covered an oceanic area between 12 ‘N - 27 ‘N and 17 "W - 36 "W (Figure 113), During
the crusie 189 underway surface seawater samples were collected for dissolved manganese
analysis. No rainfall was recorded during the cruise (Patey, 2010); whilst two dust
deposition events were noticeable. The first event was in the period from 17 to 22 January
2008 and a second more intense and prolonged dust event was encountered between 25
January and 1 February 2008. Aluminium (Al) and iron (Fe) are commonly used as
indicators of a dust event, and concentrations of Al and Fe in aerosol increased sharply at

the same time as the dust events (Figure 112).
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Figure 112. Total Fe and Al concentrations from aerosol samples collected aboard RRS Discovery
during a research cruise (D326) in the tropical NE Atlantic between 8 January and 4 February 2008.
Estimated mineral dust concentrations are indicated using the Al data with the additional vertical axis
(Taken from Patey (2010)).
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Figure 113. The map shows the Underway stations of the UK SOLAS Discovery 326 cruise (black dots).
C.I: Canary Islands; C.V.I: Cape Verde Islands.

This study is therefore important in improving our understanding of the complex
biogeochemistry of dissolved manganese concentrations in surface waters receiving high

atmospheric dust deposition; details of this work are given in Chapter IV.
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7 Aims and Objectives

The principal aim of this project is to improve our understanding of the marine manganese
cycle by investigating the processes influencing the dissolved manganese distribution in
two different regions where samples were collected for use in this project: the high
nutrient low chlorophyll (HNLC) Crozet Islands of the Southern Ocean, and the high dust
input area of the tropical North-Eastern (NE) Atlantic Ocean. To this end there were the

following objectives:

e To construct a working analyser for nanomolar-picomolar dissolved manganese
analysis that could reduce the risks of contamination and interference. The chosen
technique was a flow injection analyser (FIA) with chemiluminescence (CL)

detection.

e To characterise any interferences from other trace metals on manganese
measurements made with the nanomolar-picomolar analyser and to investigate
other factors (e.g. sample handling, and protocol in preparation of reagents) that
can affect dissolved manganese measurements, particularly at ultra-low

concentrations.

e To apply the developed analyser to determine dissolved manganese concentrations
in seawater samples collected from the Southern Ocean (Crozet Islands) and from

the tropical NE Atlantic Ocean.

8 Thesis structure

Chapter Il describes the clean seawater sampling procedures for dissolved manganese (and
other elements) during the cruises aboard RRS Discovery (D285 and D286, between 3
November 2004 and 21 January 2005) and also during the cruise aboard RRS Discovery
D326 during January-February 2008. It describes the equipment, used for sampling, and

sample storage.

Chapter Ill is concerned with the analysis of nanomolar-picomolar concentrations of
dissolved manganese in seawater. The chapter begins with a review of the field and
compares the relative merits of the various available methods for dissolved manganese
analysis. An instrument for the laboratory measurement (Flow Injection Analyser with
Chemiluminescence detection (FIA-CL)) of nanomolar-picomolar dissolved manganese that
was developed for this study is described in detail. The chapter also contains a discussion
of various problems and interferences (with solutions for each of problems and
interferences that occurred) with the measurement of nanomolar-picomolar dissolved

manganese concentrations.
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Chapter IV and V present discussions of the data from seawater samples collected around
the Crozet Islands during the CROZEX cruises (D285 and D286), and during the UK SOLAS
project cruise (D326) in the tropical North-Eastern Atlantic Ocean on board RRS Discovery.
In Chapter IV depth profiles of dissolved manganese around Crozet are presented, and an
island source is identified. Estimates of manganese fluxes to the Crozet region are also
calculated. Chapter V focuses on the concentrations of dissolved manganese in the surface
seawater of the tropical NE Atlantic Ocean associated with dust deposition in relation of
other factors (e.g. physical and biological). Estimates are calculated of soluble manganese

fluxes to the tropical NE Atlantic.
Chapter VI brings together the principal findings from the work described in this thesis and

describes further work that could be carried out on the datasets. Finally, this work is put in

the more general context of future research directions in manganese biogeochemistry.
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Chapter Il: Methodology for sampling and
background parameters

This chapter is divided into three sections: (1) sampling (e.g. sampling preparation and
clean seawater sample collection), (2) sample acidification, and (3) analytical methods used
for macronutrients and chlorophyll a (Chl-a). Methods associated with the measurement of

nanomolar-picomolar concentrations of dissolved manganese are dealt with Chapter lIl.

Seawater samples used in this study for dissolved manganese analysis were collected by
Dr. Helene Planquette during CROZEX project in Crozet waters, and by Dr. Alex Xylouri
during SOLAS project in the tropical NE Atlantic waters. | was unable to join the cruises as
for the CROZEX cruises: | had not yet enrolled as a student, and at the time of the SOLAS
cruise: | was still pursuing an MSc. programme. However, | was given the opportunity to
learn about the ultra-clean sampling procedures for trace metals in the final year of my
studies on the RRS Discovery (D351) cruise to the North Atlantic Ocean during the
Extended Ellet Line Project. The report for this D351 cruise is attached at Appendix 4.1 am
grateful to both Dr. Helene Planquette and Dr. Alexandra Xylouri for their sampling work,

and information here on sampling protocols in this chapter are based on their work.

1 Pre-treatment and sampling procedures

1.1 Procedures for Cleaning Bottles and equipment

Implementation of ultra clean sampling and sample handling procedures are very
important in trace metal studies to prevent contamination during sampling and storage
before the analysis step. Prior to the cruises, the low density polyethylene (LDPE, Nalgene)
sample bottles (1L, 500mL) were soaked for a week in ~2% Decon detergent solution,
then a week in 50% HCI (v/v), and finally in 50% HNO, (v/v) acid bath for one more week.
In between each step the bottels were rinsed four times with MQ water (18.2 MQ cm).
Finally the bottles were rinsed four times with MQ water and were filled with MQ water and
spiked with HCI at 1pl/ml. The sample bottles were stored in double clean zipper seal
polyethylene bags and placed in a clean plastic box to reduce potential contamination

during handling and transferring samples.

All other materials used for the experiments such as syringes and measuring cylinders,
were cleaned initially with 2% Decon detergent and after being rinsed with MQ water were
acid cleaned with 50% HCI (v/v) acid. All the filters (e.g. polycarbonate filters) used for
removing the particles were soaked with 10% HCI (v/v) for ~14 days and rinsed and stored

in MQ water. In this work, HCI and HNO, were purified using a quartz sub-boiling
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distillation unit that relies upon vaporising the reagent with a heating element, and using a
‘cold finger’ for condensation of acid vapours. Teflon bottles (1L) were used to collect and
store the clean acids. The sub-boiled acids when prepared at the clean room laboratory of
the National Oceanography Centre were found to provide very satisfactory results for

almost all trace metals examined at low nanomolar to picomolar levels.

1.2 Sampling and filtration

Water column samples were collected using a titanium-frame CTD (conductivity,
temperature, depth) (Figure 1) rosette system fitted with trace metal clean 10L OTE
(Ocean Technology Equipment) sampling bottles with external springs that had been

specifically modified for trace metal work.

Figure II1. Example of Titanium-frame CTD rosette system as used to collect water column samples
for trace metal work.

The recovered trace metal sampling bottles were transferred to a clean van (equipped with
a class 100 laminar flow bench) on the back deck for sample processing (Figure 112). Inside
the clean container, OTE bottles were put on the rack using Delrin clamps. The OTE bottles
were put under a slight positive pressure (~0.8 atm) (oxygen-free N). After opening the
Teflon tap, samples were filtered in line using acid washed silicone rubber tubing with
Teflon connections and acid washed Teflon filter holders, containing Nuclepore filters.
Polycarbonate Nuclepore 0.2 pm filters were used during the sampling. The filtered
samples were collected in the 0.5 L or 1L storage bottles, after rinsing three times with the

seawater sample.
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Figure I12. Left: OTE bottles for the filtration of dissolved manganese. Right: trace metals sampling
work in the clean container.

Samples were collected at CTD stations reported here at up to sixteen depths, depending

on water depth at each of the Crozet station (see Crozet map in Section 2, Chapter IV).

Table I11. Station locations, water depths, and sampling date during D285 and D286 cruises around
the Crozet Islands.

Station Water depth (m) Latitude ('S) Longitude (E)
M3 (496) 13/11/2004 2287 46.06809 51.78529
M3 (572) 22/12/2004 2375 46.06223 51.78169
M3 (622) 10/01/2005 2322 46.03412 51.86656
M1 (491) 11/11/2004 3118 43.92049 50.26742
M7 (524) 27/11/2004 2749 45.49943 49.00242
M10 (563) 21/12/2004 2943 44.52528 49.96059
M2 (502) 19/11/2004 3870 47.79537 52.86216
M6 (511) 22/11/2004 4275 49.00557 51.50046
M6 (598) 03/01/2005 4214 48.99900 51.53800
BA (567) 22/12/2004 83 46.36854 51.82754
BA+1 (568) 22/12/2004 379 46.32332 51.89459
BA+2 (569) 22/12/2004 1491 46.26997 51.97083

The underway surface samples used to provide the surface dissolved manganese data
presented in Chapter V, were collected every one to two hours during transit between
stations (see map in Section 2 of Chapter V). Underway surface seawater was sampled by
pumping it into a trace metal clean container laboratory using a Teflon diaphragm pump

(Almatec A-15, Germany) connected by an acid-washed braided PVC tubing to a towed fish
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positioned at approximately 2 m depth alongside the ship (Figure 113). The seawater was
filtered in-line through an acid-washed Sartobran 300 MF 0.2 pm filter cartridge, and
collected in Nalgene LDPE bottles after being rinsed three times with the seawater sample.

Table 112 shows surface underway stations location and sampling period.

Off-line sample collection
point

[———— Flow regulator

Inside clean container .
—— Y-piece connector

[—  Filtration catridge (0.2 pm)

Outside clean container \

l+——— Diaphragm pump

Holding ring —_—

Swinlet —»

Torpedo tow-fish

Figure I13. Above: An Underway Trace Metal Sampling (TMS) torpedo tow-fish. Below: The schematic
of the flow design used for the collection of surface seawater (~2m) with a torpedo tow-fish,
diaphragm pump and filtration system.

Table I12. List of surface underway stations location and sampling date during D326cruise around the
tropical NE Atlantic Ocean

Station (UT) Latitude ('N) Longitude (W)
1 07/01/2008 17:05:00 24.5637 19.7997
2 07/01/2008 18:56:00 24.6433 20.1804
3 07/01/2008 20:52:00 24.7375 20.5712
4 07/01/2008 22:57:00 24.8369 20.9874
5 08/01/2008 02:10:00 24.9928 21.6232
6 08/01/2008 02:58:00 25.0301 21.7780
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

08/01/2008
08/01/2008
08/01/2008
09/01/2008
09/01/2008
09/01/2008
09/01/2008
09/01/2008
09/01/2008
09/01/2008
09/01/2008
09/01/2008
09/01/2008
10/01/2008
10/01/2008
10/01/2008
10/01/2008
10/01/2008
11/01/2008
11/01/2008
11/01/2008
11/01/2008
11/01/2008
11/01/2008
11/01/2008
11/01/2008
12/01/2008
12/01/2008
12/01/2008
12/01/2008
12/01/2008
12/01/2008
12/01/2008
12/01/2008
13/01/2008
13/01/2008
13/01/2008
13/01/2008
13/01/2008
13/01/2008
13/01/2008
14/01/2008
14/01/2008
14/01/2008
14/01/2008
14/01/2008
14/01/2008

05:20:00
17:00:00
19:00:00
01:00:00
02:55:00
05:08:00
09:00:00
11:00:00
12:50:00
17:07:00
19:08:00
21:00:00
23:00:00
02:55:00
05:20:00
11:00:00
12:50:00
23:00:00
01:00:00
02:58:00
05:05:00
09:00:00
12:45:00
19:00:00
21:00:00
23:00:00
01:00:00
02:58:00
05:05:00
09:00:00
11:00:00
19:04:00
21:00:00
23:00:00
01:00:00
05:00:00
11:15:00
12:45:00
19:00:00
21:00:00
23:10:00
01:00:00
02:56:00
05:11:00
11:05:00
12:35:00
17:00:00

25.1443
25.4537
25.6481
25.7445
25.8352
25.9419
25.9514
26.0546
26.1421
26.1921
26.2655
26.3526
26.4475
26.6356
26.7526
26.7971
26.8812
26.5956
26.3053
26.0107
25.6892
25.6283
24.8205
24.8205
24.5276
24.2690
23.9980
23.7275
23.4149
23.3429
23.0621
22.3869
22.1025
21.8079
21.5164
20.9192
20.5917
20.3752
20.3771
20.0919
19.7878
19.5363
19.2695
18.9581
18.7286
18.5127
18.4024

22.2299
23.5338
24.3456
24.7454
25.1255
25.5689
25.6334
26.0347
26.4074
26.6120
26.9037
27.2838
27.6821
28.4687
28.9467
29.1467
29.5123
29.3464
29.1782
29.0076
28.8228
28.7792
28.3263
28.3263
28.1587
28.0102
27.8578
27.7041
27.5269
27.4835
27.3289
26.9489
26.7903
26.6258
26.4636
26.1322
25.9496
25.8336
25.8224
25.6742
25.5066
25.3684
25.2216
25.0507
24.9266
24.8088
24.7508
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53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

14/01/2008
14/01/2008
14/01/2008
15/01/2008
15/01/2008
15/01/2008
15/01/2008
15/01/2008
15/01/2008
16/01/2008
16/01/2008
16/01/2008
16/01/2008
16/01/2008
16/01/2008
16/01/2008
17/01/2008
17/01/2008
17/01/2008
17/01/2008
17/01/2008
17/01/2008
18/01/2008
18/01/2008
18/01/2008
18/01/2008
18/01/2008
19/01/2008
19/01/2008
19/01/2008
19/01/2008
19/01/2008
19/01/2008
20/01/2008
20/01/2008
20/01/2008
20/01/2008
20/01/2008
20/01/2008
20/01/2008
20/01/2008
20/01/2008
21/01/2008
21/01/2008
21/01/2008
21/01/2008
21/01/2008

19:04:00
21:00:00
22:59:00
01:00:00
02:56:00
15:00:00
19:10:00
20:56:00
23:00:00
01:00:00
05:10:00
12:10:00
17:25:00
19:04:00
21:00:00
22:58:00
01:00:00
02:55:00
05:00:00
11:12:00
12:45:00
23:00:00
05:00:00
11:43:00
19:00:00
21:00:00
23:00:00
01:00:00
02:56:00
05:05:00
19:16:00
21:05:00
23:00:00
00:58:00
02:55:00
05:05:00
11:07:00
12:43:00
17:00:00
19:00:00
21:06:00
23:00:00
01:00:00
02:58:00
05:00:00
11:06:00
12:27:00

18.2623
18.1329
18.0116
17.8881
17.7543
17.6714
17.0977
16.9015
16.5938
16.2562
15.5624
15.1392
14.9569
14.6798
14.3605
14.0453
13.7258
13.4218
13.0634
12.8300
12.6540
12.6449
12.6375
12.6260
12.6186
12.6131
12.6052
12.5735
12.5919
12.5812
12.5755
12.5812
12.5677
12.5649
12.5526
12.5486
12.5376
12.5378
12.5266
12.5307
12.5210
12.5170
12.5113
12.5082
12.5038
12.5375
12.5400

24.6747
24.6040
24.5376
24.4694
24.3951
24.3074
24.8009
25.0686
25.2116
25.2697
25.3898
25.4630
25.4840
25.5412
25.5970
25.6502
25.7050
25.7583
25.8186
25.8593
25.9957
27.0836
27.5947
28.1141
28.4816
28.8536
29.2273
30.6031
29.9712
30.9391
31.2625
31.5992
32.1126
32.2777
32.6575
32.9970
35.3221
35.1547
34.8609
34.5507
34.9862
35.3569
35.7374
35.5342
35.3563
35.1547
34.8609
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100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146

21/01/2008
21/01/2008
21/01/2008
21/01/2008
22/01/2008
22/01/2008
22/01/2008
22/01/2008
22/01/2008
22/01/2008
22/01/2008
23/01/2008
23/01/2008
23/01/2008
23/01/2008
23/01/2008
23/01/2008
24/01/2008
24/01/2008
24/01/2008
24/01/2008
24/01/2008
24/01/2008
24/01/2008
24/01/2008
24/01/2008
25/01/2008
25/01/2008
25/01/2008
27/01/2008
27/01/2008
28/01/2008
28/01/2008
28/01/2008
28/01/2008
28/01/2008
28/01/2008
28/01/2008
28/01/2008
28/01/2008
28/01/2008
28/01/2008
29/01/2008
29/01/2008
29/01/2008
29/01/2008
29/01/2008

17:00:00
19:00:00
21:02:00
22:57:00
01:00:00
02:57:00
05:05:00
17:07:00
19:00:00
21:00:00
22:58:00
01:00:00
02:57:00
15:00:00
18:57:00
20:57:00
22:55:00
01:00:00
03:00:00
05:10:00
09:00:00
11:00:00
17:15:00
19:00:00
21:07:00
22:55:00
00:57:00
03:00:00
05:10:00
21:30:00
23:00:00
00:55:00
03:00:00
05:06:00
08:07:00
09:05:00
11:00:00
13:00:00
15:00:00
17:18:00
19:00:00
21:07:00
02:56:00
05:10:00
09:18:00
11:00:00
13:00:00

12.5450
12.5512
12.5567
12.5639
12.5693
12.5759
12.5807
12.6136
12.6129
12.6259
12.6422
12.6583
12.6754
12.5677
13.2484
13.5898
13.9350
14.3044
14.6535
15.0271
15.6835
16.0360
16.1770
16.2496
16.2580
16.2347
16.2048
16.1693
16.1312
16.2494
16.2808
16.3210
16.3774
16.4451
16.5429
16.5745
16.6419
16.7067
16.7739
16.8511
16.9078
16.9802
17.3411
17.7402
18.4287
18.7094
19.0484

34.5604
34.2761
33.9554
33.6439
33.2897
32.4690
32.1401
31.7783
31.4200
31.0515
30.6934
30.6342
30.6337
30.6341
30.6331
30.6333
30.6333
30.6333
30.6338
30.6345
30.4358
30.1330
30.0756
30.1885
30.3187
30.4596
30.6284
30.6510
30.4103
30.0913
29.7338
29.3844
28.8674
28.7042
28.3737
28.0274
27.6715
27.2715
26.9778
26.6046
26.5397
26.5872
26.6680
26.7018
26.7415
26.7821
26.8234
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147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189

29/01/2008
29/01/2008
29/01/2008
29/01/2008
29/01/2008
30/01/2008
30/01/2008
30/01/2008
30/01/2008
30/01/2008
30/01/2008
30/01/2008
30/01/2008
30/01/2008
31/01/2008
31/01/2008
31/01/2008
31/01/2008
31/01/2008
31/01/2008
31/01/2008
31/01/2008
31/01/2008
31/01/2008
01/02/2008
01/02/2008
01/02/2008
01/02/2008
01/02/2008
01/02/2008
01/02/2008
01/02/2008
01/02/2008
01/02/2008
02/02/2008
02/02/2008
02/02/2008
02/02/2008
02/02/2008
02/02/2008
02/02/2008
02/02/2008
03/02/2008

15:00:00
17:00:00
19:05:00
21:00:00
23:05:00
01:00:00
02:54:00
05:10:00
11:07:00
13:00:00
17:00:00
19:00:00
21:00:00
23:00:00
01:05:00
02:55:00
05:15:00
11:20:00
13:03:00
15:00:00
17:02:00
19:10:00
21:07:00
23:00:00
01:12:00
02:58:00
05:05:00
11:01:00
13:04:00
15:00:00
17:00:00
19:30:00
21:00:00
23:00:00
01:05:00
02:58:00
05:10:00
11:00:00
16:58:00
19:00:00
21:00:00
23:00:00
01:15:00

19.3896
19.7335
20.0962
20.4285
20.7905
21.1297
21.4704
21.8846
22.4034
22.7287
22.9791

23.2977
23.6131

23.9213
24.2442
24.5281

24.8666
25.1751

25.2787
25.3916
25.4968
25.6058
25.7112
25.7968
25.8880
25.9647
26.0513
26.2010
26.2386
26.2763
26.3094
26.3495
26.3768
26.4203
26.4715
26.5041

26.5730
26.6577
26.7439
26.8062
26.8733
26.9256
27.0047

26.8661
26.9056
26.9478
26.9915
27.0318
27.0819
27.1444
27.1863
27.2856
27.4642
27.6428
27.8166
27.9999
28.1607
28.3551
28.2843
28.0859
27.8697
27.6659
27.4559
27.2695
27.1023
26.9167
26.7735
26.5993
26.2466
26.0111
25.7879
25.5470
25.2340
25.0324
24.7554
24.4420
24.1488
23.8204
23.3206
22.8073
22.4354
22.0564
21.6760
21.2409
20.9093
20.4950
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2 Sample acidification

All samples were acidified on board within 24 hours of sample collection to stabilise the
metals present in solution. During Crozex and D326 cruises, samples initially were
acidified with ultra clean HCI (Romil UHP grade) to pH~2, representing typically ~1mL 12M
HCl per ~1L of seawater. This procedure limits manganese loss from solution by
adsorption onto the walls of the container particularly when the samples were stored for a
long period of time (weeks to years) and, to avoid any biological and chemical activity
during the storage. All acidified samples were stored in double clean zipper resealable
polyethylene bag, and placed in a clean crate container to reduce potential contamination

during handling and transfer steps.

3 Analytical methods for chlorophyll a (Chl-a) and

macronutrients

For chl-a approximately 100-200 mL of seawater sample at each depth and station was
filtered onto a Whatman GF/F 25mm filter with a nominal pore size 0.7 pym (Seeyave et al.,
2007). The filters were placed in 20 mL glass scintillation vials and 10 mL 90% Acetone
(HPLC grade, Fisher Chemical) was added for pigment extraction over 24 hours in a dark
fridge. Chl-a pigment was measured fluorometrically on board, using a Turner Designs
fluorometer following the Welschmeyer (1994) protocol. The Fluorometer was calibrated

with a chl-a commercial grade standard (Sigma).

Nutrient analyses were processed on board (CROZEX) by Dr. Richard Sanders. In brief,
samples for macronutrients (nitrate+nitrite (hereinafter nitrate), phosphate and silicate)
were taken from the Stainless Steel CTD casts and analysed on-board using a Skalar San
Plus autoanalyser following methods described by Sanders and Jickells (2000). Samples
were drawn from Niskin bottles into 25ml sterilin coulter counter vials and kept
refrigerated at 4 "C until analysis which commenced within 24 hours of sampling. Stations
were run in batches of 1-3 with most runs containing 1 or 2 stations. Overall 40 runs were
undertaken. An artificial seawater matrix (ASW) of 40 g/I sodium chloride was used as the
intersample wash and standard matrix. The nutrient free status of this solution was
checked by running Ocean Scientific International (OSI) nutrient free seawater on every run.
A single set of mixed standards were made up at the start of the cruise and used
throughout the cruise. These were made by diluting 5 mM solutions prepared from
weighed dried salts in 1L of ASW into 1L plastic volumetric flasks that had been cleaned.
Three low silicate standards were also used after several initial runs without them. OSI
nutrient standard solutions were used sporadically during the cruise to monitor any
degradation of these standards. Data processing was undertaken using Skalar proprietary

software. Generally this was straightforward. The wash time and sample time were 75
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seconds; the lines were washed daily with 0.25M NaOH (P) and 10% Decon (N, Si). Time
series of baseline, bulk standard concentration, instrument sensitivity, calibration curve
correlation coefficient, nitrate reduction efficiency and duplicate difference were compiled

and updated on a daily basis.

Meanwhile, nutrient analyses for underway surface seawater samples from the D326 cruise
were processed by Dr. Matthew Patey. In brief, analysis for nitrate+nitrite (hereinafter
nitrate) and phosphate at nanomolar concentration were undertaken following a method
described in Patey et al. (2008). A segmented-flow autoanalyser with liquid waveguide
capillary flow cells each having a two-metre path-length enabled the detection of
nanomolar levels of the nutrients. Two Tungsten-halogen light sources were used in
conjunction with fibre-optic spectrometers to monitor the absorbance of the solution

flowing through the waveguides. Samples were taken in HCl-washed 60 ml LDPE bottles.
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Chapter lll: Developing an analytical method for
determining dissolved manganese in seawater

1 Introduction

During the last three decades, much progress has been made in understanding the
biogeochemical cycling of manganese in seawater and its role in phytoplankton growth.
Manganese is frequently present at sub nanomolar levels in seawater and this makes its
detection challenging (Mallini and Shiller, 1993; Aballea et al., 1998; de Jong et al., 2007;
Doi et al., 2004). Early investigations had problems with attempting to measure these sub-
nanomolar levels of manganese, as a result of sample contamination and insufficiently low
analytical limits of detection. In this chapter the development of an analyser suitable for
the relatively high surface water concentrations of Mn found in the Tropical NE Atlantic is
described first. This analyser was used to generate the data discussed in the later chapter
on the atmospheric imprint of Mn in the Atlantic waters. However, initial analyses of deep
waters from around the Crozet islands using this method demonstrated that it was not
sensitive enough and additionally subsequent work showed that there were interferences
from other metal ions present. These problems were overcome and the modified
technique was successfully used to mesure Mn in waters around the Crozet Islands and the
interpretation of this data is given in Chapter IV. The development of the more sensitive

and selective analyser is described in the second part of the present chapter.
1.1 Analytical Challenge: Contamination

Sample contamination was a major problem that occurred in attempts to measure trace
metals in seawater. The impact of contaminant species includes not only an increase in
the analyte concentration but there may also be interferences in the final determination
stage. There are two main types of contribution to analyte contamination in the analysis:
(1) random sources e.g. particles of dust which fall into the solution or a single faulty
container in a batch, and (2) contamination from the reagent solutions and equipment
used in the analytical procedure. Reduction of the number of handling steps and reagents

used in the analysis thus reduces contamination.

2 Dissolved Manganese Analysis

Since the implementation of ultra clean sampling procedures, a variety of methods have
been developed with the aim of generating good manganese data. These involve reduction
of contamination, and development of more sensitive and flexible analytical methods,

including real-time measurement of manganese in situ for e.g. hydrothermal systems.
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Various techniques for determination of low level (<1 nM) trace metals in seawater have
been developed that frequently include pre-concentration and separation techniques, such
as ion exchange (Saager et al., 1997), solvent extraction (Saager et al., 1997; Le Gall et al.,
1999) and chelating resin (Chapin et al.,, 1991; Mallini and Shiller, 1993; Hirano et al.,
2001; Willie et al., 2001; Beck et al., 2002; Doi et al., 2004). As a result of these
developments it is now possible to detect and determine manganese concentrations in

seawater at picomolar levels.

After pre-concentration, manganese from seawater samples has been determined by
various methods, for example inductively coupled plasma - optical emission spectrometry
(ICP-OES) (Vassileva and Furuta, 2003); cathodic stripping voltametry (CSV) (Roitz and
Bruland, 1997; Roitz et al., 2002); graphite furnace atomic absorption spectrometry
(GFAAS) (Statham and Burton, 1986); inductively coupled plasma - mass spectrometry (ICP-
MS) (Hirata et al., 2001; Bergquist and Boyle, 2006); ICP-MS (after pre-concentration with
the chelating resin (Toyopearl AF-Chelate 650M; Milne et al., 2010), or Nobias-Chelate PA1
(Sohrin et al., 2008; Biller and Bruland, 2012). Additionally flow injection methods (FIA)
have been coupled with pre-concentration chelating resins, for examples, 8-hydroquinoline
(Bucciarelli et al., 2001; Laes et al., 2007; de Jong et al., 2007; Nakayama et al., 1989;
Obata et al., 2007; Sedwick et al., 1997; Aballea et al., 1998), Toyopearl AF-Chelate 650M
(Middag et al., 2011a, 2011b), Fractogel-8-hydroxyquinoline (Malini and Shiller, 1993),
MAF-IDA (Doi et al., 2004).

Table 1lIT gives an overview of the reported methods for the analysis of manganese in
seawater at nanomolar concentrations, their detection limits, precision, and the pre-
concentration columns used. Among these techniques, the most common recently used
technique to determine manganese is FIA since low detection limits are achieved when
these methods are coupled with pre-concentration techniques. As indicated above these
techniques require care in the critical steps of sampling and analysis, and use ultra-clean
sampling procedures (Bruland et al., 1979) including use of acid washed bottles, working
in clean rooms during sample collection and working on a laminar flow bench during the
analysis; use of high purity reagents in order to maintain the sample integrity is also

mandatory.
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Table 1lI1. Figures of merit of some techniques used to determine manganese concentrations in seawater. Limit of detection = 3 times the standard deviation of the blank (3
S.D.), unless specified otherwise

Chapter lll: Developing analytical method for

determining dissolved manganese

Dissolved FIA-CL 8-hydroxyquinoline 0.54 (n =5) 4.0 % for concentration Bucciarelli et al., 2001
Mn above 5 nM
Dissolved FIA-CL Toyopear| AF- ~0.012 (n =22) 1.3-35% Middag et al., 2011a,
Mn Chelate 650M 2011b
Total Online Muromac A-1 2.33 at pH 3.0 ~0.1-54% Hirata et al., 2001
dissolved preconcentration and 0.13 at pH 5.0
Mn ICP-MS
Total Online Muromac A-1 0.02 1.32 £+ 0.21 p/g Vassileva and Furuta,
dissolved preconcentration and 2003
Mn ICP-OES
Dissolved FIA-colorimetric 8-hydroxyquinoline  0.0062 (nh = 14) Laes et al., 2007
Mn detection
Dissolved FIA-colorimetric 8-hydroxyquinoline 0.09 (n =7) 2.0 % at the 0.5 nM de Jong et al., 2007
Mn detection
Dissolved FIA-CL 8-hydroxyquinoline  0.05 1.2% Nakayama et al., 1989
Mn
Dissolved Isotope dilution - 0.15(1 S.D.) 0.1 nM(1S.D.) Bergquist and Boyle,
Mn followed by Mg(OH), 2006

coprecipitation and

ICP-MS
Dissolved GFAAS - 0.15 ~10.0 % Mackey et al., 2002
Mn
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Total FIA-CL 8-hydroxyquinoline  0.05 1.2%at 1 nM Obata et al., 2007
dissolved
Mn
Dissolved FIA-colorimetric 8-hydroxyquinoline 20.0 % Sedwick et al., 1997
Mn detection
Dissolved Csv - 6.00 4.0% Roitz and Bruland, 1997
Mn Roitz et al., 2002
Dissolved GFAAS - 0.36 0.22 +0.04 nM (1 S.D.) Statham and Burton,
Mn 0.10 1986
Dissolved FIA-CL MAF-IDA 0.005(n=10) 0.89 % Doi et al., 2004
Mn
Dissolved FIA-colorimetric Fractogel-8- 0.04 45%at1.7nM(n=10) Mallini and Shiller, 1993
Mn detection hydroxyquinoline 5.0% at 0.47 nM (n = 5)
Dissolved FIA-colorimetric 8-hydroxyquinoline  0.05 for 10 min 5.0 % at 0.2 nM Aballea et al., 1998
Mn detection preconcentration

0.10 for 4 min

preconcentration
Total ICP-MS Toyopearl AF- 0.007 4.6% Milne et al., 2010
dissolved Chelate 650M
Mn
Total ICP-MS Nobias-Chelate PAT  0.09 Sohrin et al., 2008
dissolved
Mn
Total ICP-MS Nobias-Chelate PAT 0.002 Biller and Bruland, 2012
dissolved
Mn
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3 Flow Injection Analysis (FIA)

Ruzicka and Hansen (1988) described FIA as an automated method based on injection of a
liquid sample into a continuous flow of a suitable carrier solution (reagent) that mixes with
other continuously flowing solutions before transport towards a detector that continuously
records the absorbance or any other physical parameter. Recently, FIA has being an
attractive technique in trace metal analysis due to its advantages. These advantages are:
(1) it is rapid, and requires low volumes of sample and reagents; (2) the closed system
reduces the risk of airborne contamination and (3) it also offers the possibility of low
detection limits (Chapin et al., 1991; Mallini and Shiller, 1993; Hirano et al., 2001) when
use onboard for near real-time determinations. Thus, the FIA technique has excellent
reproducibility compared with other off-line pre-treatment techniques (Hirano et al., 2001).
This approach is an inexpensive alternative to other systems using complex analysis
systems (e.g. ICP-MS) and provides a portable instrument that can be used in conjunction
with a laminar flow bench where samples and reagents are placed, and under these

conditions it is argued that a clean van is no longer necessary (de Jong et al., 2000).

In an FIA experimental system there are usually two kinetic processes that must occur
simultaneously (Ruzicka and Hansen, 1988): (1) the physical processes of zone dispersion;
and (2) the chemical processes resulting from reactions between sample and reagent
species. When both conditions are at the optimum level, then the FIA analytical signal can
be quantified based on either: (1) the peak height (h); (2) peak area (a); or (3) peak width
(w). These parameters reflect the sensitivity and sample throughput of the system.
Therefore, it is crucial to know how these parameters are influenced by variables in the FIA
system. Theoretical principles can be used to optimize the system, but these quantitative
relationships typically have a narrow range of application and thus, optimisation of an FIA
system is often achieved through laboratory experimentation. The variations may be
caused by several factors, for example the injection system, connectors, dead volumes,
design of the flow cell and chemicals used. Furthermore, the mathematical relations that
have been derived mostly focus on simple FIA manifolds (single or two lines).
Consequently, these are not usually applicable to systems with more lines and several

mixing points, or those involving the use of separation/pre-concentration devices.

An FIA system coupled with a chemiluminescence (CL) detection cell can determine trace
metals through light emission during a chemical reaction with luminol. In the first part of
this chapter, a FIA-CL system was developed to determine dissolved manganese in
seawater at concentrations of ~0.5 nM or more. Before explaining in more detail about the
FIA-CL technique, it is crucial to know the key factors affecting the manganese signal in the
FIA-CL technique. In general, there are three important factors that should be considered:

(1) the chemiluminescence reaction, (2) uptake by the resin, and (3) elution. Some
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optimisation of the FIA-CL method also needs to be done to make this technique specific to
manganese only. In this chapter, all the above factors will be discussed in detail, including

the problems encountered during the analysis and their solutions.

4 Flow injection analysis with chemiluminescence detection
(FIA-CL)

The FIA-CL technique generally involves three major analytical steps:

i) sample pre-treatment to determine which size fraction and oxidation state of manganese
is analysed (see Chapter Il for sample pre treatment );

ii) a resin pre-concentration step to a), remove interfering sea-salts and to b) collect and
concentrate Mn(ll) so as to lower the limit of detection;

iii) the detection step using the chemiluminescence reaction with luminol.

4.1 Pre-concentration

The preconcentration procedure in dissolved manganese analysis was very important in
this study as seawater samples to be measured were at nanomolar-picomolar
concentrations. Without the pre-concentration process, dissolved manganese was
undetectable and also prone to interferences. A conventional 8-Hydroxyquinoline (8-HQ)
resin which has often been used to separate metals from solutions was not initially used in
the developed Mn-FIA-CL systems because of several factors. 8-HQ when coupled to a silica
substrate has been found to be unstable at high pH (~9), whilst the optimum pH for
collecting manganese is ~8.6 (Aguilar-Islas et al., 2006). At high pH, the 8-HQ chelating
group tended to ‘bleed’ from the silica substrate as a result of hydrolysis and also this
substrate breakdown can release contamination (Sturgeon et al., 1981). Also this resin is
reported to leach colour when eluted with high concentrations of hydrochloric acid (HCI) (>
0.1 M) as used in the present study, and the leached functional group may cause masking
effects (Obata et al., 1993; Weeks and Bruland, 2002). Additionally 8-HQ resins are not
commercially available, and their synthesis produces resins of varying quality (Aguilar-Islas

et al., 2006), and for some manganese was poorly retained (Dierssen et al., 2001).

Here the commercially available Toyopearl AF chelate-650M (hereafter called Toyopearl)
was used by Aguilar-Islas et al. (2006) which have a high affinity for binding manganese
ions at pH 8 to 9. This resin is based on the amino di-acetic acid functional group with a
macroporous methacrylate backbone (Figure 1lI1). The resin used had a bead size of 65
pm, a capacity of approximately 35 pmol ml" (Arslan and Paulson, 2003), and this resin is
stable within wide extremes of pH (ranges from 2 to 13) and ionic strength. Furthermore,
the quality of the resin was reproducible and overall its use simplifies system set up
(Aguilar-Islas et al., 2006).
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Figure llIT1. Toyopearl 650M AF chelating resin is based on the amino di-acetic functional group with a
macroporous methacrylate backbone.

The seawater matrix is complex and may potentially create interferences during the
detection step. Sea-salt ions such as Ca*, Mg* and CI tend to significantly suppress (for
cations) or increase (for halides) the chemiluminescence signal (Chang and Patterson,
1980; Bowie et al., 1998). These ions may also precipitate (e.g. to Mg(OH),) after mixing
with basic luminol solution at a pH>10 and clog the detector (Nedelec, 2006). A rinsing
step with MQ water after passing the sample through the column is therefore necessary to
remove sea-salts still present in the dead volume of the column. According to the results of
Aguilar-Islas et al. (2006), Willie et al. (2001), Warnken et al. (2000), Beck et al. (2002), and
Milne et al. (2010), Mn(ll) is quantitavely collected at a pH between 8 and 9. A number of
studies have shown that several trace metals including Fe(ll and Ill), Cr(lll), Co(ll), Cudll),
Ni(l), Zn(l), and Cd(ll) can intefere with the chemiluminescence reaction (Nakayama et al.,
1989; Okamura et al., 1998; Doi et al., 2004). However only Ni(ll), Cu(ll), and Cd(ll) can be
collected on the Toyopearl resin at a pH of 8.8 - >9 (Warnken et al., 2000). Mn(ll) thus can
be selected from other trace metals by carefully adjusting the pH to 8.5-8.6 (Willie et al.,
2001; Aguilar-Islas et al., 2006).

The pre-concentration resin column is therefore important for separating manganese from
other trace metals, and lowering the detection limit, as well as removing the seawater
matrix. Several factors can impact the chelating efficiency onto the Toyopearl resin, such
as the pH of the sample, the loading flow rate, the eluent concentration and pH, and

column preconditioning (Aguilar-Islas et al., 2006).

4.2 Chemiluminescence reaction of luminol

The chemiluminescence of luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) was first
described by Albrecht in 1928. This compound reacts with a potent oxidizing agent (e.g.
H,0)) in the presence of a catalyst (generally a metal or metal-containing compound) in
alkaline solution to produce 3-aminophthalate in an excited electronic state which returns
to ground state with the production of light. The most obvious use of the reaction has
been to determine oxidants or compounds which interact with oxidant, but it is possible to

determine metal ions by their catalysis of the CL reaction.
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4.2.1 The chemiluminescence reaction

Chemiluminescence (CL) is the emission of light during a chemical reaction. When luminol
is oxidized by hydrogen peroxide (H,0,), some of the energy released in the reaction
causes excitation of electrons in the products of the reaction and the CL is produced at a
wavelength of 425 nm under many conditions (Rose and Waite, 2001). Due to its sensitivity
and its potential selectivity, the CL reaction of luminol with H O, has been used as the
baisis of analytical procedures to determine trace level of various metal ions as an
alternative to other spectroscopic techniques. However, this technique is not actually
detecting trace metals (i.e. manganese) directly. It is the manipulation of the chemical
reactions and the metal collection during the analysis that actually makes the

determination specific to a particular metal (i.e. manganese) in a seawater sample.

4.2.2 Decomposition of H O,

Trace metals existing in the FIA-CL technique act as a catalyst, which enhances the
decomposition of H,0,. Decomposition of H,0, occurs in two ways: (1) a radical chain
reaction catalysed by any cation having two or more oxidation states for example
manganese, iron, copper, cobalt and nickel, which leads to the production of the hydroxyl
radical -OH in the alkaline solution (Nakayama et al., 1989); and/or (2) a two electron
oxidation where H O, initially reacts with free manganese (or other metals) species to form
an intermediate complex Mn*-H O, (Xiao et al., 2000). The resulting hydroxyl radical
immediately oxidizes luminol to 3-aminophthalate dianion that emits light when going to

the ground state, as explained in Section 4.2.

The catalytic activity of metal ions in the decomposition of H,O, is more efficient when
triethylenetetramine (TETA) is added because Me(OH)** (Me is either Fe or Mn) decomposes
H,O, with great efficiency (Jarnagin and Wang, 1958). TETA is a strong ligand containing
four amine groups which holds the metal ion close to the reactive centre. The polarization
of the metal ion in TETA forms octahedral complexes. Four of the octahedral orbitals of the
metal ion are used to bond with the tetramine and the other two remaining orbitals are
used to bond with either hydroxide or hydroperoxide (H,0,) ions or both, as shown in
Figure 1lI2. Adding TETA into the experiment has been shown to distinctly enhance the CL
intensity (Nakayama et al., 1989; Okamura et al., 1998). Previous studies discovered that
Fe(lll) and Mn(ll) showed the highest catalytic activity for decomposition of H,0, when TETA
was added (Nakayama et al., 1989; Nedelec, 2006 and references therein) as Fe(lll) and
Mn(ll) acted as catalysts in the decomposition of H,O, into the radical -OH under the
alkaline conditions used (Nakayama et al., 1989). Therefore, this technique could be used
to determine the concentration of dissolved manganese (as Mn(ll) after removing other

metals that may interfere).
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Figure 1lI2. Mechanism of the catalytic decomposition of hydrogen peroxide by TETA-Me(OH),*. Me is
either Fe(ll) or Mn(ll) ion (after Jarnagin and Wang, 1958).

4.2.3 Oxidation of luminol

A sensible mechanism for the CL reaction is described in three basic steps (Figure 1113) in
the oxidation of luminol, as described by Rose and Waite (2001): (1) oxidation of luminol
to the luminol radical by strong oxidants such as -OH or its radical derivatives, but H,O,
alone is insufficient unless a trace metal (e.g. manganese, iron, cobalt, copper, and
chromium), is present that can increase the rate of the photon emission; (2) oxidation of
the luminol radical to o - hydroxyl hydroperoxide (a-HHP) producing luminol and
diazaquinone which can react with the superoxide radical -O,, and (3) decomposition of a-
HHP resulting in excitation of the 3-aminophthalate which emits light when going to the
ground state. The amount of the 3-aminophthalate in the excited state is proportional to
the concentration of Mn (Il) under set conditions. Thus, the concentration of Mn (Il) can be

determined by measuring the CL intensity (Nakayama et al., 1989).

However, the Mn (II)-CL reaction depended only on pH once the luminol a-hydroperoxide
was formed (Rose and Waite, 2001). O'Sullivan et al. (1995) found that the optimum CL pH
for seawater samples is 9.9 and for freshwaters, CL intensity has a broad maximum
from pH 10.5 to 11, but a recent study showed that the optimum pH for CL is 10.2 (Doi

et al., 2004) as the efficiency of CL is increased at this pH. However, more alkaline
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condition resulted in a higher background signal without any gain in sensitivity

corresponding with a decreased in the fluorescence quantum yield of aminophthalate (Rose
and Waite, 2001).

The addition of carbonate significantly enhances the CL signal (Nedelec, 2006). The

carbonate reacts with hydroxyl radicals that is produced by Mn(ll) oxidation or degradation

of H,O, catalysed by transition metal ions to form a carbonate radical +CO,. Various

species (other than the luminol radical) are produced when luminol is oxidized by the «OH
radical, as this radical is very reactive and reacts with several carbons on the aromatic ring
of luminol (Xiao et al., 2000). However, the +CO; radical selectively reacts with luminol

producing the luminol radical, which increases the CL efficiency by raising the steady-state

concentration of the luminol radical (Xiao et al., 2000).

As the oxidation of luminol to the luminol radical requires oxidizing agents, carboxylic
acids (RCOOH) have been added. H,0, can convert RCOOH (e.g. formic acid, as used by Doi
et al. (2004)) into peroxy acids (RCOOOH), which are used as oxidizing agents. However,
the CL detection is not selective. The CL signal produced may result from more than one
cation being present, such as Cr(lll,VI), Mn(ll), Fe(ll,1), Co(ll), Ni(ll) and Cu(ll) (Obata et al.,
1993; Okamura et al., 1998). Despite manipulation of the chemical reactions involved
during the analysis, the interference of other metal elements may still need to be
prevented and reduced, especially during the detection of low concentrations (picomolar-

nanomolar) of manganese.

45



Farah A. Idrus Chapter lll: Developing analytical method for
determining dissolved manganese

l) NH, (0]
NH
Mn (11)
_ <—>
NH OXIDANT

Luminol o] Dianion (luminol
radical)
H o}
N- N
| Mn (1) I Diazaquinone
Ne N
OXIDANT
o 0
\ HOO"
SUPEROXIDE
\ ]
N
'N a — hydroxyl — hydroperoxide
(HYO OOH
3) H H
COoO
N
— fon s
COO
(HYO OOH 3-Aminophthalate

Figure IlI3. Three steps in the major pathway of the oxidation of luminol (after Rose and Waite,
2001).
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5 Initial development of a Mn(ll)-FIA-CL analyser to detect
Mn(ll) concentrations in seawater

Initially, a simple analyser to measure Mn(ll) in MQ water was built in order to test the
response from the photomultiplier tube and learn about the chemistry of the CL reaction.
This first work on the analyser was undertaken in an open laboratory space without any
particular precautions to avoid contamination, and used relatively high concentrations of
manganese. This system was divided into two parts: i) the flow injection system including a
peristaltic pump, an injection valve and an injection loop; and ii) the detection system
including a flow cell, a photomultiplier tube, power supply, and a desktop computer for
data acuisiition and control (Figure Ill4). Prior to a computer control system being
available, the analyser was controlled manually. The buffered sample and the MQ water
was changed manually to rinse the column. The injection valve was controlled by a two-
position switching valve (valco system). Analyses were done using a new low-voltage
photomultiplier tube (PMT) (H8443, Hamamatsu Photonics). This PMT had a separate
power supply and the voltage signal was acquired through an electronic DAQ board
(National Instruments DAQ-MX USB 6009). A Labview (version 7.1) virtual instrument (VI)
was used to control the instrument and acquire and process data, and this VI was designed
by Dr. Matt Mowlem (OED, NOCS). The PMT showed very good sensitivity to the CL reaction
but also to ambient light. The high baseline (Figure IlI5) due to light entering the flow cell
via the tubes and detected by the PMT was reduced by using black tubing to shield the
PTFE tubing going to and from the flow cell.

Reagents (based on Doi et al. (2004)) - All solutions were prepared with deionized water
(18 MQ.cm) from a Milli-Q analytical reagent-grade water purification system (MQ water,
Millipore). Luminol (Aldrich), TETA (Aldrich), formic acid (reagent grade, Merck), H,O,
(Suprapur, Merck), sodium carbonate (Na,CO,) (analytical reagent grade, Fisher Scientific),
hydrochloric acid (SpA Romil), and ammonia solution (UpA Romil) were used without
further purification. The carrier solution (eluent) was prepared by mixing 38.46 mL 0.1 M
formic acid with 10 mL 0.1 M H,O, and 13 mL 12 mM ammonia (pH~3 - ammonium
formate buffer solution) and brought up to a final volume of 1 L with MQ water. A 0.06 mM
luminol solution was prepared by diluting 600 pL luminol stock solution and 10 pL TETA in
1L MQ water. The luminol stock solution was prepared by diluting 270 mg 0.1M luminol
and 500 mg 0.32 M Na,CO, in 15mL MQ water. A 0.7 mM aqueous ammonia solution (208
mL) was diltued to 1L in MQ water, and used to adjust the CL reaction pH to ~10. MQ water
was used as the cleaning solution to remove the residual sea-salt. A 1M HCI solution was
prepared by diluting 86.20 mL 1M HCI to 1L, which was used to flush out any manganese
residues in the manifold before and after daily analyses. A primary stock solution of 18.20
mM Mn(ll) was prepared from a 1000 ppm Mn(ll) standard solution (ASSURANCE certified

reference material). 5 uM Mn(ll) was prepared by diluting the primary stock solution in the
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MQ water containing 50 puL borate buffer. Borate buffer was prepared by diluting 18.5 g

boric acid and 27.7 g sodium borate in 1L MQ water.
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Figure Il14. Schematic diagram of manual Mn-FIA-CL without any chelating resin. IL: injection loop; IV:
injection valve; CL: a lab built flow cell and PMT, HV: power supply; R: recorder (desktop computer).

Procedure - The manifold set up is shown in Figure lll4. The luminol and ammonia
solutions were continuosly pumped during the analysis and went through the flow cell.
When the injection valve was in the loading position, the buffered standard was pumped
through the manifold, loaded in the injection loop, and excess solution went to waste.
When the loop was filled, the valve was switched to elution position to allow the buffered
standard solution in the loop to be carried by formic eluent carrier stream and mixed with
the luminol and ammonia solutions, before entering the flow cell. The resultant stream
passed through the flow cell coil of the PMT tube to allow the reaction to be completed and

emitted light. The solution then went directly to waste.
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Figure 1lI5. The high baseline due to light entering the flow cell via the tubes and detected by the
PMT, thus reducing the peak CL signal.
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5.1 Toyopearl AF-Chelate 650M resin to pre-concentrate dissolved manganese

Enhancement of the CL signal was observed when the pre-concentration resin column was
added in the system (Doi et al., 2004). Pre-concentration of dissolved manganese is very
important in this study as almost all seawater samples that would be analysed later are in
nanomolar-picomolar concentrations. Thus, the commercially available Toyopearl AF-
Chelate 650M resin (Tosohaas) (hereafter referred to as “Toyopearl”) resin column was
used to pre-concentrate manganese in this study (see earlier section). Packing the
Toyopearl resin in the column was carried out very carefully in order to minimise the
presence of the finest particles, which could lead to blockage, and backpressure problems.
The resin was packed into a clear Perspex column (4.5 cm long, 2.0 mm i.d. and 10 mm
o.d.; Figures IlI6). This column was fitted with two 3 mm diameter polyethylene frits at
either end and when connected with flanged tubes and 4” 28TPI fittings, this created a
leak-proof unit. About 80 pL of Toyopearl resin was carefully pipetted into the column.
Then, using a syringe, the supernatant was slowly removed and some more resin was
added into the column until it was full. The seawater matrix may create interferences
during the detection step and so a MQ rinsing step was included after passing the seawater

sample through the Toyopearl column.

Perspex Polyethylene frits
Sample \ / Waste
ﬁ ﬁ

_:ﬁ /_:¢ 0.5 mm

<= = = 2.0 mm
e f [ 4 -— e -
Flow through cell « »> .
and PMT < 25cm > Eluting reagent
PTFE tubing 45cm v, 28TPI
180pL Toyopearl AF-Chelate fritting

650M resin

Figure Ill6. Top: Toyopearl AF-Chelate 650M resin column for pre-concentrating Mn(ll) in seawater in
the Mn-FIA-CL analyser. Below: Schematic diagram of the Toyopearl resin column. Solid arrows are in
Position A (loading time), where Mn(ll) ions are pre-concentrated onto the resin, and dash arrows are
in Position B (elution time), where formic eluent are back-flushed the Mn(ll) ions from the resin
towards the flow cell and PMT.
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5.2 Description and optimisation of the system

The analyser was controlled manually, where a solenoid valve was placed before the pump
to switch between the buffered sample and the MQ water to rinse the column. The
injection valve was changed for a 6-port injection valve, which was controlled by a National
Instrument DAQ-MX USB 6009 card powered up when connected to the laptop. The
desktop was changed for a laptop (Toshiba Satellite Pro). The injection loop was changed
for a Toyopearl preconcentration column, as described above. The card also controlled the

signal from the CL detector (a built-in flow cell and PMT).

Reagents - Most solutions were prepared as described above under section 5. However,
based on the earlier experiments, luminol and Na,CO, were very difficult to dissolve in MQ
water even after shaking for more than 30 minutes. However, luminol seemed easier to
dissolve in alkaline solution. For that reason, the luminol stock solution was prepared by
diluting 500 mg 0.32 M NaZCO3 in 15mL MQ water, and after the Na2C03 was dissolved,
270 mg 0.1M luminol was added into the solution; it took less than 10 minutes for the
luminol to completely dissolve. The luminol-TETA solution was prepared as described
earlier. The 18.20 mM Mn(ll) primary stock solution was diluted to prepare nM Mn
standard solutions; the final standards to be analysed were prepared in 25 mL MQ water

containing 50 pL borate buffer (to get a pH~8.5).

Procedure - The luminol reagent was continuously pumped through the analyser and
mixed with the eluent before the entrance of the flow cell. When the injection valve was in
the load position (A, Figure IlI7 and Table 1112), the buffered standard was first loaded onto
the preconcentration column. The solenoid valve was switched to allow the resin to be
rinsed with MQ water. The injection valve was then switched to the elution position
(position B) and the eluted manganese was carried to the flow cell where it reacted with the
luminol reagent. At the end of the elution step, the injection valve was switched back to
position A to allow the preconcentration column to be rinsed with MQ water to remove any
remaining acid. The solenoid valve was then switched to Position 1 to allow the standard to

be loaded onto the column for a new cycle.

Table IlI2. Timing sequence of 3 minutes used with the Mn-FIA-CL analyser. Solenoid valves: Position
1 =sample (or standard); Position 2=Cleaning solution (MQ water). Injection Valve: Position
A=Loading step; Position B =Eluting step.

Time | Solenoid valve Injection valve Process

position position

60s 1 A Loading Mn(ll) onto the Toyopearl resin
30s 2 A Rinsing column with MQ water
60s 2 B Eluting Mn(ll) from the Toyopearl resin
30s 2 A Rinsing column with MQ water
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Figure 1I7. Schematic diagram of Mn-FIA-CL with preconcentration step. PC: preconcentration
Toyopearl resin column; SV1 and SV2: solenoid valves; IV: injection valve; CL: a built-in flow cell and
PMT, HV: power supply; R: recorder (laptop). Blue line is Position A (loading step) and dot line is
Position B (eluting step).

During initial tests the baseline was high (Figure Il18) and too unstable to allow detection of
low-manganese concentrations, presumably because of low levels of manganese
contamination of the reagents. It became clear that all reagents needed further

purification.
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Figure I118. 20nM Mn(ll) standard solution was analysed using the analyser in Figure IlI7. High and
unstable baseline was detected during the initial tests, thus reducing the CL peak sensitivity.

5.2.1 Stabilisation of baseline

In order to enhance the sensitivity and stability of the CL reaction, several potential sources
of contamination and their control were further examined. The tubing system was flushed

for about an hour with 1M HCI before and after daily analysis, followed by rinsing with MQ
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water. All reagent bottles, including seawater samples and Mn(ll) standards, were placed on

the clean laminar flow bench to prevent contamination from particles.

The luminol stock solution should be freshly made, stored in the dark and used within a
week to degradation and to avoid particles from forming after dilution with the 0.32 M
Na,CO.. Exposure to direct sunlight changed the colour of the solution from light and clear
green (‘new’, freshly made) to dark green, after a week (Figure lll9a). Using the ‘old’
luminol stock solution resulted in high and noisy baselines, shorter and broader CL peaks

due to the reduced CL sensitivity. The luminol+TETA solution was made every day, and the

solution bottle was placed in a dark tube (Figure 1119b).

Figure 1119. a) Light and clear green as in ‘new’ and freshly made luminol (right) turned to dark green
of ‘old’ luminol (left) after prepared for more than a week, which using the ‘old’ luminol stock
solution to make daily luminol solution caused significantly high and noisy baseline level, and yielded
broader CL peak. b) Luminol+TETA solution bottle was placed in dark black tube (as pointed by the
blue arrow) during the analysis to avoid oxidation of luminol.

The addition of formic acid to the H,O, - NH,OH solution produced excessive CO, bubbles
in the solution (Xiao et al., 2000), that created erratic shifts and instability in the baseline.
To limit excessive bubble production in the manifold, the formic eluent was degassed
using a vacuum pump (Figure 11110) before every analysis, instead of using a heated water
bath (Doi et al. (2004); Middag et al. (2011a,b).
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Figure IlI10. Formic eluent was degassed before daily analysis to avoid the formation of excessive
bubbles by using this vacuum pump.

As the CL reaction was not selective, interference by other metal elements could occur
during the analysis, particularly Fe and Cu ions. This interference could be significantly
reduced by adding a cleaning resin column(s) (e.g. nitrilotriacetic acid (NTA)) in the
manifold to remove the Fe. Packing the cleaning resin in the Perspex column was carried
out following the same technique explained in Section 5.1. Initially, the NTA resin was used
in the system by placing after the Toyopearl resin column, and before entering the flow cell
and PMT (Figure llI11). The baseline level was reduced after the cleaning resin was added,

thus lowering the blank and detection limit (Figure IlI12).
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Figure 111 1. Schematic diagram of Mn-FIA-CL with preconcentration step and cleaning resin column.
All reagents were placed under the laminar flow hood to prevent additional contamination from the
airborne particles during the analysis. PC: preconcentration Toyopearl resin column; CC: cleaning
resin column (NTA resin); SV1 and SV2: solenoid valves; IV: injection valve; CL: a built-in flow cell and
PMT, HV: power supply; R: recorder (laptop). Blue line is Position A (loading step) and dot line is
Position B (eluting step).
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Figure Il112. Baseline level without any cleaning resin (left) and with the NTA as a cleaning resin
(right). The baseline level reduced from ~0.30 to ~0.15 V.

5.2.2 Enhancing CL peak signal - Mixing coil

To ensure a complete mixing of eluent and luminol solutions, a knotted mixing coil was
used. It was very important to know the optimum length of this mixing coil for the CL
reaction. The CL reaction with H,O, is kinetically slow, and requires a long mixing time to
enhance the reaction (Du et al., 2001; Nedelec, 2006). According to Chapin et al. (1991),
too little mixing resulted in higher background CL signals and increased the baseline
noise, probably due to insufficient reagent mixing. Longer mixing coil length allowed for
more complete oxidation of the H,0, before it reacted with the Mn and consequently
reduced sensitivity and wastes reagent. However, variables lengths are used in the
literature, for example, 6.1 m (Okamura et al., 1998), 10 m (Doi et al., 2004; Obata et al.,
2007), 3m (Middag et al., 2011a,b), and 6m (three Tm mixing coil, and one 3m reaction
coil) (Aguilar-Islas et al., 2006). A 1m mixing coil was initially tested and placed in the
system before the PMT (Figure 1111 3).
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Figure 1lI13. Schematic diagram of Mn-FIA-CL with preconcentration step, a cleaning resin column
and 1m mixing coil. All reagents were placed under the laminar flow hood to prevent additional
contamination from the airborne particles during the anaylysis. PC: preconcentration Toyopearl resin
column; CC1: cleaning resin column (NTA resin); MC: 1m mixing coil; SV1 and SV2: solenoid valves;
IV: injection valve; CL: a built-in flow cell and PMT, HV: power supply; R: recorder (laptop). Blue line is
Position A (loading step) and dot line is Position B (eluting step).

High concentration of Mn(ll) standards were analysed to test the analyser. A measurable CL
peak signal was obtained with 40nM Mn(ll) when a 1Tm mixing coil was placed in the

system, as shown in Figure 11114.
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Figure Il1T4. 40nM Mn(ll) standard solution was analysed using the analyser in Figure 117. A
measurable CL peak signal was obtained when Tm mixing coil was placed in the system.

5.2.3 Calibration with high concentration standards

Calibrations were carried out by standard additions to acidified (pH~1.7) filtered (0.2 um)

seawater. All standards were prepared in 25 mL seawater containing ~300 pL borate buffer
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(to adjust the pH to ~8.5). MQ water was used as a reagent blank, and the pH of MQ water
was also adjusted to ~8.5 by using 50 pL borate buffer. The timing sequences of the

analyser were changed, as showed in Table IlI3.

Table 1l13. Timing sequence of 6 min used with the Mn-FIA-CL analyser. Solenoid valve: Position 1
=sample (or standard); Position 2=MQ water. Injection Valve: Position A=Loading step; Position B

=Eluting step.

Time Solenoid valve Injection valve Process

position position
1 A Loading Mn(ll) onto the Toyopearl resin
60s 2 A Rinsing column with MQ water
120s 2 B Eluting Mn(ll) from the Toyopearl resin
60s 2 A Rinsing column with MQ water

Both peak height and peak area were found to be linear functions of added Mn(ll)
in seawaters (Figure llI15). Peak area was thus used for measurements in further method
development and analytical work, since it resulted in less variability than the peak

height.
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Figure IlI15. CL signals for calibration of high concentrations of Mn(ll) standard additions. Slight
variations occurred in the peak shape between replicates, but both peak height and peak area were
found to be linear functions of added Mn(ll) in seawaters.

5.3 Analytical Challenges and optimising the behaviour of the analyser

Extensive further work was undertaken to optimise conditions for the use of this version of
the analyser to specifically enhance precision and the quality of calibration curves. This
work included:

a) studying the impact of pH on uptake and elution from the Toyopearl resin, and on

the CL reaction.
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b) problems with peak shape and reproducibility

c) non linear calibrations

Major progress in the understanding of the FI-CL analyser for Mn was achieved through the
extensive works carried out to optimise the system. Experiment were undertaken to
improve performance of the system by focussing on precision and the calibration curve.
Major improvements on precision were then made although the calibration remained poor.
A significant number of experiments were carried out to try and to solve problems as they
arose. To limit the length of the material presented here and for clarity, these results are
presented classified relative to the problems encountered rather than chronologically. An

overview of the main findings is given below.
5.3.1 Problem a: pH conditions

The CL reaction was dependent on the oxidation of luminol by H O, with manganese as a
catalyst, as previously explained, and the CL efficiency was very dependent on the pH. The
ideal pH for this reaction is ~10 as observed by Doi et al. (2004) and the optimum pH for
manganese retention on the Toyopearl resin is ~8.6 (Aguilar-Islas et al., 2006). To obtain a
final pH of ~10, it was important to adjust the pH of ammonia solution to be around 12
and the formic acid-hydrogen peroxide-ammonium hydroxide reagent pH to be around 3.
Detailed studies were carried out to determine the pH effect (1) on the Mn(ll) uptake onto
the Toyopearl resin, (2) on the Mn(ll) desorption from the Toypearl resin, and (3) on the CL

signal reaction.

5.3.1.1 Adsorption of Mn(ll) onto the Toyopearl AF-Chelate 650M resin

Previous studies showed that manganese in seawater was successfully quantitatively pre-
concentrated on the Toyopearl AF-Chelate 650M resin at pH ranging from ~8.5 to 9 (8.8:
Warnken et al., 2000; 9.0: Beck et al., 2002; 8.5: Aguilar-Islas et al., 2006). To confirm the
optimal pH conditions for pre-concentration, at which the resin collected Mn(ll), low Mn
acidified seawater (pH ~1.7) samples with the addition of 10 nM Mn(ll) were examined. The
seawater pH was adjusted to the desired pH (between 7.3 and 9.1) using ammonia

solution.
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Figure 1lI16.The relationship between seawater pH and peak area of Mn(ll) concentration in seawater.
10 nM of Mn(ll) concentration was added into every seawater vial. The Mn(ll) was greatly adsorbed
onto the Toyopearl resin at higher seawater pH (=8.5). The pH of the formic eluent was 2.9, and the
pH of the CL reaction was 10.2.

Figure 11116 shows that the Mn(ll) was more highly adsorbed onto the Toyopearl resin at
higher seawater pH values (=8.5). The optimal pH for collecting Mn on the Toyopear| AF-
Chelate 650M resin was found to be between 8.5 and 9.0. The peak area (used in the study
to show the amount of manganese present in the reaction) was not remarkably different at
pHs between 8.5 and 9.0, as shown in Figure IlI16, giving some flexibility in the analysis.
Warnken and co-workers (2000) found that at a higher pH (9.3) nickel was significantly
adsorbed onto the Toyopearl resin, thus, increasing peak area at pH >9.0 probably due to
nickel interference. Therefore, seawater samples were adjusted to pH ~8.5 by using the
ammonia solution (Romil UpA) in this study, after considering that pH higher than 9.0

would have interference from nickel.

5.3.1.2 Elution of Mn(ll) from the Toyopearl AF-Chelate 650M resin

The formic acid was preferable for eluting Mn?* ions from the pre-concentration resin (i.e.
Toyopearl). Formic acid can increase the CL signal efficiency by transferring the energy to
the luminescing reagents. Furthermore, formic acid is a stronger acid than any other
RCOOH (e.g. acetic acid) because the additional CH, group in RCOOH is an electron donor

group, thus, the O-H bond is a bit stronger and less polar, hence, make it a weaker acid.

The formic eluent containing formic acid, H,0,, ammonia solution, and MQ water was
prepared daily to elute Mn(ll) from the Toyopearl AF-Chelate 650M resin. To optimize the
pH conditions during the elution of Mn(ll) from the Toyopearl AF-Chelate 650M resin, the
relationship between the pH of the formic eluent and the peak area was investigated using

seawater containing 10 nM of Mn(ll). The formic eluent pH was adjusted from 2.4 to 3.3,
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by passing through the Toyopearl resin. More Mn ions were eluted at pH2.9, resulted in
higher peak area at this pH (Figure 1lI17). The peak area decreased drastically in the pH
more than 3. Therefore, pH 2.9 was chosen for formic eluent solution using in this study,

in agreement with Doi et al. (2004).
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Figure 1l117. Effect of the formic eluent pH on desorption of the concentration of Mn (Il) from the
Toyopearl AF-Chelate 650M resin using the seawater sample containing 10 nM Mn(ll) at pH 8.6 and
the pH of the CL reaction was 10.2.

5.3.1.3 Optimal pH for chemiluminescence reaction

As discussed in the previous section, the luminol-H,O,-CL reaction is extremely dependent
on the pH. O’Sullivan et al. (1995) found that the maximum CL intensity of seawater
sample occurs at pH9.9. However, recent study by Doi et al. (2004) found that the
maximum CL intensity occurs at pH10.2. Hence, it was necessary to conduct the reaction

at the optimal pH values. The reaction pH was adjusted at a range of 9.8-10.7.

At pH values lower than 10, high baseline levels were observed together with a negative
secondary peak during the rinsing step after Mn(ll) was eluted from the Toyopearl resin.
The decrease in CL signal at pH>10.3 matches the decrease in the fluorescence
quantum vyield of 3-aminophthalate. In seawater the maximum CL intensity occurs at
pH~10.2 (Fig. 11120), well before the decrease in the fluorescence quantum vyield of 3-
aminophthalate. The shift in the maximum in seawater is a result of precipitation
of Mg(OH), at pH>10.3. The precipitation of Mg(OH), can suppress the CL intensity
by scavenging of Mn(ll) and/or by scattering of the CL emission. 20-30 pyL of 0.7 M
aqueous ammonium solution was used to adjust the pH to be 10.2 during the analysis. The
mixing between 0.1 M formic eluent, 0.06 mM luminol solution and 0.7 M aqueous
ammonium solution giving the maximum CL intensity at pH 10.2 (Figure Il118) and agreed
with Doi et al. (2004).
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Figure 1II18. Effect of reaction pH on CL intensity. Conditions: sample: seawater containing 10 nM
Mn(ll) at pH 8.6; eluent: formic acid-ammonium formate buffer solution (pH 2.9) containing 0.1 M
hydrogen peroxide; luminol, 0.06 mM; TETA, 0.075mM.

5.3.2 Problem b: double peaks and poor reproducibility

Problem of poor reproducibility and double peaks were identified when low Mn(ll)
concentrations (£ 0.5 nM) in seawater samples (surface tropical North-Eastern Atlantic
seawaters) were analysed (data see Chapter IV). There were several problems and limitation

encountered (Figure 11119):

1) Very small or no peak obtained - This reflected the low amount of Mn(ll)
concentrations presented in the seawater samples that reduced the sensitivity of the CL
signal.

2) Negative peak formed before the CL peak - Negative peak(s) only obtained when
low concentrations of Mn(ll) in seawater samples or standards were analysed (0.5
nM). This negative peak was produced by the pH change of the elution solution
sent into the PMT flow cell when a small amount of rinsing MQ water remained in
the pre-concentration column and passed before the formic eluent.

3) Second peak appeared during the rinsing step when the valve changed position.

4) Bigger baseline noise made it difficult to distinguish between the peak and the

baseline.
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Figure llI19. The enlarge peak of seawater sample with concentration of Mn(ll) was <0.5 nM, with
small peak, negative peak, and second peak observed.

Several components and parameters of the system which may influence reproducibility
were thus tested, and their influence on precision was reported when possible. Almost all
mechanical components of the system were tested to check for variations in their repetitive
functioning. As flow is extremely important in FIA, thus, when issues arise with the FIA
analyser, they were often related to flow. Flow issues are usually related to tubing. Air
bubbles were observed in the standard/sample tubing when solenoid valves were changed
between SV1 (cleaning solution (MQ water)) and SV2 (standard/sample). Thus, only one
solenoid valve was used and one other valve were removed from the system (Figure 11120).
These modifications slightly improve the CL peak signal with the second peak disapeared.
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Figure 11120. One solenoid valve (SV) was removed from the system to reduce air bubbles due to valve
position changed.

Variations in the volume delivered by the pump with time were monitored. The peristaltic

pump tubings were checked regularly to avoid becoming flattened after a long used, and
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thus reducing the volume intakes. Variability in the pH of formic eluent, waste, and
standard/sample would change the efficiency of the CL reaction. However, measurements
of the pHs showed that there was no variation in the pH between replicate peaks during
the detection step. These modifications did not result in any obvious improvement and

negative peak was still appeared (data not shown).

Negative peaks that were obtained before the CL signal peak were due to changes in
reaction pH particularly for samples/standards with low concentrations of Mn(ll). A small
volume of rinse solution (< 80 pL) was remained in the pre-concentration column after the
rinsing step and was tranported downstream in front of the formic eluent, producing an
area of higher pH in the sample stream. The localised zone of higher pH was above the
optimal pH for the CL reation and produces a depression in the baseline signal prior to
peak formation. However, when higher concentrations of Mn(ll) sample was analysed, this
signal depression was not significant as it was obscured by the shoulder of the CL peak. In
other FI methods, this pH different has been overcame by increasing the acidity of the
rinse solution with a weak acid for example acetic acid (Lohan et al., 2005), but this was
not a good option for this method, as acidic rinse solution would strip manganese off the
pre-concentration resin column (Aguilar-Islas et al., 2006). This signal depression (negative
peak) might be minimised by reducing the baseline level (possibly closer to 0 V), and CL

peak signal can be shifted upward.

The electronic noise and software crash during the analysis could enhance the baseline
noises. To reduce the noise, the NI DAQ-MX card was frequently checked to ensure the
electronic wirings were properly connected. The USB cable that connects the NI DAQ-MX
card with the laptop was appropriately plugged. The unstable power supplied to the FIA
instrument could stop the analyser which then automatically reset to the rinsing step.
Therefore, the Earth wire and the electronic filter were attached to the power supply of the
PMT to stabilise the power. However, these modifications did not completely solve the
baseline noise problem. This problem seemed to reflect high power uses by other electrical
appliances, such as refrigerator, freezer, and laminar flow system, which were plugged in
series with the FIA instrument. Removing these appliances to other places solved the

unstable power supply problem, thus reducing the baseline noises.

Given that most of the above experiments showed little improvement on CL peak signal, it
was hypothesised that poor reproducibility was due to the shorter mixing coil length. Too
little mixing reagent resulted in higher baseline level and noise, as observed by Chapin et

al. (1991). This problem was investigated further as described in the next sections.
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5.3.3 Problem c: Poor calibration

An additional problem was identified when attempting to calibrate the analyser, which
seemed related to the issues of reproducibility and precision. Several calibrations using
standard additions to different batches of acidified filtered seawater were carried out in the
range of 0.5 to 4 nM. The problem was that calibration curves did not show positive
curvature as expected (Figure IlI21). In almost all cases, the highest concentration of
standard typically gave a lower signal than expected, resulting in a negative curvature

curve.
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Figure 11121. Calibration curve using standard additions of Mn(ll) to acidified filtered deep (2000 m)
seawater from the Tropical North-Eastern Atlantic Ocean ([Mn] = 0.6 nM). CL pH = 10.2, pre-
concentration pH = 8.5 (pH of seawater was adjusted by using ~300 uL borate buffer), elution pH =
2.9. Values were not blank corrected. Curve fitted with a third degree polynomial trendline. Precision
ranged between 1.3 - 9.0 % RSD (n = 3-5, average 5.3% RSD). The reagent blank (MQ water) value is
0.05+0.02 nM, lower that the detection limit (estimated at 0.06 nM, detection limit is three times of
standard deviation of the blank).

Subsequent work was thus focussed on identifying the factor(s) leading to poor calibration
of the analyser. Working reagents (luminol solution, formic eluent, ammonia solution) were
checked to be as clean as possible, to avoid any contamination during reagents
preparation and analysis. The response of the analyser to different Mn(ll) concentration
ranges was checked, and several parameters that influenced the response of the analyser
during calibrations were tested (Table 1114).

Table 1l14. Summary of the experiments carried out to investigate on the poor response of the Mn(ll)
FIA-CL during calibrations.

Calibrations with ... Slope of the
linear fit (average)
Mn(ll) standards range 0.5 - 4 nM 1.2-4.13(2.52) 21
Concentrated standards range 5 - 40 nM 0.162 - 0.165 (0.163) 7
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In order to test the response of the analyser at relatively high concentrations, several
calibrations in the range 5 - 40 nM were carried out with acidified (pH~1.7) filtered (0.2
pm). The CL pH and loading pH were checked and adjusted to the optimum pHs of 10.2
and ~8.5, respectively. These curves were linear, with a precision for each point ranging
from 0.6% rsd (relative standard deviation) for a 40 nM standard, and up to 22% rsd for

seawater alone (Table III5).

Table 11I5. Figures of merit of four calibrations by Mn(ll) standard additions in the range 5 to 40 nM
to acidified filtered seawater collected during the D326 cruise ([Mn(ll)] ~ 0.6 nM). BDL = Below
detection limit. Calibration were using a linear fitting curve.

Correlation for linear Precision rsd (n=4) Detection Limit (nM) Blank (nM) (n=4)
trendline (R?) (average)
0.984 0.6 - 19% (7.9%) 0.06 0.09
0.993 0.5 - 22% (8.7%) 0.03 0.06
0.990 0.6 - 16% (6.9%) 0.09 BDL
0.976 0.6 - 22% (8.4%) 0.09 0.13

The response of the analyser at high Mn(ll) concentrations were much more better over a
wide range of Mn(ll) concentrations (0 - 40 nM), with only a couple of the calibration did
showing a slight of negative curvature at lower concentrations. These results suggest that
at high concentrations the system is responding satisfactorily, and that the problem only

affects low levels of manganese.

More calibration experiments were done where Mn(ll) standards in the range of 0.5 - 4 nM
(prepared by standard additions to acidified filtered seawater with ~300 pL of borate buffer
as used before) were analysed in random order rather than in order of increasing
manganese concentration as performed before, to test whether the negative curvature of
the calibration was due to a technical feature of the system. The results showed negative
curvatures were observed in all calibrations, infer that the negative curvature was not from

the system, but may originated from a parameter likely not related to the standards.

Further experiments were carried out to investigate the effect that the quality of the borate
buffer solution may have had on calibrations, to find out wether it may have been
responsible for the negative curvature of calibration curves with the Mn(ll) technique.
Reagents were prepared as they were set up in their last stage of development (see Section
5.2) and two sets of standard additions (0.5 - 4 nM) to filtered seawaters were prepared:
one set by using the borate buffer (~300 pL, as before) to adjust the pH to ~8.5, and the
other set were prepared by using the 20 uM ammonia solution (<30 pL) to adjust the pH to
~8.5; the pH was adjusted only when it was ready to analyse (~30 minutes before analysis).

All conditions (i.e. reagents and standards concentrations, pHs, flow rates) were kept as
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similar as possible between experiments, which were both performed in a single day.
Calibration curves were slightly different as the calibration curve without borate buffer was
linear while the calibration curve with borate buffer had a negative curvature (Figure 11122).
The signal for non-spiked seawater and +4nM Mn(ll) in seawater were about similar for
both experiments and then differed for additions of >0.5 nM. These results suggested that
using ammonia solution to adjust the pH of the spiked seawaters was better than using
borate buffer. More borate buffer added into the spiked seawater might also introduce

contaminations into the spiked seawaters, and might have diluted the most concentrated

standard.
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Figure 1lI22. Comparison of calibrations carried out with the "borate buffer" or "ammonia solution" to
adjust pH of standards. "Borate buffer" calibration fitted with a second-degree polynomial regression,
while “ammonia solution” calibration fitted with a linear regression.

Based on these experiments, although borate buffer was used in the earlier tests to adjust
the pH, it was not applied in the next analysis, because it required more borate buffer
(=300pL per 25 mL sample) to bring the pH of the acidified spiked seawaters up to~8.5.
On the other hand, the earlier tests were done with MQ water, which only required 25 pL of
borate buffer per 25 mL sample. Hence, it was easier to adjust the pH of acidified
seawaters by using ammonia solution, as it only needed ~30 pL to get the pH~8.5, and it
also could reduce the potential contamination from the buffer, particularly for the low
concentrations standards. Additionally, the increases in CL peak signals in these
experiments may also due to some manganese leaching from the vial walls as standards
with “ammonia solution” were analysed first before standards with “borate buffer’. The
most concentrated Mn(ll) standard might also have been oxidised to Mn(lll) before the

analysis hence reducing their CL peak signals.
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6. Standard Calibration

All calibrations were performed daily by standard additions from a 1000 mg/L manganese
standard solution (ASSURANCE certified reference material) to 2000 m (0.2 um filtered)
Tropical North-Eastern Atlantic acidified (pH~1.7) seawater. A 5 point calibration line (0,
+0.5, +1.0, +2.0, and +4.0 nM of Mn(ll) standard additions) were made. The CL pH was
checked at 10.2 and loading pH at 8.5. The concentrations of manganese in the seawater
were calculated from the slope of the daily calibration curve obtained. The calibration gave
linear curves in this range with varying sensitivity (Figure 11123), depending on the loading

time, ageing of the luminol reagent, and the quality of MQ water.
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Figure 11123. Example of calibration curve by standard additions to acidified (pH ~ 1.7) filtered (< 0.2
um) surface seawater from the Atlantic Ocean ([DMn] = ~0.6 nM).

The loading time was modified from 120s to 200s in order to increase the sensitivity when
low concentrations were expected for some samples. Precision of measurements of
standards ranged from 0.05% to 15.75% rsd, averaging 4.15% rsd (n= 17) with a replicates
of 3-4 peaks per standard. Precision averaged 4.15% rsd for a total of 180 samples

analysed (n = 2-4 (depending on the CL signal peak)).
7. Figures of merit

The accuracy of this analyser was first tested by analysing certified reference material
(CRM) obtained from National Research Council of Canada, CASS-4 standard. However,
CASS-4 concentration was relatively high compared to the concentrations found during the
analysis of seawater samples from the Tropical North-Eastern Atlantic in this study.
Therefore, new reference seawater from a recent inter-comparison exercise for iron
(Sampling and Analysis of Fe (SAFe)) were used. However, only the surface water sample (S

256) was detectable and deep water value was not. The reagent blank was determined by
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measuring acidified (pH~1.7: the MQ water was acidified with ~5 pL 1M HCI (SpA Romil
Pure Chemistry) approximately 30 minutes before the analysis) MQ water. The pH of
acidified MQ water then was adjusted to pH~8.5 (with ~30 pL of 20 pM ammonia solution),
like others standard additions in acidified seawaters, before been analysed as a blank. This
blank represents potential manganese contamination from the reagents, column-
conditioning solution, as well as the system manifold (tubing and valves). The average
blank value for this analyser is 0.08 nM with a standard deviation of = 0.02 nM, and hence
gave a detection limit of 0.06 nM (three times of the standard deviation of the blank),
which was higher than that reported by Doi et al. (2004). Figures of merit of these

calibrations are summarised as ranges in Table 1lI6.

Table I116. Ranges of figures of merit of 17 calibration curves. Calibrations were fitted with a linear
trendline. rsd = relative standard deviation (n = 3-4). Detection limit (DL) defined as three times the
standard deviation of the blank. BDL = below detection limit. Certified value of CASS-4 for Mn : 50.55
+ 3.45 nM. Consensus value of SAFe S 256 for Mn: 0.825+ 0.079 nM.

Correlation, R? Slope Precision, Blank (nM) DL (nM) (mean) | CRM+S.D
(mean) (mean) rsd (mean) (mean) (mean)
0.984 - 0.999 0.668 - 0.05-15.05% | BDL-0.13 0.02 -0.17 CASS-4
(0.993) 3.783 (4.15%) (0.08) (0.06) 48.75 +0.17

(1.926) 51.39 +0.14
47.98 +0.19
(49.37 £ 0.16)
SAFe S256
0.80 + 0.08
0.81 £ 0.06
0.77 £ 0.05
(0.79 £ 0.06)

The sensitivity slightly fluctuated most probably because of changes in analytical
conditions such as the small variations in the ageing of the luminol reagent. Values of the
blank, detection limit, CASS-4 certified seawater material and SAFe seawater
(http://es.ucsc.edu/~kbruland/GeotracesSaFe/SAFe%20ReferenceSample-Mn.pdf) were

often a bit low, and may have been under-estimated because of poorer quality of MQ water
and/or baseline instability. However, the agreement between results obtained from this

study and certified and consensus values were still good and acceptable.

The Mn(ll)-FIA-CL analyser system with a 1Tm mixing coil was subsequently used to analyse
surface (~1m) samples collected from the Tropical North-Eastern Atlantic Ocean. Data on
Mn(ll) analysed with this technique are reported in Appendix 3, and further discussed in
Chapter V. Analyses having poor quality CL peaks and/or high and unstable baselines were

repeated with freshly prepared reagents.
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As an important aim of this project was to analyse samples collected during the CROZEX
cruises in the Southern Ocean [SO], the developed technique was initially applied to several
of these SO samples. However it proved difficult to get a measurable CL peak signal due to
the extremely low Mn(ll) concentration, and simply increasing the column collection time
did not seem to help of the overall quality of data. It was therefore decided to move on by

further modifying the Mn(ll)-FIA-CL technique to make it appropriate for these SO samples.

8. Development of a high sensitivity automated Mn(ll)-FIA-CL
analyser to detect Mn(ll) concentrations in seawater

8.1Description and optimisation of the modified automated analyser

The modified system was based on the instrument described above. One innovation was
the inclusion of an automated sampler system. The analyser was able to analyse 8
individual samples/standards solutions automatically through a computer control system.
An 8-port single output valve was placed before the pump to switch between the individual
samples/standards (Figure 11124). The use of the auto-sampler reduced the sample handling

times and the potential of contamination during handling.

Reagents - Reagents essentially as used in the previous version. The only differences were
the used of high purity ammonia (see Monthly Preparation below for the preparation of the

ammonia solution)).

Daily preparation - The carrier solution (formic eluent) was prepared by mixing 38.46 mL
0.1 M formic acid with 10 mL 0.1 M H. O, and 13 mL 12 mM aqueous ammonia (pH 2.9),
and made up until 1 L with MQ water. 0.06 mM of luminol solution was daily made by
diluting 600 pL luminol stock solution and 10 puL TETA in 1L MQ water (see Section 5.2.1).
A 208 mL of 0.7 mM aqueous ammonia solution was diluted to 1L with MQ water to adjust
the CL reaction pH to 10.2. MQ water (pH~7) was used as the cleaning solution to remove

the residual sea-salt on column.

Weekly preparation - The luminol stock solution was made by diluting 500mg of 0.32M
Na,CO, in 15 mL MQ water, then 270mg of 0.1M luminol diluted in the Na,CO, solution.
86.20 mL 1M hydrochloric acid was made up until 1L with MQ water to flush and remove

any manganese residue in the FIA system every day before and after the analyses.

Monthly preparation - High purity ammonia solution was made by bubbling high purity
ammonia gas through sub-boiling distilled water (S.B) / MQ water as described in Appendix

1 (courtesy of Prof. Peter Statham and Mr. Brian Dickie).
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Procedure - The luminol reagent and the 0.7M ammonia solution were continuously
pumped through the analyser and were mixed with the formic eluent just before the PMT
flow cell. When the injection valve was in loading position (position A, Figure 11126 and
Table 1117), the buffered standard/sample was first loaded onto the preconcentration resin
column. The solenoid valve was switched to allow the resin to be rinsed with MQ water.
The injection valve was then switched to the elution position (position B) to allow the
formic eluent to go through the preconcentration column and eluted manganese which was
carried to the flow cell where it reacted with the luminol reagent. At the end of the elution
step, the injection valve was switched back to position A to allow the preconcentration
column to be rinsed with MQ water to remove any remaining acid. The solenoid valve was
then switched to Position 1 to allow the buffered standard/sample to be loaded onto the

column for a new cycle.

Table IlI7. Timing sequence of ~9 minutes used with the Mn-FIA-CL analyser. Solenoid valves: Position
1 =sample (or standard); Position 2=Cleaning solution (MQ water). Injection Valve: Position
A=Loading step; Position B =Eluting step.

Time i Injection valve Process

position

A Loading Mn(ll) onto the Toyopearl resin
60s 2 A Rinsing column with MQ water
200s 2 B Eluting Mn(ll) from the Toyopearl resin
60s 2 A Rinsing column with MQ water

8.1.1 Baseline level

In the previous analysis, the baseline level was reduced significantly when the NTA resin
column was added as a cleaning resin column in the system, thus lowering the blank and
detection limits. The effect of the cleaning resin addition was shown in Figure llI14 of the
previous Section, where the baseline level reduced from ~0.30 to ~0.15 V. This infers that
the formic eluent, which contained formic acid, H,0,, ammonia solution, and MQ water, has
the largest contribution to the baseline level. However, the baseline level of ~0.15V was
still relatively higher particularly for relatively lower concentrations of Mn(ll) samples.
Therefore, when another cleaning resin of the 8-HQ resin column was placed in the system
after the luminol reagent solution (IuminoI+TETA+Na2CO3, pH~8.8) (Figure 1l124), the

baseline level was further reduced to <0.10V (Figure Il125).
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Figure 11124. Schematic diagram of Mn(ll)-FIA-CL with preconcentration step and two cleaning resin
columns. All reagents were placed under the laminar flow hood to prevent additional contamination
from the airborne particles during the anaylysis. PC: preconcentration Toyopear| resin column; CC1:
first cleaning resin column (NTA resin); CC2: second cleaning resin column (8-HQ resin); SV: solenoid
valve; AS: auto-sampler; IV: injection valve; CL: a built-in flow cell and PMT, HV: power supply; R:
recorder (laptop). Blue line is Position A (loading step) and dot line is Position B (eluting step).

This second cleaning resin column (CC2) removed other trace metals from the impurities
of the TETA, which was not guaranteed to be a clean solution (Nakayama et al., 1989; Doi
et al., 2004). In the literature, TETA was recrystallized from a solution of methanol and HCI
before been used in the analysis (Nakayama et al., 1989; Doi et al., 2004; Middag et al.,
2011a, b). However, Nedelec (2006) was purified the luminol reagent through Chelex-100
resin and 8-HQ resin columns to remove other trace metals, resulted in lower baseline
level. This second cleaning resin column could also remove any undissolved particles of
Na,CO, that was used to prepare the luminol reagent solution. However, the undissolved
particles of Na,CO, could cause backpressure problems. To avoid backpressure problems,
the second cleaning resin column was filled half-full, and was turned upside-down and

flushed with HCI to remove any clogged particles, before and after the daily analysis.
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Figure 11125. Baseline level was reduced from ~0.30 to ~0.15 V when the first cleaning resin column
(NTA resin) was placed after the preconcentration Toyopearl resin column. When the second 8-HQ
resin column was placed in the system, the baseline level was further reduced to ~0.10V.

8.1.2 Mixing coil

As discussed in the previous Section, it is very important to get the correct length of
mixing coil, due to its influence on the formation of the CL signal. Although a short mixing
coil length is believed to be good in controlling the physical dispersion, it is also important
to ensure that the chemical reaction (i.e. CL reaction with H,0)) is also completed. The CL
reaction with H,0, is kinectically slow, and become even slower when there is a lack of
Mn(ll) ion as a catalyst. In the previous Section, a Tm mixing coil was used in the analyser
to measure the relatively high concentrations of Mn(ll) in surface seawater samples from
Tropical North-Eastern Atlantic Ocean, and measurable CL peak signals were produced.
However, the length may have been insufficient to ensure a complete CL reaction with
H,O,, with a lack of Mn(ll) ions to act as catalyst in certain seawater samples especially from
the CROZEX cruises. Most work in the literatures used more than 1m mixing coil length
(e.g. Doi et al., 2004; Du et al., 2001; Nedelec et al., 2006, Middag et al., 2011a, b). In
addition, Chapin et al. (1991) stated that too little mixing resulted in higher baseline signal
and noises probably due to insufficient reagent mixing. Therefore, further experiments
were carried out to examine the relationship between the length of mixing coil and the CL
peak signal. Four lengths (5 cm (straight and unknotted coil), Tm, 3m, and 4m) of the
mixing coils were examined for peak area and peak height by using 1 nM Mn(ll) standard
addition in acidified seawater, by using the system set up in Figure IlI24. Reagents and

experimental procedures were followed as in Section 6.1.

In order to test the response of the analyser for these experiments, calibrations in a range
of 0.5 - 4 nM (prepared by standard additions to acidified filtered seawater with ~30 pL of

20 pyM ammonia solution to adjust the pH to be around 8.5) were carried out for each
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mixing coil length, before 1 nM Mn(ll) standard addition in acidified seawater was later
analysed. The CL pH was checked and adjusted to the optimum pH of 10.2. Reagents were
prepared as they were set up previously (see Section 5.2). All other conditions (i.e. reagents
and standards concentrations, pHs, flow rates) were kept as similar as possible between
experiments, which were performed in a single day. Figures of merit for these calibrations

with Tm, 3m, and 4m mixing coils were summarised in Table IlI8.

Table 1118. Figures of merit of calibrations by Mn(ll) standard additions in the range of 0.5 - 4.0 nM to
acidified filtered seawaters ([Mn(ll)] = ~0.6 nM) with Tm, 3m, and 4m mixing coils. BDL = Below
detection limit. S.D.: standard deviation. D.L.: detection limit (3x of the S.D. of the blank).
Calibrations were using a linear fitting curve.

Precision, % rsd (mean)

Standard addition

3m
Seawater 1.3-12.3 (8.4) 1.0-4.1 (3.1) 0.9-3.5(2.6)
Seawater+0.5 nM 3.5-22.2(14.7) 0.7 -5.5(3.0) 0.2-7.7(5.2)
Seawater+1.0 nM 0.3-12.9(8.6) 0.6 - 9.5 (5.1) 0.5-7.3(2.8)
Seawater+2.0 nM 0.8-11.0(3.9) 0.9- 8.6 (4.9) 2.1 - 8.7 (6.5)
Seawater+4.0 nM 0.9-12.4(4.1) 0.6 - 12.5 (4.0) 1.3-5.6(2.8)
Correlation, R? (mean) 0.981 - 0.991 0.993 - 0.999 0.981 - 0.997
n=4 (0.988) (0.997) (0.990)
Average blank+S.D. nM 0.088 (BDL) = 0.03 0.143 + 0.024 0.31 =£0.10
n=4
Average D.L. nM ‘ 0.09 0.07 0.30

The peak height increased from Tm to 3m knotted mixing coils, and after reaching its
steady state (the steady state was reached when there was no more peak height increase
after the steady state; 3m was assumed as a steady state), no further increase was
observed with 4m knotted mixing coil (Figure Il126). The baseline levels for 3m and 4m coil
were reasonably low. However, there was no CL signal peak and higher baseline level
recorded for the shortest coil (5 cm) (data not presented), suggesting too little or almost

no H. O, oxidation reaction occurred due to the shorter length and lack of chemical mixing.
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Figure 11126. Effects of the length of mixing coil on the peak height and on the baseline level for
seawater with no standard addition and seawater+1nM Mn (Il) standard solution. The black close
circle and line is the baseline level for both seawater and seawater+1nM Mn(ll).

However, regarding the peak area value, it was observed that the 4 m coil signal was
enhanced significantly compared to the 3 m coil (Figure 1l127). In other words, the
analytical peaks produced from the 4m coil technique became broader as the dispersion
coefficient increased. As a result, the peak area values were also increased. Another
possible reason for the increasing peak area was the interference of other trace metals,

which could emit light after a longer mixing period.
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Figure I127. Effects of the length of mixing coil on the peak area and on the baseline level for
seawater with no standard addition and seawater + 1 nM Mn (ll) standard solution. The black close
circle and line is the baseline level for both seawater and seawater+1nM Mn(ll).

In addition, the signal depression (negative CL signal peak) obtained with Tm mixing coil
was minimised as the baseline level was further reduced in the longer mixing coils, which

the CL signal peak then was shifted upward and produced a better CL signal peak, as
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shown in Figure Il128. These advantages were overall reflected in increased CL sensitivity.
Therefore, a 3m mixing coil was presumed to be the optimum mixing coil length in this
study and thus was applied in the analysis of Mn(ll) in seawater from around the Crozet

Islands of the Southern Ocean.
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Figure 11128. The effects of the mixing coil length of (above) 1m and (down) 3m on the peak height,
negative peak, and baseline level. The higher baseline level in the experiment using 1m mixing coil
was minimised when 3m mixing coil was used in the experiment, and thus shifted upward the CL
signal peak, producing a better CL signal peak with no negative peak.

Apart from the mixing coil length, other variables, for examples H,0, concentration, TETA
concentration, and pre-concentration time, was also tested to investigate their effects on

the CL signal peaks.

8.1.3 HZO2 concentration

An increase in H O, concentration theoretically leads to an increase of the CL signal. In
order to test this, the concentration (0.1M) of H O, used in preparing the daily reagent that
was originally used by Doi et al. (2004), which was applied in this study, was doubled up
(to 0.2M). Other variables such as 3m mixing coil, luminol solution, pHs, pump rate and
speed, remained unchanged (Figure 11124), following the procedures (reagents preparations
and experimental procedures) explained in Section 6.1. Later, acidified (pH~2) MQ water,
acidified (pH~1.7) seawater, and acidified seawater+1 nM Mn(ll) standard addition were

analysed in this experiment. But, before the experiment started, all pHs for MQ water,
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seawater, and seawater+1 nM Mn(ll), were adjusted to pH~8.5 (the optimum pH for pre-

concentration of Mn(ll) onto the Toyopearl resin).

Based on this experiment, the higher and narrower CL signal peaks were observed for
seawater and seawater+1 nM Mn(ll) standard addition (Figure 11129) compared to the results
obtained in Section 8.1.2 (with 3m mixing coil), and no positive peak was observed for MQ
water. The higher CL signal peaks obtained here is as a result of increased the existence of
the radical -OH from the H,O, decomposition. More - OH then enhanced more oxidation of
luminol with manganese acting as a catalyst to speed up the reaction. More amount of 3-
aminophthalate produced in the excited states which then emitted more light when going
to the ground states. However, as H,O, was added in the carrier solution (formic eluent),
which was continuously mixed with ammonia and luminol solutions to produce the
baseline, it also increased the baseline level, due to any metal contaminants that passed
through the flow cell and PMT could also acted as a catalyst in the oxidation of luminol

process, particularly if the MQ waters used in the preparation of the reagents were not of

good quality.
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Figure 11129. Elution profile for a MQ water, seawater, and seawater+1nM Mn(ll) standard addition
with 0.2 M concentration of H,0,. The peaks were enhanced, as well as the baseline level. The second

peak appeared during the washing step was bigger than the CL peak signal.

Increasing the concentration of H O, in this experiment produced negative peaks (Figure
[1129), which appeared before the CL signal, due to the huge differences in viscosity or
chemical composition between samples and carrier solution. The positive and negative
peaks ratio for seawater is 0.6, and for seawater+1nM Mn(ll) is 1.6. Surprisingly, there was
a second peak that appeared uniformly during the rinsing step with no specific reason.
Due to the time constraint, it was not possible to investigate the reason(s) for the second

and the huge negative peaks that appeared in this experiment. Therefore, the
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concentration of H,0, was decided to remain unchanged (0.1M), as been used in Doi et al.
(2004) work.

8.1.4 TETA concentration

TETA was added into the luminol solution which then mixed with formic eluent that carried
Mn(ll) ions and afterwards emitted light. Decomposition of H O, is more efficient with
added TETA, as explained earlier in this Chapter. Several experiments were carried out to
investigate the effect of TETA on the CL signal. The concentration of TETA was doubled up
(from 0.06 mM (Doi et al., 2004) to 0.12 mM). Other variables (e.g. 3m mixing coil,
preparation of reagents, pHs, pump rate and speed) were remained unchanged as been
explained in Section 8.1 of this Chapter. Two sets of daily standard addition into the
seawater solutions (range between 0.5 and 4.0 nM, pH adjusted to ~8.5) were analysed
with (1) luminol solution containing 0.06mM TETA, and with (2) luminol solution
containing 0.12 mM TETA. Based on these experiments, increasing the concentration of
TETA solution to 0.12 mM did not result in any increased sensitivity (data not shown), so it
was decided to maintain the use of the lower concentration (0.06 mM). However, TETA
must not be added together with solution containing H,O, because decomposition of H,0,
would occur extremely rapid by before it mixed with luminol and Mn(ll) ions. Added TETA
in the reagent solution containing H,O, gave worse background noises and the baseline
level was increased erratically, hence made the analysis of Mn(ll) impossible (Figure 11130).
Therefore, TETA was best to be added into the luminol solution, and the concentration of
TETA was kept to a minimum (0.06 mM) to reduce the background noise whilst still

maintaining sufficient sensitivity.

CL signal (V]

O T T T T
0 1000 2000 3000 4000

Number of scans (10 scans/second)

Figure 11130. The effect on the Mn analysis when TETA was added in the reagent solution containing
H,O, . The baseline level was increased erratically with worse background noises made the analysis of
Mn(ll) was not possible.
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8.1.5 Pre-concentration time

The other way to increase the sensitivty of the CL signal peaks is to increase the pre-
concentration time, which allowed more Mn(ll) ions to be retained on to the Toyopearl
resin, thus, provided more Mn(ll) ions to catalyse the oxidation of luminol and
subsequently increased the rate of the photon emission. In order to test the response of CL
signal peak with longer pre-concentration time, an experiment was carried out. The
instrument was set up as in Figure Il124 with 3m mixing coil, following the procedures (the
preparation of reagents and experimental procedures) explained in Section 8.1.
Seawater+1 nM Mn(ll) standard addition solutions were analysed with 200 s and 400 s of
the pre-concentration times. When the pre-concentration times increased, the CL signal
peaks were also increased (Figure 1l131). However, longer pre-concentration times were
increased the uptake of standard/sample solutions and reagents solutions, hence, time
consuming and wasting the chemicals. As 200s pre-concentration time could obtain a

measurable CL signal peaks, thus it remained unchanged.
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Figure 1131. The CL signal peaks for 200s and 400s pre-concentration times. The peaks were
doubled up as the pre-concentration times doubled up.

8.2 Stripping of Mn(ll) from seawater

The large volume of filtered seawater (0.2 pm) used to prepare standards solutions for
daily calibration in this study that was collected from the Tropical North-Eastern Atlantic
Ocean were almost run out at this stage of study. Therefore, prior to availability, it was
changed with filtered seawaters (0.2 pm) from the European continent/ocean margins in
the North Atlantic collected during the Ocean Margin EXchange (OMEX) cruise. However,
the concentrations of Mn(ll) in OMEX seawaters were relatively high with an average of

~1.7nM (calculated from the slope of the calibration of the day). Thus, Mn(ll) was needed to
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be stripped from the seawater before it could be used to prepared daily standards
calibration for this Mn(ll)-FIA-CL system.

Some experiments were carried out in order to strip the Mn(ll) from the seawater. A 50mL
of acidified (pH~2) OMEX seawater was passed through the preconcentration resin column
(Toyopearl AF-Chelate 650M) and was collected in a clean bottle, where the pH of acidified
OMEX seawater was adjusted to pH~8.5 before the analysis. It was analysed afterwards
using the Mn(ll)-FIA-CL system and approximately 60% from the ~1.7 nM of Mn(ll) ions were
removed resulting in a concentration of ~0.6 nM (Figure 11132). However, there was still
Mn(ll) residue in the seawater and the same experiment was repeated another two times
until a low and consistent concentration of Mn(ll) was obtained in the seawater (~0.07 nM)
(Figure 1l132). This value remained constant after the experiment was repeated for the third
time, suggesting it was the background signal. This Mn-stripped seawater was then used in
preparation of daily standard solutions for daily calibration, to replace the low Mn seawater
North-Eastern Atlantic.
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Figure 1l132. The concentration of Mn(ll) in the seawater before and after passing over the
preconcentration. Only 60% of Mn(ll) concentration was stripped of the seawater in a first
experiment. The Mn(ll) concentrations were then constant after the experiment was repeated for a
couple of times, resulting in a concentration of ~0.07 nM, which was assumed as the background
signal.

In order to test the response of the analyser with this Mn-stripped seawaters, several
calibrations in a range of 0.5 - 4 nM (prepared by standard addtions to acidified filtered
Mn-stripped seawater with ~30 pL of 20 pM ammonia solution to adjust the pH to be
around 8.5) were carried out before further modifications and/optimisations were done.
The CL pH was checked and adjusted to the optimum pH of 10.2. Reagents were prepared
as they were set up previously (see Section 8.1). All other conditions (i.e. reagents and
standards concentrations, pHs, flow rates) were kept as similar as possible between

experiments, which were performed in a single day. The calibration curves were linear (R? =

78



Farah A. Idrus Chapter Ill: Developing analytical method for
determining dissolved manganese

0.998) (Figure 11133). Precision for each point ranging from 2.9% rsd for +2nM standard,
and up to 23.5% rsd for seawater alone, with an average of 12% rsd (n=3). The reagent
blank (MQ water) value is 0.04+0.01 nM, and the detection limit estimated at 0.03 nM

(detection limit is three times of standard deviation of the blank).
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Figure 11133. Calibration curve using standard additions of Mn(ll) to acidified filtered OMEX seawater
([Mn] = ~0.07 nM). CL pH = 10.2, pre-concentration pH = ~8.5 (pH of seawater was adjusted by using
~30 pL of 20 yM ammonia solution), elution pH = 2.9. Curve fitted with a linear trendline. Precision
ranged between 2.9 - 23.5 % rsd (n = 3, average 12% rsd). The reagent blank (MQ water) value is
0.04+0.01 nM, the detection limit estimated at 0.03 nM (detection limit is three times of standard
deviation of the blank).

9. Interference

When some deeper samples from the Crozet region that had previously been analysed with
the 1m mixing coil, were re-analysed using a 3m mixing coil, the values were increased
approximately threefold. Several reasons were considered for the enhancement including :
(1) the longer coil allowed more chemical reactions during the analysis, thus giving higher
results, (2) the longer coil allowed interferences from other trace metals that also could be
a catalyst in luminol oxidation processes. A number of studies have shown that several
trace metals including Ni(ll), Co(ll), Cu(ll), Zn(ll), Cd(l), and particularly Fe(ll and Ill), can
interfere in Mn(ll) analysis, particularly with a longer mixing coil (Nakayama et al., 1989;
Okamura et al., 1998; Doi et al., 2004).

9.1 Fe ion interference

Fe (Il and lll) ions appeared to have the biggest potential contribution in interfering with
the Mn(ll) analysis with CL detection, as Fe and Mn showed the highest catalytic activity for
decomposition of H,0, in the presence of TETA (Nakayama et al., 1989). Concentrations of
Fe in oceanic waters generally are in a range of 0.02 - 2.00 nM, with an average of 0.5 nM

(Bruland and Lohan, 2003). In the vicinity of the Crozet Islands, Southern Ocean, the range
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is 0.086 - 2.48 nM (Planquette et al., 2007). In the previous modifications, the cleaning
resin column (NTA) was added in the system to remove the Fe ions from the formic reagent
and standard/sample solutions (see Figure 11127), because the Fe ions would bind onto the
NTA resin at pH<3.0 (Table I119). The NTA resin was used because Mn ion was unable to be
retained onto the NTA resin (Sohrin et al., 2008). In addition, Cu ion also could be retained
onto the NTA resin at pH<3.0.

Table I119. The optimum pHs for uptake of several trace elements (Mn, Ni, Co, Cu, Zn, Al, Cd, and Fe)
onto the Toyopearl Chelate-AF 650M, the NTA and the 8-HQ resins, as reported in the literatures.

Trace Toyopearl Chelate AF 650M ‘ NTA 8-HQ
metal
Mn 8.5 (Willie et al.,2001) Difficulty in retaining | >8.0 (Obata et al., 1993)
8.0-9.0 (Aguilar-Islas et al.,2006) | Mn onto the resin >8.0 (Weeks and Bruland, 2002)
8.8 (Warnken et al., 2000) (Sohrin et al., 2008) ~8.5 (Chapin et al., 1990;
9.0 (Beck et al., 2002) Mallini and Shiller, 1993; Doi et
8.1 (Milne et al., 2010) al., 2004; Hirata et al., 2003; de
Jong et al., 2000)
Ni 5.3 (Willie et al., 2001) 6.5 (Lohan et al. 6.5 (Hirata et al., 2003)
5.6 (Beck et al., 2002) 2005) >8.0 (Obata et al., 1993)
6.4 (Milne et al., 2010) 5.5 (Okamura et al., 1998)
>9.0 (Warnken et al., 2000) >8.0 (Askun et al., 2008)
Co 5.3 (Willie et al., 2001) 6.0 (Lohan et al., 7.5-8.5 (Sakamoto-Arnold and
6.2-6.4, (Milne et al., 2010) 2005) Johnson, 1987)
5.0-6.0 (Shelley et al., 2010) 6.5 (Hirata et al., 2003)
5.5 (Cannizzaro et al., 2000) >8.0 (Askun et al., 2008)
Cu 5.3 (Willie et al., 2001) >3.0 (Lohan et al., ~3.0 (Hirata et al., 2003)
5.6 (Beck et al., 2002) 2005) 5.5 (Okamura et al., 1998)
8.8 (Warnken et al., 2000) 5.4 (Weeks and Bruland, 2002)
5.1-6.0 (Milne et al., 2010)
Zn 5.3 (Willie et al., 2001) 6.0 (Lohan et al., 4.5-5.0 (Hirata et al., 2003)
5.6 (Beck et al., 2002) 2005) 5.5 (Okamura et al., 1998)
5.1-6.0 (Milne et al., 2010)
Cd 5.6 (Beck et al., 2002) 5.5 (Lohan et al., >7.0 (Hirata et al., 2003)
8.8 (Warnken et al., 2000) 2005) 6.0-7.0 (Li et al., 2006)
>6.0 (Milne et al., 2010) ~6.0 (Askun et al., 2008)
Fe >2.0 (Lohan et al., 3 (Il (Obata et al., 1993)
2005) 5.5 (both Il and lll) (Okamura et
al., 1998)
3.0 () and 5.2 (1) (Weeks and
Bruland 2002)

9.2 Interferences on Mn separation of other trace metals

A range of metals (i.e. Ni, Co, Pb, Cd, Cu, Fe, and Zn) were also expected to be removed by
the NTA resin that was used in this study as a cleaning resin. However, based on the
relationship between pH and recovery of trace metals from seawater onto the NTA
chelating resin column (Table 1119, Lohan et al., 2005), only Fe (100%) and Cu (90%) would
be expected to be removed by the NTA resin at pH <3. Other metals thus proned to
interfere in the manganese analysis. Therefore, several experiments were carried out to
investigate to what extent other trace metals would interfere with the determination of

manganese.
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9.2.1 Interference experiments

The mean oceanic values for trace metals (i.e. Ni, Co, Cd, Cu, Fe, Zn) and their tenfold
value were showed in Table IlIT0. The elements are typically present at picomolar to
nanomolar levels in oceanic seawater with 2-300 pM (average of 150 pM) for Co (Bruland
and Lohan, 2003; Ellwood, 2008; Shelley et al., 2010); 1-1000 pM (an average of 500 pM)
for Cd (Bruland and Lohan, 2003); and around 0.5-4.5 nM with an average of 1.5 nM for Cu
(Bruland and Lohan, 2003). Concentrations of Fe in oceanic waters generally are in a range
of 0.02 - 2.00 nM, with an average of 0.5 nM (Bruland and Lohan, 2003). Ni concentrations
however, are high in oceanic waters, from 2 to 12 nM (Bruland and Lohan, 2003),
depending on the ocean regions. In the Southern Ocean, the concentrations of Ni were
between 3 and 7 nM, with an average of 5 nM (Loscher et al., 1999; Ellwood, 2008)
(Southern Ocean average value was used in this experiment because this method would
subsequently used to analyse seawater samples from the Crozet Islands surrounding

waters of the Southern Ocean).

Table I1110. The mean oceanic values of Mn, Ni, Co, Cu, Zn, Cd, Fe and their values of 10 times higher
than the mean oceanic values, taken from Bruland and Lohan (2003); and Ni from Loscher et al.
(1999) and Ellwood (2008). All values are in nM.

Trace metal Mean oceanic value 10x higher than mean
(nM) oceanic value

(nM)

Ni 5.0 50

Co 0.021 0.21

Cu 2.4 24

Zn 5.5 55

Cd 0.5 5

Fe 0.5 5

Based on Table 11110, Ni, Cu, and Cd were chosen due to their potential to be retained on
the Toyopearl resin at pH between 8 and 9 (Warnken et al., 2000), and Co was chosen due
to its significant interference reported in the literatures (Nakayama et al., 1989; Doi et al.,

2004). Fe and Zn were chosen as they could interfere in the CL analysis.

In order to investigate the influence of seawater on the CL signal, Mn-stripped seawater

(OMEX) was used. Each of the metal ions (Table Il110) was added in 10 times higher than

the mean oceanic values (Table 11110), to get more pronounced values. Other variables, for

example the pumping rate and speed, pre-concentration time (200s), mixing coil length

(3m), pH of the standards (adjusted to pH~8.6) and the reagents were kept constant and as

used in the daily Mn analysis (refer Section 8.1 in this Chapter for details of reagents
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preparation and experiment procedures) and all values were blank corrected. The apparent
Mn concentrations for these elements were divided by 10 to get the estimated apparent Mn
concentrations at the mean oceanic concentrations of each element, and were plotted as
shown in Figure 1l134. All metal ions except Ni hardly catalysed the luminol-H,0, CL
reaction, particularly when the NTA cleaning resin column was placed after the pre-

concentration column of Toyopearl resin.
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Figure 1l134. The estimated apparent Mn values for the interfering elements at their mean oceanic
values showed that all metal ions were hardly catalysed luminol-H,0, CL, except Ni. Ni gave the
highest interference (~0.25 nM) to the Mn analysis, when NTA resin was applied as a cleaning resin
(CC1).

At the pH of the formic eluent solution, pH 2.9), the interfering metal elements (i.e. Co, Fe,
Cd, Cu, and Zn) were retained on the NTA resin. However, as shown in Figure 11134, Ni was
not fully retained on the NTA resin, and thus gave interference in the Mn analysis. The total

metals interference value (as an apparent Mn concentration) presented here is ~0.25 nM.
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The metal interference values obtained here were lower than those reported in Doi et al.
(2004) and Nakayama et al. (1989), except for Ni. These differences were really dependent
on the details of how the experiments were carried out; for example, Doi et al. (2004)
added metals to the carrier solution (formic eluent), but here in this study, the standard
metal solutions were spiked into the Mn-stripped seawater. In addition, Doi et al. (2004)
was used the Kelex-100 resin (8-HQ derivative resin) as a cleaning resin, whilst here the

NTA resin was used.

9.2.2 Ni interference experiments

Based on the interference experiments above, Ni seemed to be a main interfering element
for this study. Before further modification was made, it was very important to investigate
the interference of Ni for analyser with Tm mixing coil, as analyses of the surface seawater
samples from the tropical North-Eastern Atlantic Ocean were performed using the analyser
with Tm mixing coil. Therefore, an experiment to investigate the interference of Ni when

using a Tm mixing coil was performed.

A series of 5 and 10 nM of Ni standard solutions were spiked into the Mn-stripped
seawater, they were then analysed using a Tm and 3m mixing coils with NTA resin as a
cleaning resin. Other variables (e.g. the pump rate and speed, the pHs, pre-concentration
time, etc.) were kept constant as used in the previous interference analysis (see Section
9.2.1). All values were blank corrected. The apparent Mn (nM) values were then plotted
against the concentrations of Ni added (nM) to the seawater (Figure 11135). At Ni mean
oceanic values (5nM), the apparent Mn is <0.05 nM for the analyser with Tm mixing coil.
From the literatures, the (dissolved) Ni concentrations in the surface water (<6 m depth) of
the tropical North-Eastern Atlantic Ocean were in a range of 2 - 3 nM (Kremling and Pohl,
1989; Sunda, 2012; Aparicio-Gonzalez et al., 2012). Therefore, from this experiment as
shown in Figure I35, the apparent Mn is < 0.03 nM at a range of 2-3 nM concentrations of
dissolved Ni at surface seawater of the tropical North-Eastern Atlantic Ocean. Thus, Ni

interference was not critical in the Mn analysis using a 1 m mixing coil.

Ni interference at a range of 2-3nM Mn(ll) concentrations in the surface seawater of the
tropical North-Eastern Atlantic Ocean is ~0.16nM, when longer mixing coil (3m) was used
in the analysis (Figure 11135). As previously explained, several reasons were considered to
cause the enhance of CL peak signal when longer mixing coil (3m) was used in the
analysis, such as: (1) the longer coil allowed more chemical reactions during the analysis,
thus giving better results, (2) the longer coil allowed interferences from other trace metals

that also could be a catalyst in luminol oxidation process.
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Figure IlI35. The apparent Mn (nM) of Ni interference with Tm and 3m mixing coils were plotted. The
Ni interference in the experiment with 1Tm mixing coil was considerably low, with <0.03 nM of 2-3 nM
Mn(ll) in the surface seawater of the tropical North-Eastern Atlantic Ocean, while the Ni interference
in the experiment with 3m mixing coil is <0.16nM of 2-3 nM Mn(ll) in the surface seawater of the
tropical North-Eastern Atlantic Ocean.

As there was a considerably significant interference from Ni when 3 m mixing coil was
used in the system, it was therefore, very important to find the best solution on how to
remove this problem and hence, make this system specific only to determine Mn(ll)

concentration.

10. Comparison with the Mn-FIA-CL-Toyopearl technique used
by Rob Middag from Royal Netherlands Institute for Sea
Research (N1OZ)

A recent Mn(ll)-FIA-CL-Toyopearl technique used by Rob Middag and co-workers from NIOZ
(Middag et al., 2011a,b) have not mentioned any interference from Ni in their work.
Therefore, before the end of this project, some experiments were performed to investigate
the efficiency of other ways of removing trace metals interferences, particularly Ni. They
were used 8-HQ resin (instead of NTA resin) to remove metal interferences. From their
results, it seemed that the 8-HQ resin had taken out almost all of those elements and left
only the manganese, and so a comparison study between the NTA and 8-HQ resins was

done and discussed here.
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Before starting the experiment, it was very important to know the relationship between pH
and percent recovery of trace metals from seawater on the 8-HQ (and its derivatives)
chelating resin. Sohrin and co-workers (1998) used 8-HQ immobilized on fluorinated metal
alkoxide glass (MAF-8HQ) to determine trace metal elements in seawater and observed that
the elements were quantitatively retained on the MAF-8HQ resin in the pH range from
weakly acidic to neutral (pH 1-7), as concluded in Figure 11136. The complexing group
(oxine) is the same between MAF-8HQ and 8-HQ, but, the support resin materials are
different. Hence, it is expected that the behaviour of both MAF-8HQ and 8-HQ would be
similar (Statham, personal communication), thus Figure 11136 should give a reasonable
estimation of the behaviour of the 8-HQ resin too. From Figure 11136, it showed that at
pH~2.9, the 8-HQ resin should remove ~100% of the Fe, Ni, Cu, Zn, Co and Cd that can

potentially interfer in the CL reaction and not remove Mn.
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Figure 11136. The effect of pH on the recovery of trace metals percentages in seawater on the 8-HQ
(and its derivatives) chelating resin column (taken from Sohrin et al., 1998).

Therefore, experiments to compare between the NTA and 8-HQ resins were carried out. All
procedures for reagents preparation and for the analysis of Mn(ll) were set as explained
earlier in Section 8.1 in this Chapter with 3m mixing coil. Specific changes in these

experiments were explained below with its appropriate reason.

The first cleaning resin column (CC1: NTA resin) was changed to the 8-HQ resin column.

Due to insufficient time, the 8-HQ resin that was synthesized previously been used in this
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experiment and special thanks are owed to Professor Christopher Measures (University of
Hawai’i) for the preparation and supply of the 8-HQ resin used in this study. Before
applying the 8-HQ resin in this study, high concentration (5uM) of Mn(ll) was initially
analysed without the pre-concentration resin column (Toyopearl). High concentration (5uM)
of Mn(ll) standard addition was added into the Mn-stripped seawater and the pH was
adjusted with 20 pM ammonia solution (<30 pL) to pH~8.5. This high concentration was
used to enhance the CL peak signals obtained as the pre-concentration resin column
(Toyopearl) was removed in this experiment. The reason to remove the pre-concentration
resin (Toyopearl) column was to observe the efficiency of 8-HQ resin on retaining
interfering metals at formic eluent pH (2.9), without retaining Mn. As previously explained
in Table 1119, Mn is very difficult to be retained on the NTA resin (Sohrin et al., 2008) at any
pH, and Mn can be retained on the 8-HQ resin at the pH>8.0 (Obata et al., 1993; Weeks
and Bruland, 2002; Chapin et al., 1990; Mallini and Shiller, 1993; Doi et al., 2004; Hirata et
al., 2003; de Jong et al., 2000).

A 1200 mm coil with 0.8 mm i.d. (unknotted coil) with a dead volume of ~600uL was used
to replace the Toyopearl resin (Figure Il137). The dead volume was calculated using

Equation 1 below:

Volume = base area - length of coil (Equation 1)
=Tr? - |
=22/7 - (0.4 mm)? - 1200mm
=603.43 mm?® = 603.43 pL (rounded to 600 pL)

As the sample pump rate was set at 3.0 mL/min., the dead volume (~600uL) divided by the
pump rate (3.0 mL/min), will give the time needed to fill the loop, which was 12s. The
loading time then was set up at 30s; long enough to remove any wash MQ water in the
loop. The washing and rinsing step were reduced to 15s. The longer eluting time (200s)
was needed to ensure all Mn ions were removed from the coil, and to avoid several small
peaks obtained before and after the CL peak, possibly due to pH changes with MQ water

during rinsing and washing steps.

Two conditions were applied (Figure 11137): (1) with 8-HQ resin as a cleaning resin, and (2)
without 8-HQ resin as a cleaning resin. If there was no uptake by the 8-HQ resin, the peak
area (peak area was used to measure the CL signal) would be same for both conditions (1
and 2). However, if there was uptake by the 8-HQ resin, the peak area would be less than
the peak area without the 8-HQ resin column. Table IlI11 shows the average peak areas for
both conditions, and indicates the peak area with the 8-HQ resin column was about the
same as without the 8-HQ resin column, which infers that the 8-HQ resin did not retain Mn
at pH~2.9.
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Figure 11137. The schematic diagram of the FIA-CL system used to determine the efficiency of removal
of Mn ions at pH~2.9 by the 8-HQ resin. 1200mm unknotted coil was replaced the pre-concentration
resin (Toyopearl resin) and high concentration (5uM) of Mn(ll) standard was analysed. The loading
time was 30s, the rinsing and washing step time was 15s, and the eluting time was 200s. Two
experiment conditions were applied: (1) with 8-HQ resin column as shown above, and (2) without 8-
HQ resin column.

Table 1lIT1. The average values of peak area of 5uM Mn(ll) for condition 1 (with 8-HQ resin column)
and condition 2 (without 8-HQ resin column). Peak areas for both conditions were about the same,
inferring that the 8-HQ resin would not adsorb any Mn ion at the formic eluent pH of ~2.9. Values are
in arbitrary unit.

Condition 1: Condition 2:

With 8-HQ resin column Without 8-HQ resin column

4.93 + 0.36 (n=17) 4.96 + 0.62 (n=18)

When it was confirmed that the 8-HQ resin column would not retain any Mn ions at pH~2.9,
the resin was then tested on several trace metal elements (i.e. Ni, Cu, Co and Cd) to check
the efficiency of the 8-HQ resin of removal of these metals. 5uM standard solutions of Ni,
Cu, Co and Cd were prepared Mn-stripped seawater were analysed for 5-6 replicates for

each elements, following the above procedure.

Table 11112 showed the peak areas of every element for both conditions (with and without
8-HQ resin column). Peak areas in Conditions 2 (without 8-HQ resin) were higher than in
Condition 1 (with 8-HQ resin), suggesting that the 8-HQ resin column could retain >80% of
these elements at pH~2.9. However, the concentrations of these elements (5uM) that was
used were very much higher than their mean oceanic concentrations. Therefore, estimated
calculation were made base on values in Table IlI112 to give the estimation of the mean
concentrations of the interference elements in the average oceanic values, as showed in
Table 11113. The estimated values obtained here were extremely low, this suggested that 8-

HQ resin was a better cleaning resin for this Mn(ll)-analyser.
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Table 1112. The average values of Mn equivalent peak area of 5uM Ni, Cu, Co, and Cd, for condition 1
(with 8-HQ resin column) and condition 2 (without 8-HQ resin column). Peak areas in Condition 2
were higher than in Conditions 2, suggesting that 8-HQ resin column adsorbed these metals at
pH~2.9. Values are in arbitrary area units.

Trace metal Condition 1: Condition 2:
elements With 8-HQ resin column Without 8-HQ resin column
Ni 4.09 + 0.29 (n=6)
Cu 0.84 + 0.08 (n=5) 4.27 £ 0.27 (n=6)
Co 0.63 £ 0.07 (n=5) 4.04 £ 0.06 (n=6)
Cd 0.67 £ 0.06 (n=5) 4.02 £ 0.05 (n=6)

Table IlI13. The estimated average values of Mn equivalent peak area of Ni, Cu, Co, and Cd when
present at the mean oceanic concentrations for condition 1 (with 8-HQ resin column) and condition 2
(without 8-HQ resin column). Peak areas were extremely low, thus suggesting that 8-HQ resin was a
better resin to remove these elements in the Mn analysis than NTA. Values are in arbitrary area units.

Trace metal Condition 1: Condition 2:
elements With 8-HQ resin column Without 8-HQ resin column

Ni 0.0008 = 0.0001 (n=5) 0.0041 = 0.0003 (n=6)
Cu 0.0004 = 0.000037 (n=5) 0.0021 = 0.00013 (n=6)
Co 0.000003 = 0.0000003 (n=5) 0.00002 + 0.0000001 (n=6)
Cd 0.00007 = 0.000006 (n=5) 0.0004 + 0.000005 (n=6)

Another experiment were carried out to compare the efficiency between the 8-HQ resin and
the NTA resin to remove Ni as a major interference element in this study. Three conditions
of the Mn(ll)-analyser were set up to analyse a set of standard additions (0, 1, 2, 4, 5, 10
nM) of Ni into the Mn-stripped seawaters: (1) with NTA resin as a first cleaning resin
column (CC1), (2) with 8-HQ resin as a CC1, and (3) without a CC1. Results were plotted as
in Figure 11138, which showed that calibration using the 8-HQ resin as a CC1 was giving the
lowest values for all Ni concentrations. An increase of 80 to 90% with an average of ~ 85%
was recorded for the results in an experiment with NTA resin as resin cleaning (compared
to the results obtained from the experiment with the 8-HQ resin column as a CC1). In
addition, experiment without a CC1 was carried out to prove that without any CC1, the Ni
interference was even worst, with an average of ~80% increment compared to values for
NTA resin.
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Figure 11138. Calibration of Ni standard additions (0-10 nM) into Mn-stripped seawater with three
different conditions: (1) with NTA resin as a first cleaning resin column (CC1), (2) with 8-HQ resin as
a CC1, and (3) without CC1. Calibration with 8-HQ resin as CC1 gave the lowest peak areas infer that
most of the Ni ions were retained onto the 8-HQ resin.

Later, the same experiment in Section 9.2.1 was repeated, but by replacing the CC1 with
the 8-HQ resin column, to investigate the total interference values with the 8-HQ resin

column as a CC1.
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Figure 11139. The estimated apparent Mn values for the interfering elements at their mean oceanic
values showed that lower values for all metal ions were hardly catalysed luminol-H,0, CL, as the
metal ions were strongly retained onto the 8-HQ resin at pH2.9. Ni, which was the greatest
interference element in the previous experiment showed a significant reduction (to <0.003 nM) to the
Mn analysis, when 8-HQ resin was applied as a CCI1.

Figure 11141 showed the estimated results of the average oceanic values for respective

metal elements (Co, Cd, Fe, Cu, Ni and Zn) for this repeated experiment with apparent Mn

values for Ni interference was significantly reduced (98.8% reduction from value in Section

7.2.1) to approximately 0.003 nM (in this experiment). Total interference values (for all

elements analysed) are <0.02 nM. Hence, based on these interference experiments, the 8-
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HQ resin appears to be a better resin to remove the interfering metal elements, including
Ni in the Mn(ll)-FIA-CL analyser developed here.

11. Correction of Mn(ll) concentrations

Previously, all samples (Tropical NE Atlantic and Crozet seawater samples) were analysed
using the NTA resin as a CC1. However, Tropical NE Atlantic samples which were analysed
by using T m mixing coil, were not affected with Ni interference. Only Crozet samples,
which were analysed by using 3 m mixing coil were affected with Ni interference.
Therefore, these values needed to be corrected in order to obtain the accurate values.
Correction of these values, however, was not easy. To ensure that the Mn concentrations
obtained in this study using the current Mn(ll)-FIA-CL-Toyopearl technique developed here
were of a good quality, samples were needed to be re-analysed using the latest
modification, as shown in Figure 11140.

Place under
laminar flow hood

Cleaning
solution

pump

3 ml/min

1ml/min Carrier

solution

HV CL 1 mil/min Ammonia
" l solution
R 1ml/min Luminol

waste solution

CC2:B-HQ

Figure 11140. Schematic diagram of final modification of Mn(ll)-FIA-CL with preconcentration step and
two cleaning resin columns. All reagents were placed under the laminar flow hood to prevent
additional contamination from the airborne particles during the anaylysis. PC: preconcentration
Toyopearl resin column; CCI: first cleaning resin column (8-HQ resin); CC2: second cleaning resin
column (8-HQ resin); SV: solenoid valve; AS: auto-sampler; IV: injection valve; MC: mixing coil (3 m);
CL: a built-in flow cell and PMT, HV: power supply; R: recorder (laptop). Blue line is Position A
(loading step) and dot line is Position B (eluting step).

Depth profiles of Station M3 (496), Station M2 (502), Station BA (567), Station BA+1 (568),
and Station BA+2 (569)) were all re-analysed using the analyser as in Figure 11140. The
results obtained then were compared with the previous results, which were plotted in
Figure Il141 and 11142.
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Figure 1ll141. Depth profiles for Stations (A) BA 567, (B) BA+1 568, (C) BA+2 569 were re-analysed
(indicate by grey closed round and line) by using the latest modification method, in comparison with
the old values (indicate by black closed diamond and line) which were analysed with NTA as a CC1 in
the analyser.
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Figure 11142. Depth profiles for Stations (A) M3 496, and (B) M2 502 were re-analysed (indicate by grey
closed round and line) by using the latest modification method, in comparison with the old values
(indicate by black closed diamond and line) which were analysed with NTA as a CC1 in the analyser.

The different between the new and the old data were calculated and showed in Table 11114
to estimated their different, that caused by the metals interference, particularly Ni. The
average different in percentage for Stations BA (567) is 55%, BA+1 (568) is 35%, BA+2 (569)
is 30%, M3 (496) is 33%, M2 (502) is 37% to give an average of 38% reduction of Mn(ll)
concentrations of the new values. Details explanation on the distributions of the Mn(ll)

concentrations would be discussed in Chapter IV.

92



Farah A. Idrus Chapter Ill: Developing analytical method for
determining dissolved manganese

Table 1114, Seawater samples from Stations BA (567), BA+1 (568), BA+2 (569), M3 (469) and M2
(502) were re-analysed using the newly modified Mn(ll)-FIA-CL analyser. The new concentrations of
Mn(ll) were reduced approximately 38% (average value) from the old values.

Station Depth (m) new (with 8-HQ) old (with NTA) Average
(nM) (nM) different (%)

BA (567) 5 2.42%0.03 3.25+0.08 55
25 2.0320.01 2.3120.01
50 2.4420.03 3.1320.00
80 2.0120.07 2.41%0.05
BA+1 5 1.87+0.09 1.50+0.05 35
(568) 25 1.30+0.27 1.92+0.07
50 0.69+0.03 1.17£0.07
100 0.45+0.13 1.18+0.03
200 0.99+0.08 1.23£0.01
300 1.92+0.01 2.31+0.06
376 0.63+0.10 0.99+0.08
??6‘;2) 5 0.36+0.02 0.75+0.00 30
25 0.57+0.10 0.83%0.12
50 0.60+0.11 0.89+0.01
100 0.31%0.01 0.62+0.06
300 0.71%0.16 0.83%0.24
750 0.34+0.02 0.63%0.00
1000 0.49+0.03 0.73%0.01
1250 0.22+0.02 0.69+0.06
M3(496) 5 1.24+0.10 2.07+0.16 33
15 0.64+0.12 1.01+0.08
42 0.85+0.06 0.8420.01
100 0.77+0.03 1.36+0.40
150 0.47+0.05 0.80+0.13
175 0.78+0.03 1.08+0.01
218 0.41+0.08 0.78+0.08
300 0.830.10 1.27+0.01
500 0.72+0.05 0.84+0.02
750 0.60+0.02 0.72+0.00
1000 0.54+0.07 0.67+0.08
1500 0.47+0.03 0.72+0.03
2200 0.13+0.02 0.61+0.02
M2 (502) 5 0.6120.02 0.76+0.08 37
10 0.11+£0.02 1.17+0.13
20 0.64+0.01 0.81+0.04
40 0.41+0.05 0.65+0.02
60 0.27+0.05 0.81+0.02
80 0.21+0.03 0.98+0.01
125 0.27£0.05 0.65+0.07
175 0.25+0.02 0.62+0.00
250 0.22+0.02 0.71£0.07
>00 0.22+0.01 0.67+0.01
750 0.21£0.01 0.67+0.01
0.21+0.01 0.67+0.07
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1000 0.15+0.02 0.67+0.03
1500 0.16+0.02 0.54+0.09
2000 0.16+0.03 0.48+0.07
2500 0.10+0.01 0.47+0.02
3000 0.13£0.02 0.46+0.03
3500 0.07+0.01

3800

However due to time constraints further analysis of the remaining samples from other
Stations were not possible. The values however, were estimated to reduce approximately
38% than the old values, assumed that they would follow on the trend showed by the
samples that were re-analysed (see Table IlI14). The calculations were showed in Table IlI15
below for new values of the remaining samples from Southern Ocean samples of Stations
M1(491), M7 (524), M10 (563), M3 (572), M3 (622), M2 (511) and M6 (598). Details

explanation on these Mn(ll) concentrations would be further discussed in Chapter IV.

Table 1lI15. Seawater samples from Stations M1(491), M7 (524), M10 (563), M3 (572), M3 (622), M2
(511) and M2 (598) were estimated to be reduced approximately 38% from the old values.

Station Depth (m) new (with 8-HQ) old (with NTA)
(nM) (nM)

M1 (491) 5 0.64+0.09 1.04+0.13
10 0.27+0.01 0.43+0.02
15 0.43+0.03 0.69+0.05
25 0.12+0.01 0.31+0.02
35 0.33+0.03 0.53+0.04
55 0.26+0.01 0.42+0.01
75 0.31+0.02 0.50+0.03
100 0.10+0.04 0.16+0.06
125 0.33+0.06 0.53+0.09
150 0.21+0.02 0.34+0.04
200 0.11+0.02 0.17+0.04
300 0.30+0.01 0.49+0.01
500 0.27+0.04 0.44+0.07

M7 (524) 5 0.72+0.04 1.16+0.07
10 0.73+0.06 1.17+0.09
15 0.39+0.03 0.63+0.05
25 0.65+0.06 1.04+0.10
35
55 0.42+0.04 0.68+0.07
75
125
200 0.19+0.02 0.31+0.03
500 0.20+0.01 0.32+0.02
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1000 0.17+0.04 0.27+0.07
1500 0.23%£0.04 0.37+0.07
2000 0.14+0.07 0.23+0.12
2500 0.20+0.02 0.32+0.03
3000 0.14+0.05 0.23+0.08
M10 (563) 5 0.14£0.05 0.23%£0.08
10 0.29£0.05 0.46=0.08
20
40 0.38+0.17 0.61+0.12
60 0.32+0.03 0.51x0.05
80 0.22+0.01 0.35+0.01
125 0.22+0.04 0.35+0.07
175 0.23+0.06 0.37+0.09
250 0.20+0.04 0.32+0.07
500 0.19+0.04 0.31+0.07
750 0.21+0.04 0.33+0.06
1000 0.19+0.03 0.31+0.05
1500 0.16x0.04 0.25+0.07
2000 0.15+0.01 0.24+0.01
2500 0.11+0.04 0.18+0.06
3000 0.10+0.04 0.17+0.07
3500 0.09+0.03 0.16x0.05
3800 0.09£0.02 0.16+0.03
M3(572) 5 1.31+£0.06 2.12+0.09
10 - (10.11+0.31)a
15 1.23+0.02 1.99+0.03
25 0.84+0.01 1.35+0.02
35 0.65+0.11 1.04+0.17
75 0.72+0.04 1.16+0.06
175 0.46+0.04 0.74+0.07
500
M3 (622) 5
10 0.37+0.03 0.59+0.04
20
50
100 0.55x0.04 0.88+0.07
200 0.40+0.01 0.64+0.01
400 0.24+0.07 0.39+0.12
500 (0.45+0.13)a (0.73£0.21)a
1000 0.23+0.14 0.37+0.23
1250 0.17+0.07 0.27+0.11
1500 0.12+0.07 0.20+0.11
2000 0.06=0.01 0.09+0.03
M6 (511) 5 0.31+0.03 0.50+0.04

95



Farah A. Idrus Chapter lll: Developing analytical method for
determining dissolved manganese

10 0.21+0.01 0.34+0.01
20 0.24+0.05 0.38+0.08
40 0.36x0.04 0.58+0.06
60 0.13+0.03 0.33+0.04
80
250
750 0.24+0.06 0.39+0.09
1000 0.16+0.03 0.25+0.05
1250 0.25+0.03 0.40+0.05
1750 0.13+0.04 0.21+0.07
2500 0.09+0.01 0.14+0.02
3000
3500 0.13+0.02 0.21+0.03
4000 0.12+0.03 0.19+0.05
4273 0.19+0.03 0.31£0.05
M6 (598) 5 0.19+0.03 0.30+0.05
10 0.13+0.02 0.21+0.03
40 0.16+0.03 0.25%0.05
60 0.13£0.05 0.21+0.08
80 0.33+0.02 0.53+0.02
100 0.14+0.02 0.23+0.03
160 0.11+0.03 0.18+0.04
255 0.24+0.08 0.38+0.12
750 0.10+0.02 0.16+0.04
1500 0.07+0.02 0.11+0.03
2000 0.03+0.03 0.05+0.04
3000 0.09+0.01 0.14+0.02
4000 0.09+0.06 0.15+0.09
4168 (0.42+0.12)a (0.68+0.19)a

12. Recovery test with ICP-MS technique

To further validate the response and selectivity of the CL method for Mn(ll) analysis, it was
compared to an Inductively Coupled Plasma Mass Spectrometer (ICP-MS) 7500ce (Agilent)
method, which is highly selective (mass specific detection) method for trace metals. The
objectives here were to compare the CL detection system with an independent
determination step (ICP-MS), and also to examine the recovery of the Mn using the
Toyopearl resin. An inter-comparison experiment was performed using Mn-stripped OMEX
(North Eastern Atlantic Ocean) seawater with a range of standard additions of Mn(ll) (0, 90,
180, 300 and 360 nM) to calibrate ICP-MS. As formic solution (0.1TM formic
acid+H,0,+12mM NH OH) was used to elute Mn from the resin in FIA-CL analysis, thus, it

was also used in this ICP-MS analysis as well. The calibration of the ICP-MS method was
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excellent with R? = 0.992, a slope of 0.021 and an intercept of 0.042 (Figure 11143) for

counts per second against added Mn(ll) concentrations.
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Figure 11143. Standard calibration of Mn(ll) for ICP-MS method (with pre-concentration step) showed a
good linear relationship.

Recovery of the Mn-FIA-CL-Toyopearl Chelate 650M was determined by adding 20 nM
Mn(ll) into the 50 mL of Mn-stripped seawater and pre-concentrating it onto the Toyopearl
Chelate AF 650M resin for 15 minutes, with the pump speed of 3.0 mL/minute. The reason
of using high concentration of Mn(ll) was to make it easier to get a profound result to fit in
the calibration curve showed in Figure Ill43. Later, the pre-concentrated Mn was eluted
using the formic eluent for 1.11 minutes (times for formic eluent to completely flush the
pre-concentrated Mn(ll) from the Toyopearl resin into the acid-cleaned collecting bottle) at
the same pump speed. Seawater without any standard addition was also examined in order
to check the concentration of Mn(ll) that was already in the seawater. Three replicates of
both seawater and seawater+20 nM Mn(ll) addition were analysed using the ICP-MS

(7500ce, Agilent) at the University of Portsmouth with the help from Dr. Gary Fones.

In theory, all the Mn in 50 mL of seawater or seawater+20 nM Mn(ll) addition should be
pre-concentrated onto the Toyopearl column, and after eluting for 1.11 minutes at the
same pump speed, ~3.33 mL of formic acid solution should be collected for analysis by
ICP-MS. By calculation, approximately 270 nM of Mn should be present in this ~3.33 mL
solution. However, the experimental values were more or less than the theoretical values,
and the calculation of seawater and seawater+20 nM Mn(ll) addition volumes and
concentrations are shown in Table 1115, which was then used to calculate the percentage

recovery value of Mn.
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Table 1lI16. Theoretical and experimental values for recovery test using ICP-MS technique. (1) is
replicate 1, (2) is replicate 2, and (3) is replicate 3; sw is Mn-stripped seawater.

Theoretical value Experimental value
Volume of sw+20 nM Mn 50 mL 49.34 mL (1)
pre-concentrated onto the 49.62 mL (2)
Toyopearl resin column 49.94 mL (3)

Average = 49.63 mL

Volume of the formic 3.33 mL 3.41 mL(1)
eluent passing through 4.18 mL (2)
the Toyopearl resin 3.53 mL (3)
column Average = 3.71 mL
The concentration of Mn 270 nM (values from ICP-MS)
() in sw+20 nM Mn(ll) 276 nM (1)
addition 237 nM (2)
259 nM (3)
Average = 268 nM
The concentration of (values from ICP-MS)
Mn(ll) in sw 0.60 nM (1)
1.57 nM (2)
0.60 nM (3)
Average = 0.92 nM
True Mn concentration 275.40 nM (1)
value 235.43 nM (2)
258.40 nM (3)

Average = 256.41 nM

A percentage recovery value was calculated by dividing the average value of the true Mn
concentration value (Table I1116) with the theoretical value of the concentration of Mn(ll) in

sw+20 nM Mn standard addition to give around 95 % as showed below:

(256.41 / 270)*100% = 94.97 %

13. Figures of merit

All calibrations were performed daily by standard addition from a 1000 mg/L manganese
standard solution (ASSURANCE certified reference material) to Mn-stripped OMEX
seawaters. A 5 point calibration line (0, 0.5, 1.0, 2.0, and 4.0 nM Mn standard additions)
and blank determination were made (Figure 11144). The average dissolved Mn concentration
in the seawater used to prepare the standard calibration was calculated from the intercept
of the calibration knowing the blank of the system (Figure 11144). The concentrations of Mn
in the seawater samples were calculated from the slope of the daily calibration curve

obtained. Precision of measurements were summarized in Table Il117 and Table 1111 8.
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Figure 11144. Example of calibration curves by standard additions to acidified (pH~1.7) filtered (<0.2
pm) seawater from tropical North-Eastern Atlantic+OMEX for 3m mixing coil. Mn(ll) in the seawaters
were stripped off before used. Five point calibration line (0, 0.5, 1, 2, 4 nM) were made.

Table IlI117 showed ranges of figures of merit for Mn(ll)-FIA-CL analyser calibrations with 3
m and the NTA resin column as CC1. The instrument blank was determined by measuring
MQ water through a standard addition method. This blank takes into account any potential
Mn contamination from the reagent, column-conditioning solution as well as the system
manifold (tubing, valves, etc.). A series of replicate analyses (n=5) of MQ water blank with
the pH were adjusted to pH~8.5 gave an average blank value of 0.13 nM, a standard
deviation of +0.033 nM, and hence, a detection limit of 0.10 nM. Detection limit is three
times of the standard deviation. The precision (rsd) is in a range of 0.09 - 4.22%, with an

average of 1.83%.

Table 1lI17. Ranges of figures of merit of 5 calibration curves with the NTA resin column as CCl1.
Calibrations were fitted with a linear trendline. rsd = relative standard deviation (n = 3-4). Detection
limit (DL) defined as three times the standard deviation of the blank. BDL = below detection limit.

Correlation, R? Slope Precision, rsd (%) Blank (nM)

0.988 2.484 0.09 - 1.50 0.30+0.10 0.30

0.833 2.142 0.30 - 3.45 0.03+0.02 (BDL) 0.06

0.997 2.571 1.05 3.55 0.11+0.01 0.03

0.991 1.921 0.30 - 4.22 0.17+0.02 0.06

0.981 3.208 0.19 - 3.57 0.06+0.02 0.06

range: range: range: range: range:

0.833-0.997 | 1.921 -3.208 | 0.09-4.22% BDL - 0.30 nM 0.03 - 0.30

(mean:0.960) (mean:2.465) (mean: 1.83%) (mean: (mean: 0.099 nM)
0.130+0.033 nM)
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However, when the 8-HQ resin was replaced the NTA resin as a CC1, the blank was further
reduced to 0.06 nM, a standard deviation of +0.026 nM and thus, a limit of detection of
0.077 nM. The precision (rsd) is in a range of 2.00 - 12.00%, with an average of 5.50%.

Table I1118. Ranges of figures of merit of 3 calibration curves with the 8-HQ resin column as CC1.
Calibrations were fitted with a linear trendline. rsd = relative standard deviation (n = 3-4). Detection
limit (DL) defined as three times the standard deviation of the blank. BDL = below detection limit.

Correlation, R? Slope Precision, rsd (%) Blank (nM)

0.993 1.582 3.61-3.18 0.09+0.06 (BDL) 0.18

0.996 1.589 2.00-12.00 0.16+0.01 0.03

0.953 2.838 3.58 - 8.63 0.03+0.007 0.021

range: range: range: range: range:

0.953 - 0.996 1.582 -2.838 | 2.00-12.00% BDL - 0.16 nM 0.03 - 0.30

(mean:0.981) (mean:2.003) (mean: 5.50%) (mean: (mean: 0.077
0.060+0.026 nM) nM)

The accuracy of this Mn(ll)-FIA-CL-Toyopearl method with 3m mixing coil was tested by
analysing certified reference materials (CRMs) obtained from the National Research Council
of Canada, NASS-5 standards and with SAFe samples (SAFe S (surface water), and SAFe D2
(deep water)). The method conditions were kept as in sub-Section 8.2, and Section 11
with Figure Ill44, earlier in this Chapter (i.e. the use of the Toyopearl resin to pre-
concentrate Mn, the NTA resin as CC1 (see sub-Section 8.2), the 8-HQ resin as CC1 (see
Section 11), loading and eluting time was kept at 200 s, and with the used of the same
reagents solution). Prior to analysis the pH of the CRM samples were adjusted with
ammonia solution (Romil UpA) to pH ~8.5. All values were blank corrected and the values
were in the range of the given certified values. Thus, the agreement between results

obtained from this study and certified value are very good (Table 11119).

Table 11119. The NASS-5 values (nM) for the analyser with the NTA resin column as a CC1 was not
good and has a significant different with the certified value, but the NASS-5 values (nM) for the
analyser with the 8-HQ resin column as a CC1 obtained in this study showed a good consistency with
the certified values (nM) given (National Research Council, Canada).

Certified value (nM)

This study value (nM)

NASS-5 16.73 + 1.04 20.63 + 0.69 (n=4) (with 3 m mixing coil,

NTA resin as cleaning resin)

16.53 £ 0.60 (n=4) (with 3 m mixing coil,
8-HQ resin as cleaning resin)
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Analysis of SAFe samples with 3 m coils was showed in Table [l120. SAFe S value with NTA
resin is 1.27+0.07 nM, and with 8-HQ resin 0.77+ 0.07 nM. Value for 8-HQ resin is about
the same with the value obtained by Middag et al. (2011a,b), which was also used 8-HQ
resin as a cleaning resin in their analyser. Values of SAFe D2 with NTA is 0.43+0.04 nM
and with 8-HQ is 0.27 + 0.04 nM. These differences were related to the interference issues
which were resolved in Sections 9 and 10 of this Chapter. This value is also shows good
agreement with the ‘consensus value’
(http://es.ucsc.edu/~kbruland/GeotracesSaFe/SAFe%20ReferenceSample-Mn.pdf) of 11
participating laboratories which are 0.825+0.079 nM for SAFe S and 0.371+£0.070 nM for
SAFe D2. All SAFe S and D2 values were blank corrected.

Table 11120. The SAFe values between the consensus values, 3 m coil with two conditions were
applied: with NTA and 8-HQ resins as a cleaning resin (CC1).

SAFe sample Consensus value 3 m coil value (nM) 3 m coil value (nM)
(nM) (NTA) (8-HQ)
SAFe S 256 0.825+0.079 1.27+0.07 0.77 = 0.07
SAFe D2 233 0.371+0.070 0.43+0.03 0.27 = 0.04

14. Summary

Development of a manual Mn(ll)-FIA-CL analyser to detect Mn(ll) concentrations in

seawater

The Mn(ll)-FIA-CL-Toyopearl technique set up here was initially based on the system of Doi
et al. (2004). This technique was chosen because it is simple, used relatively low cost
equipment, the closed system reduced the risk of airborne contamination, and it allowed
near real-time determination of Mn(ll) with a small volume of seawater. Development of the
method however, proved difficult. The main problems were with the pre-concentration
step, mixing coil length, CL reaction and interferences. Initially, a Tm mixing coil length
was used based on the assumption that a longer mixing coil would waste the reagents.
Moreover, a Im mixing coil gave a good measurable CL signal for high Mn(ll)
concentrations. The commercially available Toyopearl AF-Chelate 650M resin that was used
to pre-concentrate Mn(ll) in seawater was packed in a Perspex column, and Mn(ll) in

seawater was quantitatively collected onto the resin at the pH ~8.5.

However, the seawater matrix is complex and may create interferences during the

detection step and enhance the baseline level. Thus a MQ washing step was needed to
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remove sea-salts present in the dead volume of the Toyopearl column. The cleaning resin
of the NTA Superflow resin column was placed in series with the Toyopearl resin column,
to remove the interference of Fe and Cu ions. Adding the NTA resin as a cleaning resin
reduced the baseline level and the blank. When ‘old’ luminol stock solution was used in the
analysis the baseline level increased and made the CL peak shorter and broader, thus, the
luminol stock solution was freshly made every week, and luminol+TETA solution was made

every day to ensure a low baseline.

However, there were analytical challenges occurred during the processes of improving and
optimising the performance of the system: (1) problem with pH conditions on adsorption
and desorption of Mn(ll) onto/from the Toyopearl resin, and on the CL reaction; (2)
problem of poor reproducibility and double peak for low Mn(ll) concentration samples; and
(3) poor calibration. Extensive works were carried out in order to find the sources of the
problems and to solve them as they arouse. (1) The resin uptake/release and the CL
reaction were pH depended. It was very important to ensure that standard/sample and
reagents to be in the correct pHs to perform a good analysis. Therefore, the optimum pH
of ~8.5 to adsorb and pH of 2.9 to desorb Mn(ll) from the Toyopearl resin, and the
optimum pH of 10.2 for the CL reaction to occur were chosen after testing with a range of
pH conditions. (2) There were several limitations in this system that caused problem with
poor reproducibility when low concentrations of Mn(ll) (0.5 nM) were analysed: very small
or no CL peak signal obtained, negative peak formed before the CL peak, second peak
appeared during the rinsing step, and higher and bigger baseline level and noises. Several
components and parameters (i.e. tubing system, valves, peristaltic pump, NI DAQ-MX card,
and power supply) of the system were tested to investigate their influences on the
reproducibility. However, only little improvement was showed i.e. second peak appeared
during the rinsing step was vanished. Given that most of the above experiments showed
little improvement on CL peak signal, it was hypothesised that poor reproducibility was
due to other factor, such as the shorther mixing coil length, as too little reagent mixing
resulted in higher baseline level and noises, as observed by Chapin et al. (1991). This
problem was investigated. (3)The calibration curves of standard additions of Mn(ll) to
acidified filtered seawaters did not showed positive curvature as expected. In almost all
cases, calibrations showed the highest concentration (4nM standard addition) typically
gave a lower signal, resulting in a negative curvature curve. From the extensive works
carried out, it was found borate buffer that was used to adjust the pH of the standard
solutions introduced contaminations into the spiked seawaters and also might have diluted
the most concentrated standard. Therefore, the borate buffer was replaced with the 20 pyM
ammonia solution, as only small amounts (~30pL) of ammonia solution were needed to
bring the pH to~8.5 and gave linear calibration, compared to borate buffer which required

~300 pL per 25 mL standard/sample solution.

102



Farah A. Idrus Chapter Ill: Developing analytical method for
determining dissolved manganese

Standard calibrations (with the ammonia solution used to adjust the pH of the standard
solutions) were performed daily with 5 points calibration line (0, +0.5, +1.0, +2.0, +4.0).
The precision of the standards ranged from 0.05% to 15.75% rsd (h=17) with replicates of
3-4 peaks per standard, and the average precision of total 180 samples from surface
seawater of the tropical North-Eastern Atlantic Ocean analysed is 4.15% rsd (n=3-4),
depending on the quality of the CL peak signal. The average reagent blank is 0.08 nM with
the detection limit of 0.06 nM. However, when CROZEX samples were analysed, it was
difficult to get a measurable CL peak signal due to low Mn(ll) concentration, higher and
instability of the baseline level, and probably lack of chemical mixing because of shorter

mixing coil length.

As one of the aims of this project was to analyse seawater samples collected during the
D326 (surface Tropical North-Eastern Atlantic Ocean) and CROZEX (around the Crozet
Islands of the Southern Ocean) cruises, it was decided to further modify this Mn(ll)

technique to solve the problems with the method used here.

Development of an automated Mn(ll)-FIA-CL analyser to detect Mn(ll) concentrations in

Sseawater

The Mn(ll)-FIA-CL-Toyopearl technique set up here was a further modifications of the
method used in the previous Section. Given the extensive experience gained through
working on this Mn(ll) technique, the development and optimisation of this modified
version to determine lower concentrations of Mn(ll) in seawater was relatively rapid.
Problems highlighted at the end of the section were successfully resolved by changing the
mixing/reaction coil to the longer one (3m). Further optimisations and modifications were
done and the FIA-CL system eventually gave better calibration, lower baseline level,
enhanced sensitivity and accuracy at low concentrations. However, the interferences with
other trace metals were detected in the longer mixing coil. The NTA resin which was
initially used as the first cleaning resin column (CC1) in the system to remove the
interference of other metals, particularly Fe and Cu, could not retain all of the interfering
elements at the pH2.9 of the formic eluent. When an 8-HQ resin replaced the NTA resin,
the interferences were subsequently eliminated after a number of experiments were carried
out to investigate the efficiency of removing the metals interferences by using the 8-HQ
resin. The 8-HQ resin column was also used as a second cleaning resin column (CC2),
which was placed after the luminol solution in the system to remove impurities in the TETA

and luminol solutions.

Most importantly, these modifications reduced the total interference of other trace metal
elements values, from ~0.25 to <0.01 nM Mn(ll) equivalent. In addition, these further

modifications also removed problems encountered with the negative peak formed before
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the CL peak. These further modifications resulted in a low blank value for (1) with 8-HQ
resin is 0.06 nM and detection limit is 0.077 nM compared to (2) with NTA resin is 0.13 nM
and detection limit is 0.099 nM. Standard calibrations were performed daily with 5 points
calibration line (0, +0.5, +1.0, +2.0, +4.0 nM of Mn(ll)). The precision of the standards
ranged from 0.09% to 4.22% rsd with an average of 1.83% (with NTA resin), and from 2% to
12% with an average of 5.50% (with 8-HQ resin), with replicates of 3-4 peaks per standard,
depending on the quality CL peak signal. The NASS-5 manganese was found to be slightly
higher (20.63+0.69 nM) than the certified value, when the NTA resin was used as a
cleaning resin. The most likely reason was Ni interference or/and random contamination
during handling. However, the NASS-5 manganese value was in a good agreement
(16.53+0.60 nM) with the certified value, when the 8-HQ resin was used in replaced of the
NTA resin. The SAFe values of SAFe S 256 and SAFe D2 233 when the NTA resin column
was used as a CClin the system were 1.27+0.07 nM and 0.43+0.03 nM, respectively.
Whilst the SAFe values for S 256 (0.77+£0.07 nM) and D2 233 (0.27+0.04 nM) was reduced
when the 8-HQ resin column was used, which showed an exceptionally good agreement

with the ‘consensus values’.

Therefore, this newly optimised method was then applied to the re-analysis of selected full
depth profiles (BA 567, BA+1 568, BA+2 569, M3 496, M2 502) of seawater samples from
around the Crozet Islands in the Southern Ocean. The different between the new (with 8-
HQ resin as CC1) and the old (with NTA resin as CC1) data were calculated in a range of
55, 35, 30, 33 and 37% to give an average of 38% reduction of Mn(ll) concentrations of the
new values. However, due to time constraints, further analyses of the remaining samples
from other Stations were not possible. The values however, were estimated to reduce
approximately 38% than the old values, assumed that they would follow on the trend
showed for re-analysed samples. Further discussion of these data is given in the next

Chapter.
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Chapter IV: Dissolved Manganese around the
Crozet Islands, Southern Ocean

1 Introduction

The Southern Ocean is considered to be the largest High Nutrient Low Chlorophyll (HNLC)
ocean (de Baar et al., 1995), plays a key role in climate regulation and is the most sensitive
oceanic region to climate change (Sarmiento et al., 1998). Across most of the Southern
Ocean, despite the abundance of the macro-nutrient content of surface waters transported
by the easterly flowing Antarctic Circumpolar Current (ACC), chlorophyll a (Chl-a)
concentrations generally remain low and do not exceed 0.5 mg m™3 (Comiso et al., 1993;
Moore and Abbott, 2002). However, there are areas in the Southern Ocean where there are
regular annual phytoplankton blooms (see Chapter 1) ( Pollard et al. 20073a), i.e. South
Georgia Islands, Kerguelen Islands, and Crozet Islands, where annual phytoplankton
blooms were hypothesized to be initiated by a natural source of iron supplied from the

islands or shallow sediments (Pollard et al., 2007a; Planquette et al. 2007).
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Figure IV1. The SeaWiFS chlorophyll images for the annual phytoplankton blooms occur to the north
of the Crozet Plateau in October and December of 1997, 1998, and 1999. Satellite images were taken
from Pollard et al. (2007a).
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SeaWiFS images around Crozet in 1997, 1998 and 1999 (Figure IV1) showed an annual
bloom with a rather well defined spatial distribution. The bloom is constrained to the west
and north by the Sub-Antarctic Front (SAF) (Pollard and Read, 2001). The surface flow that
contacts the Crozet Plateau and Islands was weak and moving to the north (Pollard et al.,
2007a). For these reasons, the area around the Crozet (Islands and Plateau) was chosen to
examine a natural occurring phytoplankton bloom in the Southern Ocean, particularly

around Crozet.

It has been shown that iron is the primary limiting factor for primary production (PP) in the
Southern Ocean through a number of artificial iron enrichment experiments both in situ
and in bottles (De Baar, 1994; de Baar et al., 2005; Boyd et al.,2007). A range of other
bioactive trace metals are also vital for biological productivity as they are often involved in
enzymatic activity or become part of proteins (Morel et al., 2003), and these metals may be
co-limiting when at low concentrations or toxic at elevated concentrations; their
bioavailability strongly depends on complexation with organic ligands (Morel et al., 2003).
For example, dissolved Mn has been proposed to be a co-limiting factor (Martin et al.,
1990), as it has been inferred from lab experiments (Peers and Price, 2004) and in some
field experiments (Buma et al., 1991; Coale, 1991). However, the effectiveness of
experiments at sea is often disputed because the response of a phytoplankton bloom
could not be observed clearly (Buma et al., 1991; Scharek et al., 1997; Sedwick et al.,
2000), suggesting that in some parts of the Southern Ocean the ambient concentrations of

dissolved Mn are in sufficient supply (i.e. not limiting).

Mn is an important micronutrient which is required in enzymes for various biological
processes in cells (see Chapter 1), particularly in the Photosystem Il (PS II). (e.g. Sunda and
Huntsman, 1983). Thus the availability of Mn is crucial, especially under Fe deficient

conditions.

The multidisciplinary and complex CROZet natural iron bloom and EXport experiment
(CROZEX) was carried out to examine the causes and consequences of the annual bloom
that forms at the north of the Crozet Plateau in the Southwest Indian Ocean sector of the
Southern Ocean. The CROZEX project, confirmed that Fe released from the Crozet Islands
and Plateau (Planquette et al., 2007) supports an annual bloom and leads to an increase of
the C export (Pollard et al., 2009). Meso-scale circulation constrains the phytoplankton
bloom to the north of the islands, providing an ideal location to compare the behaviour of

manganese in the naturally induced bloom with HNLC conditions south of the archipelago.

Therefore, seawater samples that were collected during CROZEX were analysed for
dissolved manganese. This provided an excellent opportunity to study how any natural

source of dissolved manganese (either directly from the islands or from the shallow
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surrounding sediments) that may be released from the islands could possibly enhance the
growth of phytoplankton. This is the first report of dissolved (<0.2 pm) manganese
concentrations in this area and in this chapter, these new data are presented. Sampling,
sample processing and study sites are briefly described before presenting the results in

detail and discussing the data.

2 Study area and sampling sites

Crozet (46°S, 52°E) is located in the western Indian Sector of the Southern Ocean,
approximately 2500 km southeast of South Africa. It consists of a shallow plateau, and has

two main islands, lle de la Possession and fle de I’Est (Figures 1V2 and 1V3).

Samples were collected for dissolved manganese analysis during the CROZEX cruises (D285
and D286) on board RRS Discovery. RRS Discovery cruise 285 departed from Cape Town,
South Africa on 3 November 2004, docking at Port Elizabeth 37 days later on 10
December. Leg 2, RRS Discovery cruise 286 departed on 13 December and docked at
Durban 39 days later on 21 Jan 2005. Nine major hydrographic (M1 - M10) Stations around
the fles Crozet were sampled (Figures IV2 and 1V3), and in some cases there were repeat
visits. These islands are the surface projections of the Crozet Plateau (~1220 km x ~600
km), and the islands were hypothesized to provide a direct input of trace metals (and
especially iron) to surrounding waters (Bucciarelli et al., 2001; Planquette et al., 2007,
2009).

The main stations for water sampling and other physical observations were established at
the strategic locations shown in Figures IV2 and IV3 and are:

(1) The Central Sites: Stations M3 (casts [note that from here onwards individual three
figure numbers refer to specific casts at a Station] 496, 572, 622),

(2) The Island Sites: Baie Americaine (BA) Sites (near the main island ile de la
Possession): Stations BA (567), BA+1 (568), BA+2 (569); cast 567 was closest to the
island and cast 569 furthest away

(3) The Southern Sites: Stations M6 (598, 511) and M2

(4) The Northern Sites : Stations M1, M7, and M10
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Figure IV2. Stations sampled for dissolved
manganese analysis during D285 and
D286 cruises around the Crozet Islands
of the Southern Ocean.

49°S

49°E 50°E 51°E 52°E 53°E

(COIEE

Longitude (°E)

56

a7 a8 49

Figure IV3. Crozet Islands topography combined with stations sites and SeaWIFS Chl-a concentrations
averaged image over the austral summer 2004-2005. Stations located at or near the bloom area are
in blue. Stations far from the bloom area are in red. BA stands for the 3 stations occupied in Baie
Americaine on lle de la Possession. Station M3 was occupied several times during the cruises.
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3 Sampling and Sample Processing

Clean techniques for seawater sampling, sample processing and sample acidification have

been thoroughly explained in Chapter II.

4 Dissolved Manganese Analysis

Analysis of dissolved manganese concentrations were performed after the cruise with the
FIA-CL method originally developed by Doi et al. (2004) with the significant development
and modifications described in Chapter lll (see Section 13) by using the low level optimised
method using the 8-HQ resin to remove interference with other metals (e.g. Ni, Fe and Cu).
All data presented in this chapter and in the figures have been made using the modified

method in which Ni interferences have been removed.

5 Results
5.1. Hydrography

The hydrography and the mesoscale circulation (Figure 1V4) of the Crozet Islands have
been fully described by Pollard et al. (2007b) and Read et al. (2007). Briefly, the
topography of the Crozet Plateau (including Del Cano Rise) forms the most important
feature that influences the surroundings flow. The strongest flow through the area is the
Agulhas Return Current (ARC) adjacent to the Subtropical Front (STF), which flows from
west to east with strong meanders as it crosses the Southwest Indian Ridge, and then
slowly turns to the southeast to cross 60 ‘E at 44 °S. Further south, the SubAntarctic Front
(SAF) constrains the Antarctic Circumpolar Current (ACC) that brings the HNLC waters from
west to east, and they turn north throughout the gap between the Rise and the Crozet
Plateau (Figure 1V4). Central, Northern and Western Sites are bounded to the west and
north sides of the Rise by the SAF, thus they received little influence from subtropical
waters. However, there is evidence of eddies penetrating from the SAF (Pollard et al.,
2007b; Read et al., 2007) causing the bloom patchiness (seen as variable high Chl-a)

observed in the satellite imagery for up to 2 months (Venables et al., 2007).

Waters in the bloom area (around Stations M1, M7, and M10) have been in contact with the
volcanic sediments of Crozet (Planquette et al., 2007). Surface waters (Salinity (S) < 34.0)
had similar features to those found in a nearby station by Read et al. (2007) and were
related to Sub-Antarctic Surface Water (SASW) (Figure IV5). The upper 300 m of the water
column at the Central Sites (Stations M3 (496, 572, 622) and BA (567, 568, 569)) were also
identified as SASW by Charette et al. (2007) based on radium (Ra) isotopes (i.e.**Ra
activities). Attributions of intermediate and deep waters at the Central Sites are rather

difficult and it was suggested they are a mixture of Antarctic Intermediate Water (AAIW)

109



Farah A. Idrus Chapter IV: Dissolved Mn around the Crozet Islands,
Southern Ocean

and Circumpolar Deep Water (CDW) (Charette et al., 2007), which is commonly subdivided
between Upper Circumpolar Deep Water (UCDW) and Lower Circumpolar Deep Water
(LCDW). The UCDW has a relative temperature maximum induced by the colder overlying
AAIW. The LCDW has a salinity maximum due the influence of the relatively warm and

saline water from the north.

Southern Stations (Stations M6 and M2) were chosen as controls and are representative of
typical HNLC conditions, although Argo floats show that water from the islands or the
plateau may occasionally reach this site (i.e. M2) (Pollard et al., 2007b). Surface waters of
the Southern Sites (Figure 1V5) showed a subsurface minimum in the potential temperature
(8) (<2.1°C) typical of Antarctic Surface Waters (AASW) of the Antarctic Zone (AAZ) which
confirms that the Southern Sites are immediately south of the Polar Front (PF). This is
consistent with a detailed description of water masses around the Crozet Plateau and Basin
reported by Read et al. (2007) and Park et al. (1993). Intermediate waters from about 300
m to 1000 m were assumed to be AAIW in agreement with the water mass classification
adopted in a nearby station (Charette et al., 2007). The water mass from 1000 m to ~2000
m probably corresponds to CDW. More saline (S > 34.77) waters of the underlying water
mass possibly correspond to LCDW centred at 2000 m. Waters below 3500 m are colder
and fresher (6< 0.2 and S < 34.71) and correspond to Antarctic Bottom Water (AABW). It
was reported that AABW passes close to the Crozet Plateau on its way to the Indian Ocean
(Park et al., 1993).
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Figure V4. The circulations in the vicinity of the Crozet Plateau of the Southern Ocean. ARC: Agulhas
Return Current; PFZ: Polar Frontal Zone; SAF: SubAntarctic Front (After Pollard et al. (2007b)).
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Figure IV5. Diagrams of potential temperature ('C) versus salinity in the whole water columnat the
stations sampled for trace metals determination (i.e. Northern, Central, Western and Southern Sites).
SASW: Sub-Antarctic Surface Water. AASW: Antarctic Surface Waters. AAIW: Antarctic Intermediate
Water. CDW: Circumpolar Deep Water. AABW: Antarctic Bottom Water.

5.2 Chl-a, dissolved Mn, and macronutrients in the water column upper layer

An annual phytoplankton bloom occurs north of the Crozet Plateau, starting in mid-
September and continuing to January, as is seen in satellite Chl-a images, (Venables et al.,
2007). The peak bloom occurred before the sampling period in November, with Chl-a
concentrations reaching a local maximum of about 8 mg/m?in early November and the
bloom then declined in late November (Venables et al., 2007, Figure IV6), and the lowest
Chl-a concentration was approximately 0.6 mg/m?. At the end of January, a smaller
secondary bloom was observed to the north of the islands. There is a well-defined but low
Chl-a peak observed at the end of November and at the beginning of December 2004,
prior to maximum light availability, indicating that the Southern Sites are not light limited
at the time of peak Chl-a concentrations (Venebles et al., 2007). After this, the chl-a
concentrations are low, similar to background Southern Ocean levels (Venables et al.,
2007).
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Figure IV6. Remotely sensed temporal progression of chl-a in the north, centre and south. Data taken
from Venables et al. (2007).

Figure IV7-IV17 shows the comparison of Chl-a, macronutrients (phosphate, dissolved
silicon, and nitrate), and surface concentrations of dissolved manganese during the
sampling period, and these data can be examined to investigate possible organism-Mn

interactions.

The concentration of dissolved manganese in the upper surface layer (SASW and AASW) to
the north and west of the Crozet Islands in the PFZ are generally below 0.75 nM (Figure
IV7-1V9). These Northern and Western Sites (i.e. Stations M1, M10 and M7) were occupied
after the main annual bloom event (Venables et al., 2007), consequently, surface Chl-a
concentrations were lower than earlier in the year at these Sites. The concentrations of
dissolved manganese at the Station M1 (491) and M7 (524) show typical scavenged vertical
profiles where the concentrations were highest at the surface and decreased with depth as
dissolved manganese was adsorbed onto sinking particles. These surface maximums
coincided with lower biomass values. However, concentrations of dissolved silicon were
already limiting at M7 as dissolved silicon was fully stripped from the water column in this
Northern Site, at which the annual bloom occurred. At Station M10 (563), the
concentrations of dissolved manganese showed a nutrient-like profile in the surface layer,
with moderate correlation with nitrate, phosphate and dissolved silicon. The Mn subsurface
maximum at this station coincided with a gradient in the potential density anomaly (o)
where the o of the surface water was relatively constant to a depth of 15 m before a steep

increase in ¢, with depth was observed.
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Figure IV7. Chl-a (mg/m?3), macronutrients (phosphate, dissolved silicon, nitrate (uM)) and dissolved
manganese (nM) at Station M1 (491).
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Figure IV8. Chl-a (mg/m?3), macronutrients (phosphate, dissolved silicon, nitrate (uM)) and dissolved
manganese (nM) at Station M7 (524).
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Figure IV9. Chl-a (mg/m?3), macronutrients (phosphate, dissolved silicon, nitrate (uM)) and dissolved
manganese (nM) at Station M10 (563).
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Areas to the south of the plateau were not directly fertilized by the island source of iron as
water flow was to the north. Thus the highest nitrate and dissolved silicon were observed
around stations M2 and M6 in the HNLC waters with > 25 pmol L' nitrate and up to19 pmol
L' dissolved silicon, which are well away from the bloom areas (Figure IV10 - IV11). A small
bloom was observed around Station M2 that was linked to water that had circulated anti-
cyclonically around the Crozet Plateau collecting Fe, and reached Station M2 (Pollard et al.,
2007b). This water had been in contact with the plateau and may have had enhanced
manganese concentrations. Consequently, the concentrations of dissolved manganese at
Station M2, which is located northeast of Station M6, were higher than at M6 where there

was no similar water input from the north.
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Figure IV10. Chl-a (mg/m?3), macronutrients (phosphate, nitrate, dissolved silicon (uM)) and dissolved
manganese (nM) at Station M2 (502).
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Figure IV11. Chl-a (mg/m?3), macronutrients (phosphate, nitrate, dissolved silicon (uM)) and dissolved
manganese (nM) at Station M6 (511).
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Central and Island Sites (i.e. Stations M3 and Baie Americaine) were located in the bloom
area that are in close proximity to the Crozet plateau where it was hypothesized there
would be a direct input of trace metals (e.g. iron and aluminium) from the islands
(Planquette et al., 2007, 2009). During the sampling period, the main bloom event has just
finished and thus relatively low surface Chl-a concentrations were observed at M3 (496 and
572) (Figure IV12-1V13), with the maximum value of ~1.00 mg/m3. Nitrate was pulled down
to ~23 pmol L' and dissolved silicon and phosphate declined to 0.4 pymol L' at both
Stations. The lowest values of nitrate are found in the SAF in the area around the bloom
(Pollard et al., 2007a). The concentrations of dissolved manganese at Station M3 (for cast
496) above the mixed layer depth decreased from high surface concentration, 1.24 nM, to
approximately 0.50 nM at the mixed layer with a mean value of 0.80 nM above the mixed
layer depth. At Station M3 (cast 572), the concentrations of manganese were higher at the
surface, approximately 1.30 nM, with an average of 1.00 nM within the mixed layer depth.
The last occupation of Station M3 (622) was in January 2005 during the secondary bloom
event, when the highest Chl-a concentrations were measured in the Crozet area for this
study, with a maximum of ~5 mg/m?3 in the surface water, and the dissolved silicon
concentrations were almost fully stripped from the water column. The dissolved
manganese concentrations were low in surface water at <0.40 nM, and slightly increased at

the depth where the Chl-a values were low (Figure 1V14).
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Figure IV12. Chl-a (mg/m3), macronutrients (phosphate, nitrate, dissolved silicon (uM)) and dissolved
manganese (nM) at Station M3 (496).
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Figure IV14. Chl-a (mg/m3), macronutrients (phosphate, nitrate, dissolved silicon
manganese (nM) at Station M3 (622).

(uM)) and dissolved

Baie Americaine (BA) island Stations were located close to lle de la Possession. Data from

these Stations were very important to test if the islands were a major source of manganese

to the water column. The first Station, BA (567) was sampled in shallow waters (80m) about

Tkm from the shore. In these shallow waters, Chl-a concentrations were low with a mean

value of 0.56 mg/ms3 that were possibly due to light limitation in these turbid water near-

shore waters. Dissolved manganese concentrations were exceptionally high at this Station

with a maximum of 2.50 nM in surface water (Figure IV15). The second BA station, BA+1

(568) was approximately 8km from the shore, northeast of the Station BA (567). Chl-a

values were fairly constant within the mixed layer depth with an average value of ~0.56

mg/m3. Dissolved manganese concentrations were high at the surface (< 2.00 nM) and

then decreased to 0.50 nM at 100m. There was an increase in dissolved manganese

concentrations to 1.0 nM at 200m then 2 nM at 300 m, which corresponded with AAIW,
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and a lower value of 0.5nM near the bottom (376 m) was observed (Figure 1V16). The last
BA Station was BA+2 (569), and was located around 16km from the shore. Elevated near
surface dissolved manganese concentrations were also observed for this Station with 0.36
nM at the surface, to 0.60 nM at the bottom of the mixed layer (50m). Below the mixed
layer, dissolved manganese concentrations decreased to 0.31 nM, and increased again to
0.71 nM at 300m due to the apparentinfluence of the island shelf. A similar peak was also
observed in dissolved iron concentration (Planquette et al., 2007). Surface Chl-a
concentrations were higher at Station BA+2 (569) than stations nearer shore, with up to
~1.00 mg/m3 that corresponded to a drop in dissolved manganese concentrations (Figure

IV17). Between 350 and ~1200m at 569 Mn concentrations were <0.5 nM.
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Figure IV15. Chl-a (mg/m?3), macronutrients (phosphate, nitrate, dissolved silicon (uM)) and dissolved
manganese (nM) at Station BA (567).
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Figure IV16. Chl-a (mg/m?3), macronutrients (phosphate, nitrate, dissolved silicon (uM)) and dissolved
manganese (nM) at Station BA+1 (5638).
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Figure IV17. Chl-a (mg/m3), macronutrients (phosphate, nitrate, dissolved silicon (uM)) and dissolved
manganese (nM) at Station BA+2 (569).

5.3 Full water column profile of dissolved manganese

The full water column stations were grouped around four main locations: at the bloom area
close to the lle de la Possession island (Central Sites: Stations M3 and BA), at the
productive area northwards of the islands (Northern Sites: Stations M1, M7 and M10), and

at the oligotrophic area southwards of the islands (Southern Sites: Stations M2 and M6).

5.3.1 The Central Sites (Stations M3)

The Station M3 was sampled five times but samples from only three casts (496, 572 and
622) were available for dissolved manganese analysis. Full depth profiles of dissolved

manganese in the water column are plotted in Figure IV18(a).

The first occupation of M3 (cast 496) was in mid November 2004 when southern HNLC
water (Pollard et al., 2007b) mixed with the water around the M3 Stations. The main bloom
event had finished and thus lower surface Chl-a values (see Section 5.2) were observed. A
surface maximum of manganese (1.24 nM) was observed for cast 496 and below this
concentrations were relatively invariant (0.4-0.8 nM) down to 500m. Deeper in the water
column the concentrations of manganese decreased through the AASW to approximately
0.55 nM at 1000 m depth. The concentration of manganese remained in the range 0.50 -
0.55 nM in the AAIW up to 1500 m depth, and below this manganese decreased to around
0.13 nM at approximately 2300 m depth within the CDW.

Station M3 (572), the second M3 occupation, was sampled in late December 2004 after the
main bloom event but before the secondary bloom event. The water column was only

sampled to 175m and showed elevated concentrations of manganese in the surface layer
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(0.84 - ~1.30 nM) with no distinct subsurface maximum. Below the surface layer the

concentrations of manganese generally decreased into AASW to values of around 0.4 nM.

Cast 622, the third occupation of M3 was sampled in January 2005 during the secondary
bloom event. Surface concentrations of Mn were the lowest measured at M3, and in the
SASW above the subsurface maximum, the concentrations of manganese were around 0.4
nM. A slight subsurface maximum of manganese was observed around 100 m depth and
below this the concentrations of manganese decreased with increasing depth to a mid-
depth minimum (below 0.25 nM) at approximately 400 m depth. Below the mid-depth
minimum, the concentrations increased to around 0.45 nM in the deeper layer within the
AAIW, before decreasing to approximately 0.06 nM at the greatest sampled depth of 2000

m.
All M3 Stations showed variability in the concentrations of dissolved manganese in the

upper water column (between surfaces to ~500 m) that will reflect changes in inputs,

cycling and biological activity, as discussed in section 5.2.
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Figure 1V18. Full depth profile of dissolved manganese concentrations with standard deviation at (a)
Stations M3 (496, 572, 622), and at (b) Stations BA (567, 568, 569).

5.3.2 The Island Sites (Stations BA)

The three BA Stations were occupied at locations from near shore to further away from the
coast. These Stations were in shallow waters and results have been presented in Section

5.2. Full depth profiles of dissolved manganese in the water column are plotted in Figure
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IV18(b). Only cast 569 sampled below 350m and here concentrations of manganese
decreased to ~ 0.22 nM at 1200m near to bottom within the UCDW.

5.3.3 The Southern Sites

Stations to the south in HNLC waters (M2 and M6) and located to the south of the lle de la
Possession and lle de I’Est Islands were not significantly influenced by the Crozet plateau
(Pollard et al., 2007b).

Surface manganese concentration for both M6 casts (511 and 598) were low compared to
other Crozet Stations, at approximately 0.2 nM and 0.3 nM for Stations M6 (598) and M6
(511), respectively (Figure IV19a). Below the surface layer for both M6 casts, the
concentrations of manganese decreased with increasing depth. A subsurface maximum
was observed at 40 m depth for cast 511 (0.36 nM), coincided with an increased in o,
within the AASW. A subsurface manganese maximum was also observed for cast 598 at 80
m depth (0.33 nM) within the AASW. The concentrations of Mn were depleted within the
AAIW for both M6 casts between about 750 m and 1250 m depth. At 1250 m depth, the
manganese concentration for cast 511 was slightly increased due to the introduction of the
UCDW. The manganese concentrations below this depth for cast 511 decreased with
increasing depth within the UCDW. Cast 598 also showed a decreasing trend in manganese
concentrations within the UCDW until approximately 2300 m depth. Deeper, manganese
concentrations were slightly increased within the LCDW. The concentration of manganese
for cast 598 was constant in near bottom water in the AABW, but there was a slight

increase observed close to the bottom for cast 511.

Station M2 (cast 502) was the other Southern Site and was northeast of Station M6. In this
water column, the concentrations of manganese were relatively elevated in the surface
(Figure 1IV19a) with a subsurface maximum at approximately 20 m depth (0.64 nM) that
coincided with low Chl-a concentrations. Below the subsurface maximum the
concentrations of manganese decreased to a value of around 0.25 nM through the AASW
until approximately 500 m depth. Deeper, the concentrations of manganese were in a
range of 0.2 - 0.22 nM within the AAIW until ~1250 m depth. Below this depth, the
manganese concentrations decreased into the CDW to values of around 0.15 nM and
stayed relatively constant throughout the UCDW until about 2500 m depth. Deeper, the
concentration of manganese further decreased to a value around 0.1 nM in the LCDW until
approximately 3000 m depth. Below 3000 m the concentration of manganese increased
again to a value of around 0.13 nM in the AABW. Close to the sediments, the
concentrations of manganese decreased to around 0.07 nM at the maximum sampled
depth.
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Figure IV19. Depth profile of dissolved manganese at: (a) Southern Site (Station M2(502), Station
M6(511), and Station M6(598)). (b) Northern Sites (Station M1(491), Station M7(524), and Station
M10(563)).

5.3.4 The NorthernSites

Stations M1 (491) and M10 (563) were situated to the north of the Crozet Plateau, and
Station M7 (524) was situated slightly west and north of the Crozet Plateau; in the region

where the bloom event occurred (Pollard et al., 2007a). Stations M1 and M7 were occupied
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just after the main bloom in November 2004 where the concentrations of Chl-a were still
fairly high (>0.9 mg/m?3) for both Stations, but considerably lower than the concentrations
of Chl-a during the bloom event (early November) which can reach up to 8 mg/m3. At the
most northerly Crozet Stations (i.e. Station M1(491)) a surface maximum of Mn was
observed (Figure IV19b). High surface manganese concentrations were also observed at
Station M7(524) (Figure IV19b); these coincided with relatively low Chl-a values during the
sampling period in both Stations. A subsurface maximum was observed at Station M7 at 25
m depth with a concentration of 0.65 nM, coincided with a steep increase in o, with
increasing depth. Below the subsurface maximum the concentrations of manganese
decreased through the SASW and AASW to values below 0.2 nM. A subsurface maximum
(0.33 nM) was also observed at Station M1 at 35 m depth. Deeper, the concentration of
manganese dropped to a value 0.26 nM and increased again to approximately 0.30 nM at
75 m depth within the SASW. This increase in manganese coincided with a steep increase
of o,. Below this depth, the manganese concentration was decreased further to 0.1 nM at
100 m depth before increased again to a value around 0.30 nM at 125 m depth. Deeper

the concentration of manganese increased into the AAIW to values around 0.30 nM.

Below 500 m at Station M7, the concentrations of manganese were between ~0.15 and 0.2
nM. Station M10 (563) was sampled late December 2004 before the second bloom and the
Chl-a concentrations were slightly lower (0.8 mg/m3) than both M1 and M7 Stations. A
subsurface maximum of manganese (approximately 0.4 nM) was observed around 40 m
depth and below this maximum the concentrations of manganese decreased with
increasing depth, coincided with depleted Chl-a values. In the SASW above the subsurface
maximum, the concentrations of manganese were below 0.30 nM. Below the surface waters
the concentrations of manganese remained constant at approximately 0.22 nM until 125 m
depth. Deeper, the concentrations of manganese decreased to about 0.15 nM in the CDW

and remained constant until close to the sediments at about 3800 m depth.

Overall, there is an increase of approximately 0.4 nM from the dissolved manganese

background values (i.e. Southern Site dissolved manganese values) at these Northern Sites.

6 Discussion

6.1 Comparison with previously reported dissolved manganese data in the Southern

Ocean

The dissolved manganese and associated data presented here are the first comprehensive
dataset for dissolved manganese in the vicinity of the Crozet Islands of the Southern
Ocean. The near-surface concentrations of manganese in the AASW open ocean water were

<0.65 nM with the lowest concentration of 0.11 nM being measured at the Southern Sites
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(Stations M2 (502), M6 (511), M6 (598)), and these values are comparable to those higher
values determined by Bucciarelli et al. (2001) in surface waters (AASW) in the wake of
Kerguelen Islands (ranging from 0.46 - < 1.3 nM). However, values obtained in the present
study were similar to or greater than the concentrations (0.08 - 0.26 nM) reported by
Martin et al. (1990) in open ocean surface waters of the Drake Passage (Southern Ocean)
and by Middag et al. (2011a) in the AASW surface layer of the Bouvet region (~0.3 nM), and
close to the values reported in the AASW (~0.61 nM) of the Ross Sea (Corami et al., 2005).

Coastal waters (Central Sites) manganese values in this study were up to 2.44 nM near
shore. These values were lower than those of Bucciarelli et al. (2001), probably because of
the bigger surface area (7000 km?) of the Kerguelen islands which is 20 times bigger than
Crozet (350 km?); thus the magnitude of natural manganese release was less in our study
area. The data of Bucciarelli et al. (2001) showed considerable enrichment in dissolved
manganese in coastal waters of the Kerguelen Islands of up to 8.5 nM, which are ~4 times
higher than Baie Americaine near shore values of 2.44 nM. Further away from the shore,
their surface values were in a range of 1.4 - 2.88 nM, higher than northern and M3 Stations
presented here (0.3 - 1.25 nM). However, the values obtained in the study presented here
were consistently greater than the concentrations (0.08 - 0.83 nM) reported by Sedwick et
al. (2000), and (0.35 - 0.90 nM) (Corami et al., 2005) in the shallow waters of the Ross Sea.

Surface concentrations (~0.7 nM) of dissolved manganese at the Northern Sites in this
study were higher than values obtained by Sedwick et al. (1997) in the Australian sub
Antarctic region east and southeast of Tasmania (~0.33 nM), and by Middag et al. (2011a)
in the Atlantic sector of the Southern Ocean (~0.2 nM). However, in the present study the

surface concentrations to the north of the islands may be impacted by island inputs.

6.2 Atmospheric inputs

The annual phytoplankton blooms observed in the waters around the Crozet Islands
(Pollard et al., 2007a), have been hypothesized to reflect natural iron fertilization from the
islands (Planquette et al., 2007). However, as manganese is essential to phytoplankton (see
Chapter I); it is also important to understand the various sources that added manganese to
these fertilized Crozet seawaters. There are three possible main inputs of manganese into
seawaters around Crozet: (1) atmospheric inputs (dry and wet); (2) vertical transport of
dissolved manganese to surface water; and (3) lateral inputs of dissolved manganese from
the islands. Using the data available, these various sources of manganese can be
estimated, and then the average concentration of dissolved manganese before the main
bloom event can be calculated following the approach of Planquette et al. (2007). In
addition to these potential inputs, there were several other processes that could also
influence the distributions of dissolved manganese in this region, and these will be

discussed later in this Section.
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Atmospheric inputs are one of the crucial sources of manganese into the ocean.
Manganese can enter the ocean through atmospheric inputs by rain (wet) or/and by dust

(dry) deposition.

6.2.1 Dry deposition

During the water column sample collection, aerosol samples were collected but not for
trace metals analysis (Planquette et al., 2007). Therefore, as suggested by Planquette and
co-workers (2007), the atmospheric dust deposition flux (F, ) was estimated in two ways:
(1) excess (non-sea-salt) aerosol calcium (nss Ca) and (2) using the estimated aerosol

soluble Si.

Firstly, the F ) with the

relative atomic mass (RAM) of Ca, and dividing this by crustal dust Ca content, (A_; 1.6

was calculated by multiplying the flux of the nss Ca (F

dust/year ss Ca

wt%), with the assumption that excess Ca is 100% soluble, as shown below:

FTI.SS a RAM a
qust/year = nssCa 77 7Ca x 365.25 (])

Aca

From the Crozet atmospheric concentrations (Table IV1, Planquette et al., 2007), dry
atmospheric deposition fluxes (F) were calculated. By applying the flux of nss Ca* value

from Table IV1 in equation (1) where A_; 1.6 wt% = 0.016 g g', gives an F,  value of

/yeal
0.16 g m? yr', as shown below:

Foe ca RAM,,
Faust jyear = % X 365.25
a

=((172 nmol m?d' x 40.08 g mol") /(0.016 g g")) x 365.25 =0.16 g m? yr'

Deposition fluxes (F) in Table IV1 were calculated from atmospheric concentrations by
assuming excess Ca and silicate are associated with coarse-mode aerosol, with deposition

velocities of 0.1cms™ (Baker et al., 2003).

Table IV1. Estimated terrestrial dust fluxes to the Crozet region (adapted from Planquette et al.,
2007).

Concentration Deposition flux (F)
(nmol m ?3) (nmol m2d")
nss Ca* 0.1 +0.2* 172*
0.55 + 1
Sols; 0.016 + 0.004* 28*
0.027 £ 0.027

n =6 except *n=>5
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Secondly, the F oussyear WS calculated using an estimation of aerosol soluble Si (assumed to
be totally of terrestrial origin) with a Si solubility (Sol ) of 0.3%, (Baker et al., 2006) and

assuming the abundance of Si (A ) in dust is 30wt%:

Fsi RAM g;
qust /year = m x 365.25 (2)

By using the flux of Sol  value in Table IV1 in equation (2) by considering an estimated Si
solubility (SoISi) was 0.3% (Baker et al., 2006) and the abundance of Si (A) in dust as 30

wt%, gives the F,_ value of 0.32g m? yr”, as calculated below:

/ye

Fs;RAMg;
qust /year = m x 365.25
= ((28 nmol m?d"' x 28.09 g mol") / (0.30 x 0.003 g g"')) x 365.25
=0.32g m? yr'

These two approaches gave estimated F,_ values varying between 0.16 and 0.32 g m? yr"
with and an average value of 0.24g m? yr'. An estimation of dry deposition flux of
manganese can be calculated from this value using equation (3) below (de Jong et al.,
2007):

s = (DA /M, 3)
where Fon 1o 1S the total dry deposition atmospheric flux (umol m? yr') of manganese, D is
dust input (g m* yr'), A is manganese abundance in dust, M  is atomic weight of
manganese. D value is 0.24 g m? yr' (from the equation (1) and (2)). Nakayama et al.
(1995) and Taylor and McLennan (1985) estimated the A, to be 0.07 wt% and 0.14 wt%,
respectively to give an average A value of ~0.1 wt% and this average was therefore used
as an A value, the total atmospheric dry flux of manganese to Crozet waters is thus about

4.37 pmols m 2 yr ', as calculated below:

F =(0.24 g/m?/yr x 0.1 % g/9) / (54.94 g/mol)

atm, TMn

=4.37 pymol m 2 yr "'
6.2.2 Wet deposition

Manganese concentrations in the rainwater samples (Table IV2) were analysed by Dr. Alex
Baker, from the University of East Anglia and details of the method are described in
Planquette et al. (2007) and references therein. Clean atmospheric sampling was
performed at the highest place on the ship, above the bridge when wind and ship
movements give no contamination from the ship. The sampling areas were located truly in
remote Southern Ocean air where the rain and aerosol samples had contact only with the

Antarctic land mass over approximately 5 days prior to collection, based on the air parcel
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back-trajectories (Draxler and Rolph, 2003). However, data for CRO-R9 was excluded from

later interpretation due to a contamination issue and this value was considered invalid.

Table IV2. Manganese concentrations obtained from the rain samples collected during cruise D285.

Sample Start Date Start Latitude Start Longitude Rain Volume Mn
('S) (E) (mL) concentration

(nM)
CRO-R2 08/11/2004 40.63 41.98 60 21.2
CRO-R3 08/11/2004 40.95 43.37 100 10.7
CRO-R4 08/11/2004 41.25 44.69 540 3.4
CRO-R5 18/11/2004 46.06 51.79 230 1.6
CRO-R6 22/11/2004 49.00 51.50 200 2.0
CRO-R7 30/11/2004 44.95 49.94 130 3.6
*CRO-R9 03/12/2004 43.12 47.19 130 74.1

* contaminated

Using M = C - P, the wet deposition of manganese was estimated, where M_ is the wet
deposition of manganese, C is the total volume weighted mean concentration of
manganese, where C = X Ci Vi / £ Vi, where Ci is manganese concentration and Vi is the
sample volume (Table 1V2) (C=7.1 nmol). P is the precipitation rate for the Crozet region.
However, there are no data for the Crozet precipitation rate. Therefore, data from the
nearby Kerguelen Islands (1140 mm yr'); Marion Island (2499 mm yr'); and Prince Edward
Island (2557 mm yr'), were used to estimate the level of precipitation for Crozet, with an
average of 2065 mm yr'. Some precipitation might fall as snow and might possibly carry
dust differently from rain, but because no quantitative information was available that could
be used to address this, the value above was used for this rate of precipitation. A wet
deposition rate for manganese around the Crozet Islands is 14.66 (rounded to 15) umol
m?2yr '. The total manganese deposition (dry+wet) is thus calculated at 19.03 (rounded to
19) umol m?yr "with 77 % of this existing as wet deposition. From this value, estimation
of the soluble manganese inputs is calculated using equation (4) below as used in de Jong
et al. (2007).
=S - F 4)

atm, dMn Mn atm, TMn

where F_ s dissolved atmospheric flux (umol/m?/yr) of manganese, F_ _ is the total

, dm
atmospheric flux of manganese (umol/m?/yr), S _ is the solubility of non-Saharan dust (13 -
28 % with median of 20.5 % (Baker et al., 2006) for dry deposition and 40 % for wet
deposition (Jickells et al., 1994). A soluble manganese input of 6.24 pmol m?yr 7, is then
derived which is equivalent to a dissolved manganese flux (Fatm‘dMn) of 17.08 (rounded to 17)
nmol m? d', as calculated below:

=0.205 - 4.37 pmol/m?/yr = 0.90 pmol m?yr "

e, ot (et = 0.4 - 15 pmol/m?/yr = 5.86 pmol m?yr

0.90+5.86 (umol m?yr ') = 6.76 pumol m?yr

atm, dMn (dry)

atm, dMn (dry+wet)
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The F o avtn cryemer PET day can be calculated as followed:
6.76 pmol m?yr '/365.25 =18.50 nmol m?d .

6.3 Estimation of the vertical transport of dissolved manganese fromsurface waters

Manganese can be delivered to surface waters from below, by both advective transport and
turbulent diffusive fluxes (eddy-diffusion). Here, the contribution of both processes were
estimated by using the same approach as Charette et al. (2007) for Stations closer to the

islands.

Short-lived radium (Ra) isotopes are natural radio-tracers that are a powerful tool to trace
island and deep water sources of manganese, and its dispersion and mixing with adjacent
waters. The use of ratios of natural existing radium isotopes with respective half-lives: t,
ZRa = 11.4 days, t, 22%Ra = 3.66 days, t, 2Ra = 1600 years, and t, 22Ra = 5.75 years,
have been used for decades to estimate their lateral mixing processes between shelf
waters and the open ocean (Moore et al., 1995; Keyet al., 1985; Moore, 2000). Ra -228 is
particularly useful for estimating vertical mixing rates. The Ra isotopes are produced by
radio-decomposition of particles which contain bound thorium (Th) isotopes in the
sediments, and they are consistently added to shelf waters across the sediment water
boundary by advective and diffusive processes. Ra isotopes are normally found around the
coastal region as well as at any sediment water interface, and only mixing and decay
processes affect their distributions (Charette et al., 2007). Therefore, using Ra isotopes
with the manganese concentrations is the best way to evaluate the manganese inputs from
the islands into the surface waters. Charette et al. (2007) used a simple one-dimensional
diffusive model (Equation 4) with the vertical profile of ?®Ra at Station M3 along with
dissolved iron concentrations (Planquette et al., 2007) data across the same depth range to
qguantify possible sources of dissolved iron to the bloom region northwards of the Crozet
Plateau. Therefore, it was also possible to quantify the manganese sources by applying
manganese data obtained in this study into this one-dimensional diffusive model (Charette
et al., 2007). Two mixing scenarios were used here, as the degree of mixing is variable
across the entire depth range: (1) a slow mixing between 300 and 1000 m depth (K =
1.5cm?s”), and (2) a fast mixing between surface and 300 m depth (K = 11cm?s”) (details of
this model are fully described in Charette et al., 2007):

A = A exp [—z\/g J (4)

where A is the activity of ***Ra at a depth of z from the surface, A is the activity at the
surface, A is the decay constant and K _is the vertical eddy diffusion coefficient. Dissolved
manganese data (from Station M3(496)) combined with **Ra data were shown in Figure
IV20. The corresponding dissolved manganese gradient between surface and 300 m was

calculated using 1.24 nM at surface and 0.83 nM at 300 m depth, leading to a gradient of -
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0.0014 nM m" or -1.40 nmol m?® m'. A very important point here was that deep waters
have lower concentrations than surface water and thus any mixing would reduce surface

concentration. The negative value here indicates that any manganese flux was into deep

waters.
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Figure 1V20. (A) Depth profiles of *®Ra and dissolved manganese concentrations at Station M3(496).
(B) Model estimates of K, fitted to the ***Ra profile at stations M3 (adapted from Charette et al.,
2007).

The maximum vertical input of dissolved manganese, DMn was possible to estimate by
combining this dissolved manganese gradient with the vertical coefficient, K , at the upper
300 m depth (Equation 5):

DMn = DMn - K (5)

vmax gradient z

, Where DMngr s the vertical dissolved manganese gradient (-1.40 nmol m3® m™), K is the

adie
vertical diffusion coefficient (11 cm?s™ (Charette et al., 2007)):

DMh =-1.40 nmolm3®m'. 0.11x10* m?s'. 3600 s- 24

vmax

=-133 nmol m? d"
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The dissolved manganese gradient between 300 and 1000 m was calculated using 0.83 nM
at 300 m and 0.54 nM at 1000 m depth leading to a gradient of -0.0004 nM m" or -0.40
nmol m?* m'. The minimum vertical mixing rate of dissolved manganese was estimated

using the smaller mixing rate coefficient (1.5 cm?s” (Charette et al., 2007)):

DMn =-0.40 nmol m*m'. 0.15x10° m?s”’+ 3600 s- 24

vmin

= -5.2 nmol m? d’

Klunder et al. (2010) reported an average K, of 0.3 cm?s” over the Atlantic Sector of the
Southern Ocean, larger than the faster K, value around the Crozet Islands, due to strong
eddy-diffusion during the austral winter period. Combining this value (0.3 cm?s™) with the
reported dissolved manganese data during GEOTRACES at the same region (Middag et al.,
2011a), gave a vertical dissolved manganese flux of -104 nmol m? d', slightly lower than
the maximum vertical flux reported here (-133 nmol m? d') due to the lower deep
manganese concentrations reported in Middag et al. (2011a). van Beek et al. (2008)
reported a K, of 1.5 cm?s” and Blain et al. (2007) reported a K, of 3.3 cm?s’, to give an
average of 2.4 cm? s’ over the Kerguelen Plateau, leading to a massive vertical input of
3733 nmol m? d'when combined with the previously reported higher concentrations of
dissolved manganese during the ANTARES 3/JGOFS cruise (Bucciarelli et al., 2001). The
vertical flux estimated here is in the range of -5-(-133) nmol m?d’, which is lower than
previously reported values in the Kerguelen Plateau, suggesting that the vertical
manganese flux from deep waters around the Crozet Plateau was not a significant natural
source of manganese into the surrounding surface waters, and was in fact a sink for the

surface layer Mn.

6.4 Lateral sources of dissolved manganese from the Crozet system

Dissolved manganese was potentially transported horizontally from the islands to the
surrounding waters, in a manner similar to dissolved iron. The concentrations of dissolved
manganese in the water column of the BA transects showed a clear decreasing trend from
near shore to further offshore (Figure 1V21) during this study. In addition to the BA
transect, Station M3 (622) was chosen as an offshore Station (~35 km from shore) and was
plotted together in this figure because this Station was occupied after the BA transects.
This clear decreasing concentration trend (Figure 1V23) obtained in this study showed that
the island system was a major potential manganese source to waters surrounding the

Crozet region.
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Figure IV21. Dissolved manganese concentrations at all depths in BA Stations and associated Station
M3 (622) (at all depths) on moving offshore.

Charette and co-workers (2007) investigated the activities of the radium isotopes in a
series of stations with increasing distance from the island, which were then used to study
whether the Crozet Islands were an important source of iron to the bloom area or not.
These radium isotopic activities can also be used to investigate the lateral source of
manganese from the Crozet Islands. Short lived radium isotopes ?**Ra and ***Ra were used
on the BA transects (Stations 567, 568 and 569) to estimate the island-derived manganese

source; DMnh.

Details for radium sampling and analysis are given in Charette et al. (2007).>*Ra and ***Ra
were used to examine the lateral mixing because their half-lives were short enough relative
to seasonal changes in their input functions to assure the constant boundary condition
assumption, which means the activities only depends on the distance, as their coastline
inputs were in steady-state (Moore, 2000). Variations of activity of these two short-lived Ra

isotopes were followed using the equation:

1
A=A exp -X\[% (6)

where A is the activity at a distance x from the shore, A is the activity at distance 0 from

the coast, 4 is the decay constant and Kh is the horizontal eddy dispersion coefficient.

Using Equation (6), the gradient of the ?**Ra was used to estimate the maximum horizontal
mixing coefficient, Kh of -39 m? s'. The minimum horizontal diffusion coefficient Kh
estimated using ***Ra gave a value of -6.6 m? s'. The slope of the In-transformed ?**Ra data
(Charette et al., 2007) was compared with the slope of the In-transformed dissolved

manganese data for the Baie Americaine transects (Stations 567 (~1 km distance from the
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island), 568 (~8 km distance from the island), 569 (~16 km distance from the island), as
shown in Figure IV22. From Figure 1V22, the gradient of In-transformed dissolved
manganese concentrations of surface waters (0-50 m) of the BA transects (Stations 567,
568, 569), and the distance from the island could be calculated to give -0.096 nM km™" or -
0.096 nmol m?® m'. Negative values obtained here showed that the concentrations of
dissolved manganese were decreasing with increasing distance from the island. Okubo
(1971) demonstrated that Kh increased with increasing scale length of the island. Looking
at the upper 50 m, the scale length for Crozet was 25 km, which is very much smaller than
151 km of the scale length estimated by Bucciarelli et al. (2001) in the vicinity of Kerguelen
Islands. This difference may be explained by the different surface areas of the islands. The
Kerguelen Islands have a surface area of 7000 km? and the Crozet Islands have only 350

km?, thus the magnitude of natural manganese fertilisation should be less at Crozet.

Combining the maximum and minimum estimates of these lateral diffusion coefficients,
Kh, with the dissolved manganese gradient, leads to the estimation of the maximum and

minimum lateral fluxes of dissolved manganese Mn,,and Mny;;,, (EqQuation 7 below):

DMn;= DMngradient - Kh (7)

where DMnis the lateral flux of dissolved manganese, DMng.gient is the horizontal dissolved
manganese gradient (-0.096 nmol m*m"), Kh is the horizontal diffusion coefficient (-39 m?

s’ for maximum, and -6.6 m? s’ minimum).

DMnima= -0.096 nmol m*m™+-39 m?s’« 3600 s « 24 =323 pymol m? d”
DMnymin=-0.096 nmol m*m'+-6.6 m?>s'+« 3600 s+« 24 =55 pmol m?d"

These DMnhWand DMn,_ can now be used to estimate the cumulative effect of the lateral

manganese flux (Fpwne) to the bloom area. However, before estimating the F the

DMn.ch’
following assumptions should be recognised:

(1) The dissolved manganese gradient was assumed to be representative of the entire
plateau, as Giret et al. (2002) reported that the mantle geochemical composition
was homogeneous in this zone.

(2) It is assumed that a) the Mn release process was occurring over the total 600 km
perimeter of the shelf system (Charette et al., 2007), b) the bloom area was about
90,000 km? (Venables et al., 2007), c) the deep winter mixing could reach a mixed
layer depth of 250 m, and d) that the released manganese was uniformly mixed

into these waters.
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Figure IV22. Ln-transformed ***Ra and **'Ra with slope used to estimate Kh (top two) and dissolved
manganese data (below) of the Baie Americaine transects (BA (567): ~1km distance from island;
BA+1 (568): ~8km distance from island; BA+2 (569): ~16km distance from island) in the upper 50 m

(**Ra and #‘Ra data were taken from Charette et al., 2007).

By using a 600 km shelf-line and a bloom area of 90 000 km? (Charette et al., 2007), the

DM

Fou.e, OVer the fertilised area could be estimated using Equation 8:

_ MnheC+MLD (8)

DMn.ch A
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where Mn, is the lateral flux of dissolved manganese, C is the length of the Plateau, MLD is
the winter mixed layer depth and A is the bloom area. Therefore, the maximum and

minimum of the cumulative effect of the manganese flux around the Crozet were:

DMn =(323 pmol m?d'- 600x10°m- 250m) / (90000x10°m) = 538 nmol m? d"

hmax

DMn = (55 pmol m2d'. 600x10°m- 250m) / (90000x10°m) = 92 nmol m? d"

The F_,  were estimated to be up to 538 nmol m* d, which is by far the largest process
adding dissolved manganese to the waters surrounding Crozet, followed by the
atmospheric and then removal via the vertical exchange (Figure IV24). However, the lateral
gradient of dissolved manganese was calculated in the upper 50 m near the shore and thus
excludes the deeper waters of the plateau itself because these deeper waters have lower
concentrations than surface waters, and thus any vertical mixing would reduce surface
concentrations of manganese. This makes the lateral flux of manganese even more

important in the Crozet region.

A positive and significant (values obtained were within the 95% confidence level) (R*=
0.587, p<0.05) relationship between dissolved manganese and dissolved iron
concentrations at the BA stations was evidence for dissolved manganese and dissolved iron

coming from the same source (i.e. from the island system) (Figure IV23).

y = 0.98x + 0.455

DMn (nM)
(0]

O T T T T 1
2 2.5

1 1.5
D Fe (nM)

Figure 1V23. A positive relationship with R?>=0.59 obtained between dissolved manganese and
dissolved iron at BA transect, suggesting that both metals came from a similar local source: the
islands themself.

At the BA stations that were in close proximity of the Crozet Islands the concentrations of

manganese in surface waters were thus high because of the island source, and with low

Chl-a values, significant uptake by phytoplankton is not evident. In these turbid waters

removal to particles may occur but the source term still seems large enough to mask any

such removal. As iron can easily be oxidised to the solid (particulate) phase, the
134



Farah A. Idrus Chapter IV: Dissolved Mn around the Crozet Islands,
Southern Ocean

concentrations of dissolved iron at the stations closest to the shore (turbid water) were low
relative to dissolved manganese, which is oxidized and removed more slowly. Overall, the
concentrations of dissolved iron were elevated at all BA stations (Figure 1V23), and this
information was used in proving that lateral advection was very important in relieving

HNLC conditions to the north of the islands (Planquette et al., 2007).

6.5 Budget summary of dissolved manganese concentrations before the bloom event

Using the available data on the concentrations of dissolved manganese, where samples
were collected during the end of the austral spring bloom (Figure IV24), the concentration
of dissolved manganese that accumulated during the austral winter (before the beginning

of the bloom events) could be estimated.

The Crozet Plateau, which is strongly influenced by the islands effect, received three main
inputs that could be considered in this study: atmospheric, vertical and lateral fluxes. The
combination of these three fluxes over the winter period of 100 days divided by the depth
of the winter mixed layer of 100 m (Equation 9), gives an increase in concentration of 0.10
nM (minimum estimate) and 0.42 nM (maximum estimate) of dissolved manganese prior to
the bloom, as calculated below:
(Mn_ +Mn__ +Mn _(nmolm?d™)-100d/100m 9)
(18.5-5.2+92) - 100) / 100) = 105.3 nmol m? = 0.10 nM (minimum)

(18.5-133+532) - 100) / 100) = 417.5 nmol m?3 = 0.42 nM (maximum)

where Mn__is the atmospheric input, Mn is the vertical input, Mn__is the lateral input

vertical

of total dissolved manganese.

An increase in dissolved manganese of about 0.4 nM (see Figure IV19) at the Northern Sites
due to lateral and other inputs is consistent with the difference in surface dissolved

manganese between the north and the south stations.

Light limits PP over the winter period; the concentration of dissolved manganese is
therefore estimated to increase by up to 0.42 nM in waters to the north of the islands. As
light levels increase gradually over the spring and summer, relatively high dissolved
Mmanganese concentrations are expected in surface seawaters due to photoinhibition of
Mn(ll) oxidation by bacteria (Tankere etal., 2000; Sunda and Huntsman, 1988) and high
rates of Mn oxide reductive dissolution (Tankere et al., 2000). Moreover, Sunda and
Huntsman (1998) found that sunlight increased the dissolution rate of manganese oxides
in seawater 6-70 times that in the dark. Previous studies showed that the lack of

manganese oxide particles (particulate manganese) near the surface waters result in low
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manganese removal rates by aggregation and sinking of manganese oxide particles (Sunda
and Huntsman, 1988; Sunda and Huntsman, 1998; Tankere et al., 2000). These low
scavenging rates and photo-inhibition of the bacteria, in turn, increase the residence time
of dissolved manganese in surface seawater and thereby contributed to surface maxima in

dissolved manganese concentrations.
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Figure IV24. Major dissolved manganese inputs into the bloom area around the Crozet Islands during
austral summer 2004-2005, combined with the main circulation paths (green lines), topography and
a SeaWIFS chlorophyll image. All dissolved manganese values are in nmol/m?/d. Note: negative values
for vertical input indicated the direction of the flux (i.e. into the deep waters). Chart and circulation
paths adapted from Planquette (2008)).

6.6 Removal and cycling processes of manganese
6.6.1 Biomass uptake

Manganese plays an important role in biological processes of phytoplankton, mainly in the
metabolic and PSIl processes. However, there are a variety of factors to take into account
before one can simply say that manganese provides a big influence on the phytoplankton
bloom; these include: (1) variable inputs (e.g. dust and island) which may lead to varying
manganese concentrations in the water column, (2) when the phytoplankton need the
manganese, and (3) how much manganese is needed by the phytoplankton.
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The uptake of dissolved manganese is at maximum during the growth of phytoplankton,
and depends on the species. Phytoplankton growth is stopped at some stage, may be due
to lack of macronutrients (e.g. phosphate, nitrate+nitrite, dissolved silicon) in the upper
water column. During this stationary phase of the phytoplankton life cycle, dissolved
manganese is adsorbed onto the outer layer of phytoplankton cells. Biogenic material,
which is the main component of particle flux, then increases after the bloom event as dead
phytoplankton sink down through the water column into the deep ocean, thus losing the
dissolved manganese from the upper ocean. The sinking manganese is then released back
into the water column by recycling processes and the vertical mixing (e.g. upwelling)
brings the dissolved manganese back into the upper water column. Some fraction of the
particulate manganese will be removed from the water column and deposited into the

sediment.

However, only small amount of manganese is required by phytoplankton to get function
for the growth. From the extended Redfield ratio show in Chapter I, the amount of
manganese needed by phytoplankton can be calculated. By assuming all organic carbon
(C) are phytoplankton, therefore at approximately 0.6 pug Chl-a/L, 1.0 uM C (Moore et al.,
2007) is produced. Based on the extended Redfield ratio, the ratio of C:Mn is 41300:1,
which shows only tiny fraction of manganese (~25 pM) relative to the manganese
concentration is needed by the phytoplankton to support their growth. This is explained
the scattering and not significant (values obtained were not within the 95% confidence
level) plots in DMn-Chl-a relationship (R°=0.008, p>0.05) (Figure 1V25). Thus, the
distribution of dissolved manganese is largely driven by the inputs term and the biogenic

sinking flux of the water column.
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Figure IV25. The relationship between dissolved manganese and Chl-a around the Crozet Islands.
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6.6.2 Residence time of dissolved manganese around the Crozet Islands

Estimation of the residence times of dissolved manganese around the Crozet Islands is
important in order to calculate the average amount of time that dissolved manganese
spends in these waters. An important assumption is that the average of the manganese
inputs are equal tothe manganese removal terms i.e. the system is in steady state. For
stations away from the islands residence times were obtained by dividing the inventory of
dissolved manganese in the mixed layer by the dissolved manganese atmospheric flux into
the mixed layer (Equation 10; de Jong et al., 2007):

v, =(DMn]_ -Z )/F__ (10)

atm, dMn
whererDMn is the residence time for a dissolved manganese, [DMn]obs is the measured
average dissolved manganese concentration at the surface, Z is the mixed layer depth,

and F__ is the dissolved manganese atmospheric flux (6.24 pymols m? yr '; seedetails

, dMn
inSection 6.1). However, for BA and M3 stations, the dissolved manganese lateral flux
(average value of 315 pumols m? yr ') must be included into Equation 10 since the
island/plateau fluxes are orders of magnitude higher than the atmospheric fluxes. These
higher fluxes will bring down the residence time dramatically, and these inputs would be
balanced with biological uptake/adsorptionand particle loss during the bloom. The

detailed results were shown in the Table V3.

Table V3. Dissolved manganese residence time at all stations with the mixed layer depth (MLD) and
the average of surface dissolved manganese concentrations.

Station Average surface Residence time
dissolved Mn (years)
(nmol/m?3)
M3 (496) 108 1240 0.4
M3 (572) 75 1310 0.3
M3 (622) 150 550 0.3
BA (567) 50 2420 0.4
BA+1 (568) 60 1870 0.4
BA+2 (569) 55 500 0.1
M1 (491) 95 640 10
M7 (524) 85 720 10
M10 (563) 75 140 2
M2 (502) 10 610 1
M6 (511) 60 310 3
M6 (598) 85 190 3

The residence times of manganese varied from approximately 3 months to 10 years with
an average of: 0.3 years at the Central Sites which received direct influence from the island

system, 7 years at the Northern Sites where the annual bloom event occurred, 2 years at
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the Southern Site which received less/no influence from the island. However, there are
several limitations to the residence times estimated here, including:

1. residence times estimated are based on a single manganese value at a particular
point in a year. However, dissolved manganese will likely vary over the year and
produce different manganese masses in the water column that will give different
residence time to those estimated here.

2. there was a clear evidence of manganese build up over the winter time at the
Northern Sites where the bloom occurred, but the residence times of manganese
given at these Sites maybe overestimated as the lateral flux from the islands were
not including in the calculation. The lateral fluxes estimated in this study were in
very close proximity to the island system, and as it was not known how these could
be attenuated during transit offshore to the distant Northern Sites they could not

be readily used.

Overall, the average manganese residence time calculated here was lower than the
reported values in the literature in different oceanic waters; for example, 50 years in the
Pacific Ocean (Landing and Bruland, 1980), and 20 years in the middle of the North Atlantic
Ocean (Sunda and Huntsman, 1988). The residence times presented here are also lower
than the residence time given by Shiller (1997) and Middag et al. (2011a) who estimated

residence times in a range of 4-20 years in the Southern Atlantic Ocean.

6.6.3 Manganese adsorption onto organic particles

Manganese can became associated with biogenic material through:
1. being an intra cellular component for cell functioning

2. non-specific adsorption onto organic debris and particles

Since dissolved manganese removal via internal sequestration is small (see Section 6.6.1), ,
non-specific adsorption onto the organic particles was expected to be significant. The
adsorption of manganese onto organic particles might be modelled by using a traditional
tracer of particle export such as the disequilibrium between thorium-234 and uranium-238
(**Th/3®U). The #‘Th/%%U ratio is known to equal 1 at secular equilibrium. A **Th/>!U ratio
of <1 in a given parcel of water indicates particle export of settling biogenic particles from
this parcel. A 2**Th/?!*U ratio of >1 indicates particle accumulation and perhaps
remineralisation (Morris, 2008 and references therein). The half-life of the soluble 23U is
4.47x10° years, which decays to form the very particle reactive ***Th with a half-life of only
24.1 days. The resulting disequilibrium between the parent **U and the daughter *‘Th
activity reflects the net rate of particle export from the upper ocean on timescales of days
to weeks (Middag et al., 2011a).
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Details of sample collection and sample processing of the soluble parent #!*U and the
measured daughter **Th activity are given in Morris (2008). Dissolved manganese
concentrations obtained in this study were plotted against the #*Th/?*®U ratio, as shown in
Figure IV26. From this figure, modest and significant relationships (values obtained were
within the 95% confidence level) were observed between dissolved manganese
concentrations (nM) and 2*Th/#%U ratios at all sampling Sites (i.e. Northern (R*=0.565,
p<0.05), Central (R*=0.561, p<0.05), and Southern (R>=0.186, p<0.05)). All Sites showed
positive correlations which indicated more particle export (ratio <1) corresponded to less
dissolved manganese (removal of manganese from the water column) and more
remineralisation (ratio >1) correspond to high dissolved manganese concentrations

(recycling of manganese into the water column).
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Figure IV26. Relationship between dissolved manganese (DMn) and the #*Th/#%U ratio at Northern
Sites (blue), Central Sites (red) and Southern Sites (green). Data for Th and U were taken from Morris
(2008).

In addition to manganese removal by adsorption onto organic particles, Morel et al. (2003)
suggested manganese might replace iron in some of the enzymes used by the
phytoplankton in PSIl, and this was supported by Peers and Price (2004) finding that
showed diatoms under iron deplete conditions require more manganese than diatoms
under iron-replete conditions. When looking at the concentrations of dissolved iron in the
surface layer from our north (bloom region) and south (HNLC region) stations (Planquette
et al., 2007) the concentrations of iron were lower in the part of the south station
compared to the northen part. Typical HNLC diatoms species i.e. Corethron Antarctica and

Fragilariopsis kergulensis were the dominant taxa (>48%) inthe south (Poulton et al.,
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2007). Here thelow iron concentrations could potentially have been offset by use of Mn.
The low concentrations of manganese in the surface layer reported in this study, in
combination with low concentrations of iron may have been stressful for phytoplankton

particularly diatoms.

7 Summary

The first comprehensive dataset for dissolved manganese in waters surrounding the Crozet
islands presented here is internally consistent and generally in agreement with
concentrations previously reported for the Southern Ocean. The exceptionally good quality
of the data has allowed new insights into the sources, biological uptake and cycling of

manganese in the Southern Ocean around the Crozet Islands.

Highest upper water column concentrations of manganese were observed at the BA
Stations close to the islands (ranging up to 2.44 nM). Elevated manganese concentrations
at these nearshore stations were due to the lateral advection of manganese from the
Crozet Plateau in combination with meso-scale circulation. Lateral fluxes from the Crozet
plateau were the major source of manganese to the surrounding Crozet waters, especially
in the constrained regions to the north of the islands which are influenced by the
circulation. The lateral manganese fluxes were calculated using the short-lived Ra isotopes
to obtain the minimum and maximum cumulative effect of manganese fluxes around the

Crozet of 92 and 538 nmol/m?/d, respectively.

The manganese concentrations in the deep oceanic waters were low and quite uniform at
around 0.1-0.2 nM. By using short-lived Ra isotopes to estimate deep water exchanges of
manganese, it can be calculated that any net Mn flux will be into the deep water. A very
important point here that deep waters have lower concentration than surface and thus any
vertical flux (from deep to surface waters) would reduce surface manganese
concentrations. The negative fluxes from the vertical mixing estimated in this study are in

a range of -5.2 - -133 nmol/m?/d.

Another manganese source is the atmospheric input. The atmospheric manganese fluxes
by rain (wet) and by dust (dry) depositions were estimated. The total atmospheric dry
manganese flux in the Crozet region was calculated to be around 0.4 pmol/m?/yr, and the
estimated wet atmospheric manganese flux was calculated to be around 5.90 pmol/m?/yr.
Combining these dry and wet atmospheric fluxes gives an estimated value of dissolved
atmospheric flux of manganese to surface waters of approximately 17 nmol/m?/d. An
increase in dissolved manganese concentrations of ~0.4 nM at the Northern Sites due to
lateral and other inputs are consistent with the different of dissolved manganese

concentrations between Northern and Southern Sites.
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Removal of manganese from the water column can be by association with biogenic material
through: (1) as an intra-cellular component for cell functioning, and (2) non-specific
adsorption onto organic particles. Manganese removal via internal sequestration is small as
only tiny fraction of manganese (~25 pM) relative to the manganese concentration is
needed by the phytoplankton to support their growth. Thus, the distribution of dissolved
manganese is largely driven by the inputs term and the biogenic sinking flux of the water
column. The adsorption of manganese onto the organic particles can be seen by using
*Th/?*®%U ratios (Morris, 2008). Positive correlations were observed between dissolved
manganese concentrations and the®'Th/#!*U ratio at all sampling Sites (i.e. Northern,
Central, and Southern Sites) indicating that more particle export corresponds to less
dissolved manganese concentrations and the remineralisation process corresponds to high
dissolved manganese concentrations in the water column. These high particle exports also
correspond very well with lower residence times estimated in this study, except for the
Northern Sites where there are several limitations that made the residence times estimation

here overestimates.

In addition to manganese removal by adsorption onto organic particles, it was suggested
that manganese might replace iron in some of the enzymes used by the phytoplankton
when iron was limiting (e.g. at the Southern Sites). This is indicative of potential co-
limitation by iron and manganese for phytoplankton growth in the Southern Ocean, but

more detailed ship incubation studies are required to prove this is so.
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Chapter V: Distributions of Dissolved
Manganese in the Surface Waters of the
Tropical North-Eastern Atlantic Ocean

1 Introduction

The distributions of dissolved manganese in the water column strongly reflect local
sources, removal, and recycling processes. In remote ocean regions where there are low
manganese inputs, the distribution of dissolved manganese are reported to be a scavenged
type where the concentrations are depleted at depth relative to surface values. However,
manganese distributions can be significantly modified when there are major atmospheric
inputs (de Jong et al., 2007; Spokes et al., 2001; Statham and Burton, 1986), sedimentary
inputs from shelf and island systems (Chase et al., 2005; Bucciarelli et al., 2001; Gordon et
al., 1998), and local biological activity may remove Mn. Photochemical reactions can also
enhance the concentrations of dissolved manganese in surface waters when this particulate
manganese and manganese oxides are brought to the surface during upwelling or/and
vertical mixing, or atmospheric inputs may be photo-reduced to the dissolved form, which

can be measured using FIA methods (Chase et al., 2005).

Removal of dissolved manganese may occur by (1) uptake by the biota (Luengen et al.,
2007); (2) precipitation (Mendez et al., 2010); and (3) scavenging removal of manganese
from dissolved to particulate phases (Statham et al., 1998). Therefore, in productive
oceanic systems with high inputs from the atmosphere, shelf, and islands, there are a
series of complex interacting processes that influence the biogeochemical cycles of

dissolved manganese.

In the present study dissolved manganese was determined in seawater samples collected
across the Tropical NE Atlantic Ocean which receives episodic atmospheric dust inputs
from the Sahara Desert. Moreover, these oceanic waters also contain islands (i.e. Cape
Verde and Canary) which can also supply manganese from benthic sources in shallow
waters (see previous chapter). Therefore, this study aims to investigate the input of
manganese from islands as well as from atmospheric sources. The work presented here
describes dissolved manganese concentrations in the surface water, and the data are used
to study processes affecting dissolved manganese, including island inputs, that provide a

conceptual framework for discussing dissolved manganese distributions for such a system.
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2 Study area and sampling sites

The tropical NE Atlantic Ocean region receives about a third of global oceanic dust inputs,
and NE Atlantic inputs are estimated to range between 400 and 1000 x 10" g y' (Jickells
and Spokes, 2001), and most originate from the Sahara Desert. Thus, high concentrations
of dissolved manganese are expected (Xylouri, 2009) to be observed in this region,
particularly in the surface water due to these dust inputs. Therefore, 189 Underway surface
seawater samples were collected for dissolved manganese analysis during the UK SOLAS
project cruise (D326) in the tropical NE Atlantic Ocean on board RRS Discovery between 5
January and 5 February 2008, that started and finished at Santa Cruz, Tenerife (Canary
Islands) and covered an oceanic area between 12- 27 ‘N and 17- 36 ‘W (see Appendix 3).

There were two dust events during the sampling period, as shown in Figure V1.

The Underway stations were divided into three regions based on the locations of the dust

events, islands, and water masses in the study region as shown in Figure V1:

o Tropical NE Atlantic (TNEA) (north of ~20 °N)
o Cape Verde (CV) (~14 - 20 °N)
o Equatorial (EQ) (below ~14 °N)
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Figure V1: Map of the Underway stations sampled for dissolved manganese analysis during D326 in
the Tropical NE Atlantic Ocean. The stations were divided into three regions as marked in grey boxes.
Red dash lines show the two regions where there were dust events during the sampling (1: the first
event was in the EQ region and, 2: the second event was in the TNEA and CV regions). TNEA: Tropical
NE Atlantic; CV: Cape Verde; and EQ: Equatorial.
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3 Dissolved Manganese Analysis

Seawater sampling and sample processing were discussed in Chapter Il. Analysis of
dissolved manganese concentrations were performed after the cruise with the FIA-CL
method as described in Chapter Ill (see Section 7) which the Ni interferences were not

significant.

4 Results
4.1. Hydrography

Between 27 °N (north of Canary Islands) and 12 °N (south of Cape Verde Islands), the
Canary Current flows southward along the African coast at 10-30 cms™”, and about 1000
km wide and ~500 m deep (Batten et al., 2000; Zhou et al., 2000). To the north of the
Cape Verde Islands (north of 13 °N), there is the North Equatorial Current (NEC) and Canary
Current (CC) (Stramma et al., 2005) characterized by lower temperatures and higher Chl-a
concentrations due to the North West African Upwelling (Sarthou et al., 2003). A distinct
oxygen minimum zone is positioned south of the NEC and north of the North Equatorial
Counter-current (nNECC). In the region of 15 °N, the current diverges westward under the
influence of the Equatorial Counter-current (Peterson et al., 1996). The northern region at
30 °N is in the subtropical gyre and is characterized by oligotrophic conditions with a deep
pycnocline and lower atmospheric dust inputs than the stations close to 10 ‘N. The 10 °N
site is on the edge of the subtropical gyre and equatorial system, and has a shallow
pycnocline and higher dust inputs (Bergquist and Boyle, 2006). The hydrography around
the Canary Islands and Cape Verde Islands themselves are additionally influenced by

coastal upwelling, filaments and eddies (Johnson and Stevens, 2000) (Figure V2).

Temperature-salinity diagrams for all stations indicated three distinct regions, which have
been termed as the TNEA, CV, and EQ regions (Figure V3). The TNEA region had mixed
layer depth between 100 and 150 m, with a moderate temperature gradient between upper
and lower layers (Hill, 2010). Warm waters with shallow mixed layers of 35 to 70 m were
evident in the EQ region. A complex surface temperature-salinity pattern was shown in the
vicinity of the CV, particularly in the CVFC, (Figure V3) where waters around the CV region
received influences from the topography of the Cape Verde Islands (Hill, 2010).

Based on these water masses, station numbers 1 - 48 and 144 - 189 correspond to TNEA,

station numbers 49 - 68 and 114 - 143 correspond to CV, and station numbers 69 - 113
correspond to EQ (Figure V3).

145



Farah A. Idrus Chapter V: Distributions of Dissolved Manganese in
the Surface Waters of the Tropical North-Eastern
Atlantic Ocean

0
!
1
\

\

L] -

I I

35w 30°w 25°W 20°w 15°W
Figure V2. Map of the study area with the cruise track of the RRS Discovery 326 sailed in January-
February 2008. The cruise track is shown in the map with dots together with the large scale near-
surface flow field described by black-dashed arrows (Stramma et al., 2005). NEC: North Equatorial
Current; nNECC: the return flow of the northern North Equatorial Counter-current; NECC: the north
flowing part of the North Equatorial Counter-current which is connected to the NEUC; NEUC: North
Equatorial Undercurrent; CVFC: Cape Verde Frontal Zone; and the upwelling regions around the
Guinea Dome and Cape Verde Islands.
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Figure V3: Temperature-salinity plots during the D326 cruise. T-S plots were divided according to
three regions: TNEA (Tropical NE Atlantic), CV (Cape Verde), and EQ (Equatorial) regions (adapted
from Rijkenberg et al., 2012).
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4.2 Dissolved Mn, Chl-a, and macronutrients

(Chl-a data courtesy of Dr. Duncan Purdie and nutrients data adapted from Dr. Matt Patey
of NOCS).

The highest Chl-a concentration occurred in the TNEA region to the south of the Canary

Islands, with the maximum of ~0.8 pug/L close to the islands (Figure V5).

The concentrations of dissolved manganese in the surface layer of the TNEA region (Figure
V4) were generally below 2 nM, with the exceptions of station 1 and Station 146 where the
concentrations of dissolved manganese were above 3 nM. Higher dissolved manganese
concentrations that were observed close to the Canary Islands coincided with higher
phosphate concentrations (~100 nM). However, concentrations of nitrate+nitrite (Figure V7)
and Chl-a were also elevated at this station with ~50 nM and ~0.8 pg/L, respectively. These
elevated concentrations showed that there were additional inputs of nutrients and
manganese from the Canary Islands and possibly also the African coast, which
subsequently increased the Chl-a concentrations. The minimum concentration of the
surface Chl-a (~0.02 pg/L) was observed in the TNEA region (Station 21) at some distance
from the Canary Islands, during the second dust event (Figure V5). During the second dust
event, the concentrations of dissolved manganese were not uniform due to sporadic inputs
from the atmosphere. In areas where there were assumed to have been high dust inputs
recently (containing high soluble manganese), increased concentrations of dissolved
manganese (e.g. at station 146 (~ 3 nM)) were observed. When the cruise approached the
Cape Verde Islands, elevated dissolved manganese concentrations were observed,

coinciding with the increased concentrations of phosphate.
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Figure V4. Distributions of surface dissolved manganese (nM) observed during the UK SOLAS
Discovery (cruise D326) in the tropical NE Atlantic Ocean.
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Figure V5. Distributions of surface Chl-a concentrations (ug/L), observed during the UK SOLAS
Discovery (cruise D326) in the tropical NE Atlantic Ocean.
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Figure V6. Distributions of surface phosphate concentrations (nM), observed during the UK SOLAS
Discovery (cruise D326) in the tropical NE Atlantic Ocean.
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Figure V7. Distributions of surface nitrate+nitrite concentrations (nM), observed during the UK SOLAS
Discovery (cruise D326) in the tropical NE Atlantic Ocean.
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In the CV region, the concentrations of Chl-a were increased up to ~0.6 ug/L (Figure V5)
particularly around the Cape Verde Islands. However, the concentrations of Chl-a
decreased (until ~0.1 pg/L) during the sampling periods (when the cruise sailed back to
the Canary Islands) of the second dust event occurred. The surface concentrations of
dissolved manganese around the Cape Verde Islands ranged between approximately 0.5
nM and 3.87 nM, with an average of 1.41+£0.78 nM (Figure V4). The observed high
dissolved manganese concentrations in this region coincided with a complex temperature-
salinity pattern in the vicinity of the CVFZ (Figure V3). The dissolved manganese
concentrations increased significantly (up to 3.87 nM) in the shallow water (<250 m) depth
of the Cape Verde Islands, coinciding with low Chl-a and nitrate concentrations. In addition
to upwelling, there was also input from the atmosphere at this location. Chiapello et al.
(1995) observed that the Cape Verde Islands receive maximum dust inputs between
November and April as winds direction which transport dusts from the African continent in
the trade-wind layer affects only the tropical NE Atlantic Ocean. At station 68, where the
highest Chl-a concentration (~0.6 pg/L) of this region was recorded, both major nutrients
(phosphate and nitrate+nitrite) concentrations were at minimum (Figures V6-V7), and the
concentration of dissolved manganese was also significantly decreased to approximately
1.6 nM. When the second dust storm started (on 25" January 2008), dissolved manganese
concentrations were reduced to ~1.09 nM before gradually increasing to approximately
1.90 nM. The phosphate concentrations also following a similar trend, but with significant
increases. Enhanced phosphate concentrations during the dust events have been observed
in the Mediterranean Sea, where aerosols form a crucial source of phosphate to

oligotrophic oceans (Rijkenberg et al., 2012 and references therein).

In the EQ region, there were variable concentrations of Chl-a during the first dust event
that occurred, with highest and lowest concentrations of ~0.6 pg/L and ~0.1 pg/L
respectively, to give an average concentration of ~0.26 ug/L (Figure V5). The concentration
of Chl-a was at a maximum at station 69, coinciding with low phosphate and dissolved
manganese concentrations. When the concentrations of Chl-a gradually decreased along
the underway stations the phosphate and dissolved manganese concentrations showed an
inverse pattern. Phosphate concentrations were enhanced significantly (~20 nM) during the
first dust event at station 82 and at station 93 to approximately 24 nM, corresponding with
elevated dissolved manganese concentrations at both stations (Figure V4). However,
nitrate+nitrite and Chl-a concentrations were low during the first dust event, with an
exception at station 90 where the Chl-a concentration was elevated, when both nitrate and
phosphate concentrations were low. Apart from the dust event, these variable
concentrations of dissolved manganese, Chl-a, and major nutrients observed at this region

were also influenced by the large scale near-surface currents (Figure V2) flow across this
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EQ region, such as the NECC, the nNECC and the upwelling around the Guinea Dome. Chl-a

and macronutrients are variable depending on bloom development.

Overall, dissolved manganese concentrations obtained in this study were about double the
concentrations observed by de Jong et al. (2007) who found an average value of
approximately 0.50+0.08 nM. However, our values were lower than the values determined
by Bergquist and Boyle (2006) further offshore in the Tropical and Subtropical Atlantic
Ocean, who found an average concentration of 2.60+0.36 nM. Our values are in the range
of values obtained by Statham et al. (1998) within the range of 0.90-2.12 nM in the North-

eastern Atlantic Ocean.

5 Discussion

Dissolved manganese and associated data (e.g. chl-a concentration, macronutrients,
temperature, and salinity) were used to study the biogeochemistry of dissolved manganese
in the surface Tropical NE Atlantic Ocean. Firstly the sources of dissolved manganese in
near-surface waters across the study area are identified. The distribution of low dissolved
manganese concentrations were then examined particularly during the dust events,
focusing on upper water column transport. Finally, dissolved manganese distributions were

studied in relation to the biology.

5.1 Atmospheric dust as a potential dissolved manganese source

Distributions of manganese in seawater are controlled by a combination of several
important factors, but particularly the sources of manganese. Atmospheric input is the
most important source of manganese in the open ocean. Modifications of biogeochemical
fluxes in surface waters mainly depend on atmospheric inputs, plus photo-reduction and
physical processes. However, tracing individual sources of manganese to specific regions is
complicated by several factors and really depends on the physical and chemical properties
of the waters at the stations. During the research cruise, two significant dust events were
noticeable. The first dust event was encountered between 17 and 22 January 2008 (EQ
area) and the second dust event (further north) was longer, from 25 January to 1 February
2008.

Dissolved aluminium data have been used as a proxy of atmospheric dust deposition in the
ocean (Measures and Vink, 2000). From Al data obtained from this cruise, estimated
atmospheric fluxes of soluble manganese to the Tropical NE Atlantic Ocean can be
calculated. (Special thanks to Dr. Sebastian Steigenberger from NOCS for providing

dissolved aluminium data).
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Atmospheric deposition occurs by dry (dust) and wet (rain) deposition. However, in this
thesis it is not possible to calculate wet deposition fluxes as there were no rain samples
collected during the sampling period. In addition, dry dusts originating from the arid
regions of western Africa are associated with very little rainfall, thus it make dry deposition
the dominant atmospheric mode of input (Baker et al., 2007). The dust input D (8.55
g/m?/yr), was estimated using the Equation 1 below, as described by Measures and Vink
(2000) and de Jong et al. (2007):

D=(DAI_M, z /=

mi

)/ (S, A) (1)

DAI

,where [DAI] is the average concentration of dissolved aluminium in surface seawater
(27.53 nmol/m?, (Patey, 2010)), M, is the atomic weight of aluminium (26.98 g/mol), z s

the mixed layer depth (90 m), t_ is upper ocean residence time of dissolved aluminium (4

DAI

year), S, is the Al solubility of Saharan dust (3.0 %) from Baker et al. (2006), A, is the
abundance of Al in Saharan dust (6.51 % by weight (Guieu et al., 2002)).

From the calculated atmospheric dust flux above, the atmospheric flux of manganese was

calculated using the Equation 3 in Chapter IV:

Fatm,TMn = (D AMn) / MMn
where F o 1un 1S the total atmospheric flux (111 umol/m?/yr) of manganese, D is dust input
(8.55 g/m?/yr), A, is manganese abundance in Saharan dust (0.0712%, Wedepohl, 1995),
M, is atomic weight of manganese (54.94 g/mol).

From the Fatm‘ . value, the dissolved manganese flux (Fatm =61.10 umol/m?/yr) was

, DM

calculated after the equation of de Jong et al. (2007):

F =(S

atm, DMn

Mn) : (Fatm,TMn) (2)
,where S_is solubility for median particle size values for Saharan dust from Baker et al.
(2006): Mn 55% (range 50-64%).

Therefore, the atmospheric dust deposition flux for soluble manganese in the study region
is 0.17 ymol/m?/d. This value is low compared to iron and aluminium values which are
approximately 3870 pmol/m?/d and approximately 140 pmol/m?/d, respectively (Patey,
2010).
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5.2 Residence time of dissolved manganese

Estimation of the residence time of dissolved manganese around the study region gives the
average time that dissolved manganese spends in the surafce waters. As explained in
Section 6.4.1 of Chapter IV, the residence time of dissolved manganese at a steady state
can be calculated by using the equation below:

TDMn= ([DMn]obs : Zmix) / F

atm, dMn

where 1 is the residence time for dissolved manganese, [DMn]  is the measured surface
average of dissolved manganese concentration (this is assumed to be constant throughout

the mixed layer), zZ

ix

is the mixed layer depth (90 m), and Frm is the dissolved

dMn

manganese atmospheric flux (61.1 umol m? yr ' or 170 nmol/m?/d). The residence times

for individual stations are shown in Appendix 3, and results are summarized in Table V1.

Table V1. Average of dissolved manganese residence times for different regions. The mixed layer
depth (MLD) is 90 m, and the atmospheric flux of dissolved manganese is 61.10 pumol m= yr .

Station Residence time (years)

Average (year)

TNEA region 0.66
CV region 1.14
EQ region 0.75

Overall, average residence time of dissolved manganese at these study regions were
approximately 1 year and the residence times obtained in this study were slightly shorter
than previously estimated, for example, de Jong et al. (2007) estimated a range of 1.0 -
3.8 years, with an average of 1.9 year in the NE Atlantic Ocean. However, their atmospheric
input was low compared to the atmospheric input during this study. The surface
concentrations of dissolved manganese in this study are also higher than de Jong et al.
(2007) values. Therefore, the dissolved manganese distributions at the tropical NE Atlantic

Ocean and atmospheric sources are more temporally variable than previously thought.

On the repeat transect along the EQ section, the concentrations of dissolved manganese
were lower than on the outbound leg. However, the concentrations of dissolved aluminium
and dissolved iron (Rijkenberg et al., 2012) were elevated in the surface layer, indicating an
atmospheric source of trace metals at these stations. The expected dissolved manganese
concentrations enrichment in a cubic meter of seawater due to atmospheric inputs can be

calculated by using Equation 3:
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DMn enrichment = F pvn/ MLD 3)

where F__ is the atmospheric dust deposition flux for soluble manganese, (170

. DMn
nmol/m?/d) and MLD is mixed layer depth (90 m). By putting these values into Equation 3,
the concentrations of dissolved manganese per T m?® (1000L) input around the dust event
regions is 0.002 nmol/L/d, to give approximately 0.73 nmol/L/yr, which is consistent
with the data obtained here (given typical concentration values and a residence time of
about 1 year) . These values thus supported the low average residence time calculated in

dust event regions of around 1 year.

The reason for the observed low Mn values compared to high Al and Fe is most likely the

large inputs of Al and Fe relative to Mn in this zone.

5.3 Islands and coastal mainland systems as potential sources of dissolved

manganese

The relationship between concentrations of dissolved manganese adjacent to the African
continent, and the distance from the African continent (in km) were examined in order to
investigate the source of dissolved manganese in the surface layer ocean (adapted from
Rijkenberg et al. (2012)). The distribution of dissolved manganese in the TNEA region
decreased exponentially with increasing distance from the African continent (R* = 0.897,
[DMn] (nM) = 2.812e™, where x is the distance in km) (Figure V8). However it must be
remembered that a part of this signal may originate from the upstream Canary Islands, as

well as the African coast.

R2 = 0.897

0 T T T T 1
0 200 400 600 800 1000

Distance from station 1 (km)

Figure V8. The dissolved manganese concentration in the surface layer for stations influenced by
Canary Islands and the African continent inputs, and the offshore stations. Station 1 is the closest to
the African continental shelf and its x-position is set to 0 km.
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The horizontal flux of dissolved manganese (F_, ) was calculated using Equation 4:

FDMn= Coe.X/D (4)

where C is the concentration at station 1, x is the distance (km) from station 1, and D is
the scale length (451 km, Rijkenberg et al. (2012)). The exponential fit was [DMn] =
2.812e™*" (Figure V.7). Then, the parameterization to estimate lateral diffusion coefficient

(K,, m?/s) can be calculated by using Equation 5 to give a value of 1.83 m?*/s:
K,=7.3x10*D*"  (5)

Combining this estimated lateral diffusion coefficient, K., with the dissolved manganese

gradient from near shore to further offshore (DMn ), gives a lateral flux of dissolved

gradient
manganese (DMn;) of 47.4 umol m? d”' or 17.3 mmol m? yr' (dependent on the coastline
length), as calculated in Equation 6:

DIth= DMngradient . Kh (6)

DMnp=0.003 nmol m*m'+1.83 m?s'+ 3600s « 24 =47.4 pmol m? d’

The decrease in dissolved manganese coincided with an increase in dissolved aluminium
(Rijkenberg et al., 2012). Therefore, a continental source of waters rich in dissolved
manganese but not dissolved aluminium appears to have influenced the dissolved
manganese distribution. The source of dissolved manganese may either be anoxic shelf
sediments (Chase et al., 2005) or the upwelling of deep waters along the continental shelf
which may have collected Mn from the shelf on its trajectory. Elevated concentrations of
dissolved manganese in bottom waters may be due to the release of dissolved forms of
manganese from re-suspended particles and the diffusion from pore waters (Laes et al.,
2007). Sediment on the continental shelf may be high in dissolved and particulate
manganese including manganese oxides (MnO ).. Particulate manganese from the sediment
can be brought back to the surface water during the upwelling and strong sunlight in the
tropical NE Atlantic Ocean can enhance the photo-reduction process which changes the
particulate form of manganese to the dissolved form (Sunda and Huntsman, 1983; Chase
etal., 2005).

Hence, from our observation, it suggests that the shelf and sediments are major sources of
dissolved manganese for this area and not the dust input alone. As the atmospheric inputs
estimated for this study are small (0.17 pmol m? d'), this makes the shelf+sediment
sources the most important dissolved manganese sources in the seawater close to the

islands and mainland. Further offshore atmospheric inputs are expected to dominate.
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There is a potential to gain much more biogeochemistry knowledge of the system if the
manganese data presented here were interpreted in combination with the corresponding

iron and aluminium data. This could be a target for future work.

7 Summary

The Tropical NE Atlantic Ocean receives dust inputs mostly originating from the Saharan
Desert. There were two dust events that occurred during the sampling period. The first
dust event was from 17 until 22 January 2008, and the second was longer than the first

event and occurred between 25 January and 2 February 2008.

However, relatively low concentrations of dissolved manganese were observed during both
dust events, suggesting only small inputs. Dust inputs will be episodic, but an estimation
of the annual atmospheric flux of dissolved manganese was calculated and gave a value of
approximately 61 pmol/m?/yr or about 0.17 pmol/m?/d, which was low compared to the
atmospheric fluxes of dissolved iron and dissolved aluminium (Patey, 2010). The residence
times obtained from this study were approximately 1 year which was slightly shorter than
previously estimated, thus suggesting that the dissolved manganese distribution in the
Tropical NE Atlantic Ocean are more temporally variable than previously thought.
Furthermore, dissolved manganese enrichments of 0.002 nmol/L/d or 0.73 nmol/L/yr were
estimated in the seawater around the dust events, which is consistent with the background

concentrations of dissolved manganese obtained here.

Higher surface concentrations of dissolved manganese were observed at stations in close
proximity of the islands and coastal mainland sources (e.g. the Canary Islands, the Cape
Verde Islands, and the African continent), up to ~3.90 nM. To investigate the source of
dissolved manganese in the surface layer ocean at these regions, the relationship between
dissolved manganese concentrations and the distance of the stations from the closest
station (Station 1) to the African continent were studied. The distribution of dissolved
manganese decreased with increasing distance away from the land sources (i.e. TNEA
region). The lateral dissolved manganese flux was calculated to give a value of
approximately 47 pmol/m?/d or ~17.3 mmol/m?/yr. However, the atmospheric input
estimated for this study were small (0.17 pmol m? d'), thus making the shelf+sediment the
most prominent dissolved manganese sources in the seawater close to the islands and

mainland. Further offshore, the atmospheric inputs dominate.

156



Farah A. Idrus Chapter VI: Conclusions and Future Work

Chapter VI: Conclusions and Future Work

1 Overview

The aim of this project was to improve our understanding of the marine manganese cycle
by investigating the processes influencing the dissolved manganese distributions in two
different regions. The two main objectives were: (1) to develop a working analyser for
measuring down to picomolar concentrations of dissolved manganese, and to ensure the
data obtained were in good quality; and (2) to apply this method to determine dissolved
manganese in seawater samples collected in two different regions: the Crozet Islands in

the Southern Ocean, and the tropical NE Atlantic Ocean.

The implementation of the analytical method using recently published methods proved
difficult. Given the difficulties in optimizing the initial method chosen (see Chapter lll), an
alternative technique was developed, which also proved difficult, but with a few
modifications to remove interferences, it was finally used successfully (see Chapter lll). The
data quality was high and data for CRMs were in a good agreement with accepted values. A
summary of major findings from this analytical work and suggestions on the future work

are given in Section 2.

Seawater samples from the two study regions were collected using clean trace metal
techniques to avoid any risk of contamination. Initially, seawater samples collected during
the UK SOLAS project cruise (D326) in the tropical NE Atlantic Ocean were analysed using
the newly developed method for dissolved manganese (the flow injection analysis
technique with chemiluminescence technique) as described in Chapter Ill. Then, samples
collected during the CROZEX cruises (D285 and D286) on board RRS Discovery around the
Crozet Islands on the edge of the Southern Ocean were also analysed using the same

technique but with further modifications, as described towards the end of Chapter IIl.

The concentrations of dissolved manganese in these regions were generally in agreement
with other studies (see Chapter IV and V), and the data was interpreted in terms of
processes (inputs, removal, and transport/cycling) that influence the distributions of
dissolved manganese in the Southern Ocean - Crozet Islands, and in the Tropical NE
Atlantic Ocean. These data were used in association with additional information to give a
conceptual framework for future studies in these environments (see Chapter IV and V). A
summary of main findings from the study of the Crozet Islands samples and suggestions
for future work are given in Section 3.1, and the findings from the study of the Tropical NE

Atlantic Ocean samples and suggestions for future work are given in Section 3.2.
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2 Objective 1: Analysis of dissolved manganese

The flow injection analysis (FIA) method developed in this study was chosen on the basis of
several important criteria such as offering the possibility of low detection limits, requiring
very little samples, reagents and analysis time, and reducing the risk of contamination
during analysis. FIA with the chemiluminescence (CL) reaction with luminol were chosen for

analysing dissolved manganese in this study (see Chapter Ill).

2.1 Implementation of a manual Mn(ll)-FIA-CL analyser to detect Mn(ll) concentrations

in seawater

Chemiluminescence (CL) is the emission of light during the oxidation of luminal by H.O, in
the presence of Mn(ll) as catalyst. The Mn(ll)-FIA-CL detection system was relatively simple
and quick to assemble; however development of the method proved difficult. The main
problems were with the pre-concentration step, mixing coil length, CL reaction and
interferences. However, this CL reaction was not actually detecting Mn(ll) alone, and several
secondary reactions were occuring simultaneously. Thus, optimisation of resins used and
chemical reactions involved during the analysis were needed to make determination of
Mn(ll) possible. The commercially available Toyopearl AF-Chelate 650M resin was used in

this study to pre-concentrate Mn(ll) in seawater at pH~8.5.

However, the seawater matrix is complex and may create interferences during the
detection step and enhance the baseline level. Thus a washing step with MQ water was
needed to remove seasalts present in the dead volume of the Toyopearl column. The
cleaning resin of the NTA Superflow resin column was placed in series with the Toyopearl
resin column, to remove the inteference of other trace metals e.g. iron and copper ions.
Adding the NTA resin as a cleaning resin reduced the baseline level and the blank. When
‘old’ luminol stock solution was used in the analysis the baseline level increased and made
the CL peak shorter and broader, thus, the luminol stock solution was needed to freshly
prepare every week, and luminol+TETA solution was made every day to ensure a low

baseline level.

There were still other analytical challenges that occurred during the processes of
improving and optimising the performance of the system: (1) problem with pH conditions
on adsorption and desorption of Mn(ll) onto/from the Toyopearl resin, and on the CL
reaction; (2) problem of poor reproducibility and double peak for low Mn(ll) concentration
samples; and (3) poor calibration. Extensive works were carried out in order to find the
sources of the problems and to solve them as they arouse. (1) The resin uptake/release
and the CL reaction were pH depended. It was very important to ensure that
standard/sample and reagents to be in the correct pHs to perform a good analysis.

Therefore, the optimum pH of ~8.5 to adsorb and pH of 2.9 to desorb Mn(ll) from the
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Toyopearl resin, and the optimum pH of 10.2 for the CL reaction to occur were chosen
after testing with a range of pH conditions. (2) There were several limitations in this system
that caused problem with poor reproducibility when low concentrations of Mn(ll) (0.5 nM)
were analysed: very small or no CL peak signal obtained, negative peak formed before the
CL peak, second peak appeared during the rinsing step, and higher and bigger baseline
level and noises. Several components and parameters (i.e. tubing system, valves, peristaltic
pump, NI DAQ-MX card, and power supply) of the system were tested to investigate their
influences on the reproducibility. However, only little improvement was shown i.e. second
peak appeared during the rinsing step vanished. Given that most of the above experiments
showed little improvement on CL peak signal, it was hypothesised that poor reproducibility
was due to other factor, such as the shorther mixing coil length, as too little reagent
mixing resulted in higher baseline level and noises, as observed by Chapin et al. (1991).
This problem was investigated further as detailed in the next sections. (3)The calibration
curves of standard additions of Mn(ll) to acidified filtered seawaters were not showing
positive curvature as expected. In almost all cases, calibrations showed the highest
concentration (4nM standard addition) typically gave a lower signal, resulting in a negative
curvature curve. From the extensive works carried out, it was found borate buffer that was
used to adjust the pH of the standard solutions introduced contaminations into the spiked
seawaters and also might have diluted the most concentrated standard. Therefore, the
borate buffer was replaced with the 20 puM ammonia solution, as only small amounts
(~30pL) of ammonia solution were needed to bring the pH to~8.5 and were given linear
calibration, compared to borate buffer which required ~300 pL per 25 mL standard/sample

solution.

Standard calibrations (with the ammonia solution used to adjust the pH of the standard
solutions) were performed daily with 5 points calibration line (0, +0.5, +1.0, +2.0, +4.0 nM
of Mn(ll)). The precision of the standards ranged from 0.05% to 15.75% rsd (n=17) with
replicates of 3-4 peaks per standard, and the average precision of total 180 samples from
surface seawater of the tropical NE Atlantic Ocean analysed is 4.15% rsd (n=3-4),
depending on the quality of the CL peak signal. The average reagent blank is 0.08 nM with
the detection limit of 0.06 nM. However, when CROZEX samples were analysed, it was
difficult to get a measurable CL peak signal due to low Mn(ll) concentration, higher and
unstable baseline level, and probably lack of chemical mixing because of shorter mixing

coil length.

As one of the aims of this project was to analyse seawater samples collected during the
D326 (surface Tropical NE Atlantic Ocean) and CROZEX (around the Crozet Islands of the
Southern Ocean) cruises, it was decided to further modify this Mn(ll) technique to solve the

problems with the method used here.
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2.2 Implementation of an modified automated Mn(ll)-FIA-CL analyser to detect Mn(ll)

concentrations in seawater

The Mn(ll)-FIA-CL-Toyopearl technique set up here was a further modifications of the
method used in the previous Section. Given the extensive experience gained through
working on this Mn(ll) technique, the development and optimisation of this modified
version to determine lower concentrations of Mn(ll) in seawater was relatively rapid.
Problems highlighted in the previous section were successfully resolved by changing the
mixing/reaction coil to the longer one (3m). Further optimisations and modifications were
done and the FIA-CL system eventually gave better calibration, lower baseline level,
enhanced sensitivity and accuracy at low concentrations. However, the interferences with
other trace metals were detected in the longer mixing coil. The NTA resin which was
initially used as the first cleaning resin column (CC1) in the system to remove the
interference of other metals, particularly Fe and Cu, could not retain all of the interfering
elements at pH2.9 of the formic eluent. When an 8-HQ resin replaced the NTA resin, the
interferences were subsequently eliminated after a number of experiments were carried
out to investigate the efficiency of removing the metals interferences by using the 8-HQ
resin. The 8-HQ resin column was also used as a second cleaning resin column (CC2),
which was placed after the luminol solution in the system to remove impurities in the TETA

and luminol solutions.

Most importantly, these modifications reduced the total interference of other trace metal
elements values, from ~0.25 to <0.01 nM Mn(ll) equivalent. In addition, these further
modifications also removed problems encountered with the negative peak formed before
the CL peak. These further modifications resulted in a low blank value for (1) with 8-HQ
resin is 0.06 nM and detection limit is 0.077 nM compared to (2) with NTA resin is 0.13 nM
and detection limit is 0.099 nM. Standard calibrations were performed daily with 5 points
calibration line (0, +0.5, +1.0, +2.0, +4.0 nM of Mn(ll)). The precision of the standards
ranged from 0.09% to 4.22% rsd with an average of 1.83% (with NTA resin), and from 2% to
12% with an average of 5.50% (with 8-HQ resin), with replicates of 3-4 peaks per standard,
depending on the quality CL peak signal. The NASS-5 manganese was found to be slightly
higher (20.63+0.69 nM) than the certified value, when the NTA resin was used as a
cleaning resin. The most likely reason was Ni interference or/and random contamination
during handling. However, the NASS-5 manganese value was in a good agreement
(16.53+0.60 nM) with the certified value, when the 8-HQ resin was used in replaced of the
NTA resin. The SAFe values of SAFe S 256 and SAFe D2 233 when the NTA resin column
was used as a CClin the system were 1.27+0.07 nM and 0.43x0.03 nM, respectively.
Whilst the SAFe values for S 256 (0.77+0.07 nM) and D2 233 (0.27+0.04 nM) was reduced
when the 8-HQ resin column was used, which showed an exceptionally good agreement

with the ‘consensus values’.
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Therefore, this newly optimised method was then applied to the re-analysis of selected full
water column profiles (i.e. BA 567, BA+1 568, BA+2 569, M3 496, M2 502) of seawater
samples from around the Crozet Islands in the Southern Ocean. The different between the
new (with 8-HQ resin as CC1) and the old (with NTA resin as CC1) data were calculated in a
range of 55, 35, 30, 33 and 37% to give an average of 38% reduction of Mn(ll)
concentrations of the new values. However, due to time constraints, further re-analyses of
the remaining samples from other Stations were not possible. The values however, were
reduced 38% from the old values, assumed that they would follow on the trend showed for

these re-analysed samples.

2.3 Future analytical work

Looking further ahead, the main aim is at a fully automated FIA instrument with no
contamination during the analysis that can also produce a reliable calibration. However,
there will be significant challenges to overcome before this target is reached. To ensure
contamination would not happen during the analysis, it is suggested to put more attention

on the ‘cleanliness’ of the reagents and on the removal of the interfering trace elements.

A possible solution to these difficulties may be using the new commercially available resin,
Nobias Chelate - PAT1 resin (Sohrin et al., 2008, Biller and Bruland, 2012 ) which is widely
used by Japanese scientists in trace metal studies (personal communications with Professor
Kenneth Bruland, Professor Hajime Obata, and Professor Yoshiki Sohrin during IUPAC
International Congress on Analytical Sciences 2011 (ICAS2011)). This resin has shown
good recovery for Fe(lll) (100%), Cu (100%), Ni (100%), Cr (100%), Zn (100%), Cd (100%) at
pH~3.0 (Sohrin et al., 2008). On top of that, recovery of Mn(ll) at pH~3.0 is very bad (<1%).
This resin therefore gives many advantages in the CL system described here, such as: (1)
varying quality of the resin would be avoided; (2) interference with other trace elements
could be easily removed; (3) potentially lowering the blank and producing reliable
calibration. Most of all, the main advantages are that this commercial available resin would
avoid troubles associated with the preparation of the resin, and can potentially allow better

inter-comparison of manganese data if is used by a number of laboratories.

3 Objective 2: Dissolved manganese distribution at the
Southern Ocean (around the Crozet Islands) and at the

tropical NE Atlantic Ocean

3.1 Dissolved manganese around the Crozet Islands, Southern Ocean

Seawater samples were collected at nine Stations around the Crozet Islands of the Southern

Ocean, at up to sixteen depths. The first comprehensive dataset for dissolved manganese
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in waters surrounding the Crozet islands presented here is internally consistent and
generally in agreement with concentrations previously reported for the Southern Ocean.
The exceptionally good quality of the data has allowed new insights into the sources,
biological uptake and cycling of manganese in the Southern Ocean around the Crozet

Islands.

Highest upper water column concentrations of manganese were observed at the BA
Stations close to the islands (ranging up to 2.44 nM). These manganese concentrations fell
completely outside the ranges of the correlations between manganese and the nutrients at
northern and southern stations. Elevated manganese concentrations at these nearshore
stations were due to the lateral advection of manganese from the Crozet Plateau in
combination with meso-scale circulation. Lateral fluxes from the Crozet plateau were the
major source of manganese to the surrounding Crozet waters, especially in the constrained
regions to the north of the islands which are influenced by the larger circulation. The
lateral manganese fluxes were calculated using the short-lived Ra isotopes to obtain the
minimum and maximum cumulative effect of manganese fluxes around the Crozet of 92

and 538 nmol/m?/d, respectively.

The manganese concentrations in the deep oceanic waters were low and quite uniform at
around 0.1-0.2 nM. By using short-lived Ra isotopes to estimate deep water exchanges of
manganese, it can be calculated that any net Mn flux will be into the deep water. A very
important point here that deep waters have lower concentration than surface and thus any
vertical flux (from deep to surface waters) would reduce surface manganese

concentrations.

Another manganese source is the atmospheric input. The atmospheric manganese fluxes
by rain (wet) and by dust (dry) depositions were estimated. The total atmospheric dry
manganese flux in the Crozet region was calculated to be around 0.4 pmol/m?/yr, and the
estimated wet atmospheric manganese flux was calculated to be around 5.90 pmol/m?/yr.
Combining these dry and wet atmospheric fluxes gave an estimated value of dissolved

atmospheric flux of manganese to surface waters of approximately 17 nmol/m?/d.

Removal of manganese from the water column can be by association with biogenic material
through: (1) as an intra-cellular component for cell functioning, and (2) non-specific
adsorption onto organic particles. Manganese removal via internal sequestration is small as
only tiny fraction of manganese (~25 pM) relative to the manganese concentration is
needed by the phytoplankton to support their growth. Thus, the distribution of dissolved
manganese is largely driven by the inputs term and the biogenic sinking flux of the water
column. The adsorption of manganese onto the organic particles can be seen by using
34Th/#%U ratios (Morris, 2008). Positive correlations were observed between dissolved
manganese concentrations and the®**Th/*!U ratio at all sampling Sites (i.e. Northern,
162



Farah A. Idrus Chapter VI: Conclusions and Future Work

Central, and Southern Sites) indicating that more particle export corresponds to less
dissolved manganese concentrations and the remineralisation process corresponds to high
dissolved manganese concentrations in the water column. These high particle exports also
correspond very well with lower residence times estimated in this study, except for the
Northern Sites where there are several limitations that made the residence times estimation

here overestimates.

3.2 Dissolved manganese in the surface waters of the Tropical NE Atlantic Ocean

189 the underway surface seawater samples were collected during the UK SOLAS project
cruise (D326) in the tropical NE Atlantic Ocean. The Tropical NE Atlantic Ocean receives
dust inputs mostly originated from the Saharan Desert. There were two dust events
occurred during the sampling period. The first dust event was occurred from 17 until 22
January 2008, and the second dust event was longer than the first event occurred between
25 January and 2 February 2008.

However, low concentrations of dissolved manganese were observed during both of dust
events. The atmospheric flux of dissolved manganese was calculated to give a value of
approximately 61 pmol/m?/yr or about 0.17 pmol/m?/d, which was lower compared to the
atmospheric fluxes of dissolved iron and dissolved aluminium (Patey, 2010). The residence
times obtained from this study were slightly shorter (ranging from 0.3 until 3.2 years) than
previously estimated, with an average of ~1.15 year, thus suggested that the dissolved
manganese distribution at the Tropical NE Atlantic Ocean were more temporally variable
than previously thought. Furthermore, low dissolved manganese enrichment of 0.002
pmol//L/d or 0.73 nmol/L/yr was estimated in the seawater around the dust events, which
is consistent with the background concentrations of dissolved manganese obtained in this

study.

Higher surface concentrations of dissolved manganese were observed at stations closer
proximity of the land sources (e.g. the Canary Islands and the Cape Verde Islands), up to
~3.90 nM. To investigate the source of dissolved manganese in the surface layer ocean in
these regions, the relationship between dissolved manganese concentrations and the
distance of the stations from the African continent were studied. The distribution of
dissolved manganese decreased with increasing distance away from the land sources (e.g.
TNEA region). The lateral dissolved manganese flux was calculated to give a value of
approximately 47 pmol/m?/d or ~17.3 mmol/m?/yr. However, the atmospheric input
estimated for this study were small (0.17 pymol m? d"), thus making the shelf+sediment the
most prominent dissolved manganese sources in the seawater close to the islands and

mainland. Further offshore, the atmospheric inputs dominate.
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Based on both study regions (Crozet Islands, Southern Ocean, and Tropical NE Atlantic
Ocean), the “islands/lands mass effect” is considered to be a major source of dissolved
manganese, in association with other sources (i.e. atmospheric inputs) and internal

processes.

3.3 Future work on aspects of manganese biogeochemistry

The aim of this work was to test the hypothesis that the source of manganese in the study
regions (i.e. around the Crozet Islands of the Southern Ocean, and tropical NE Atlantic
Ocean) originated from/or are associated with the islands/lands. Several aspects of the
manganese cycle in these systems could not be covered in the span of this study, and

these provide a basis for future work.

In order to better understand the “islands mass effect” around the study regions
particularly around the Crozet Islands (Southern Ocean) and the Cape Verde Islands
(Tropical NE Atlantic Ocean), good process studies are essential to improve our
understanding of the biogeochemistry of manganese, in terms of input, removal, and
transport/cycling processes of dissolved manganese from seawater and sediments to the
ocean. Furthermore, the geochemistry of manganese in the upper oceanic water is
generally much more complex than in the deeper waters due to the diversity of processes
than can affect the surface distributions. Future studies should focus on the release
of manganese from the sediments and the balance of input and removal of manganese.
Determining total dissolvable manganese (including both dissolved and particulate
manganese) is also important to explain how high dissolved manganese concentrations are
maintained in these waters that can probably be transported further offshore and vertically
transported to the surface. Bottom nepheloid layers can possibly be the transport
mechanism for dissolved manganese to the oceanic waters; hence there is a need to
investigate them. Another further important element to study is surface biology, as apart
from other factors, it is the major factor that influences the distributions of manganese in
seawater and also the major carbon supplier to the sediments. As more than 700,000
Cells/mL of bacteria were found in the study areas (i.e. Tropical NE Atlantic Ocean),
therefore, it is necessary to include bacterial incubation experiments on the ship to study

the uptake of manganese.

In addition to manganese removal by adsorption onto organic particles, it was suggested
that manganese might replace iron in some of the enzymes used by the phytoplankton
when iron was limiting (e.g. at the Southern Sites of the Crozet). This is indicative of
potential co-limitation by iron and manganese for phytoplankton growth in the Southern

Ocean, but more detailed ship incubation studies are required to prove this is so.
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Appendices

APPENDIX 1:
PROTOCOL FOR THE DETERMINATION OF DISSOLVED
MANGANESE WITH FIA-CL-TOYOPEARL ANALYSER

1 Apparatus

The chelating resin pre-concentration column and chemiluminescence (CL) systems are
shown in Figure A2-1 in this appendix. The manifold consists of a pre-concentration
column made from Perspex packed with ~0.1 g of chelating resin, which is blocked with
two pieces of Teflon mesh (170 mesh), a Gilson Minipuls 3: 8-channel peristaltic pump (a
four channel equivalent would also be suitable), one 8-port single valve auto-sampler, one
6-port two position valve (VICI Cheminert C22-3186D), one 3-port two position valves (Cole
Parmer 01367-72) for selection of sample/MQ water streams, one 1-m/3-m knotted mixing
coil, a CL cell which has a built-in flow cell and a photomultiplier tube (PMT), high voltage
power supply, and an electrometer. The systems are automatically controlled with
interlocking four-step timers of the National Instrument DAQ-MX card. The flow cell is a
clear 1.2 mm i.d. Teflon tube coiled on a vortex groove 28 mm in diameter and notched on
an aluminium block, which is fixed to a quartz screen facing the PMT. The PMT
(Hamamatsu Photonics, H8443) is cooled to 5 “C with an electronic cooler to reduce dark
current. The high voltage power supply is generally set at -12 V. The pre-concentration
and CL systems are connected with a NTA resin column, which removes interfering iron
ions in the carrier solution (eluent). Container for the reagent is put in vacuum pump
cylinder to prevent generation of air bubbles in the flow system and to stabilize the CL

reaction. All data observed and recorded through the Toshiba Sattelite Pro laptop.
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Figure A1-1. Photo image of the FIA-CL-Toyopearl manifold with labels for automatic determination of

dissolved manganese in seawater

2 Reagents

All solutions are prepared with deionized water of resistivity 18.2 MQ cm or greater from a
MQ analytical reagent-grade water purification system (MQ Water; Millipore). 3-
aminophthalhydrazide (luminol, Fluka), triethylenetetramine (TETA, Aldrich), formic acid
(SpS Romil Pure Chemistry), hydrogen peroxide (Fisher Scientific, trace analysis grade),
sodium carbonate (Fisher Scientific, analytical reagent grade), hydrochloric acid (SpA Romil
Pure Chemistry), and ammonia solution (UpA Romil Pure Chemistry or high purity ammonia
(see section 2.3 below for the preparation of the ammonia solution)) are used without

further purification.

2.1 Daily preparation:

The carrier solution (eluent) is prepared by mixing 38.46 mL 0.1 M formic acid with 10 mL
0.1 M hydrogen peroxide and 13 mL 12 mM aqueous ammonia (pH 2.9), and make up until

1 L with MQ water. 0.06 mM of luminol solution is daily made by diluting 600 pL luminol
181



Farah A. Idrus Appendices

stock solution and 10 uL TETA in 1 L MQ water. A 208 mL 0.7 mM aqueous ammonia
solution is making up until 1 L with MQ water to adjust the CL reaction pH to 10.2. MQ

water is used as the cleaning solution to remove the residual sea-salt.

2.2 Weekly preparation:

The luminol stock solution is made by diluting 270 mg 0.1 M luminol and 500 mg 0.32 M
sodium carbonate in 15 mL MQ water. 86.20 mL 1 M hydrochloric acid is made up until 1 L
with MQ water to remove any manganese residue in the FIA system every day before and

after the analyses.

2.3 Monthly preparation:

High purity ammonia solution is made by bubbling high ammonia gas in sub-boiling water

(S.B) / MQ water as described below (courtesy of Prof. Peter Statham and Mr. Brian Dickie):

Water bottle:

1. Fill 1 L Teflon bottle with no more than 700 mL of sub-boiling water.

2. Double bag the bottle and place it in a 5 L beaker. Pack the beaker with ice and ~250 mL
of water.

3. Place the PTFE bubbler tube into the bottle.

Operating instructions:

1. Check the tubing and carefully open main valve quarter of a turn.

2. Adjust second stage pressure regulator to no more than 0.3 bar.

3. Gradually open the delivery valve (attached to tube going to the bubbler).

4. Check by lifting the bottle or tube that there is a steady gentle stream of ammonia
bubbles passing through the water in the bottle.

5. Keep bubbling until saturation of the solution occurs (typically about 1 hour).

6. Check the flow rate every 10 minutes (as in 5) and ensure that the bottle does not
overflow (due to thermal expansion). If the bottle does ‘overflow’, remove the PTFE
tubing and shut the system down. Replace the ice and re-start when the solution has

cooled.

Closing down the system:

1. Carefully remove the PTFE tubing from the bottle. Ensure that there is no liquid inside
the tube.

2. Close the main valve on the cylinder.

3. Close the regulator valve.

4. Close the delivery valve.

5. Ensure that there is no liquid in the tubing above the filter.
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6. Cap the bottle rinse the outside with MQ water and transfer into a clean (double) bag.

7. Dispose of any other liquids (ice/ice melts) into the drain inside the fume cupboard.
Wash out the old bag with tap water and pour away any liquids inside the fume
cupboard. When rinsed (and clear of any ammonia) dispose of the bag in the bin. Turn
off the cold water.

2.4 Standards preparation:

Take 1 mL of 18.20 mM manganese standard stock solution (ASSURANCE -certified
reference material) to prepare 182 pM (F1) in 100 mL volumetric flask. From F1, take 1 mL
and make up 1820 nM (F2) in 100 mL volumetric flask. Later, four points of standards
calibration are prepared from F2 as below:

- 7 uL of F2 to make 0.5 nM in 25 mL vial

- 14 pL of F2 to make 1.0 nM in 25 mL vial
- 28 pL of F2 to make 2.0 nM in 25 mL vial
- 56 pL of F2 to make 4.0 nM in 25 mL vial

3 Procedures

3.1 Setting-up and cleaning the manifold

- Empty the waste bottle.
- Check the tubes that going through the Gilson Minipuls 3 peristaltic pump are in a good
condition and set up the pumping system by putting the pressure on the peristaltic

pump tubes. The peristaltic pump is set at speed 9.0, resulting in the flow rates shown in
Table A1-1.

- Make sure the auto-analyser controller is in position 1 (Figure A2-2).

Figure A1-2. The auto-analyser controller must be in the position 1 before starting up the analysis
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- All reagents and samples ‘straw’ tubes are in MQ water bottle and turn on the Gilson
pump for a few minutes to check if there was any leakage or blockage on the manifold
tubing system.

- Then, change the MQ water bottle with 1 M HCI solution bottle.

- Flush 1 M HCI through the manifold for about 20 minutes to remove all manganese
residues, followed by a 10 minutes rinse with MQ water. Repeat this step at the end of

the analysis or after changing anything in the manifold (e.g. tubing, columns, fitting).

3.2 Starting-up
- Switch on all the power supplies, valves and auto-analyser system.

- Switch on the laptop and make sure that the USB cable of the National Instrument DAQ-
MX card is plugged in properly.

- Place all the reagent bottles in-line, on the laminar flow bench.

- Open LabView 7.1 program.

- Click ‘Open’, scroll down and choose file:
‘C:\...Desktop\controller_MX.lIb\mx_Mn_CL_pjs.vi’.
Or one could also create any new file.

- The timing sequence (in ms) menu should appear and look like Figure A2-3. Then check:

1. Device Sequence - green lights indicate that the valve controllers are ‘on’. DO
NOT modify the valve sequence (circled red) as it controls the position of the two
valves between rinsing, loading and eluting modes.

2. Time (in ms) - set the time for washing, loading, rinsing and eluting (depending
on the samples concentrations. If the concentrations of samples were very low (<1
nM), longer loading time is needed and vice-versa. For example, the sequence
time for this analysis is set as follow:

- 60,000 ms (washing)
- 260,000 ms (loading)
- 320,000 ms (rinsing)
-5 20,000 ms (eluting).
3. Lines - choose ‘Dev2/port0:1°.

4. Replicates - set to be 2 or 3 (depending on your samples).
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Figure A1-3. Screenshot of LabView 7.1 timing sequence interface.

- Go to ‘Main Panel’ (Figure A2-4) and check:

1.
2.

Physical Channel - set to Dev2/ai0.

Named the analysis file in ‘Save file as’ (e.g.

Setting\pjs 1\Desktop\PJSMn\Farah10September 2010).
Click ‘Log to file’ on.
Click the green ‘Start’ button on.

C:\Documents and

Click ‘Run’ button on. The button is show as an arrow at the left top of the

screen.

During the analysis, DO NOT click the ‘Abort Execution’ button (show as red

circle), as it would stop the system and contamination might occur, unless if

discovered leakage or blockage from the manifold tubing system/columns frits or

if there was an electronic faulty. However, it requires starting the whole

procedure again (see section 4 of this appendix for troubleshooting).
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Figure A1-4. Screenshot of LabView 7.1 main panel interface.

3.3 Running the samples

- Check the pH of the stream is exactly 10.2 (this is the optimum pH for CL reaction). If
not, then adjust it by increasing or diluting the ammonia solution concentration

depending on which pH is measured.

- Adjust the pH of the standard to ~8.5 (this is the optimum pH for absorption of Mn (Il) on
the Toyopearl AF-Chelate 650M resin column) by adding ~70 pl of 0.7 M ammonia
solution. Run the calibration (2-3 replicates), starting with two blanks and the lowest
standard. A few minutes before running a sample, adjust the pH to pH ~8.5 by adding
~70 pl of 0.7 M ammonia solution.

- After the calibration, run the seawater (that used to make up the standard) as an internal
standard, then the samples. Periodically, run the SAFe surface and deep certified
reference materials, and also NASS-5 or/and CASS-4.

- After each day of analysis, wash the whole system following the procedure described in
section 3.1 in this Appendix.

- Release the pressure on all the peristaltic pump tubes after removing the tubing from the
reagent bottles (place the tubes in the MQ water bottle to prevent contamination on the
tubing system).

- Switch off everything (i.e. Gilson peristaltic pump, laptop, power supplies, and valves).
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3.4 Peak measurement
- The CL signal (peak) could be measured through the ‘Data Processing Area (version 2)’

- Click ‘Run’ (show as arrow) to choose the require file
- Pick an individual peak to measure by using the small display under of the different
options under the chart (as shown in Figure A2-5):
= The cross + is to drag the axis to the position needed
» The zoom is to enlarge or reduce the size of the peak

= The hand is to move from one peak to another by dragging the chart

- Daa Processing area ver 2.vi L’. X
Ev Edt Operate Toos Browse Windosr Help ﬁ
2@ F

FMT signal (V)

=y

.'gu.w—a*.a’{.-‘wwﬂ'*’irl" \"aw«h.rimi-.ayﬁrs*"

Figure A1-5. Screenshot of LabView Data Processing Area version 2 interface.

- Measure the peak height or/and the peak area by using the different axes on the bottom

left of the chart:

* Red - baseline

* Yellow - peak height

» Blue - peak start

* Green - peak end
Left-click on the cross of these axis and select ‘bring to center’. Then, drag the axis at
their position:

= Baseline - at the baseline level of the peak

= Peak start - before the peak is formed
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* Peak end - after the peak is returned to the baseline level
However, DO NOT analyse the peak if there was a bubble spike on the peak.

- In the middle bottom of the screen are (1) the ‘Peak length’ (associating to the number of
scans between ‘peak start’ and ‘peak end’), (2) the ‘peak area’ (corresponding to the area
of the peak between ‘peak start’ and ‘peak end’).

- Log the peak on the log sheet (Figure A2-5) by clicking the ‘Log Peak’ when axes are
properly placed on the chart. Only click once for an individual peak as it will log twice
when clicking it twice. In addition, one could manually log the peak measurement in the
log book, as a backup.

- Click ‘Log to File’ to save any change on the log sheet on the file. However, it is

preferably to save in different file name to avoid overwritten.

Click ‘Stop’ after finishing measuring the peaks.
- All LabView files can be imported in Excel. Raw data files produced 2-column text files
where first column is the CL signal (in volt). These files are very big (more than 32000

rows) thus, have to split into some files before imported in Excel spreadsheets.

4.0 Troubleshooting

There are three main troubleshooting, as showed in the next pages, and the solutions

related to this analysis:

1. No or very small peak

MO OR WVERY
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2. Contamination in the manifold
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3. Electronic noise and software crash
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APPENDIX 2:
DISSOLVED MANGANESE, CTD, CHLOROPHYLL A AND NUTRIENTS DATA AT EACH OF THE STATIONS
AROUND THE CROZET ISLANDS OF THE SOUTHERN OCEAN (CROZEX CRUISES: D285 & D286)

TableA2-1. Station locations, depths, dissolved manganese (DMn), Chl-a, macronutrients (nitrates, dissolved silicon, phosphates) concentrations, temperatures, salinity, and
density values during D285 and D286 cruises. A dash indicates no sample was collected.

Station Chl a Nitrates Dissolved Phosphates = Temperature Salinity Density
locations (mgm?3) (umolL') silicon (umol L) ) (co)
(umol L")
M3 (496) 5 1.24 0.61 23.01 6.12 1.66 4.368 33.828 26.822
13/11/2004 15 0.64 0.87 - - - 4.371 33.829 26.822
46.06809 °S 42 0.85 0.68 22.91 6.11 1.64 4.370 33.829 26.822
51.78529 °E 100 0.77 1.10 22.84 6.43 1.60 4.227 33.828 26.839
(bottom depth |150 0.47 1.03 - - - 3.752 33.828 26.839
2287 m) 175 0.78 - 24.77 13.25 1.74 3.125 33.876 26.938
218 0.41 - 25.56 16.63 1.80 2.990 33.856 26.981
300 0.83 - 27.90 23.91 1.95 2.858 34.008 27.114
500 0.72 - 27.90 23.91 1.95 2.855 34.008 27.121
750 0.60 - 32.39 42.67 2.28 2.846 34.010 27.152
1000 0.54 - 33.65 79.58 2.34 - - -
1500 0.47 - 29.91 83.14 2.13
2285 0.13 - - - -
M3 (572) 5 1.31 1.01 22.64 1.85 1.53 5211 33.826 | 26.720
22/12/2004 10 - 0.95 22.86 1.70 1.53 5211 33.831 26.725
46.06223 °S 15 1.23 1.01 22.80 1.77 1.55 5211 33.831 26.725
51.78169 °F 25 0.84 0.95 23.65 5.83 1.71 5211 33.831 26.725
(bottom depth 35 0.65 0.97 27.64 19.98 1.87 5.212 33.831 26.725
2375 m) 75 0.72 0.82 32.56 43.25 2.39 4.960 33.835 26.756
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175 0.46 - - - - 4.427 33.852 26.829
500 - - - - - 3.108 33.931 27.023
M3 (622) 5 - 4.94 17.68 0.19 1.12 6.075 33.831 26.619
10/01/2005 10 0.37 5.10 - - - 6.075 33.831 26.620
46.03412 °S 20 - 4.95 17.78 0.37 1.18 6.075 33.831 26.619
51.86656 °E 40 - 3.94 - - - 5.661 33.838 26.705
(bottom depth 50 - 0.88 - - - 4.742 33.871 26.833
2322 m) 60 - - - - - 4.288 33.897 26.889
80 - 0.29 25.48 15.05 1.81 3.881 33.925 26.945
100 0.55 - 25.97 17.27 1.84 3.711 33.961 27.006
150 - - 27.43 23.80 1.94 3.313 33.997 27.057
200 0.40 - - - - 3.002 34.056 27.133
300 - 29.95 31.79 2.09 2.742 34.117 27.205
400 0.24 - - - - 2.700 34.187 27.264
500 (0.45)a - 32.78 49.04 2.37 2.641 34.270 27.337
1000 0.23 - - - - 2.636 34.287 27.451
1250 0.17 - - - - 2.612 34.291 27.464
1500 0.12 - - - - - - -
2000 0.06
M1 (491) 5 0.64 0.90 - - - 5.813 33.727 26.566
11/11/2004 10 0.27 0.76 - - - 5.803 33.727 26.566
43.92049 °S 15 0.43 0.79 18.50 0.74 1.33 5.802 33.727 26.566
50.26742 °E 25 0.12 0.77 - - - 5.801 33.727 26.567
(bottom depth 35 0.33 - - - 5.761 33.726 26.570
3118 m) 55 0.26 0.73 18.38 0.86 1.31 5.769 33.727 26.571
75 0.31 0.76 - - - 5.746 33.730 26.576
100 0.10 - 27.95 26.18 2.00 4.417 33.890 26.882
125 0.33 - 28.96 24.46 2.04 3.135 34.085 27.117
150 0.21 - 32.91 48.98 2.28 2.741 34.301 27.347
200 0.11 - - - - 2.732 34.289 27.214
300 0.30 . . -
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500 0.27
M7 (524) 5 0.72 1.34 19.05 0.06 1.26 5.530 33.816 26.675
27/11/2004 10 0.73 1.34 19.26 0.14 1.38 5.533 33.816 26.675
45.49943 °S 15 0.39 1.39 19.69 0.18 1.30 5.533 33.816 26.675
49.00242 °E 25 0.65 1.41 19.15 0.11 1.32 5.533 33.817 26.675
(bottom depth 35 - 1.38 19.13 0.25 1.32 5.528 33.818 26.677
2749 m) 55 0.42 1.22 23.23 6.53 1.79 5.044 33.837 26.748

75 - - 25.93 13.88 1.84 3.897 33.897 26.920

100 - - 28.13 17.21 1.96 3.444 33.906 26.971

125 - - 27.48 18.90 1.87 3.132 33.921 27.013

150 - - 28.19 20.14 1.87 3.008 33.939 27.038

200 0.19 - 29.70 22.99 1.99 2.969 34.016 27.103

300 - - 32.15 29.70 2.23 2.872 34.143 27.214

400 - - 32.83 39.41 2.36 2.706 34.233 27.293

500 0.20 - 35.05 48.75 2.44 2.650 34.294 27.355

1000 0.17 - - - - - - -

1500 0.23

2000 0.14

2500 0.20

3000 0.14
M10 (563) 5 0.14 0.80 21.75 3.87 1.48 6.126 33.786 26.578
21/12/2004 10 .29 0.73 - - - 6.132 33.786 26.577
44.52528 °S 20 - - 21.69 3.91 1.46 6.142 33.786 26.576
49.96059 °E 40 0.38 0.80 - - - 6.125 33.786 26.578
(bottom depth 60 0.32 0.81 22.01 3.00 1.51 5.998 33.787 26.595
2943 m) 80 0.22 - - - - 5.432 33.79 26.666

125 0.22 - - - - - - -

175 0.23 0.20 23.27 5.90 1.68 4.459 33.806 26.789

250 0.20 - 26.15 15.16 1.80 3.700 33.902 26.943

500 0.19 0.04 29.03 22.54 1.97 3.195 34.007 27.075

750 0.21 - - - - - - -

1000 0.19
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1500 0.16

2000 0.15

2500 0.11

3000 0.10
M2 (502) 5 0.61 0.34 25.06 15.49 1.78 3.279 33.793 26.871
19/11/2004 10 0.11 0.39 23.93 15.90 1.75 3.155 33.787 26.881
47.79537 °S 20 0.64 0.35 23.83 15.89 1.79 3.174 33.79 26.890
52.86216 °E 40 0.41 0.42 24.38 15.86 1.83 3.159 33.791 26.903
(bottom depth 60 0.27 0.43 24.43 15.61 1.75 3.16 33.801 26.912
3870 m) 80 0.21 0.43 24.64 16.00 1.78 3.161 33.805 26.914

125 0.27 - - - - 3.16 33.805 26.914

175 0.25 3.156 33.805 26.915

250 0.22 3.511 33.804 26.915

500 0.22 3.497 33.803 26.918

750 0.21 3.498 33.804 26.920

1000 0.21 - - 26.919

1500 0.15 26.918

2000 0.16 -

2500 0.16

3000 0.10

3500 0.13

3800 0.07
M6 (511) 5 0.31 0.27 24 18.40 1.75 4.368 33.842 26.948
22/11/2004 10 0.21 0.25 - - - 4.370 33.842 36.948
49.00557 °S 20 0.24 0.25 - - - 4.369 33.842 26.960
51.50046 °E 40 0.36 0.45 25.28 18.67 1.83 4.227 33.841 26.966
(bottom depth 60 0.13 0.27 24.56 18.18 1.77 3.875 33.862 26.974
4275 m) 80 - 0.38 24.62 18.52 1.81 3.621 33.872 26.974

250 - - - - - 3.516 33.878 26.976

750 0.24 - 35.86 76.53 2.62 3.505 33.881 27.129

1000 0.16 - 33.68 79.35 2.36 3.501 33.880 27.135

1250 0.25 - 30.59 82.80 2.27 - - -
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1750 0.13 - 29.40 88.23 2.21

2500 0.09 - 30.37 111.08 2.35

3000 - - 31.75 125.33 2.42

3500 0.13 - 32.59 137.71 2.43

4000 0.12 - 31.96 150.65 2.49

4273 0.19 - 31.68 161.01 2.46
M6 (598) 5 0.19 0.39 - - - 2.71 33.794 26.826
03/01/2005 10 0.13 0.39 - - - 2.687 33.794 26.826
48.9990 °S 40 0.16 0.38 - - - 2.705 33.809 26.826
51.5380 °E 60 0.13 0.31 - - - 2.53 33.811 26.841
(bottom depth 80 0.33 0.31 - - - 2.572 33.812 26.894
4214 m) 100 0.14 2.469 33.82 26.895

160 0.11 1.661 33.911 26.928

255 0.24 - - 26.929

750 0.10 -

1500 0.07

2000 0.03

3000 0.09

4000 0.09

4168 (0.42)a
BA (567) 5 2.42 0.57 23.95 7.91 1.71 4.563 33.871 26.830
22/12/2004 25 2.03 0.56 24.03 7.83 1.70 4.520 33.872 26.834
46.36854 °S 50 2.44 0.54 24.04 8.74 1.72 4.370 33.883 26.863
51.82754 °E 80 2.01 0.47 24.43 10.25 1.71 4.248 33.889 26.874
(bottom depth
83 m)
BA+1 (568) 5 1.87 0.60 22.28 5.13 1.61 4.633 33.870 26.819
22/12/2004 25 1.30 0.62 22.42 4.91 1.60 4.644 33.870 26.819
46.32332 °S 50 0.69 0.62 22.14 4.68 1.64 4.605 33.870 26.823
51.89459 °E 100 0.45 0.27 23.77 8.77 1.68 3.956 33.908 26.924
(bottom depth 200 0.99 0.30 28.35 25.27 2.00 3.435 33.982 27.034
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379 m) 300 1.92 0.19 - - - 2.986 34.075 27.151

376 63 0.06 30.34 35.99 2.14 2.760 34.190 27.262
BA+2 (569) 5 0.36 0.88 22.52 3.75 4.662 33.855 26.796
22/12/2004 25 0.57 1.00 22.58 4.00 .56 4.678 33.864 26.810
46.26997 °S 50 0.60 0.45 24.80 10.73 1.68 4.049 33.898 26.899
51.97083 °E 100 0.31 0.18 26.32 15.61 1.81 3.669 33.962 27.007
(bottom depth 300 0.71 0.04 29.59 29.26 08 2.803 34.112 27.199
1491 m) 750 0.34 - - - 2.606 34.438 27.476

1000 0.49 2.523 34.438 27.476

1250 0.22 2.505 34.446 27.477

()a indicates contamination sample

196




Farah A. Idrus Appendices

APPENDIX 3:

STATIONS, DISSOLVED MANGANESE, CHLOROPHYLL A,
NITRATE+NITRITE, PHOSPATE DATA, AND RESIDENCE TIMES
IN SURFACE WATERS OF THE TROPICAL NE ATLANTIC OCEAN
(UK SOLAS CRUISE: D326)

Table A3-1. Stations, locations, dissolved manganese (DMn), Chl-a concentrations, nitrate+nitrite,
phosphate, and residence time (considering the average mixed layer is 50 m) during D326 cruise
(Chl-a data: courtesy of Dr. Duncan Purdie of NOCS).

Station DMn Chl-a Nitrate+nitrite Phosphate Residence
(uT) S.D. (ug/L) (nM) (nM) Time (year)
(nM)
1 3.31 0.12 0.18 51 100 2.70
2 1.83 0.04 0.79 1.50
3 1.79 0.05 0.41 1.50
4 1.74 0.10 0.61 1.40
5 1.49 0.05 0.44 1.20
6 1.26 0.01 0.42 1.00
7 0.93 0.01 0.56 18 50 0.80
8 1.04 0.02 0.46 0.90
9 0.92 0.03 0.69 16 32 0.80
10 0.81 0.04 0.31 0.70
11 0.75 0.01 0.20 0.60
12 0.70 0.03 0.19 0.60
13 12 8
14 0.57 0.03 0.19 0.50
15 0.54 0.03 0.25 10 9 0.40
16 0.50 0.05 0.36 0.40
17 0.50 0.36 0.39 0.40
18 0.52 0.02 0.20 0.40
19 0.52 0.11 0.30 0.40
20 0.39 0.17 0.27 0.30
21 0.54 0.01 0.23 6 5 0.40
22 0.59 0.06 0.13 0.50
23 0.35 0.02 0.02 0.30
24 0.53 0.04 9 4 0.40
25 0.41 0.02 0.08 0.30
26 0.61 0.01 0.11 0.50
27 0.59 0.02 0.11 0.50
28 0.39 0.03 0.11 9 6 0.30
29 0.32 0.04 0.11 0.30
29 0.33 0.03 0.09 11 12 0.30
30 0.32 0.03 0.09 19 15 0.30
31 0.34 0.02 0.15 8.5 8 0.30
32 0.37 0.03 0.16 7.5 9 0.30
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

0.57
0.59
0.58
0.62
0.58
0.42
0.64
0.55
0.66
0.78
0.67
0.78
0.95
1.07
1.33
1.64
1.71
2.22
2.22
1.75
0.66

0.94
0.82
2.12
3.31

3.87
3.48
2.01
1.94
1.09
1.42
2.23
1.16
1.60
1.58
1.47
1.77
1.97
0.78
0.92
1.75
1.29
0.63
1.48
0.57
0.69

0.02
0.08
0.31
0.02
0.08
0.02
0.04
0.09
0.07
0.04
0.03
0.02
0.03
0.02
0.01
0.04
0.03
0.05
0.08
0.15
0.12

0.01
0.01
0.02
0.03

0.05
0.10
0.06
0.00
0.08
0.04
0.02
0.07
0.02
0.13
0.08
0.01
0.11
0.07
0.01
0.01
0.05
0.02
0.07
0.02
0.01

0.15
0.15
0.15
0.18
0.16
0.15
0.16
0.18
0.18
0.35
0.22
0.16
0.18
0.15
0.19

0.16
0.22
0.18
0.18
0.24

0.27
0.21
0.25
0.29

0.33
0.30
0.37
0.37
0.37
0.43
0.34
0.31
0.20
0.33
0.38
0.31
0.26
0.26

0.58
0.57
0.52
0.41
0.45
0.33

O N U1 © O ®

16
38

16.5

FAN, |
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O
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13
22
23

30
15

60
61

75

90
100

88

60
53
26

11

I 2 © o oo

®© U N o o

0.50
0.50
0.50
0.50
0.50
0.30
0.50
0.50
0.50
0.60
0.60
0.60
0.80
0.90
1.10
1.30
1.40
1.80
1.80
1.40
0.50

0.70
0.70

2.70

3.20
2.90

0.90
1.20
1.80
1.00
1.30
1.30
1.20
1.50
1.60
0.60
0.80
1.40
1.10
0.50
1.20
0.50
0.60
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81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
11
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

0.76
0.76
1.08
0.93
0.94
0.56
0.51
3.02
0.74
0.71
0.50
0.50
1.88
0.55
0.53
0.61
0.61

1.50
0.58
0.56
0.51
0.62
1.00
0.68
0.60
0.59
1.12
0.58
0.51
0.54
0.69
0.68
0.52
0.65
1.08
0.57
0.63
0.67
0.57
0.59
0.59
0.50
1.55
1.89
1.94
0.81

0.02
0.01
0.03
0.03
0.00
0.02
0.04
0.00
0.00
0.02
0.01
0.02
0.01
0.02
0.01
0.03
0.01

0.03
0.01
0.02
0.01
0.03
0.03
0.01
0.02
0.01
0.06
0.03
0.01
0.02
0.00
0.01
0.01
0.02
0.02
0.02
0.07
0.02
0.01
0.00
0.02
0.01
0.08
0.02
0.12
0.03

0.33
0.35
0.16
0.16
0.16
0.17
0.19
0.22
0.10
0.20
0.21
0.18
0.24
0.19
0.19
0.41
0.37
0.31
0.25
0.28
0.19
0.23
0.24
0.28
0.24
0.28
0.24
0.22
0.34
0.21
0.17
0.28
0.22
0.22
0.29
0.25
0.24
0.24
0.23
0.15
0.19
0.20
0.18
0.19
0.20
0.20
0.21

10.5

10
8.5
13
9.5
12
7.5
6.5
6.5

9.5
12.5

20

—
— o uvi N

vl OO0 N WU

24
13
12
11

15
14
10
11
12
15
13

14
13
11
13
20
10

11

11
12
11
12

11
12
13
22
40
40
45
50

0.60
0.60
0.90
0.80
0.80
0.50
0.40
2.50
0.60
0.60
0.40
0.40
1.50
0.50
0.40
0.50
0.50
0.00
1.20
0.50
0.50
0.40
0.50
0.80
0.60
0.50
0.50
0.90
0.50
0.40
0.40
0.60
0.60
0.40
0.50
0.90
0.50
0.50
0.50
0.50
0.50
0.50
0.40
1.30
1.50
1.60
0.70

199



Farah A. Idrus

Appendices

129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

1.70
1.24
0.51
1.59
0.59
0.58
0.55
1.68
1.57
1.62
1.52
1.53
1.58
1.53
0.93
0.97
0.50
3.07
1.62
0.65
0.54
0.55
0.57
0.51
0.53
0.60
0.51
0.54
0.58
0.60
0.47
0.33
0.56
1.18
0.50
1.22
0.52
0.53
1.08
1.14
0.58
0.51
1.08
0.53
0.51
0.50
1.13
0.50

0.04
0.29
0.02
0.01
0.01
0.01
0.01
0.01
0.00
0.02
0.00
0.02
0.01
0.02
0.04
0.02
0.03
0.25
0.01
0.03
0.00
0.00
0.02
0.05
0.03
0.01
0.06
0.01
0.00
0.05
0.01
0.00
0.01
0.14
0.01
0.06
0.00
0.01
0.04
0.03
0.00
0.04
0.06
0.01
0.02
0.04
0.01
0.02

0.20
0.18
0.15
0.14
0.15
0.10
0.14
0.12
0.13
0.12
0.14
0.16
0.16
0.17
0.16
0.17
0.27
0.13
0.25
0.19
0.17
0.18
0.12
0.16
0.19
0.15
0.18
0.13
0.16
0.14
0.12
0.18
0.11
0.18
0.20
0.26
0.21
0.21
0.23
0.25
0.19
0.19
0.20
0.18
0.20
0.21
0.17
0.15

(92 BNV, BV, BNV,

9.5
30
51

50

9.5

7.5
9.8

8.5
9.7
12
9.5
9.7
9.5

7.5

9.5

9.5
19
31
18
17.5
10
8.5

11
15
8.5
11
20

7.5

12.5

11
7.6

15
35
90
60
70
80
100
102
101
103
104
102
90
88
77
78
56
58
60
65
62
37
41

28
12
13
13

12
13

15
11
12
11
12
11
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1.40
1.00
0.40
1.30
0.50
0.50
0.50
1.40
1.30
1.30
1.20
1.30
1.30
1.30
0.80
0.80
0.40
2.50
1.30
0.50
0.40
0.50
0.50
0.40
0.40
0.50
0.40
0.40
0.50
0.50
0.40
0.30
0.50
1.00
0.40
1.00
0.40
0.40
0.90
0.90
0.50
0.40
0.90
0.40
0.40
0.40
0.90
0.40
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177
178
179
180
181
182
183
184
185
186
187
188
189

0.54
0.56
0.51
0.65
1.32

1.71
1.81
1.17
1.23
1.36
1.22

0.01
0.01
0.01
0.01
0.02

0.01
0.11
0.02
0.00
0.01
0.02
0.01

0.22
0.24
0.20
0.22
0.23
0.19
0.19
0.19
0.13
0.18
0.17
0.21
0.17

9.6
20
18
8.5
9.5

7.5
48
8.5
46.3
47
9.5

12
12

6.5

—_
w w ., W N U N

0.40
0.50
0.40
0.50
1.10
0.00
0.40
1.40
1.50
1.00
1.00
1.10
1.00
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APPENDIX 4:
REPORT ON THE PARTICIPATION ON THE DISCOVERY D351
RESEARCH CRUISE

Samples collection for dissolved manganese analysis
Farah Idrus (NOCS)

1 Introduction

Manganese is a key element in photosynthesis (Sunda et al., 1983; Peers and Price, 2004),
and also involved through redox processes (Sunda and Huntsman, 1988) in cycles of many
elements in oceanic waters. It is also a good tracer of atmospheric and terrestrial inputs. In
addition, the recent volcanic eruption in Iceland could supply a massive atmospheric input
of manganese from the volcanic ash plume. Manganese can be dissolved from volcanic ash
dust and thus may be a useful indicator of volcanic dust inputs to the surface ocean. The
general aim of this cruise was to improve the knowledge of the clean sampling of

manganese and other trace metals onboard ship.

2 Method

Sampling -Low Density Poly Ethylene (LDPE) bottles (Nalgene, Fisher Scientific UK) were
used for the storage of the seawater samples for Mn analysis, which have been thoroughly
acid-washed. Water column samples were collected at four selected CTD stations along the
transect using the titanium-frame CTD, which was fitted with trace metal clean 10L OTE
(Ocean Technology Equipment) sampling bottles with external springs, modified for trace
metal work. At these stations LDPE sample bottles were used to collect seawater samples
at up to twelve depths, depending on water depth at each station. The trace metal sample
bottles were then transferred to a clean van on the back deck for sample processing. The
underway surface sampling was conducted every one to two hours during transit between
stations along transect. However, only six samples of underway samples were collected
during this cruise for manganese analysis. This was done with a towfish deployed off the
port side of the ship. Water was pumped into the clean van with a diaphragm pump

connected to the ship’s compressed air.

Sample processing - Filtered samples were collected (for dissolved manganese) in 1L
Nalgene LDPE bottles from the titanium frame rosette bottles. Filtered samples were
collected through a Sartobran 300 MF 0.21rm filter cartridge under slight positive pressure
(oxygen-free N.). Underway samples were also collected in 1L Nalgene LDPE bottles, using
a Sartobran 300MF 0.21rm filter cartridge. All water samples were acidified to pH~2 with

1 mL Hydrochloric acid per 1L seawater sample (Romil UpA) within 24 hours of collection.
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These were carried out on a laminar flow clean bench to minimize the risk of

contamination.

Data analysis - Samples from underway and vertical profiles are to be analysed using a
flow injection system that was set up in the laboratory at the NOCS. The method is based
on a flow injection analysis (FIA) chemiluminescene technique (Doi et al., 2004) where
manganese catalyses the peroxide oxidation of luminol in the presence of hydroxide salt
as an activator. However, the method as used here has some important modifications,
including using a commercially available complexing resin, Toyopearl AF Chelate-650M to
pre-concentrate the manganese, and using the nitrilotriacetic acid (NTA) to remove

interfering iron ions in the carrier solution.

3 Results

Four profiles were sampled (see Figure A4-1 and Table A4-1) from the Ti-frame CTD and 6
underway samples (Figure A4-1 and Table A4-2) from the tow-fish. The samples will be
analysed in the lab at NOCS (Southampton).

62°N Loy ! ! _—
Underway -
1000 m

P 2500m

Underway - }E- .

- (S |
2 cm-tz'--- o
Underway - »
S6Np : . R § £ 4000m
| 8
H
117 S I
25°'wW 20°wW 15°W 10°W 5w 0°

Figure A4-1: Cruise track with positions of Ti-frame CTDs and underway samples. Blue circles are the
sampling stations for CTDs and numbers indicate the samples taken at each station.
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Table A4-1: List of stations which were sampled for vertical profiles of dissolved manganese

Date Time in Station Latitude Longitude Depths (m)
water (North) (West)
(GMT)
12/05/10 10:59 IB22X 63°13.132 20°03.760 22,32,42,102, 201, 351, 500,
653
16/05/10 03:00 IB12 60°00.280 19°59.873 27,47,62, 88, 158, 268, 406,
606, 1007, 1507, 2004, 2709
17/05/10 20:13 IB5 58°53.174 17°01.214 22,42,57,77,103, 202, 300,
397,597, 746, 998, 1135
20/05/10 01:10 K 57°23.799 10°52.223 22,32,53,103,152, 202, 262,
302, 402, 501

Table A4-2. List of stations which were sampled for the surface underway of dissolved manganese

Date Time (GMT) Station Latitude (North) Longitude (West)
12/05/10 17:24 u7zs 63°13.132 20°03.760
15/05/10 12:43 us4 60°59.965 20°00.524
17/05/10 09:45 ua93 59°20.028 18°14.412
18/05/10 07:19 U99 59°30.055 15°58.911
18/05/10 22:34 U105 57°33.840 13°20.250
21/05/10 20:11 U129 56°40.085 06°08.130
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