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The seasonal cycling and physico-chemical speciation of iron in the Celtic 

and Hebridean shelf seas 

Antony James Birchill 

Shelf seas represent an important source of iron (Fe) to the open ocean. 
Additionally, shelf seas are highly productive environments which contribute to 
atmospheric carbon dioxide drawdown and support large fisheries. The work presented 
in this thesis describes the seasonal cycle of Fe in the Celtic and Hebridean Shelf Seas, 
and determines the physico-chemical speciation of Fe supplied from oxic margins. 

The results from repeated field surveys of the central Celtic Sea showed a 
nutrient type seasonal cycling of dissolved Fe (< 0.2 µm; dFe), which is surprising in a 
particle rich shelf system, suggesting a balance of scavenging and remineralisation 
processes. Coincident drawdown of dFe and nitrate (NO3

-) was observed during the 
phytoplankton spring bloom. During the bloom, preferential drawdown of soluble Fe (< 
0.02 µm; sFe) over colloidal Fe (0.02-0.2 µm; cFe) indicated greater bioavailability of the 
soluble fraction. Throughout summer stratification, it is known that NO3

- is drawn down 
to < 0.02 µM in surface waters. This study revealed that both dFe and labile particulate 
Fe (LpFe) were also seasonally drawn down to < 0.2 nM. Consequently, it is hypothesised 
that the availability of Fe seasonally co-limits primary production in this region. At depth 
both dFe and NO3

- concentrations increased from spring to autumn, indicating that 
remineralisation is an important process governing the seasonal cycling of dFe in the 
central Celtic Sea.  

In spring, summer and autumn, distinctive intermediate nepheloid layers (INL) 
were observed emanating from the Celtic Sea shelf slope. The INLs were associated with 
elevated concentrations of dFe (up to 3.25 ± 0.16 nM) and particulate Fe (up to 315 ± 
1.8 nM) indicating that they are a persistent conduit for the supply of Fe to the open 
ocean. Typically > 15% of particulate Fe was labile and 60-90% of dFe was in the colloidal 
fraction. Despite being < 50 km from the 200 m isobath, the concentration of dFe was < 
0.1 nM in surface waters at several stations. Broadly, the concentration of nutrients in 
surface waters described an oligotrophic environment where co-limitation between 
multiple nutrients, including Fe, appears likely.  

Over the Hebridean shelf break, residual surface NO3
- concentrations (5.27 ± 0.79 

µM) and very low concentrations of dFe (0.09 ± 0.04 nM) were observed during autumn, 
implying seasonal Fe limitation. The dFe:NO3

- ratio observed is attributed to sub-optimal 
vertical supply of Fe relative to NO3

- from sub-surface waters. In contrast to the shelf 
break, surface water in coastal regions contained elevated dFe concentrations (1.73 ± 
1.16 nM) alongside low NO3

-. Seasonal Fe limitation is known to occur in the Irminger 
and Iceland Basins; therefore, the Hebridean shelf break likely represents the eastern 
extent of sub-Arctic Atlantic seasonal Fe limitation, thus indicating that the associated 
weakening of the biological carbon pump exists over a wider region of the sub-Arctic 
Atlantic than previously recognised. 

These key findings demonstrate that the availability of Fe to phytoplankton may 
seasonally reach limiting levels in temperate shelf waters and that oxic margins 
persistently supply Fe dominated by colloidal and particulate fractions to the ocean. 
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Figure 2-9- Example of the peaks generated during a calibration of iron additions 

ranging 10-200 nM. Concentrations refer to the iron addition that resulted in the peaks 

displayed. The change in gain setting causes the apparent drop in sensitivity; this is 

done to keep the higher concentration samples on scale. The gain adjustment is a 
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Figure 2-10- Graphical representation of peaks displayed in Figure 2.9. Standard 
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Figure 2-11- The effect of adjusting the signal gain. Acidified MQ sample spiked with 

0.8 nM Fe then analysed with different gain setting, adjusting the gain results in a 
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Figure 2-12- Schematic of the manifold design used to determine Fe(II) and load elute 
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to the Fe(II) addition that resulted in the peaks displayed. ............................................ 50 

Figure 2-14- Graphical representation of peaks displayed in Figure 2.13, r2=0.9978 .... 50 

Figure 3-1- Map of Celtic Sea bathymetry (colour bar, m), the white line is the 200 m 
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Data Center [1995]. The red square is the central Celtic Sea (CCS) sampling site (49° 24’ 
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Figure 3-2- The seasonal time series of dFe at the Central Celtic Sea (CCS), November 

2014 to July 2015. Top row relates dFe (a) to the oceanographic setting at the time of 

sampling, including the concentration of NO3
- (limit of detection 0.02 µM) (b), the state 

of stratification (c), indicated by sigma-theta, and biomass (d), indicated by the 

chlorophyll-a concentration. Sigma-theta plots are identified by the month of sampling 

only (red= November 14’, green= April 15’, blue= July 15’), except the short dashed 

green line which represents the 3.4.15, from which point the surface density 

continuously decreased throughout April to the 26.4.15, represented by the large 

dashed green line. Chlorophyll-a plots are identified by month of sampling (same 

colour scheme as sigma-theta) except peak spring bloom chl-a concentrations on 

16.4.15 (short dashed line) and 21.4.15 (long dashed line). The bottom row includes 

the temporal evolution of sFe (e) and cFe (f), which together make up dFe, shows the 

drawdown of sFe, cFe and NO3
-at 20 m depth during the spring bloom in April 2015 (g) 

and the concentration of dFe and NO3
- in the pycnocline during July 2015 (h), in 

relation to the subsurface chlorophyll-a maximum. The pycnocline region determined 

following Hickman et al. [2012]. ..................................................................................... 69 

Figure 3-3- The seasonal time series of particulate iron in the central Celtic Sea, 

November 2014 to July 2015. Depth profiles of TdFe (a), pFe (b), LpFe (c). Bottom row 

displays close coupling between dFe and NO3
- (d) (r2=0.94, y=3.2924Ln(x) + 6.8389) 

compared to the coupling between TdFe and particle load, as indicated by turbidity (e) 

(April r2= 0.87, y=0.000007x + 0.0002, July r2= 0.86, y=0.000006x + 0.0002, and 

November r2=0.92, y=0.000009x + 0.0002). ................................................................... 70 

file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808834
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808834
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808835
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808836
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808836
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808836
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808836
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808836
file:///C:/Users/anchill/Dropbox/SSB%20Fe%20data/Thesis/Masterfile/The%20physico-chemical%20speciation%20of%20iron%20in%20the%20Celtic%20and%20Malin_Hebredean%20Sea_masterfile_For_Submission.docx%23_Toc497808836


 

XXIII 

Figure 3-4- The seasonality of Radium in the central Celtic sea. Left- 3rd April 2015. 

Middle- 11th November 2014. Right- 22nd November 2014. .......................................... 71 
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1.0 Marine iron biogeochemistry within the Earth system 

Iron (Fe) is the fourth most abundant element in the Earths’ crust after oxygen, 

silicon and aluminium [Wedepohl, 1995] and an essential micronutrient used in the 

biological processes of photosynthesis and nitrogen fixation [Falkowski and Raven, 2007; 

Poulton and Raiswell, 2002]. Phytoplankton have a high Fe requirement relative to other 

trace elements [Ho et al., 2003]. This is believed to result from the evolution of the 

capacity to use water as the electron source in photosynthesis, which occurred 2000-

3000 Ma, in an iron rich environment [Williams and Frausto da Silva, 2006]. The 

evolution of oxygen producing photosynthetic life ultimately resulted in the oxygenation 

of the Ocean-Earth system, which in turn dramatically decreased the solubility of Fe in 

the ocean (see section 1.1). Consequently, in the modern surface and deep ocean sub-

nanomolar concentrations are typical for dissolved Fe (dFe) [Johnson et al., 1997], 

leading to the hypothesis that Fe can limit the growth of marine phytoplankton. 

Although reliable measurements of dFe have only been conducted in the past few 

decades [e.g. Gordon et al., 1982], the original hypothesis of Fe limitation dates back to 

the 1930’s [Gran, 1932]. In 1989 Martin and co-workers tested this hypothesis in 

Antarctic waters using bottle incubations where Fe was added and this resulted in an 

increase in phytoplankton growth [Martin, 1990]. This led to mesoscale in-situ Fe 

enrichment experiments which demonstrated that surface water Fe concentrations are 

low enough to limit algal growth in large parts of the modern Southern Ocean, Equatorial 

Pacific and sub-Arctic Pacific [Boyd et al., 2007; Boyd et al., 2000; Coale et al., 2004; 

Tsuda et al., 2003]. As well as limiting growth, Fe concentrations can influence 

ecosystem structure [Landry et al., 2000; Tsuda et al., 2003] as phytoplankton species 

have differing Fe requirements and/or differences in the surface/area cell ratio which 

can alter uptake efficiencies [Lis et al., 2015; Öztürk et al., 2004]. 
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The capacity of Fe concentrations to limit primary production and affect 

ecosystem structure has implications for the biogeochemical cycling of major nutrients 

(e.g. C, Si, N, P) [Tagliabue et al., 2017]. The interplay between Fe and carbon 

biogeochemistry has led to many studies, due to the importance of atmospheric carbon 

dioxide (CO2) concentrations are a key driver of climate change [Petit et al., 1999; 

Watson et al., 2000]. In particular the Martin [1990] ‘Iron Hypothesis’ posits that 

fluctuations in aeolian Fe supply to Fe limited regions, particularly to the Southern Ocean, 

were a driver of, or contributed to, glacial/interglacial atmospheric CO2 change by 

increasing the efficiency of the ‘biological carbon pump’. The international attention this 

received later led to the proposition that alleviation of Fe limitation could be a potential 

geo-engineering strategy to counteract current anthropogenically induced climate 

change [Vaughan and Lenton, 2011]. Concerns over the long term fate of the additional 

fixed carbon and possible side effects, including alterations to ecosystem structure and 

reducing the supply of macronutrients to low latitude regions, have however reduced 

the probability of Fe fertilization being used as a successful climate change mitigation 

strategy [Buesseler et al., 2008; Denman, 2008; Vaughan and Lenton, 2011].  

Given the essential role of Fe for primary production and hence the drawn down 

of atmospheric CO2 the biogeochemical cycle of Fe is now included in climate models 

[e.g. Aumont et al., 2015; Dunne et al., 2013; Moore et al., 2013b; Tagliabue et al., 2015; 

Yool et al., 2013]. However, a recent intercomparison of how the Fe cycle is represented 

in 13 global biogeochemical models revealed large differences in the calculated inputs 

of Fe to the ocean (e.g. total Fe inputs ranging from 1.4-195.4 Gmol yr-1) and the rate at 

which dissolved Fe is lost due to scavenging, resulting in residence times varying from 5-

500 years [Tagliabue et al., 2015]. Therefore, a more detailed understanding of the 
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sources, cycling and sinks of iron in the contemporary ocean must first be achieved, 

including Fe transport from and cycling in highly productive continental shelf waters. 

1.1 Iron species in seawater 

The speciation of Fe in seawater is complex and can be investigated by physical 

size fractionation and analysis of the chemical speciation (Fig. 1.1). Physical separation 

by filtration divides Fe into operationally defined size fractions, where soluble (sFe) (< 

0.02µm) and colloidal (cFe) (0.02 to 0.2 or 0.4 µm) make up the dFe fraction with the 

remaining Fe defined as particulate (pFe) (> 0.2 or 0.4 µm). By partitioning Fe in this 

manner the natural continuum of sizes present in oceanic waters is separated into 

distinct operational classes. Within each fraction Fe from a variety of sources, and thus 

different chemical species exist [Tagliabue et al., 2017] (Fig. 1.1). This includes redox 

speciation as Fe in seawater can be found in ferric (Fe(III)) and ferrous (Fe(II)) redox 

states. In oxygenated seawater, Fe(III) is the predominant form as Fe(II) undergoes rapid 

oxidation [Millero et al., 1987; Rose and Waite, 2002]. Although elevated Fe(II) 

concentrations, above those anticipated by thermodynamic theoretical calculations, 

have been observed due to processes such as photochemical reduction in surface waters 

[Barbeau et al., 2001], in reducing environments such as oxygen minimum zones [Lohan 

and Bruland, 2008], anoxic sediment pore waters [Noffke et al., 2012] and hydrothermal 

vent plumes [Severmann et al., 2004].   

An explanation for sub-nanomolar oceanic dFe concentrations is the inorganic 

chemistry of Fe, which is dominated by the hydrolysis of Fe(III) in oxygenated seawater 

(pH≈ 8.1). During this process the rejection of protons from surrounding hydrating water 
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molecules leads to the formation of amorphous hydrous ferric oxyhydroxides [Byrne and 

Kester, 1976]. These species are lost from solution via coagulation to form colloids and 

subsequently adsorbed onto particles; over time these oxyhydroxides are converted to 

more stable and less soluble crystalline forms, characterised by large negative Gibbs free 

energies of formation [Stumm and Morgan, 1996]. The result of this process is that the 

solubility of dFe in inorganic (ultra violet light digested) seawater is as low as 0.01 ± 0.002 

nM [Liu and Millero, 2002], so that the majority of Fe is often present in the particulate 

form [Wells et al., 2000] and results in a short residence time (≈ 100-200 years in deep 

waters) relative to the mixing time of the ocean (≈ 1000 years) [Boyd and Ellwood, 2010]. 

From solely a physico-chemical perspective, dFe oceanic profiles would be 

predicted to display a ‘particle reactive’ or ‘scavenged’ type profile, yet dFe profiles 

Figure 1-1- Schematic of the operational definitions used to distinguish the soluble, 
colloidal, dissolved and particulate fractions of Fe and the forms of iron that can 
exist within each phase. 
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typically display a ‘hybrid’ type profile. The concentration of dFe in deep waters across 

ocean basins (≈ 0.4-0.7 nM) is consistently larger than the theoretical solubility limits 

from hydrolysis alone [Johnson et al., 1997] and suggests that other factors mitigate 

against the loss of iron from the dissolved phase. One factor is the presence of Fe binding 

organic ligands, which buffer dFe concentrations in the dissolved phase by forming 

complexes with > 98% of dFe present in seawater. The conditional stability constants of 

such complexes are reported to range between 1018 and 1023 and they are typically are 

present in excess of dFe concentrations. Consequently, Fe binding organic ligands 

maintain dFe concentrations above its inorganic solubility (0.01 ± 0.002 nM) [Gledhill 

and van den Berg, 1994; Ibisanmi et al., 2011; Rue and Bruland, 1995].  

In particle rich shelf systems it is also important to consider the relationship 

between particulate Fe and organic complexation. In river plumes [Buck et al., 2007] and 

the Bering Sea shelf environment [Buck and Bruland, 2007], organic ligands exert a key 

control on Fe solubility from particulate material. In both cases, once the organic ligand 

coordination sites were saturated, no more dFe could be solubilised regardless of the 

Figure 1-2- Annual fluxes of dFe to the ocean from Worsfold et al. [2014]. 
Original data from: Bewers and Yeats [1977]; Chester and Jickells [2012]; 
Stallard and Edmond [1983]; Tagliabue et al. [2014b]. Riverine flux assumes 
90% estuarine removal [Boyle et al., 1977]. It should be noted that large 
uncertainties are currently associated with these flux estimates. See text for 
more details. 
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leachable pFe concentration present. These results indicate that strong organic ligands 

may influence the partitioning of Fe between the dissolved and particulate phases, a 

process that could be particularly important in particle rich shelf waters. Furthermore, 

Rijkenberg et al. [2008] reported a concurrent increase in dFe and decrease in the 

concentration of organic Fe binding ligands and conditional stability constants following 

a dust deposition event in the Atlantic. However, ligand-particle interaction is not a 

simple process; Boyd et al. [2010] showed the simultaneous release of dFe and Fe 

binding ligands from particulate material and suggested that biogenic particulates 

undergoing remineralisation provide excess ligands, whereas lithogenic particulates are 

responsible for scavenging Fe from the dissolved phase.  

1.2 Sources of dissolved iron to the ocean 

Iron is particle reactive and therefore seawater dFe concentrations are closely 

correlated with external inputs. The major sources of dFe to the ocean are from riverine 

input, aeolian dust, glacial inputs, hydrothermal venting, and sediments (Fig. 1.2). The 

contribution from each of these sources to dFe in the ocean varies geographically and 

temporally over seasonal to geological time scales. Additionally, mixing of Fe across the 

ferricline, the maximum gradient in dFe concentration between surface and subsurface 

waters [Tagliabue et al., 2014b], can then be incorporated into and cycled within the 

biogenic Fe pool, termed the ‘ferrous wheel’ [Strzepek et al., 2005], which can mediate 

exchange of Fe between the soluble, colloidal, dissolved and particulate phases. The 

major removal processes for dFe are scavenging and precipitation, leading to 

sedimentation and biological uptake. 

At present there remains considerable uncertainty associated with these fluxes; 

for instance riverine data is sparse in relation to the number of rivers and is complicated 

by the non-conservative behaviour of dFe in estuaries due to cation induced flocculation 
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of organic colloids [Boyle et al., 1977]. Aeolian deposition includes wet and dry 

atmospheric deposition. A large source of uncertainty in estimates of dry deposition is 

the fractional solubility of Fe in atmospheric aerosols, which ranges from < 1 to > 95% 

[Sholkovitz et al., 2012]. Wet deposition is comparatively under sampled, but could 

supply 1010 moles of Fe per year to the surface ocean, much of which could be present 

as aqueous Fe(II) [Kieber et al., 2001]. The estimate of hydrothermal Fe sources 

presented in Fig. 1.2 assumes the relationship observed over the East Pacific Rise is 

representative of the global input [Resing et al., 2015; Tagliabue et al., 2010]. Additional 

fluxes not displayed on Fig. 1.2 are that of sea ice and glaciers and groundwater. Sea ice 

and glaciers might be very significant at high latitudes [Raiswell et al., 2008]. However, 

the fate of glacial melt water derived dFe is likely to be dependent on the physical 

circulation of water at the glacial terminus and the non-conservative behaviour of Fe 

along the salinity gradient [Hopwood et al., 2015]. The flux of Fe from groundwater may 

represent a significant flux to coastal zones, but is very poorly characterised [Windom et 

al., 2006]. The shelf sediment as a source of Fe is introduced in more detail below 

(Section 1.3.1).  

 

1.3 Shelf seas and the marine iron cycle 

Shelf seas cover < 10% of the global ocean surface area yet have a 

disproportionate impact on the marine carbon cycle by contributing 10-20% of global 

oceanic primary production [Liu, 2001; Muller-Karger et al., 2005].  The primary 

production in shelf seas results in a net drawdown of atmospheric CO2, particularly in 

temperate shelf seas [Chen and Borges, 2009], and ‘fuels’ fisheries, supporting 90% of 

the global catch [Pauly et al., 2002]. Along with light and grazing pressure, nutrient 

availability exerts a key control on the magnitude of primary production. In coastal 
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regions, it has been assumed that Fe is replete due to its proximity to rivers and to 

sediment water exchange, in contrast to the limiting concentrations observed in the 

open ocean (Table 1.1). However, very few biogeochemical studies have taken place on 

stratified shelf systems and no seasonal studies have examined Fe cycling in stratified 

shelf systems, which are found globally in sub-polar regions. Therefore, an enhanced 

understanding of Fe in seasonally stratifying shelf seas will increase our understanding 

of the drivers of primary production in these important regions.  

Although the Taylor-Proudman theorem puts a constraint on exchange between 

the shelf and the open ocean, frictional forces ensure shelf systems are not isolated from 

the open ocean. Transport of Fe from shelf sea sediments is an important source of Fe 

to the open ocean and current uncertainty in the flux estimates means that it could be 

larger in magnitude than the aeolian Fe flux [Dale et al., 2015; Elrod et al., 2004]. 

Moreover, shelf sediment derived Fe may have a greater impact on the global carbon 

cycle through the primary production it sustains than that of aeolian or hydrothermal 

Fe [Tagliabue et al., 2014a]. 

To address this current gap in our understanding, this thesis examines both the 

role of Fe in sustaining primary production in shelf systems and the off shelf transport 

of Fe from shelf systems and are introduced in detail below (section 1.3.2 and 1.3.3). 
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Table 1-1- Comparison of dissolved (0.2 to 0.4 µm filter) iron concentrations (nM) reported for different oceanographic regimes. Surface definition 
varies between studies, taken here as the shallowest reported values (max 30 m depth). Data only used if verification carried out by analysis of 
reference/consensus material or through independent analysis of same sample/s by independent method and group. Data not included if limit of 
detection not reported. Data initially reported in nmol/kg converted to nM assuming 1 L seawater is equal to 1.035 kg 

 

 

 

 

 

 

 

 

 

 

 

  

a[Bucciarelli et al., 2001] b[Measures and Vink, 2001] c[Aguilar-Islas et al., 2007] d[Chever et al., 2010] e[Sarthou et al., 2003] 
f[Ussher et al., 2007] g[Laës et al., 2003] h[Blain et al., 2008] i  [Klunder et al., 2011] j[Klunder et al., 2012] k[Nédélec et al., 2007] 

 Coastal Water Continental Shelf Water Open Ocean Influenced 

by Continental Shelf 

Open Ocean 

Southern Ocean     

Surface 8.8-12.6a 0.58-2.71a 0.46-0.71a 0.08-0.32b, 0.11-0.70d, 0.08-0.47i 

Subsurface 18.4- 22.6a 1.25-1.74a 0.86-1.94a 0.15-2.2i 

Pacific Ocean     

Surface 1.0-3.9c 0.5-6.3c 0.03-1.7c, 0.32-1.2h 0.03-0.05c,0.08-0.13h 

Subsurface 1.0-12.6 c 4.3-12.6c 1.0-2.4c, 1.23-3.39h 0.06-1.34h 

Atlantic Ocean     

Surface  0.2-1.75f, <0.16-2.02k 0.15-0.5f 0.02-1.11e, 0.23-0.34g 

Subsurface 0.8-2.1f 0.6-2.0f, 0.21-5.37k  0.5-1.199 

Arctic Ocean     

Surface   0.3-3.0j 0.1-2.8j  

Subsurface  0.2-11.0j 0.2-3.0j  
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1.3.1 Shelf sediments as a source of iron 

For both off-shelf transport and on-shelf primary production, the primary source 

of Fe is the continental shelf sediment. The dFe concentration in riverine water can 

exceed 1 µM [Jiann et al., 2013] and is predominantly present in the colloidal form, yet 

in estuaries salt induced flocculation, and a rise in pH, can remove > 90% of riverine dFe 

[Boyle et al., 1977] leaving the resulting pFe to settle out on the coastal and shelf 

sediments. However, the shelf sea environment is both physically dynamic and highly 

productive [Simpson and Sharples, 2012]. The combination of sediment resuspension 

[Elrod et al., 2008; Nédélec et al., 2007] and a diffusive flux of Fe, driven by the use of 

Fe(III) as the terminal electron acceptor during the respiration of organic matter, 

[Dehairs et al., 1989; Elrod et al., 2004; Lohan and Bruland, 2008; Santschi et al., 1990; 

Ussher et al., 2007] can lead to shelf sediments being a significant source of Fe to the 

overlying water column.  

There are numerous factors that affect the flux of sedimentary Fe, including 

bottom water oxygen concentrations [Dale et al., 2015; Lohan and Bruland, 2008; Noffke 

et al., 2012; Severmann et al., 2010], the flux of organic carbon to the sediments [Dale 

et al., 2015; Elrod et al., 2004] and the quantity of reactive Fe present in the sediments 

[Chase et al., 2007; Homoky et al., 2013; Noffke et al., 2012; Severmann et al., 2010]. 

The latter is influenced by local geology, riverine supply and regular (seasonal) 

oxic/anoxic periods. To highlight the present uncertainty in calculating global dFe fluxes 

a method of extrapolation used by Elrod et al. [2004] has been applied to data from 

other studies focusing directly on the benthic flux of dFe in order to generate 

comparable estimates (Fig. 1.3). The calculations involved in producing this figure have 

a number of caveats, for instance; not all the data used have analytical uncertainties 

associated with them and so errors are not propagated and the data for South Africa is 
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from a single station whereas the others are mean fluxes from multiple stations. Also it 

is noted that the Black Sea is an anoxic basin with limited connectivity with the open 

ocean. Nevertheless, the range of global flux estimates spans 2-4 orders of magnitude 

for sediments shallower than 200 m, depending on whether Black Sea data are included 

and 3 orders of magnitude for sediments between 200 and 1000 m depth. Moreover, 

most studies of shelf fluxes of dFe have concentrated on reductive dissolution of Fe, 

whereas Homoky et al. [2013] highlight the potential importance of a non-reductive 

pathway of Fe transport from oxic shelf margins. Although, the flux of dFe per unit area 

of sediment to oxic seawater is likely to be lower than the flux to oxygen deficient waters 

[Elrod et al., 2004], oxygenated waters are typical of most shelf regions and Fe isotope 

measurements suggest a significant fraction of open ocean dFe is derived from oxic 

margin sediments [Conway and John, 2014; Homoky et al., 2013; Radic et al., 2011]. 

Therefore, understanding the rate and speciation of Fe fluxes from oxic shelf margins 

remains an important aspect of the global Fe cycle.  
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Figure 1-3- Global flux of dissolved iron from shelf sediments, based 
on extrapolations of observations from different locations. The 
method of extrapolation is the same as that used by Elrod et al. 
[2004], the average flux measured multiplied by the area of seafloor 
globally within the depth interval. The data used comes from the 
following sources California [Elrod et al., 2004], California/Oregon 
[Severmann et al., 2010; Stallard and Edmond, 1983; Tagliabue et al., 
2014b], Peru [Noffke et al., 2012], S. Africa [Homoky et al., 2013; 
Stallard and Edmond, 1983], Galveston Bay [Warnken et al., 2001], 
Black Sea [Friedl et al., 1998] and sea bed area data [Menard and 
Smith, 1966]. 
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1.3.2 Iron and shelf primary production  

Iron from shelf sediments has been identified as a potential control of primary 

production in shelf environments [Johnson et al., 1999] but the traditional paradigm is 

that shelf waters are Fe replete [Chase et al., 2005a]. However, Fe limitation of part or 

all of the phytoplankton community has been reported in the California upwelling 

system [Fitzwater et al., 2003; Hutchins and Bruland, 1998; King and Barbeau, 2007], 

over the Bering Sea shelf break [Aguilar-Islas et al., 2007] and in the Ross Sea once 

seasonal stratification has isolated surface waters from sediment derived Fe [Arrigo et 

al., 2003; Sedwick et al., 2000].   

The studies detailed above suggest that (co-)limitation between multiple 

nutrients and light in shelf environments is complex and varies both spatially and 

temporally. Further evidence to support this can be found in recent studies of 

phytoplankton genomics. An Atlantic coastal Synechococcus strain retained the genetic 

material required to cope with variable Fe availability despite the additional nitrogen 

this required, whereas a strain isolated from Fe replete waters under the Saharan dust 

plume had not [Mackey et al., 2015]. Furthermore, genetic indicators of Fe stress in 

coastal diatoms have been detected at elevated Fe concentrations [Chappell et al., 2015]. 

Despite the increasing awareness that Fe may not always be replete in shelf systems, 

the cycling of Fe in shelf systems remains poorly constrained. 

In seasonally stratifying temperate shelf seas, the seasonal changes in solar 

irradiance govern the degree of vertical mixing by stratifying the water column in spring. 

The variability in vertical mixing, in turn, determines the availability of light and nutrients 

to phytoplankton [Sverdrup, 1953]. Whilst this is well established for the macronutrients 

[e.g. Hickman et al., 2009; Hickman et al., 2012; Pingree et al., 1977; Rippeth et al., 2009; 

Sharples et al., 2001], the seasonal cycling of Fe in these systems has yet to be observed.  
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1.3.3 Off-shelf transport of iron 

The importance of Fe remobilised from the sediments will depend on its fate 

once in the water column. Several studies have shown that dFe concentrations decrease 

with distance away from the shelf [Aguilar-Islas et al., 2007; Bucciarelli et al., 2001; Elrod 

et al., 2004; Milne et al., 2017; Ussher et al., 2010; Ussher et al., 2007], indicative of 

offshelf transport. It has been hypothesised that shelf derived dFe drives observed 

patterns in oceanic primary production, including alleviation of Fe limitation in the North 

Pacific [Tyrrell et al., 2005], fertilization of the Madagascar bloom [Srokosz et al., 2015] 

and increased primary production downstream of islands in the Southern Ocean [Pollard 

et al., 2009; Van Der Merwe et al., 2015] and the Galapagos Island [Martin et al., 1994] 

systems. 

The region of focus in the study reported here is the North West European Shelf. 

The adjacent central and high latitude North Atlantic receives a similar amount of dust 

to that of high latitude Pacific HNLC region [Jickells et al., 2005; Measures et al., 2008] 

and dFe measurements of 0.02-0.22 nM in the Iceland and Irminger Basin surface waters 

confirm this is not an Fe replete region [Martin et al., 1993; Measures et al., 2008; 

Nielsdóttir et al., 2009]. These results suggest a HNLC type region post spring bloom, and 

enrichment studies have demonstrated the potential for Fe stress/limitation in this 

region [Blain et al., 2004; Martin et al., 1993; Moore et al., 2006; Nielsdóttir et al., 2009; 

Ryan-Keogh et al., 2013] which also happens to be an area of significant CO2 draw down 

[Takahashi et al., 2002]. 

Whilst it is presently understood that shelf sediments are an important source 

of Fe to the open ocean, less is known about the processes and physico-chemical 

speciation of the mobilised Fe. The physical processes include transport in intermediate 

nepheloid layers (INL) along isopycnals following sediment resuspension, likely a result 
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of internal tides or friction of the along-slope current [Nédélec et al., 2007] and eddy 

transport [Boyd et al., 2012; Van Der Merwe et al., 2015]. 

Regarding chemical speciation, most studies separate dFe by filtering through 

0.2-0.45 µm membrane and off-shelf transport has focused on the dFe fraction. More 

recently an appreciation of the pFe fraction exported from shelf systems has revealed 

that the transport of labile particulate Fe is pivotal to understanding the shelf sediment 

source of Fe [Abadie et al., 2017; Lam and Bishop, 2008; Lam et al., 2006; Milne et al., 

2017], particularly as much of the pFe (up to 81%) can be labile [Hurst et al., 2010]. 

Moreover, although investigations into the partitioning of the dFe into soluble and 

colloidal fractions are limited, it appears that colloidal association increases near the 

shelf break [Fitzsimmons et al., 2015a; Hurst et al., 2010] which was interpreted as an 

input of inorganic colloidal material from sediment resuspension. However, greater 

variability in the relative proportions of sFe/cFe was observed in the Canary Basin, both 

in shelf and off shelf waters, at a time when sediment input was the dominant source of 

Fe to these waters [Ussher et al., 2010]. Redox speciation studies show that a diffusive 

Fe input is also important. In hypoxic waters most of the dFe can exist as Fe(II) [Lohan 

and Bruland, 2008], whilst even in oxic waters a sedimentary Fe(II) signal is observed 

[Ussher et al., 2007]. These studies reflect the complex processes occurring over the 

shelf and shelf break. These processes include diffusion of dFe, resuspension of dFe and 

pFe, and the subsequent interactions between the different fractions; including redox 

transitions, colloidal formation and particle aggregation/disaggregation. 

1.4. Aims and hypotheses  

This thesis investigates both the role that Fe plays in sustaining primary 

production in shelf systems and the role shelf systems play as a source of Fe to the open 

ocean. It is based around an investigation of the spatial and temporal variability in the 
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physio-chemical speciation of Fe in the Celtic Sea and the Malin/Hebridean Seas. This is 

split into 3 hypotheses with supporting objectives: 

 Hypothesis 1: Given that seasonal stratification provides an efficient barrier 

to the vertical transport of macronutrients in the Celtic Sea, it is postulated 

that Fe will also be seasonally depleted in the surface mixed layer.  

 Hypothesis 2: Intermediate nepheloid layers emanating from the Celtic Sea 

shelf slope have been observed to provide a transport mechanism of dFe to 

the adjacent Atlantic Ocean. In these particle rich waters, it is hypothesised 

that much of the dissolved iron will be present in the colloidal phase and that 

the particulate fraction will dominate the Fe inventory.  

 Hypothesis 3: The seasonal cycling observed in the Celtic Sea will typify the 

seasonally stratifying regions of the shelf seas around the U.K and Ireland.  
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Chapter 2 - Analytical methodology 
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2.0 Introduction 

Accurate and precise measurements of trace metals in seawater are essential for 

our understanding of their biogeochemical cycles. The major analytical challenges 

associated with this task are the exceptionally low trace metal concentrations (10-6 to 

10-12 M) present in seawater relative to the major cation (Na, Mg, Ca, K, Sr) 

concentrations (10-1 to 10-4 M) and the ubiquitous nature of potential contaminants, 

especially aboard ship. As a result, methods of sampling and analysis used to determine 

trace metal concentrations need to be sensitive, selective and contamination free. 

Technological advances and the development of ultra-clean sample handling since the 

1970’s have made such sampling and analysis possible in all marine environments 

[Achterberg et al., 2001] and attempts over the past decade to produce community wide 

consensus material through the IRONAGES [Bowie et al., 2006], SAFe [Bruland, 2014] 

and GEOTRACES (www.geotraces.org) programmes have provided a robust way to check 

the accuracy of different methods for determining trace elements. The aim of the 

following section is to detail the methods used for the determination of Fe in this 

research.  

2.1 Trace metal clean procedures and operationally defined fractions  

2.1.1 Handling and cleaning procedures 

To accurately and reliably determine trace metal concentrations in collected 

seawater samples, clean plastic ware and filtration equipment are required.  Sample and 

reagent bottles (Nalgene™ low density polyethylene (LDPE)) were cleaned using the 

procedure outlined in Table 2.1.  
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Table 2-1- Cleaning procedure used for in this study, identical to that used in Wyatt 
[2013]. 

Step Procedure 

Stage 1. In general laboratory 

1 
2 
3 

Rinse 3 times UHP water. 
Immerse and cap in 3 M HCl (Fisher, Primar Plus) for 1 week. 
Rinse 3 times with UHP water. 

Stage 2. In class 100 laboratory 

1 
2 

Immerse and cap in 0.5 M HCl (Fisher, Primar Plus). 
Rinse 3 times with UHP water. 

Stage 3. Sample bottle storage  

1 
2 

Filled with UHP water acidified to 0.024M with HCl (Romil, SpA). 
Double bagged (polyethylene) and stored in clean plastic container. 

UHP= ultra-high purity water (MQ, ≥ 18.2 MΩ cm), HCl = hydrochloric acid  

2.1.2 Operationally defined trace metal fractions 

In this study, physio-chemical Fe speciation was defined by the filtration 

methods used (Table 2.2). The dissolved fraction has conventionally been defined as the 

fraction passing through 0.2 or 0.4 µm membrane filters. These pore sizes reflect the 

biological role of Fe, which makes it necessary to exclude living cells from the seawater 

sample to prevent alteration of the Fe pool after collection. A 0.2 µm cut off was chosen 

as it excludes a greater proportion of living cells, including heterotrophic bacteria in the 

0.2 to 0.4 µm fraction [Bowie and Lohan, 2009].  

The dFe fraction is further separated by filtration into soluble (sFe) and colloidal 

(cFe) fractions; the colloidal fraction being determined by subtraction of sFe from dFe 

(Table 2.2). Colloidal Fe is therefore defined as that fraction which passes through a 0.2 

µm filter but not a 0.02 µm filter. A theoretical definition better elucidates why the 

colloidal fraction is of interest; the interior of a colloid must be chemically/physically 

different from its surrounding to allow the creation of an interface [Wells, 2002], which 

allows interaction with other soluble and colloidal phases through processes such as 

adsorption and absorption. The creation of an interface sets the lower boundary on 
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colloidal size with the upper limit reached when the colloid is no longer maintained in 

solution by turbulent motion and gravity becomes the dominant force acting on the 

particle. Colloids can therefore be theoretically defined as non-sinking particles and 

colloidal Fe is Fe associated with such particles. 

Table 2-2- Operationally defined size fractions of dissolved Fe species used in this 
study. 

Fraction Abbreviation Filtration Pre-Treatment 

Total Dissolvable Iron TdFe Unfiltered Acidification after 
collection (pH 1.6, 
HCl). Stored for > 6 
months. Oxidised 
with H2O2 for 60 
minutes before 
analysis.  

Dissolved Iron dFe < 0.2 µm Filtered immediately 
following collection. 
Acidification after 
filtration (pH 1.6, 
HCl). Stored for > 2 
months. Oxidised 
with H2O2 for 60 
minutes before 
analysis. 

Soluble Iron sFe < 0.02 µm Pre-filtered through 
0.2 µm and then 
through 0.02 µm. 
Acidification after 
filtration (pH 1.6, 
HCl). Stored for > 2 
months. Oxidised 
with H2O2 for 60 
minutes before 
analysis. 

Colloidal Iron cFe dFe-sFe N/A 

Dissolved Iron (II) Fe(II) < 0.2 µm Analysed 
immediately after in- 
line filtration. 
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  Fe(II) is produced in the oceans by the reduction of Fe(III). Processes that 

generate Fe(II) in UK shelf waters include photochemical reduction of Fe(III) in surface 

waters and the use of Fe(III) as the terminal electron acceptor during the oxidation of 

organic matter in reducing sediments [Ussher et al., 2007]. To investigate the 

importance of such processes, dissolved Fe(II) concentrations were determined in 

selected samples.  

Total dissolvable Fe (TdFe) is defined as Fe which is solubilized after at least 6 

months of acidification to 0.024 M HCl.  

2.2 Flow injection with chemiluminescence detection for the 

determination of soluble, dissolved and dissolvable iron fractions and 

Fe(II) 
 

Flow injection (FI) is an analytical technique where sample is reproducibly 

injected into liquid phase reagent streams under laminar flow conditions. As a result the 

degree of sample/reagent mixing is consistent with each injection, meaning there is no 

requirement for equilibrium conditions to be established [Worsfold et al., 2013]. FI 

systems benefit from a number of advantages as outlined in a review by Worsfold et al. 

[2013]. These include: 

 Automated reproducible injections leading to high precision  

 Closed environment and minimal sample handling reducing contamination 

risk 

 Typically only small volumes of sample and regents required and therefore 

also low waste generation 

 In-line sample manipulation (e.g. buffering, pre-concentration and removal 

of matrix interferences, filtration) which is essential for the determination of 

transient species such as Fe(II) in oxic seawater 
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 Analysis time typically of the order of minutes, leading to high sample 

throughput 

FI manifolds can be combined with a number of different flow-through detection 

systems to determine a range of trace metal concentrations on-line following pre-

concentration and removal of matrix interferences. Detection methods include 

fluorimetry [Nowicki et al., 1994], atomic absorption spectroscopy [Fang et al., 1984] 

and inductively coupled plasma mass spectrometry (ICP-MS) [Clough et al., 2015; Yin et 

al., 2005]. In this study, a photon counting head, more commonly called a 

photomultiplier tube (PMT) was used to measure chemiluminesence (CL), with the 

resulting combined system termed flow injection with chemiluminescence detection (FI-

CL). 

When photons enter a PMT they are converted to electrons at the photocathode 

due to the photoelectric effect; the ejection of electrons from a material due to it gaining 

energy from the interaction with electromagnetic radiation (light). Measuring a single 

electron is difficult as the charge is low (as low as 1.6 x 10-19 coulombs). Therefore, a 

series of dynodes, coated in emissive material, are each held at a positive potential 

relative to the next dynode. The increase in kinetic energy of the electron is proportional 

to the potential between the dynodes. When the electrons strike the dynode the 

transfer of kinetic energy causes additional electrons to be emitted, in doing so 

multiplying the signal, which is measured at the anode. 

CL can be defined as the emission of visible light (luminescence) from a chemical 

reaction. For CL to occur, an excited state intermediate is formed that returns to a 

ground state through the release of radiation, not through vibrational conversation of 

energy to heat or through phosphorescence from triplet states [Barni et al., 2007]. This 

process can either occur directly or indirectly if the molecule or atom in the excited state 
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is an inefficient emitter and therefore passes the energy to another species, known as a 

‘sensitizer’. By its definition a CL technique does not require a radiation source; radiation 

is produced by a reaction, so unlike spectrophotometric methods there is no need to 

differentiate between emitted and transmitted radiation. The result is reduced Rayleigh 

and Raman scattering and source noise, leading to increased sensitivity [Barni et al., 

2007; Worsfold et al., 2013].  

For analytical purposes it is generally the intensity of CL that is of interest [Barni 

et al., 2007; Worsfold et al., 2013]. The intensity of CL (ICL) can be written as: 

ICL= ФCL(dC/dt)      (1) 

Where ФCL is the CL quantum yield and dC/dt is the rate of reaction (molecules reacting 

s-1). The CL quantum yield is a function of three factors; the fraction of excited states 

produced, the fraction of reacting molecules following the correct chemical path and 

the luminescence quantum yield of the emitter. More simply it can be described as: 

ФCL=   total number of photons emitted    (2) 
            number of molecules reacting 

The rate of reaction is dependent on the reaction conditions. If the concentration 

of the analyte of interest determines the rate of reaction, then ICL can be used to 

quantitatively determine the analyte concentration. However, solution CL is transient 

by nature and often occurs quickly (< 1 s) [Rose and Waite, 2002], thus creating the 

requirement for controlled and reproducible sample/reagent mixing if the CL is to be 

measured precisely [Worsfold et al., 2013]. Consequently, combining a suitable CL 

detector with a FI manifold is an ideal method to reliably measure ICL. As such, FI-CL 

techniques have become popular methods to determine a range of species present in 

seawater (e.g. Fe [Ussher et al., 2007], copper (Cu) [Coale et al., 1992], reactive oxygen 
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species [Milne et al., 2009], nitrate + nitrite (hereafter NO3
-) [Mikuška and Večeřa, 2003], 

phosphate (PO4
3-) [Patey et al., 2008]).    

The FI-CL systems used in this work are based on the two step oxidation of the 

chemiluminescent dye luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) which is 

catalysed by a range of metal ions, including Fe(II) or Fe(III), in the presence of a suitable 

oxidant (either O2 or H2O2). The luminol chemistry is sensitive enough to allow the 

determination of dFe and TdFe concentrations in all marine environments [e.g. Bowie et 

al., 1998; Croot and Laan, 2002; De Jong et al., 1998; Klunder et al., 2011; Lannuzel et 

al., 2006; O'Sullivan et al., 1995; Obata et al., 1993; Rose and Waite, 2001; Ussher, 2005; 

Ussher et al., 2010; Ussher et al., 2007; Wyatt, 2013]. In addition to high sensitivity, there 

are numerous other benefits of using luminol based FI-CL techniques that make them 

ideal for the detection of TdFe and Fe(II) at sea and in the laboratory [Ussher, 2005; 

Worsfold et al., 2013] including: 

 Elemental and redox sensitive detection 

 Portable and robust in line detection unit 

 Relatively inexpensive and requiring simple maintenance 

 Pre-concentration of seawater followed by elution negates Schlieren effect 

(all reagents have densities approximating to that of UHP)  

2.2.1 The oxidation of luminol 

The oxidation of luminol is the key reaction leading to CL in both Fe(II) and Fe(III) 

systems. In alkaline solutions, luminol is deprotonated to monoanionic and dianionic 

forms (Fig. 2.1), with the monanionic form predominating in solutions with a pH range 

of 8-14. Both monoionic and dianionic forms can be oxidised to form an intermediate 

excited compound that can lead to CL. The excited compound produced has been 
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identified as 3-aminophthalate; the fluorescence spectrum of the excited intermediate 

3-aminophthalate (3-APA*) has been shown to match the chemiluminescence spectrum 

of luminol [White and Bursey, 1964]. However, the exact mechanisms of luminol 

oxidation leading to the generation of 3-APA* are not fully characterised [Barni et al., 

2007; Merényi et al., 1990; Rose and Waite, 2001; White and Bursey, 1964]. It is 

generally considered that a two-step oxidation of luminol is initiated to create the 

intermediate compound α-hydroxy hydroperoxide (α-HHP) which decomposes to form 

3-APA* (Fig 2.2). However, the pathway leading to the formation of α-HHP is dependent 

upon the composition of the reacting system, in particular the nature of the oxidant, of 

which there are many that can initiate primary oxidation [Klopf and Nieman, 1983; 

Merényi et al., 1990]. 

The chemistry used in this work to determine TdFe, dFe and sFe is based on the 

Fe(III)/H2O2/luminol FI-system first reported by Obata et al. [1993]. Hydrogen peroxide 

(H2O2) is the oxidant, although H2O2 alone is not sufficient to initiate primary oxidation 

[Rose and Waite, 2001]. The role of Fe(III) in the production of primary oxidants is not 

completely clear [Barni et al., 2007]; it is known that Fe(III) catalyses the breakdown of 

H2O2 which would increases the rate at which suitable primary oxidants (.OH, OH-) are 

pKa1 =6.74 pKa2 =15.1 

Luminol (LH
-
) Luminol (LH2) Luminol 

(L2
-
) 

Figure 2-1- Luminol protonation. LH2, LH- and L2
- represent diprotic, monoanionic and 

dianionic luminol forms. Adapted from  Barni et al. [2007]. 
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produced. Secondary oxidation is achieved as the luminol radical forms diazaquinone 

either by fast recombination of the luminol radical or through oxidation of the luminol 

radical by O2, during which O2
.- is produced [Rose and Waite, 2001]. The presence of 

excess H2O2 (pKa 11.7) promotes the nucleophilic attack of diazaquinone by the 

hydroperoxide ion (HO2
-) relative to other nucleophiles (e.g. OH-) and thus ensures 

oxidation of diazaquinone to α-HHP (Fig. 2.2. step 2). The slow generation of O2
.-  during 

this process also facilitates the direct oxidation of the luminol radical to α-HHP, meaning 

the onset of maximum ICL is delayed whilst there is a build-up of  O2
.- [Merényi et al., 

1990; Rose and Waite, 2001].     

The chemistry used to determine Fe(II) is based on the Fe(II)/O2/luminol system 

[Bowie et al., 1998; Rose and Waite, 2001; Ussher, 2005]. In this case the oxidant is 

molecular oxygen (O2) which is reported to oxidise Fe(II) through the Haber-Weiss 

mechanism [Haber and Weiss, 1934]: 

    Fe(II) + O2 → Fe(III) + O2
.-    (3) 

    Fe(II) + O2
.- → Fe(III) + H2O2    (4) 

Fe(II) + H2O2→ Fe(III) + OH. + OH-   (5) 

Fe(II) + OH. → Fe(III) + OH-    (6) 

Following this mechanism, the oxidation of Fe(II) produces both OH. and O2
.-; the former 

is likely to be the primary oxidiser of luminol (Fig. 2.2. step 1) as O2
.- has been shown to 

be ineffective as a primary oxidant [Merényi et al., 1990]. The presence of O2
.-  already 

in the solution does however mean that the secondary oxidation can proceed 

immediately via the ‘fast’ direct route, increasing the speed of the reaction relative to 

the Fe(III)/H2O2/luminol system [Klopf and Nieman, 1983; Rose and Waite, 2001]. 
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The final step is dependent on the pH of the solution as only decomposition of 

the monoanion form of α-HHP will produce CL at 425 nm [Merényi et al., 1990; Rose and 

Waite, 2001]. The pKa of α-HHP is 8.2; therefore, to promote dissociation the pH needs 

to be higher than this. The optimum reaction pH is reported to be 10.5 for the 

Figure 2-2- The major pathways for two step oxidation of luminol (1 & 2) and the 
decomposition of the intermediately compound (3). Re-drawn from Rose and 
Waite [2001]. 
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Fe(II)/O2/luminol system [Rose and Waite, 2001; Ussher, 2005] and 9.5 for the 

Fe(III)/H2O2/luminol system [Obata et al., 1993]. 

2.2.2 Pre-concentration and matrix removal 

The seawater matrix is complex and major seawater ions, such as Ca2+ and Mg2+, 

have been shown to supress the CL signal, whereas halide ions enhance the CL signal at 

concentrations similar to those in seawater [Bowie et al., 1998; Shelley et al., 2010]. 

Furthermore, the concentration of Fe in seawater is often sub-nanomolar; therefore it 

is necessary to isolate Fe from the seawater matrix to both remove interferences and 

pre-concentrate the analyte.  In this study, two chelating resins were used, Toyopearl® 

AF-Chelate-650M (TOSOH, Sigma Aldrich), hereafter referred to as Toyopearl, and 

immobilized 8-hydroquinoline (8-HQ) [Landing et al., 1986]. 

 Toyopearl (Table 2.3) was chosen for the Fe(III)/H2O2/luminol system. The resin 

is a hydroxylated methacrylic polymer bead based resin with iminodiacetate (IDA) 

functional groups. In contrast to 8-HQ, it requires no complicated laboratory synthesis 

as it is commercially available. Consequently, Toyopearl has been utilized by numerous 

research groups in the oceanographic community interested in determining trace metal 

concentrations [e.g Clough et al., 2015; De Baar et al., 2008; Klunder et al., 2011; Milne 

et al., 2010; Warnken et al., 2000]. A specific advantage for the determination of Fe is 

that complete retention is achieved at a loading pH of 3.5 - 5.0 on the Toyopearl resin, 

making calibration and sample analysis less sensitive to small variations in loading pH 

[Clough et al., 2015].  

8-HQ (prepared by Dr Simon Ussher) was chosen for the Fe(II)/O2/ luminol 

system as it has been successfully used to investigate Fe(II) concentrations in seawater 

[Bowie et al., 2002; King et al., 1995; Ussher et al., 2007]. 
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 Both Toyopearl and 8-HQ resin were packed into custom made columns 

(polymethyl methacrylate) and retained with acid cleaned high density polyethylene 

frits (BioVyon F, 0.75 mm thick, 22-57 µm pore size). These were cleaned in-line by 

passing 0.5 M HCl (Romil, SpA) over them at a slow pump speed (< 0.5 mL min-1) for at 

least 3 h followed by UHP water for at least 3 h for Toyopearl and overnight for 8-HQ. 

Table 2-3- Toyopearl® AF-Chelate-650M chelating resin characteristics. 

 

Chelating group structure  

(iminodiacetate) 
 

Ion exchange capacity 25-45 µeq mL-1 

Pore size 0.1 µm 

Particle size (mean) 65 µm 

 2.3 Fe(III)/H2O2/luminol system 

2.3.1 Reagents and standards 

Reagents and standards were prepared inside a class-100 laminar flow hood 

using UHP water.  

A 50 mM luminol stock was prepared by dissolving 0.177 g luminol (Sigma-

Aldrich) and 0.250 g sodium carbonate (Na2CO3) (Sigma-Aldrich) in 20 mL of UHP. This 

solution was vigorously shaken and left for 2-3 days to allow for complete dissolution. A 

0.25, 0.083 or 0.025 mM working luminol solution was prepared by diluting 5, 1.5 or 0.5 

mL of luminol stock and 70 µL of concentrated triethylenetetramine (TETA, Sigma-

Aldrich) in 1 L UHP water. Working luminol solutions were prepared at least the day 

before analysis to allow the solution to stabilize [Bowie et al., 1998]. TETA increases 

sensitivity by chelating Fe(III); the resulting TETA-Fe(III) complex increases the rate of 

H2O2 decomposition [Wang, 1955]. A 0.23 M HCl elution acid was prepared by dilution 

of 20 mL of concentrated HCl (Romil, SpA) in 1 L UHP water and a 0.012 M wash solution 
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was made by dilution of 1 mL of concentrated HCl in 1 L UHP water. The ammonia 

(NH4OH) solution was prepared by dilution of 40 mL of concentrated NH4OH (Romil, SpA) 

in 1 L UHP. H2O2 was kept refrigerated until needed, a 0.3 M working solution was 

prepared by adding 30 mL of H2O2 (30%, Merck, Suprapur) to 1 L UHP water. 

A 7 M ammonium acetate (NH4Ac) buffer stock was prepared by the addition of 

100 mL concentrated acetic acid (CH3COOH) (Romil, SpA) to 100 mL UHP water followed 

by addition of 50 mL of NH4OH (Romil, SpA). To prepare a working buffer solution, 50 

mL of stock was diluted with 950 mL UHP water (pH 4.2-4.3), and when mixed in-line 

with acidified sample (pH 1.6) this gives a pH of 3.5-4.0. 

In order to quantify Fe concentrations, standard additions of Fe were added to 

20 mL of seawater. A serial dilution of a 17.9 mM (1000 ppm) Fe standard (Romil) was 

carried out, first to an 80 µM intermediate stock which was further diluted to a working 

stock. For each dilution the mass of UHP water, HCl and stock was recorded in order to 

calculate the final concentration. The final working stock was acidified to 0.024 M HCl 

to match the pH of the seawater to which it was added. The volume of the working 

standard added was never more than 1% of the seawater volume. 

2.3.2 Instrumentation and procedure 

The FI manifold design used is displayed in Fig. 2.3. It consists of three peristaltic 

pumps (Gilson MiniPuls 3) with two stop accu-rated™ polyvinylchloride (PVC) tubing 

(Elkay), a six port injection valve and a ten port autosampler (VICI Valco Instruments), a 

solenoid valve (Cole-Palmer), a photon counting head (Hamamatsu, model H8259), two 

clean up columns and one pre-concentration column. Both clean-up and pre-

concentration columns contained Toyopearl. LABVIEW™ V7.1 (National Instruments) 
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software, laptop (Toshiba) and control module (Ruthern Instruments) were used to 

control pump and valves and acquire peak height data [Bowie et al., 2005].  

 The clean-up columns were reversed every 2-3 days to prevent compaction and 

channelling. Each day, 0.5 M HCl (Romil, SpA) was passed through the system for 30-40 

min and UHP water for 15 min before use. Sample and reagent lines were kept inside a 

class-100 laminar flow hood. Following cleaning, the reagents were run through the 

system to allow the baseline to settle, typically 5-10 min. UHP water was then loaded as 

a sample for 2-3 cycles.  

To assess blank contribution the closed sample line method was used [Bowie et 

al., 2004; Ussher et al., 2010] where, the sample line was turned off and only sample 

buffer was loaded for typically 8-12 cycles. Following this, acidified filtered seawater 

Figure 2-3- Schematic of the FI manifold design used to determine Fe(III) and load 
elute positions of the 6 port valve. S = solenoid valve, used to permit flow from 
either rinse or sample/buffer lines. 
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(FSW) was then loaded as sample to condition the system until a stable signal was 

achieved, typically 8 cycles; only then were calibrants and samples analysed.  

Previous research has shown that a fraction of the Fe in acidified samples exists 

as Fe(II) and therefore it is necessary to oxidise this [Lohan et al., 2005]. At least 1 hour 

before being analysed, calibrants and samples were spiked with 10 mM H2O2 (1 µL 10 

mM H2O2 per 1 mL seawater) to oxidise any Fe(II) present to Fe(III).  

Each analytical cycle consisted of: 

1. Rinsing the pre-concentrating column for 10 s with 0.012 M HCl 

2. Loading the sample/buffer mix (pH 3.5-4.0) for 20 - 120 s 

3. Rinsing the pre-concentration column for 20 s with 0.012 M HCl 

4. Passing the elution acid (0.23 M HCl) over the column for 60 s in the opposite 

direction 

For steps 1 to 3, the rinse or sample/buffer mix went to waste after passing over the 

column; during this time the elution acid bypassed the column and mixed with reagents 

(pH 9.4 - 9.6). In doing so the elution acid and reagents combined to provide a baseline 

chemiluminescence signal when passing through the PMT. During step 3 a 0.012 M HCl 

rinse step was applied to the column after sample loading. This has been shown to 

remove > 80% more sodium from the Toyopearl resin, post seawater loading, compared 

with a UHP water rinse without removing Fe [Clough et al., 2015]. 

During step 4 the elution acid passed over the column, releasing chelated Fe, before 

mixing with reagents and entering the flow cell. The pH of the sample/buffer mix and 

reagent streams was checked daily. 
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The analytical cycle was performed multiple times for each calibrant/sample. It was 

observed that the first peak generated was generally larger than the following peaks. 

Therefore, the first analytical cycle was always treated as a conditioning run and the 

peak generated was not included in any calculations. Due to the quantity of samples 

collected, tests were carried out to determine whether samples could reliably be 

analysed in duplicate using a 3 peak program (using 2nd and 3rd peaks) (Fig. 2.4). The 

results demonstrated excellent agreement between triplicate and duplicate analyses of 

the same samples and therefore samples were analysed in duplicate (i.e. using a 3 peak 

program and treating the first peak as a conditioning run).  

Figure 2-4- The 1:1 relationship between Celtic Sea seawater sample 
concentrations determined by averaging 2nd, 3rd and 4th peak and just the 
2nd and 3rd peak. Horizontal error bars represent 1 standard deviation and 
vertical error bars represent the range of 2 values. Results from 3 separate 
days of analysis. y= 0.9992x – 0.0017. r2=0.999 (n=119). 

Concentration of dFe (nM) averaging 3 peaks

0 1 2 3 4 5

C
o

n
c
e

n
tr

a
ti
o

n
 o

f 
d

F
e

 (
n

M
) 

a
v
e

ra
g
in

g
 2

 p
e

a
k
s

0

1

2

3

4

5

27.1.14
25.1.14 
23.1.14 
all data



Methodology                      Chapter 2 

35 
 

2.3.3 Calibration  

The analytical system was calibrated by performing standard additions of Fe to 

low Fe (<0.2 nM) acidified (pH 1.6) seawater. Each calibration consisted of at least 5 

standard additions and a zero addition as recommended by Floor et al. [2015] to 

minimise the uncertainty of this analytical technique. Sample concentrations collected 

during this study ranged over 6 orders of magnitude (< 0.1 to > 400 nM), thus the 

following approached were investigated and developed for calibration.  

For low Fe concentrations (0-4 nM), an example of the peaks generated during a 

calibration is shown in Fig. 2.5. Standard addition curves comprising Fe additions < 10 

nM were consistently described by a polynomial equation (Figs. 2.6 & 2.7) due to a non-

linear response to Fe additions to low Fe seawater. The absolute concentration in each 

calibrant can be described as: 

Absolute [dFe] =  [dFe] of standard addition + starting [dFe] in SW   (7) 

The concentration of Fe in the zero addition was calculated by extrapolating 

linearly to zero based on additions up to 1.0 nM Fe (Fig. 2.6). This concentration was 

then added to the calibrants to give absolute standard concentrations. These absolute 

concentrations were then used to plot a calibration curve that was forced through the 

origin and the resulting polynomial equation used to convert peak height into an Fe 

concentration. 
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Figure 2-5- Example of the peaks generated during a calibration. Concentrations 
refer to the iron addition that resulted in the peaks displayed. 

Figure 2-6- Graphical representation of peaks displayed in Figure 2.5. Left- 
Calibration plotted as standard additions (r2=0.998) and after conversion to 
absolute iron concentrations (r2=0.996). Right- Standard addition technique 
employed to estimate the concentration of iron in the calibration water (r2=0.987). 
All error bars represent 1 standard deviation of triplicate injections. 
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For samples containing high Fe concentrations, an approach with standard 

additions with a calibration range >10 nM was required. A linear response was observed 

for concentrations from 10 - 100 nM. However, above 100 nM, a non-linear response 

was observed due to saturation of the detector. By reducing the concentration of 

luminol, from 0.25 to 0.083 mM, the sensitivity was reduced but this approximately 

doubled the linear range (Fig. 2.8). Despite lowering sensitivity, the precision was still 

typically < 5% R.S.D and this approach was adopted for concentrations between 10 and 

200 nM. 

An example of peaks generated and calibration plot, used to quantify Fe 

concentrations between 10 and 200 nM is displayed in Figs. 2.9 and 2.10. The calibration 

seawater was the same low Fe seawater used for low Fe (<10 nM) analysis. Due to 

reduced sensitivity, resulting from the lower luminol concentration and shorter loading 

time, the dFe concentration of the calibration seawater was below the limit of detection. 

Figure 2-7-Plot of residuals from 14 independent calibrations of standard 
additions of Fe(III) to low Fe seawater (n=99). Left- Applying a linear regression. 
Right- Applying a polynomial equation. Polynomial equation provided the best 
estimation of the Fe concentrations. 
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To increase confidence at the lower end of the curve the first two standard additions 

were analysed 6 times. As the response was known to be non-linear as the signal 

intensity dropped (Fig. 2.6), this curve was only used to determine Fe concentrations 

within the concentration range of the calibrants (i.e. not below 10 nM).  

Figure 2-8- Extending the linear range by varying the luminol concentration. All error bars 
represent one standard deviation. A- Two standard curves obtained using same calibrants 
but varying luminol concentrations, with linear regression fitted to both. B- A plot plot of 
residuals from the two linear regressions; a linear regression provided a good estimation of 
data when using the lower luminol concentration. C- Determining the extent of the linear 
range using a luminol concentration of 0.083 mM. Standards additions of Fe of 10-800 nM, 
there was a loss of sensitivity evident at concentrations > 200 nM. D- Same curve but only 
showing 10-200 nM Fe additions, linear regression fitted (r2=1.000). 
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Due to the dynamic concentration range employed to analyse samples, the gain 

(the degree of signal amplification) had to be adjusted to keep the readout within the 

scale of the software (Fig. 2.9). Tests were carried out to confirm that the gain 

adjustment resulted in a linear scaling of the signal (Fig. 2.11). 

 

 

 

 

 

Figure 2-9- Example of the peaks generated during a calibration of iron additions 
ranging 10-200 nM. Concentrations refer to the iron addition that resulted in the 
peaks displayed. The change in gain setting causes the apparent drop in sensitivity; 
this is done to keep the higher concentration samples on scale. The gain 
adjustment is a linear adjustment to the amplitude of the signal (see Fig. 2.11); 
this is required to keep the signal within the limits that the software will record. 
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Figure 2-10- Graphical representation of 
peaks displayed in Figure 2.9. Standard 
addition technique employed to estimate 
the concentration of iron on the calibration 
water (r2=0.998). All error bars represent 1 
standard deviation of triplicate injection. 

 

Figure 2-11- The effect of adjusting the signal gain. Acidified MQ 
sample spiked with 0.8 nM Fe then analysed with different gain 
setting, adjusting the gain results in a linear amplification of the 
signal (r2=1.000). 
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In addition to the uncertainty of the calibration curve, the ‘within sequence stability’, 

i.e. the drift in sensitivity over hours of continuous use, is a major contributor to the 

analytical uncertainty of this method [Floor et al., 2015]. To account for this the 

following procedure was developed: 

1. An in-house seawater reference material was analysed after every 10 samples. 

2. A 4 point calibration was analysed at the end of the day in addition to the one at 

the beginning. This included: a zero addition, lowest addition standard and 

highest standard to bracket the range of samples analysed. 

3. If the difference in peak height between the start of the day and the end of day 

calibrations was > 5% and not within ± 1 SD then corrections were made to peak 

heights assuming linear drift throughout the day. 

4. Drift corrected values were accepted if the drift corrected internal standard 

concentrations (ran as every 10th sample) were more consistent than 

uncorrected concentrations 

On the majority of analysis days (≈ 80%) instrumental drift was not observed. 

2.3.4 Figures of merit and combined uncertainty estimate 

The blank associated with the reagents is included in the baseline; therefore if 

any blank signal was detected it would likely have been from the ammonium acetate 

buffer, HCl wash and/or the manifold. The closed sample line analytical blank 

contributions were typically below the limit of detection (LOD), defined as 3 times the  

standard deviation of the zero addition (Appendix A), even for calibration curves ≥ 20 

nM where the average LOD was 28 ± 16 pM (1 SD, n=60). Analytical blanks below the 

LOD demonstrate that clean columns effectively removed any contribution from the 
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buffer and wash solutions and that the cleaning procedures maintained a trace metal 

clean manifold. 

Table 2-4- Validation of the analytical method, the concentration determined for 
consensus/reference materials in nM. Consensus values are obtained from analyses by 
multiple techniques (e.g. Magnesium co-precipitation, FI-CL, on and off-line pre-
concentration followed by ICP-MS detection, solvent extraction followed by ICP-MS 
detection, voltammetry, infra-red spectroscopy). 

Consensus/ 
Reference material 

Concentration Determined  
(nM ± 1 SD (n)) 

Consensus/Reference 
Concentration (nM ± 1 SD) 

GSP 0.15 ± 0.03 (15) Not published 
GSC 1.51 ± 0.08 (14) Not published 

SaFe D2 0.96 ± 0.10 (14) 0.956 ± 0.024* 

SaFe D1 0.69 ± 0.04 (4) 0.69 ± 0.04* 

 SaFe S 0.12 ± 0.01 (4) 0.095 ± 0.008* 

NASS-5 3.77 ± 0.03(2) 3.71 ± 0.63 

*Converted to nM from nmol kg-1 using density of 1.025 kg L-1.     

Further blank contributions could be due to the manipulation of samples e.g. by 

adding H2O2 or HCl. This can be minimised by selecting high purity reagents which was 

assessed by double spiking of samples into UHP water, and has previously been shown 

to be negligible [Bowie et al., 2004; Klunder et al., 2011].  

The accuracy and reproducibility of this method was tested using SAFe and 

GEOTRACES consensus materials and NASS-5 reference material. The results of these 

analyses showed excellent agreement with the published values (Table 2.4); full figures 

of merit can be found in Appendix A. Due to the limited quantity of these materials 

available, internal quality control standards were developed and run daily to assess 

reproducibility (Appendix B), both consensus material and internal quality control 

standards were then used to calculate a combined uncertainty estimate.  

In this work the dataset is comprised of ≈ 2 years of analyses, enabling a more 

robust estimate of the analytical uncertainty than the short term repeatability 

associated with replicate measurements of a single sample (typically <5% relative 
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standard deviations (RSD)). Both consensus and internal quality control standards were 

used to calculate a ‘top down’ estimate of the combined measurement uncertainty of 

this method using the Nordtest™ approach [Magnusson et al., 2012] (Appendix C): 

 uc=√(u(Rw)2+u(bias)2)        (8) 

Where uc is the combined standard uncertainty (approximates to the 68% 

confidence interval), u(Rw) is the uncertainty estimate of within laboratory 

reproducibility (random effects) and u(bias) is the uncertainty estimate of possible 

laboratory and procedural bias (systematic effects). This approach combines the 

uncertainties associated with day to day repeatability and possible systematic bias in 

the complete data set. For the Nordtest™ approach estimate carried out here, 

consensus material and internal quality control standards with a concentration range of 

0.69 to 1.49 nM were used to estimate a relative combined uncertainty (uc) of 9.5% 

(Appendix C).  

The uncertainty estimate compares well with a ‘bottom up’ assessment where a 

relative combined uncertainty of 5.0 -7.5% was reported for seawater samples with Fe 

concentrations of 0.5 - 1.0 nM analysed using the same FI-CL technique and 

instrumentation [Floor et al., 2015]. Further examination of the combined uncertainty 

estimate shows that within laboratory reproducibility contributed 65% of the analytical 

uncertainty, with 35% coming from possible laboratory and procedural bias (Appendix 

C). The work of Floor et al. [2015] suggests the main reason for the uncertainty 

contribution from the within laboratory reproducibility is likely to be associated with the 

calibration slope.  

The contribution from possible laboratory and procedural bias includes the 

uncertainty of the published consensus concentrations (e.g. SAFe D2 0.956 ± 0.024 nM) 
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and the possible bias estimated from the difference in the published mean 

concentrations (e.g. SAFe D2 0.956 ± 0.024 nM) and those determined in the course of 

this analyses (Appendix C). The results of the estimate carried out indicated that the 

uncertainty associated with the published consensus concentrations contributed 83% of 

the uncertainty associated with possible laboratory and procedural bias. Therefore, the 

results of this study are accurate and future analytical development should focus on 

improving within laboratory reproducibility. This could include setting more strict 

tolerance limits on internal standards and not analysing samples unless these criteria 

are met, and calibrating repeatedly during a day’s analysis. However, both suggestions 

would inevitably increase total analysis time, thus this decision should be based on the 

data quality required to test a particular hypothesis. 

The Fe concentration of samples analysed during this study of shelf waters 

spanned 6 orders of magnitude (< 0.1 to > 1000 nM) and the combined uncertainty 

estimated using consensus materials with a range of Fe concentrations of 0.69 - 1.49 nM 

was not applicable over this entire range. Due to a lack of consensus materials, it is not 

possible to carry out combined uncertainty estimates over the entire sample 

concentration range. Therefore, data are presented using the short term uncertainty 

associated with replicate measurements, as is common practice. An assessment of the 

within laboratory reproducibility can be estimated using in house quality control 

standards; for Fe concentrations of 4 - 16 nM this was 7%, for 49 - 70 nM this was 2% 

and for 0.14 - 0.24 nM this was 0.02 nM. At lower concentrations close to the LOD the 

relative uncertainty increases and hence absolute values were used for the 0.14 - 0.24 

nM range. 
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2.4 Fe(II)/O2/luminol system  

2.4.1 Reagents and standards 

A 2 M sodium hydroxide (NaOH) (Sigma- Aldrich) stock solution was prepared by 

dissolving 16 g NaOH in 200 mL UHP water. A 0.1 M stock solution of dimethylglyoxime 

(DMG) (Fluka, > 99%) was prepared by dissolving 0.698 g in 60 mL methanol (Acros 

Organics, 99.9%). A 0.04 M sulphite standard was made by dissolving 0.084 g of sodium 

sulphite (Sigma-Aldrich) in 60 mL of UHP water. 

A 10 µM luminol working solution was prepared by dissolving 15 g of Na2CO3 in 

500 mL UHP water, which was vigorously shaken until the Na2CO3 was fully dissolved 

(10-15 min). To this 200 µL of luminol stock (section 2.3.1), 5 ml NaOH stock and 200 µl 

DMG stock were added and then made up to 1 L with UHP water. Co(II) produces CL 

under the same reaction conditions as Fe(II) [Klopf and Nieman, 1983]; therefore DMG, 

which forms a complex with Co, was added to the luminol to mask this signal [Ussher et 

al., 2009]. Following the method of Bowie et al. [1998] the luminol was then passed 

through a Chelex 100 column that had been previously acid cleaned with 0.5 M HCl 

(Fisher, Trace metal grade) for 1 h and flushed with UHP water for 2 h. Cleaning of the 

luminol reagent removed impurities and therefore lowered the baseline. This lowered 

the signal-to-noise ratio and the LOD to a usable level (< 20 pM). Working luminol 

solutions were prepared at least the day before analysis to allow the solution to stabilize 

[Bowie et al., 1998].  

A 0.05 M HCl elution acid was made up by diluting 4 mL of concentrated HCl in 1 

L UHP water. A 2 M NH4Ac buffer stock was prepared by adding 44 mL NH4OH (Romil, 

SpA) to 29 mL CH3COOH (Romil, SpA) to which 177 mL of UHP water was added; this was 

then adjusted to pH 5 using acetic acid. To make a working solution, 200 mL of this stock 

was diluted with UHP water to a volume of 1 L.  
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Fe(II) stock solutions were made up in volumetric flasks. A 0.02 M Fe(II) stock in 

0.1 M HCl was prepared by adding 830 µL of concentrated HCl to ≈ 30 mL UHP water. To 

this 0.7841 g (exact weight recorded) of ammonium iron(II) sulphate hexahydrate 

(Sigma-Aldrich, 99.997%) was transferred from an acid cleaned Sterillin® vial to the 

solution, the vial was rinsed five times into the volumetric flask with UHP water to 

ensure a complete transfer. An 80 µM Fe(II) stock solution in 0.024 M HCl was prepared 

by adding 200 µL of concentrated HCl and 200 µL sulphite stock to 30 mL UHP. Following 

this 400 µL of 0.02 M Fe(II) stock was added and then the solution was made up to 100 

mL with UHP water. Both 0.02 M and 80 µM stocks were prepared weekly and kept in 

the dark at 4 oC until use [Bowie et al., 1998] . 

A final 200 nM Fe(II) working stock was prepared in 0.024 M HCl by adding 100 

µL of concentrated HCl to ≈30 mL UHP water in a LDPE volumetric flask. To this solution 

125 µL of 80 µM Fe(II) stock was added and the solution then made up to 50 mL with 

UHP. This solution was made up daily and kept in dark at 4 oC until use [Bowie et al., 

1998].    

2.4.2 Instrumentation and procedure 

The manifold design for the detection of Fe(II) is displayed in Fig. 2.12. The 

manifold included 3 peristaltic pumps (Gilson, Minipuls 3) with 2 stop PVC accu-rated™ 

pump tubing (Elkay) which were changed weekly during regular use. The manifold also 

included a solenoid valve to control the flow of sample/buffer solution, a micro-

electronically actuated 6 port, 2 position injection valve (VICI, Valco Instruments) to 

control loading and eluting flow and a photon counting head (Hamamatsu, Matsusada 

Precision) as the detection unit. There were three columns containing chelating resin 

included in the manifold design; two Toyopearl clean-up columns to remove reagent 

impurities and one 8-HQ column for pre concentrating the sample. To control the valve, 
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peristaltic pump timings and acquire data, a laptop (Samsung), LabVIEW v.12.0 software 

along with a data acquisition module (Ruthern Instruments) was used [Bowie et al., 

2002].  

As discussed above the chemiluminescence reaction kinetics of the 

Fe(II)/O2/luminol system are much faster than the Fe(III)/H2O2/luminol system and this 

has important implications for the manifold design. To maximise sensitivity, it was 

desirable to detect the maximum ICL resulting from each injection, or as close to this as 

possible. For this to occur mixing of the eluent and luminol streams must happen as 

close to the flow cell as possible. This was achieved by using a T-piece in the base of the 

PMT, to mix the eluent stream and luminol stream and therefore minimise the time the 

newly combined ‘emitting’ stream travelled before reaching the flow cell (Fig. 2.12). 

In order to maintain trace metal clean tubing, 0.5 M HCl (Romil, SpA) was passed 

through the manifold for 2-3 h followed by UHP for 2-3 h before a period of constant 

use (e.g. during an oceanographic cruise). All sample and reagent lines were kept inside 

a Class-100 laminar flow hood. At the start and end of the day’s analyses the system was 

flushed with UHP water to prevent build-up of sea salt. The clean-up columns were 

reversed every 2-3 days to prevent compaction and channelling.    

During analysis the system was operated as follows. Initially the reagent pump 

was continuously run to allow the reagent CL baseline settle; this process typically took 

20 - 30 min. UHP water was then loaded as a sample for 3 cycles followed by assessment 

of the blank contribution by the closed sample line method [Bowie et al., 2004; Ussher 

et al., 2010] for typically 8 - 12 cycles. Following this aged filtered seawater was loaded 

and injected until a stable signal was obtained. Only then were calibrants and samples 

analysed. Before samples were analysed, a 0.2 µm pore size (PES membrane, Nalgene™) 

in-line filter was inserted into the sample line. 
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Each analytical cycle consisted of: 

1. Loading the sample/buffer mix (pH 5.0-5.5) for 120 s 

2. Rinsing the pre-concentrating column for 30 s with UHP water 

3. Passing the elution acid (0.05M HCl) over the column for 80 s in the opposite 

direction 

For steps 1 and 2, the rinse or sample/buffer mix went to waste after passing over 

the column; during this time the elution acid bypassed the column and mixed with 

reagents (pH 10.2). In doing so the elution acid and reagents combined to provide a 

baseline chemiluminescence signal when passing through the PMT. The pH of the 

sample/buffer mix and reagent streams was checked daily. 

During step 3 the elution acid passed over the column, releasing chelated Fe, before 

mixing with reagents and entering the PMT. The analytical cycle was performed 3 times 

per calibrant and sample to provide triplicate measurements. 
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2.4.3 Calibration 

The analytical system was calibrated by performing standard additions of Fe(II) 

to buffered aged filtered seawater (pH 5.0 - 5.5). Each calibration consisted of a 

minimum of three additions plus a zero addition. The calibration seawater was surface 

seawater collected from a Tow-fish underway system (≈ 5 m depth) and stored in the 

dark for at least 24 h before use. The pH was then adjusted using 2 M NH4Ac (see section 

2.4.1) and again stored for 24 h before use. An example of the peaks generated are 

displayed in Fig. 2.13; standard additions of up to 500 pM produced a linear curve (Fig. 

2.14) and this relationship was used to determine Fe(II) concentrations. 

Figure 2-12- Schematic of the manifold design used to determine Fe(II) and load elute 
positions of the 6 port valve. S = solenoid valve, used to permit flow from either rinse 
or sample/buffer lines. 
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Figure 2-13- Example of the peaks generated during a calibration. Concentrations 
refer to the Fe(II) addition that resulted in the peaks displayed. 
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Figure 2-14- Graphical representation of 
peaks displayed in Figure 2.13, r2=0.9978 
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2.4.4 Figures of merit 

The analytical figures of merit for the Fe(II)/O2/luminol system are displayed in 

Table 2.5. The closed sample line analytical blank contributions averaged 24 ± 10 pM 

with an average detection limit (3 SD of blank) of 9 ± 5 pM. Due to the transient nature 

of Fe(II) no reference materials exist with which to validate the method and therefore 

Fe(II) concentrations determined have a larger associated uncertainty than dFe data. 

Analytical consistency was therefore evaluated by measuring the same aged filtered 

seawater sample during each analytical run. This approach is based on the assumption 

that the Fe(II) concentration had reached equilibrium in this sample. The mean 

concentration of the aged filtered seawater was 16 ± 5 pM (n=7) and these results 

provided reassurance that the analyses were consistent over this time period. There 

were two days when the sample was below the LOD; the LOD on these days were 16 

and 15 pM, respectively. 

 

Table 2-5- Analytical Figures of merit for the Fe(II)/O2/luminol system. m= the gradient 

of calibration slope, LOD= limit of detection, Aged FSW= filtered Celtic Sea surface 

seawater collected in April 2015 and stored in the dark at 4oC.  

Date Calibration 
Range (pM) 

r2 M LOD 
(pM) 

Blank 
(pM) 

Aged FSW 
(pM) (± 1SD) 

14.7.15 LOD-500 0.9965 10.406 5 14 12 ± 1 
16.7.15 LOD-500 0.9986 14.629 7 9 12 ± 3 
17.7.15 LOD-500 0.9989 17.358 4 21 18 ± 4 
20.7.15 LOD-500 0.9924 5.9067 15 25 <LOD 
21.7.15 LDO-500 0.9961 9.6906 5 24 14 ± 9 
22.7.15 LOD-500 0.9988 14.204 16 28 <LOD 
25.7.15 LOD-1000 0.9996 12.087 9 26 13 ± 8 
26.7.15 LOD-500 0.9966 12.196 15 46 16 ± 8 
29.7.15 LOD-1000 0.9982 11.344 4 24 26 ± 2 

Mean 
(± 1SD) 

   9 ± 5 24 ± 10 16 ± 5 
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2.5 Trouble Shooting 

The following protocol is advised for trouble shooting the FI-CL systems used in 

this study should the system not be performing satisfactorily. In case of high baseline or 

suspected contamination, the system should first be cleaned by passing 0.5 M HCl 

through the system on a slow pump speed for several hours followed by UHP for at least 

the same amount of time. 

1. Check all electrical equipment is switched on and responding (laptop, valves, 

auto sampler, PMT). 

2. Check all reagents are flowing in the correct direction and with minimal pulsing. 

If not adjust pump tubing clamps to achieve desired flow. After approximately 

one week of continuous use the pump tubing will become crimped and need 

changing. 

3. Check water bath is on and has reached desired temperature. This may take > 

1 hour to become stable. It is important to make sure that the water bath is full 

to minimise variations in the heating cycle as this will affect sensitivity.   

4. Break reagent waste line and test the reaction pH. If this is wrong then remake 

reagents. 

5. Run sample buffer lines (for enough time that the waste line no longer 

contains any wash solution) and test the sample loading pH. If this is wrong check 

the pH of the buffer and sample. 

6. Test pH of the wash solution (or in case of the Fe(II) system, refresh the MQ 

wash). 
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 If after these steps the issue has not been identified then further tests should be 

conducted. A list of possible problems is detailed below, it is important to test these 

individually. The order of tests should be determined by the analyst based on his/her 

recent work and observations (e.g. if the luminol stock has recently been changed, start 

with the luminol reagent). 

 Change HCl source (metals are soluble at low pH, so this is reagent is particularly 

susceptible to contamination). 

 Change luminol source (the sensitivity and baseline can vary between stocks; it 

may be that the working reagent needs cleaning through a Chelex column to 

remove impurities, this may also reduce the observed nonlinearity and is 

recommended). 

 Change pre-concentration or clean-up columns.  

 Electronics (cables and wires can degrade and affect the signal pulse, these need 

changing. Change one cable at a time to identify the weak link). 

 Valve degradation (the passing of acid and seawater through valves can lead to 

degradation of the valves. Change one at a time to identify the weak link). 

 Check the Labview programme timings (particularly if this has recently been 

altered). 

2.6 Conclusions 

Two well established manifolds were used to determine total Fe and Fe(II) 

concentrations in seawater for this work. The Fe(III)/H2O2/luminol system was used to 

determine the different fractions of Fe (TdFe, dFe, sFe) presented in this thesis. This 

system was optimised so that it was sensitive (LOD 28 ± 16 pM), precise (RSD < 5%) and 

accurate enough to measure oceanic dFe concentrations. The FI manifold was also 
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successfully adapted to measure shelf sea TdFe concentrations by extending the linear 

range through the adjustment of the luminol reagent concentration. Additionally, an 

estimate of the expanded uncertainty, for ≈ 2 years of analysis, for the concentration 

range 0.69 - 1.49 nM was carried out; the expanded uncertainty (9.5%) was larger than 

the uncertainty associated with replicate analysis of a single sample (typically < 5%) and 

thus needs to be considered when interpreting the data. This increased uncertainty is 

likely to be present in other datasets generated via this commonly used method. It is 

recommended that assessment of intermediate uncertainty should be routinely 

conducted; this is deemed feasible as top down approaches such as Nordtest™ can be 

conducted with results from the daily analysis of a single quality control standard. 

Consequently, the value of the information obtained far outweighs the effort required 

to gather it. 

The Fe(II)/O2/luminol system was optimised so that the detection limit was 

appropriate for the determination of oceanic Fe(II) concentrations (< 20 pM). It is not 

possible to validate this method but an effort to monitor day to day consistency was 

made by analysing the same aged filtered seawater. The results of these analyses 

provided confidence that the results generated were internally consistent. This 

relatively simple approach could be adopted by others to reduce the uncertainty 

associated with reported Fe(II) concentrations, which is a consequence of the analytical 

challenge presented when measuring a transient species. 
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Chapter 3 - Seasonal iron depletion in a 

temperate shelf sea 
 

 

 

 

 

 

 

 

The research presented in this chapter has been published in Geophysical Research 

Letters.  

Birchill, A. J., et al. (2017), Seasonal iron depletion in temperate shelf seas, Geophys. Res. 

Lett., 44, 8987–8996, doi:10.1002/2017GL073881. 
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3.0 Introduction 

Shelf seas cover < 10% of the global ocean surface area, yet contribute 10-20% 

of global oceanic primary production [Muller-Karger et al., 2005]. Iron is an essential 

element for phytoplankton growth and hence plays a pivotal role in the functioning of 

marine ecosystems and the ocean carbon cycle [Boyd and Ellwood, 2010; Twining and 

Baines, 2013]. Shelf seas are assumed to be Fe replete due to riverine and groundwater 

inputs, sediment resuspension and diagenetic supplies [e.g. Chase et al., 2005a; Elrod et 

al., 2004; Homoky et al., 2012; Lohan and Bruland, 2008; Ussher et al., 2007]. However, 

seasonal Fe limitation has been demonstrated over narrow shelf regions of the 

Californian upwelling system [Hutchins and Bruland, 1998; King and Barbeau, 2007], in 

the Ross Sea [Sedwick et al., 2011] and over the Bering Sea shelf break [Aguilar-Islas et 

al., 2007]. Furthermore, the ability of an Atlantic coastal Synechococcus strain to alter 

its physiology in response to variable Fe availability [Mackey et al., 2015], and expression 

of genes encoding flavodoxin in coastal diatoms [Chappell et al., 2015], emphasise the 

importance of understanding Fe availability to phytoplankton in dynamic shelf regions.  

Evidence of Fe stress at elevated dFe concentrations (0.40-1.73 nM) [Blain et al., 

2004; Chappell et al., 2015] highlights the need to consider not just dFe concentration, 

but also the physico-chemical speciation of Fe, which influences bioavailability [Lis et al., 

2015]. In shelf systems, pFe dominates the total Fe inventory [Hong and Kester, 1986], 

where up to 81% can be in a labile particulate fraction [Hurst et al., 2010]. This LpFe is 

considered available to phytoplankton, accessed directly from the particulate phase or 

indirectly following dissolution [Chase et al., 2005a; Hurst et al., 2010; Rubin et al., 2011]. 

Dissolved Fe can be further quantified in terms of sFe (< 0.02 µm) and cFe (0.02-0.2 µm); 

with the cFe fraction found to comprise 60-80% of the dFe pool in continental shelf 
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waters [Hurst et al., 2010]. Dissimilar bioavailability of sFe and cFe has been 

demonstrated in laboratory studies [Chen et al., 2003; Chen and Wang, 2001].    

3.0.1 Seasonal cycling in the Celtic Sea 

The central Celtic Sea (Fig. 3.1) is characterised by weak residual currents 

[Pingree and Le Cann, 1989] with an estimated water residence time of 1-2 years [Bailly 

Du Bois et al., 2002; Hydes et al., 2004b]. As water resides in the Celtic Sea for longer 

than one seasonal cycle repeated vertical profiles within one year will capture the 

seasonality of these waters. 

Figure 3-1- Map of Celtic Sea bathymetry (colour bar, m), the white 
line is the 200 m isobath and blue line is the 100 m isobath, data 
provided by the National Geophysical Data Center [1995]. The red 
square is the central Celtic Sea (CCS) sampling site (49° 24’ N, 8° 36’ 
W), ~150 m depth. 
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The Celtic Sea is a seasonally stratifying shelf sea; therefore the degree of vertical 

mixing principally determines the availability of light and nutrients to phytoplankton 

[Pingree et al., 1976; Pingree and Pennycuick, 1975; Sverdrup, 1953]. Seasonal 

stratification occurs in April [Fasham et al., 1983] as the increasing buoyancy input from 

solar irradiance is able to overcome dissipation due to tide and wind derived turbulence 

[Pingree, 1975; Simpson and Bowers, 1984; Simpson and Hunter, 1974]. The subsequent 

retention of phytoplankton in the euphotic zone facilitates a spring bloom of 

phytoplankton [Fasham et al., 1983; Pingree et al., 1976], during which ≈ 50% of annual 

new primary production occurs [Hickman et al., 2012].  

Following the spring bloom nitrate + nitrite (NO3
-) is exhausted (< 0.02 µM) in the 

surface mixed layer (SML) of the stratified Celtic Sea and increases below the 

thermocline due to regeneration of organic material [Hickman et al., 2009; Hickman et 

al., 2012; Pingree et al., 1977; Rippeth et al., 2009; Sharples et al., 2001]. Relatively low 

levels of primary production are supported in the SML by regenerated forms of nitrogen 

[Pingree et al., 1976]. New production occurs deeper in the water column where 

phytoplankton biomass accumulates near the pycnocline, at lower light levels, to access 

the diapycnal flux of nutrients from the bottom mixed layer (BML). Consequently a 

subsurface chlorophyll-a (chl-a) maximum (SCM) is evident throughout the stably 

stratified central Celtic Sea [Hickman et al., 2009; Hickman et al., 2012]. However, the 

complete drawdown of NO3
- in the SML indicates that the rate of the diapyncal NO3

- flux 

is a limiting factor on new primary production [Sharples et al., 2001; Williams et al., 

2013a; Williams et al., 2013b].  

At some point in late summer/autumn the net atmosphere-ocean heat flux 

reverses so that the sea surface progressively cools. The result is a gradual weakening 

of thermal stratification over several months until full winter overturning is achieved. 
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The weakening stratification permits increased vertical transport of nutrients that 

alleviates the oligotrophic conditions that prevail during the summer. The result is an 

autumn bloom of phytoplankton, evidenced by increased chl-a concentrations [Pingree 

et al., 1976; Pingree, 1975]. 

To date research into seasonal nutrient cycling in the Celtic Sea has 

predominantly focussed on the availability of NO3
- to phytoplankton. Although Fe 

measurements have been made previously in this region, most have sampled in March 

before the onset of seasonal stratification [Boye et al., 2003; De Jong et al., 1998; Laes 

et al., 2007; Ussher et al., 2007]. Nédélec et al. [2007] and Muller et al. [1994] both 

sampled in summer but were hampered by analytical problems, meaning SML dFe 

concentrations could not always be quantified. Consequently, the seasonal cycling of Fe 

in the Celtic Sea is not presently constrained. The U.K Shelf Sea Biogeochemistry 

programme (http://www.uk-ssb.org/) included a series of repeat cruises to the Celtic 

Sea and thus provided an ideal opportunity to determine the seasonal cycling of Fe. In 

this study, measurements of sFe and cFe which together make up dFe, TdFe, LpFe and 

pFe are reported for November 2014 (autumn), April 2015 (spring) and July 2015 

(summer) are presented from a central Celtic Sea sampling location. It is demonstrated 

that all potentially available Fe sources were drawn down to limiting concentrations in 

the SML, implying that this system is likely co-limited by Fe and NO3
-. 

3.1 Methods 

3.1.1 Sampling methods and sample storage 

Sampling was conducted during three cruises (November 2014, April 2015 and 

July 2015) on-board the R.R.S. Discovery from a central Celtic Sea station (Fig. 3.1). For 

reference a glossary of Fe fractions determined is presented in Table 3.1. All samples 

http://www.uk-ssb.org/
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were collected following GEOTRACES protocols [Cutter et al., 2010], using a titanium 

conductivity, temperature, depth (CTD) rosette fitted with 24 x 10 L trace metal clean 

Teflon-coated OTE (Ocean Test Equipment) bottles deployed on a Kevlar coated 

conducting wire. Upon recovery, the OTE bottles were transferred into a class 1000 

clean air shipboard laboratory and pressurised (1.7 bar) with compressed air filtered in 

line through a 0.2 µm polytetrafluoroethylene filter capsule (Millex-FG 50, Millipore).  

All water samples were collected into trace metal clean LDPE (Nalgene) bottles 

(Chpt 2.1.1). Samples for dFe were filtered using 0.2 µm acetate membrane filter 

cartridge filters (Sartobran-300, Sartorius) and for sFe were then filtered in-line through 

0.02 µm syringe filters (Anotop, Whatman) at a flow rate of 1 ml min-1 [Ussher et al., 

2010]. Colloidal Fe (0.02-0.2 µm) was determined by calculating the difference between 

the dFe and sFe concentrations. Total dissolvable Fe samples were collected unfiltered 

and acidified for a minimum of 6 months before analysis. All samples were acidified to 

0.024 M HCl with high purity HCl (UpA, Romil) under a class 100 flow hood.  

Particulate samples were collected onto acid clean 25 mm Supor® 

polyethersulfone (PES) membrane disc filters (Pall, 0.45 µm) and stored frozen (-20 ⁰C) 

until shore-based analysis. 
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Table 3-1- A glossary of the operationally defined iron fractions determined during this study. Concentrations of each fraction observed in surface 

waters are also displayed. For April 2015 the range of concentrations observed at 20 m are presented. For July 2015 the state of water column 

stratification was consistent and so the surface mixed layer was defined following Hickman et al. [2012]. In November 2014 the strength of stratification 

was variable and the surface mixed layer was determined by visual inspection of the profile. 

Soluble Iron sFe < 0.02 µm 
Includes all iron passing through 0.02 µm filter that is dissolved after a minimum of 2 
months at pH 1.6. This includes free inorganic species and iron bound to low molecular 
weight organic complexes. 

Colloidal Iron cFe dFe-sFe 
Includes Fe in the size fraction 0.02-0.2 µm. Includes iron containing nanoparticles and 
iron bound to organic material in the colloidal phase e.g. humic substances and 
polysaccharides. 

Total Dissolvable Iron TdFe Unfiltered 
Includes all iron dissolved after a minimum of 6 months at pH 1.6. In this study 
concentrations were in excess of leachable particulate iron (see below), indicating that 
this treatment accessed refractory phases of particulate iron. 

Leachable Particulate Iron LpFe > 0.45 µm 
Includes readily reducible iron oxyhydroxides and intracellular iron retained on a 0.45 
µm filter. 

Total Particulate Iron pFe > 0.45 µm 
Includes all iron phases (refractory + leachable particulate iron) retained on a 0.45 µm 
filter. 

 dFe (nM) sFe (nM) cFe (nM) TdFe (nM) LpFe (nM) pFe (nM) NO3
- (µM) 

3rd- 26th April 
2015 

0.76 ± 0.009 
to 

0.23 ± 0.002 

0.33 ± 0.000 
to 

0.11 ± 0.010 

0.43 ± 0.010 
to 

0.13 ± 0.010 

46.81 ± 1.267 
to 

6.84 ± 0.085* 

5.69 ± 0.04 
to 

3.47 ± 0.07* 

87.37 ± 0.90 
to 

44.82± 0.22* 

6.03 
to 

1.15 

14-31st July 2015 
0.16 ± 0.071 

 (n= 15) 
0.13 ± 0.069 

(n=3) 
0.07 ± 0.092 

(n=3) 
0.45 ± 0.179 

(n=14) 
0.11 ± 0.003 

(n=1) 
1.84 ± 0.010 

(n=1) 
< 0.02 µM 

11th-29th 
November 2014 

0.29 ± 0.068 
(n= 9) 

0.14 ± 0.082 
(n=3) 

0.17 ± 0.036 
(n=3) 

3.73 ± 0.583 
(n= 6) 

0.34 ± 0.024 
(n= 2) 

4.26 ± 0.251 
(n= 2) 

2.33 ± 0.037 
(n=14) 

*TDFe samples collected 12-26th April, LpFe and pFe samples collected from 3rd to 16th April 
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3.1.2 Determination of soluble, dissolved and total dissolvable iron in seawater  

All sample and reagent handling was undertaken in an ISO 14644-1 Class 5 

laminar flow hood (Bassaire, Southampton, UK) situated within an ISO 14644-1 Class 5 

clean room at Plymouth University. Soluble, dissolved and total dissolvable Fe were 

analysed using FI-CL detection [Floor et al., 2015; Obata et al., 1993]. The detailed 

methodology is described in section 2.3.  

3.1.3 Leaching and digestion of particulate samples 

For leaching and digestion of filters (conducted by Dr. Angela Milne, University 

of Plymouth), filters were defrosted at room temperature.  To assess the labile-metal 

fraction of the particulate material, filters were processed following a sequential leach-

digestion procedure.  Filter blanks for both digestion procedures were processed in the 

same manner as samples.  All acids and bases used were of ultra-pure grade (Romil, UpA) 

while the H2O2 was supplied by Merck (Optima grade). 

For the labile-metal fraction a leaching protocol similar to that described in  

Berger et al. [2008] was adopted. Filters were leached with 2 mL of 25% acetic acid and 

hydroxylamine hydrochloride (0.02 M, Romil) solution and heated in a drying oven for 

30 min at 90 °C in LDPE vials.  After a 2 h contact time, the filters were removed and 

placed into clean perFluoroAlkoxy (PFA) screw cap digestion vials.  The leachate solution 

was then centrifuged at 3500 g for 15 min.  Following centrifugation, 1 mL of the 

leachate was transferred to a separate PFA vial and taken down to dryness; the residue 

was quantitatively re-suspended in 2% nitic acid (HNO3) for analysis.  The remaining 

leachate solution was disposed of exposing any particles collected during centrifugation 

and each vial was rinsed with H2O2 and added to the digestion PFA vial containing the 

relevant sample filter. 
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A three step sequential acid addition modified from Ohnemus et al. [2014] was 

employed to fully digest the 25 mm Supor® PES membrane disc filters (Pall, 0.45 µm) 

and any refractory particulate material.  In loosely capped vials, 0.2 mL of H2SO4 plus 1.0 

mL H2O2 were heated at 200 °C until the PES filter dissolved.  Secondly, a 4 M mix of 

hydrochloric acid /HCl/HNO3 (2 mL) was added and heated overnight at 135 °C in tightly 

capped vials.  Finally, 1 mL of a HNO3/H2O2 mix (50%/15% v/v) was heated at 130 °C for 

≈ 1 hr.  After each stage the sample was heated to dryness. After the final evaporation 

stage, the samples were quantitatively re-suspended in 2% HNO3.  

3.1.4 Leachate and digest analysis 

Analyses of all particulate leachate and digest samples (conducted by Dr. Angela 

Milne, University of Plymouth) were conducted using ICP-MS (Thermo Fisher X Series 2).  

Potential interferences (e.g. 40Ar16O on 56Fe) were minimized through the use of a 

collision/reaction cell utilizing 7% H in He. Evaluation of the leach and digestion 

efficiencies was made using four CRMs with the results showing good agreement (Table 

3.2).   

Table 3-2- Results from the digestion and analysis of certified reference material for 
the determination of Fe.  The measured values are the mean of 3 replicate analyses.  
All values are in mg kg-1. 

Reference 
material 

BCR-
414 

SO-2 LKSD-4 IAEA-
433 

     
Certified 1850 ± 

190* 
55600 
± 1600 

28000 40800 
± 1900 

     
Measured 2030 ± 

24 
57100 
± 758 

27800 
± 236 

46200 
± 226 

     
% 

Recovery 
 

110 103 99 113 

Uncertainties are ± 1 S.D. (n=3). 
*Indicative value. 
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3.1.5 Sampling and analysis of radium 

  Sampling and analysis of radium was conducted by Dr. Amber Annett, 

Rutgers University. Radium samples were collected from 20 L Niskin bottles deployed 

on a stainless steel frame. Water from multiple bottles closed at a single depth were 

passed slowly (<750 mL min-1) over 20 g of manganese-dioxide impregnated acrylic fiber, 

which has been shown to quantitatively extract Ra from these volumes of seawater at 

flow rates <1 L min-1 [Moore 2008]. Fibers were rinsed with ultra-high purity water 

(Millipore systems), and dried to a moisture ratio of 0.4 – 1.1 g:g H2O:fiber to optimize 

emanation of the radon daughter [Sun and Torgersen, 1998]. Fibers were then counted 

immediately using a Radium Delayed Coincidence Counter [RaDeCC; Moore, 2008; 

Moore and Arnold, 1996]. Counts were repeated after intervals of ~30 and ~90 days to 

determine the activity of parent isotopes of 224Ra and 223Ra, respectively, which are also 

retained on the manganese fiber. Uncertainty calculations follow the methods of Garcia-

Solsona et al. [2008], and RaDeCC systems were calibrated using standards prepared 

from actinium-227 and thorium-232 stocks obtained from the International Atomic 

Energy Agency in Monaco and previously reported in Annett et al. [2013].  

3.1.6 Nutrients, temperature, salinity, oxygen, chlorophyll-a and turbidity  

Dissolved NO3
- (determined as nitrate + nitrite) was determined on-board 

(conducted by Malcolm Woodward and Carolyn Harris, Plymouth Marine Laboratory) 

and measurements were made from all OTE bottles that were sampled for dissolved and 

particulate Fe. Unfiltered samples were collected for nutrient analysis from every OTE 

bottle sampled, these were taken into ‘aged’ high density polyethylene bottles that had 

been 10% HCl acid washed and rinsed with UHP water prior to taking the samples. The 
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bottles were rinsed with sample water in triplicate prior to final sampling. Sample 

handling and processing was according to the GO-SHIP nutrient manual [Hydes et al., 

2010], and ‘nutrient free ‘ gloves were used at all occasions. All analysis was carried out 

within a couple hours of sampling, and NO3
- was analysed using a Bran and Luebbe 5 

channel segmented flow autoanalyser, with high resolution colorimeters. The analytical 

method used was Brewer and Riley [1965].  Certified reference materials (Kanso, 

http://www.kanso.co.jp/eng/production/) were run as part of the daily analytical 

protocols to ensure good quality control and reproducibility of the results. The accuracy 

is to within 2% or better of the stated values of the reference materials. By adopting 

analytical methods and techniques according to GO-SHIP protocols, improvements and 

checks are made to ensure and check the analytical accuracy of the analyses. Precision 

is at or better than 2% when this is determined along with the regular sample analysis.  

Salinity, temperature, and depth were measured using a CTD system (Seabird 

911+) equipped with optical backscatter (WET Labs, ECO BB), dissolved oxygen (O2; 

Seabird SBE 43 O2 sensor) and a fluorimeter. Salinity was calibrated on-board using 

discrete samples using an Autosal 8400B salinometer (Guildline). Daily O2 calibrations 

were conducted using a photometric automated Winkler titration system [Carritt and 

Carpenter, 1966]. Daily samples for chl-a analysis were filtered through 0.7 μm glass 

microfiber filters (Whatman GF/F) and extracted in 90% acetone overnight [Holm-

Hansen et al., 1965]. The chl-a extract was measured on a precalibrated (spinach 

chlorophyll-a standard, Sigma) fluorimeter (Turner Designs Trilogy).  

3.2 Results and discussion  

The central Celtic Sea is characterised by weak residual currents [Pingree and Le 

Cann, 1989] with a water residence time of 1-2 years [Bailly Du Bois et al., 2002]. 
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Consequently, by sampling over autumn (November), spring (April) and summer (July) it 

was possible to capture the seasonality of these waters. 

3.2.1 Conditions following winter mixing 

At the onset of seasonal stratification (3rd April), the vertical distributions of dFe 

(0.82 ± 0.04 nM, n=6) and NO3
- (6.68 ± 0.37 µM, n=14) were relatively uniform, with only 

minor evidence of surface drawdown, and thus reflecting winter mixing conditions and 

concentrations before the spring bloom (Fig. 3.2a,b). At this time, cFe comprised 59-81% 

of dFe (Fig. 3.2e,f), similar to the contributions observed near the North West Atlantic 

continental margin [Fitzsimmons et al., 2015a] and shelf regions of the Bering Sea [Hurst 

et al., 2010], though less variable than in the Canary basin [Ussher et al., 2010]. The cFe 

fraction was greater than the ≈50:50 partitioning observed in deep oceanic waters 

[Fitzsimmons et al., 2015a; Ussher et al., 2010]. Therefore, this suggests either enhanced 

input of colloidal material from sediment resuspension and/or from break up of organic 

material, which particle reactive metals such as Fe associate with. 

3.2.2 Iron and nitrate uptake during the spring phytoplankton bloom 

During the phytoplankton spring bloom (3rd-26th April), both dFe and NO3
- were 

removed from the SML, where a depletion of 4.93 µM of NO3
- at 20 m was observed (Fig 

3.2b,g), consistent with published NO3
- data [Fasham et al., 1983]. Here a 0.53 nM 

depletion of dFe was observed as part of the first seasonal Fe data set for this region 

(Fig. 3.2a,g). If all the dFe drawdown was a result of biological uptake this would equate 

to a phytoplankton Fe:N (nM:µM) ratio of 0.11, this assumes no loss of dFe through 

scavenging, and so represents a maximum value. Our uptake ratio is lower than the 

average phytoplankton ratio reported for coastal (Fe:N (nM:µM) 0.58, n=6) and oceanic 

(Fe:N (nM:µM) 0.32, n=4) phytoplankton [Ho et al., 2003]. The medium in which these 
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phytoplankton were cultured was designed to minimise extracellular Fe precipitation (< 

30% of digested Fe), whilst maintaining near optimal (85%) growth rates. Therefore, our 

observation suggest that the dFe drawdown may have been driven by phytoplankton 

growing at a sub-optimal Fe:N, or those with a tolerance for lower Fe:N ratios than 

observed by Ho et al. [2003]. However, the concentration of the LpFe fraction, which is 

considered a bioavailable source of Fe [Chase et al., 2005a; Hurst et al., 2010; Milne et 

al., 2017], was 3.96 ± 1.16 nM (n=4) at 20 m in April (Fig. 3.3c) and decreased by ≈ 2 nM 

from 3rd-16th April, and therefore sufficient to meet the Fe requirement necessary for 

NO3
- drawdown. Additionally, when considering this calculation it should also be noted 

that phytoplankton Fe quotas are highly variable [Twining and Baines, 2013], and that 

other N species (e.g. organic nitrogen) may also contribute to the bioavailable N pool. 

Distinct temporal trends in the different size fractions of dFe were observed 

during the spring bloom. At the start of the bloom (5th-12th April), sFe decreased from 

0.33 ± 0.00 to 0.16 ± 0.01 nM (n=4; Fig. 3.2g). In contrast, the cFe concentration 

remained constant at 0.42 ± 0.03 nM (n=4; Fig. 3.2g). These results suggest that 

phytoplankton preferentially utilized sFe during the initial stages of the bloom, 

consistent with laboratory culture studies [Chen et al., 2003; Chen and Wang, 2001]. A 

decrease in cFe concentration from 0.40 ± 0.03 to 0.13 ± 0.01 nM (Fig. 3.2g) occurred 

once the bloom had established (16th-26th April). Biological uptake of cFe by 

phytoplankton can occur, either directly [Nodwell and Price, 2001; Rubin et al., 2011] or 

indirectly, following dissolution to the soluble phase by ligand/light interaction [Borer et 

al., 2005; Sulzberger et al., 1989] or grazing [Schmidt et al., 2016]. Given the scarcity of 

sFe (< 0.16 nM), and elevated primary production, at this time, it is probable that 

biological uptake contributed to the depletion of cFe in the SML. Preferential removal 

of sFe appears to contrast with observations in the open ocean, where preferential cFe 
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uptake is hypothesised to be the cause of cFe minima in the deep chlorophyll maximum 

[Fitzsimmons et al., 2015a]. Our spring bloom time-series in a shelf environment allows 

us to suggest that sFe is the more bioavailable fraction as sFe uptake precedes the 

removal of cFe, and therefore the observed cFe minima represents the net effect of sFe 

and cFe removal processes.  

The observed timescale of cFe removal from the SML (≈ 10 days), is consistent 

with the typically short residence times of colloidal thorium, which is in the order of 

hours to days in shelf waters [Baskaran et al., 1992; Moran and Buesseler, 1993]. This 

suggests that the decreasing cFe concentration reflected a change in the balance 

between sources and sinks of colloids over these timescales. In addition to biological 

uptake, both adsorption and coagulation of cFe lead to particle formation [Honeyman 

and Santschi, 1991] and export from the SML. Using profiles of excess radium activity 

(RaXS) (224RaXS half-live= 3.66 days, 223RaXS half-live= 11.4 days) as a tracer of vertical 

mixing (Fig. 3.4), it is shown that increasing stratification progressively restricted vertical 

exchange with cFe rich bottom waters, simultaneously reducing the supply of cFe to the 

SML.  
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Figure 3-2- The seasonal time series of dFe at the Central Celtic Sea (CCS), November 2014 to July 2015. Top row relates dFe (a) to the oceanographic setting 
at the time of sampling, including the concentration of NO3

- (limit of detection 0.02 µM) (b), the state of stratification (c), indicated by sigma-theta, and 
biomass (d), indicated by the chlorophyll-a concentration. Sigma-theta plots are identified by the month of sampling only (red= November 14’, green= April 
15’, blue= July 15’), except the short dashed green line which represents the 3.4.15, from which point the surface density continuously decreased throughout 
April to the 26.4.15, represented by the large dashed green line. Chlorophyll-a plots are identified by month of sampling (same colour scheme as sigma-
theta) except peak spring bloom chl-a concentrations on 16.4.15 (short dashed line) and 21.4.15 (long dashed line). The bottom row includes the temporal 
evolution of sFe (e) and cFe (f), which together make up dFe, shows the drawdown of sFe, cFe and NO3

-at 20 m depth during the spring bloom in April 2015 
(g) and the concentration of dFe and NO3

- in the pycnocline during July 2015 (h), in relation to the subsurface chlorophyll-a maximum. The pycnocline region 
determined following Hickman et al. [2012]. 
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 Figure 3-3- The seasonal time series of particulate iron in the central Celtic Sea, November 2014 to July 2015. Depth profiles 
of TdFe (a), pFe (b), LpFe (c). Bottom row displays close coupling between dFe and NO3

- (d) (r2=0.94, y=3.2924Ln(x) + 6.8389) 
compared to the coupling between TdFe and particle load, as indicated by turbidity (e) (April r2= 0.87, y=0.000007x + 0.0002, 
July r2= 0.86, y=0.000006x + 0.0002, and November r2=0.92, y=0.000009x + 0.0002).   
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3.2.3 Iron and nitrate availability during summer stratification 

During summer stratification (July), the SML was depleted of both dFe (0.16 ± 

0.07 nM, n= 15) and NO3
- (typically <0.02 µM) (Table 1; Fig. 3.2a,b,c). As particulate Fe 

fractions were also quantified (Fig. 3.3a,b,c), all potentially bioavailable Fe sources can 

be considered. All particulate Fe fractions were lowest in the SML during summer (Table 

3.1), including LpFe which was 0.11 ± 0.00 nM. The removal of LpFe, as well as dFe, 

indicated that all potentially bioavailable Fe sources were depleted in the SML of the 

central Celtic Sea and raises the question of whether primary production in the SML was 

seasonally co-limited by Fe and NO3
- availability.  

Analogous Fe cycling occurs in seasonally Fe-limited shelf regions of the southern 

Ross Sea. In these waters, winter convective overturning supplies both dFe and 

particulate Fe to surface waters. Subsequent biological uptake and export coupled with 

a reduction in vertical exchange, leads to these waters becoming Fe limited in late 

spring/summer [Marsay et al., 2014; McGillicuddy et al., 2015; Sedwick et al., 2011]. In 

contrast, the stratified central shelf waters of the Bering Sea maintain average summer 

SML LpFe concentrations of 6 nM, an important reservoir of bioavailable Fe for 

phytoplankton [Hurst et al., 2010]. The central Celtic Sea represents an intermediate Fe 

Figure 3-4- The seasonality of Radium in the central Celtic sea. Left- 3rd April 2015. 
Middle- 11th November 2014. Right- 22nd November 2014. 
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cycle between these two environments. Unlike in the southern Ross Sea, complete NO3
- 

drawdown is observed during summer (Fig. 3.2b), yet our SML bioavailable Fe 

concentrations (dFe and LpFe; Figs. 3.2a, 3.3c) were similar, and much lower than 

observed in the central Bering Sea. It is hypothesized that the Celtic Sea ecosystem exists 

in a fine balance of Fe and NO3
- availability. Therefore, the structure of the summer 

ecosystem would be sensitive to changes in the availability of both nutrients. In the 

central Celtic Sea smaller species (< 20 µm) dominate the summer phytoplankton 

community, with Synechococcus most abundant [Sharples et al., 2007; Tarran et al., in 

prep]. Small phytoplankton have a competitive advantage over larger phytoplankton in 

Fe deplete waters [Lis et al., 2015]. Moreover, Synechococcus species has been shown 

to dominate in Fe-limited Southern Californian stratified coastal waters, where upon the 

addition of Fe the ecosystem shifted in favour of diatom growth [Hopkinson and Barbeau, 

2008].  

The dFe pool in the SML during July 2015 represents the Fe fuelling regenerative 

production [Strzepek et al., 2005] in these nutrient poor waters. On average, the 

concentration of sFe (0.13 ± 0.07 nM n=3) was in excess of the colloidal fraction (0.07 ± 

0.09 nM, n=3) (Fig. 3.2e,f). Interestingly, these shelf concentrations were comparable to 

those seen in central oligotrophic gyres such as those observed at station ALOHA where 

sFe ranged from 0.05 - 0.1 nM in the upper 150 m, whereas cFe was depleted in the 

chlorophyll maximum [Fitzsimmons et al., 2015b]. Although the concentration of sFe 

was low in both systems, it exceeded the solubility of the hydrolysis species [Liu and 

Millero, 2002]. Siderophores are low molecular weight complexes with high affinity and 

specificity for Fe(III) that are produced by marine bacterioplankton [Gledhill et al., 2004], 

which may maintain the low, but persistent, sFe concentration in oligotrophic surface 

waters. 
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During summer months, the biomass maximum in the central Celtic Sea is 

observed below the SML, as a sub-surface chlorophyll maximum located in the 

pycnocline (Fig. 3.2c,d). This is an important region of new production as phytoplankton 

are able to access the diapycnal flux of nutrients from the BML [Hickman et al., 2012]. 

Within the pycnocline, zonation of phytoplankton species is driven by vertical gradients 

in light and NO3
- [Hickman et al., 2009]. Here a vertical gradient in dFe, NO3

- was 

observed (Fig. 3.2h) and photosynthetically available radiation of 16.4-0.11 W m-2 

(during daytime casts). Photoacclimation at these light levels leads to increased cellular 

Fe quotas [Strzepek and Price, 2000; Sunda and Huntsman, 1997]. Where the flux of Fe 

across the pycnocline is insufficient to meet requirements, Fe and light co-limitation 

influences phytoplankton species composition in the sub-surface chlorophyll maximum 

[Hopkinson and Barbeau, 2008; Johnson et al., 2010].  

An estimate of the diffusive flux of dFe and NO3
- to the pycnocline can be made 

using the following: 

Diffusive flux of N= -Kz(∆N/∆z)     (1) 

where N is the dissolved nutrient of interest, Kz is the eddy diffusivity (m2 s-1), ∆N is the 

change in concentration (mol m-3) of nutrient N through the pycnocline and ∆z is the 

thickness of the pycnocline in meters. The pycnocline can be described as a thermocline, 

as temperature primarily drives seasonal stratification in the Celtic Sea. The thermocline 

was typically a shallow region (≈ 20 m thickness); consequently only 1 to 3 samples 

within the pycnocline were collected from a given profile. To establish a relationship for 

dFe and NO3
- through the pycnocline, data from all profiles were compiled (Fig. 3.5). 

Therefore the flux through the pycnocline can be calculated as follows: 
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 Diffusive flux of N= -Kz((∆N/∆temp)x(∆temp/∆z))   (2) 

where ∆N/∆temp is the complied nutrient/temperature relationship (Fig. 3.5) 

and ∆temp/∆z is the temperature gradient through the thermocline for a given profile. 

Daily averaged values for eddy diffusivity were obtained from the Ocean Microstructure 

Glider that was present at the sampling site for the duration of the July 2015 cruise 

[pers.comm Palmer, 2016]. The results of this calculation are presented in Table 3.3. By 

using the compiled the nutrient concentration/temperature relationship and daily mean 

eddy diffusivity values, results in the estimate only representing a first order 

approximation. However, confidence in the approach is obtained by comparing 

estimated NO3
- fluxes with previous studies were a typical value of 2 mmol NO3

- m-2 d-1 

is observed for the central Celtic Sea  [Sharples et al., 2009],  similar  to 1.86 ± 0.63 mmol 

NO3
- m-2 d-1 reported here (Table 3.3). The estimated diffusive flux of dFe and NO3

- 

through the thermocline indicated a dFe:NO3
- molar ratio of new production of 0.19 

nM:µM (Table 3.3). This is similar to the uptake ratio (0.11 nM:µM) observed during the 
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Figure 3-5- Collated data from the base of the pycnocline region (defined as 10.2-
12 °C, based on visual observation of profiles) from July 2015, the difference in 
density is primarily driven by a temperature gradient (thermocline). Left- the 

relationship between NO3

-
and temperature (r

2
=0.96). Right- the relationship 

between dFe and temperature (r
2
=0.90). 
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spring bloom, and would suggest a sub-optimal Fe supply relative to the phytoplankton 

Fe:N ratios reported by Ho et al. [2003]. Therefore, the species distribution in the 

pycnocline may be regulated by Fe and light co-limitation in the subsurface chlorophyll 

maximum of the central Celtic Sea.  

Table 3-3- Diffusive flux estimates of dFe and NO3

- 
through the thermocline in the 

central Celtic Sea. The eddy diffusivity ranged from 1.09 x 10-5 to 2.64 x 10-5 m2 s-1. 

Date 
flux dFe    

(µmol m
-2

 d
-2

) 
flux NO3

-

(mmol m
-2

 d
-2

) 
14.7.15 0.19 0.98 
15.7.15 0.14 0.73 
25.7.15 0.12 0.64 
29.7.15 0.39 2.00 
30.7.15 0.37 1.92 
31.7.15 0.42 2.14 
31.7.15 0.42 2.18 
31.7.15 0.43 2.24 
31.7.15 0.53 2.76 
31.7.15 0.40 2.05 
31.7.15 0.41 2.12 
31.7.15 0.47 2.45 
31.7.15 0.38 1.99 
31.7.15 0.37 1.89    

Mean 0.36 1.86 
1 SD 0.12 0.63 

 

3.2.4 Iron and nitrate availability during the autumn phytoplankton bloom 

Water column stratification was also observed in autumn (November) (Fig. 3.2c), 

and was reflected in the profiles of dFe, NO3
- and all particulate Fe fractions (Fig. 3.2 a,b; 

Fig. 3.3a,b,c). Radium activity profiles also showed complete depletion in the SML in 

November 2014 (Fig. 3.4). The short half-lives of 223Ra and 224Ra indicate that rapid 

vertical exchange was still largely limited by the persistence of the seasonal pycnocline 

into November. Although still stratified, a net heat flux to the atmosphere meant 
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stratification was progressively weakening relative to summer conditions [Wihsgott et 

al., in prep] (Fig. 3.2c). The relative increase in vertical exchange resulted in higher SML 

concentrations of bioavailable Fe and NO3
-, than observed during the summer stratified 

period (Table 3.1; Fig. 3.2a,b; Fig. 3.3c). The increased supply nutrients (including Fe) 

fuelled an autumn bloom [Wihsgott et al., in prep]; observed here as elevated chl-a 

concentrations of ≈ 0.7 mg m-3 (Fig. 3.2d).   

3.2.5 Seasonal cycling in the bottom mixed layer 

A seasonal build-up of dFe and NO3
-  in the BML (Fig. 3.2a,b) occurred alongside 

an increase in dissolved inorganic carbon (DIC) [Humphreys. et al., in prep] and a 

decrease in dissolved oxygen (O2) [Williams et al., in prep]. The seasonal redistribution 

of NO3
-, DIC and O2 was consistent with previous findings suggesting NO3

- cycling was 

driven by uptake in the SML and subsequent remineralisation in the BML [Hickman et 

al., 2012; Sharples et al., 2001]. When dFe concentrations (SML + BML, all seasons) are 

compared with corresponding NO3
- concentrations a statistically significant relationship 

is noted (r2= 0.94, p< 0.001, n= 163; Fig. 3.3d), suggesting that similar processes drive 

the observed seasonality of dFe with a limited net removal of dFe through particle 

formation. Moreover, an estimated 95% of the organic carbon present in Celtic Sea 

surface sediments is remineralised in repeated resuspension cycles rather than 

preserved [de Haas et al., 2002]. Our results suggest a similar process is occurring for 

the Fe associated with the organic matter. Additionally, no clear increase of dFe towards 

the seabed is observed in our profiles (Fig. 3.2a) to suggest a significant diffusive 

sedimentary input of dFe. This is in contrast to a localised area in the north-eastern Celtic 

Sea where weaker current and wave activity permit the deposition of fine, organic-rich 
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sediment [de Haas et al., 2002; McCave, 1971], and a significant benthic source of dFe 

to the overlying water column was observed at the time of our study [Klar et al., 2017].  

The majority (> 98%) of dFe present in seawater is associated with organic 

complexes [Gledhill and Buck, 2012] which enhance the solubility of dFe in seawater 

above that of inorganic species [Liu and Millero, 2002]. Moreover, the concentration of 

organic-Fe chelators has been shown to control the solubility of Fe in particle rich coastal 

and shelf waters [Buck and Bruland, 2007; Buck et al., 2007]; in the BML the LpFe fraction 

(Fig. 3.3c) was always in excess of dFe (Fig. 3.2a). Partial remineralisation of organic 

matter releases both dFe and organic Fe binding complexes [Boyd et al., 2010], which 

provides a potential mechanism for the seasonal increase in dFe concentrations. 

Although temperature and pH also affect the solubility of Fe in seawater [Liu and Millero, 

2002] and the binding strength of organic Fe-binding complexes [Avendaño et al., 2016; 

Gledhill et al., 2015], the seasonal changes of temperature (≈ 2 oC) and pH (≈ 0.1 pH; 

Humphreys. et al. [in prep]) in the BML are insufficient to account for the seasonal build-

up of dFe.  

In contrast to dFe, the concentration of TdFe in the BML correlated with turbidity 

(Fig. 3.3e), indicating that short-term resuspension events were the primary cause of 

high particulate Fe concentrations. Sediment resuspension events are driven by 

processes occurring on shorter timescales than seasonal changes (e.g. semi-diurnal tides, 

internal tides, and storm events) and result in high particle loads in the BML of shelf 

systems relative to open ocean waters. Furthermore, the observed pFe:pAl molar ratio 

was seasonally invariant and ranged from 0.22-0.28, similar to the upper crustal ratio 

[0.19-0.23; McLennan, 2001; Rudnick and Gao, 2003; Wedepohl, 1995], and consistent 

with the majority of pFe being supplied from a lithogenic source. Our results indicate 

that a large proportion of particulate Fe (≈ 80%) is refractory (Fig. 3.3b,c) and cycles 
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independently of dFe. This is consistent with the majority of the Celtic Sea surface 

sediments being relict deposits from the Pleistocene and early Holocene, consisting of 

reworked, fine and coarse sands [de Haas et al., 2002].  

3.3 Conclusions 

Our results show a seasonal, nutrient-type cycling of dFe in a temperate shelf 

sea. During summer, stratification isolates surface waters from Fe rich bottom waters 

and provides a mechanism whereby temperate and high latitude shelf sea ecosystems 

can become sensitive to Fe availability. The strength of seasonal stratification in North 

West European shelf seas is predicted to increase by ≈ 20% by the end of the 21st century 

as a result of climate change [Holt et al., 2010]. Under these conditions the magnitude 

of the diapycnal nutrient flux, including dFe, will decrease, exacerbating the summer 

oligotrophic conditions. When assessing the effect this will have upon shelf sea primary 

production it is suggested that it is necessary to consider the role of Fe as potentially co-

limiting nutrient.  
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Chapter 4 - The physico-chemical speciation of 

iron over an oxic shelf margin 
 

 

 

 

 

 

 

 

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

Chemistry. 
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4.0 Introduction 

Due to the extremely low solubility of Fe in oxic seawater, [Liu and Millero, 2002] 

concentrations of dFe are typically in the sub-nanomolar range in the ocean [Johnson et 

al., 1997]. Consequently, Fe availability regulates phytoplankton growth in over 20-40% 

of the world’s ocean [Boyd et al., 2007; Boyd and Ellwood, 2010; Martin, 1990; Martin 

and Fitzwater, 1988]. In order to alleviate Fe limitation, new external sources of Fe are 

required. A combination of sediment resuspension and a diffusive flux of Fe, driven by 

the use of Fe(III) as a terminal electron acceptor during the oxidation of organic matter, 

can lead to sediments being a significant source of dFe to the overlying water column 

[Berelson et al., 2003; Elrod et al., 2004; Klar et al., 2017; Lohan and Bruland, 2008; 

Santschi et al., 1990; Severmann et al., 2010; Ussher et al., 2007]. A recent revised 

estimate of the global sedimentary dFe flux suggests that the flux from shelf slope 

sediments (200-2000 m) is 37 x 109 mol dFe yr-1 [Dale et al., 2015], ≈ 3-4 times larger 

than the global atmospheric aerosol flux of dissolvable Fe [Jickells et al., 2005; 

Mahowald et al., 2005]. Furthermore, modelling of the Southern Ocean iron/carbon 

cycles suggests sedimentary Fe sources are more readily connected to surface waters 

than hydrothermal sources. Consequently, atmospheric CO2 concentrations are 7-15 

times more sensitive to fluctuation in the strength of sedimentary Fe sources to the 

Southern Ocean than that of dust or hydrothermal inputs [Tagliabue et al., 2014a]. 

 Indeed, Fe from continental shelf sediments is reported to be an important 

source of Fe for phytoplankton growth in highly productive shelf environments [Aguilar-

Islas et al., 2007; Chase et al., 2005b; Chase et al., 2007; Hurst et al., 2010; Hutchins and 

Bruland, 1998; Johnson et al., 1999] and shown most clearly downstream of the Crozet 

[Pollard et al., 2009], Kerguelen [Van Der Merwe et al., 2015] and Galapogos [Martin et 
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al., 1994] island systems in Fe limited waters. Moreover, observed decreases in dFe 

concentration with distance from shelf slopes [Aguilar-Islas et al., 2007; Boye et al., 2003; 

Bucciarelli et al., 2001; Elrod et al., 2004; Milne et al., 2017; Nishioka et al., 2007; Ussher 

et al., 2010], Fe(II) rich particles with a shelf origin in the central North Pacific [Lam and 

Bishop, 2008; Lam et al., 2006] and Fe isotope studies [Conway and John, 2014; John et 

al., 2012] indicate that the impact of sedimentary derived Fe is not restricted to coastal 

zones, but that Fe is transported 100-1000’s km from the continental margins into the 

open ocean.  

Large sedimentary Fe fluxes have been reported in anoxic/hypoxic waters [Dale et al., 

2015; Elrod et al., 2004; Homoky et al., 2012; Hong and Kester, 1986; Lohan and Bruland, 

2008; Severmann et al., 2010] where low oxygen concentrations retard the oxidation 

rate of Fe(II) [Millero et al., 1987] and dissimilartory Fe reduction result in isotopically 

lighter dFe signatures (δ56dFe ≈ -3.0 ‰) [Homoky et al., 2013]. Additionally, observations 

of istopically heavier dFe (δ56dFe ≈ 0.2 ‰) have been attributed to a non-reductive 

disolution pathway for Fe in oxic margin sediments [Homoky et al., 2013; Radic et al., 

2011], a process which Conway and John [2014] estimate contributes up to 100% of the 

dFe inventory in upper Labrador Seawater in the North West Atlantic. Though it should 

be noted that uncertaunties remain regarding the effect of water column  processes on 

the δ56dFe signature [Abadie et al., 2017; Staubwasser et al., 2013]. Whilst a picture is 

emerging that transport of Fe from oxic margins is an important aspect of the marine Fe 

cycle, less is currently known about the physico-chemical speciation, and longevity, of 

Fe derived from these regions. Particulate Fe dominates the Fe inventory over shelf 

slopes [Hong and Kester, 1986; Laes et al., 2007]. This particulate Fe remobilised from 

shelf sediments contains a readily exchangeable fraction [Hurst and Bruland, 2007], the 
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transport of which may represent an important source of bioavailable Fe [Hurst et al., 

2010; Lam and Bishop, 2008; Lam et al., 2006; Wells and Mayer, 1991b] and act to buffer 

dFe concentrations [Abadie et al., 2017; Milne et al., 2017].  

The physico-chemical speciation of dFe can be further separated into sFe and cFe 

fractions; the limited available data points towards cFe contributing 60-80% of the dFe 

supplied from oxic margins [Fitzsimmons et al., 2015a; Hurst et al., 2010]. If so this may 

have implications for the bioavailability of Fe derived from oxic margins as laboratory 

culture studies indicate that colloidal mineral Fe phases can be utilized by certain species 

[Nodwell and Price, 2001; Rubin et al., 2011]. However,  the bioavailability of cFe 

decreases with ageing [Yoshida et al., 2006]. When cFe and sFe bioassay experiments 

are compared, phytoplankton growth rates are faster under sFe additions [Chen et al., 

2003; Chen and Wang, 2001], consistent with preferential drawdown of sFe during the 

Celtic Sea spring bloom [Birchill et al., 2017]. Moreover, an inert fraction of cFe has been 

shown not to be exchangeable with ligands in the soluble phase [Cullen et al., 2006], 

potentially limiting the exchange between these size fractions.  

The area of interest in this study was the Celtic Sea shelf slope, an oxic shelf margin 

of the NE Atlantic where elevated dFe concentrations have been observed in 

intermediate nepheloid layers (INLs) [Nédélec et al., 2007]. Intermediate nepheloid 

layers are the result of a detachment of the benthic nepheloid layer (BNL). The BNL is 

maintained by persistent sediment resuspension events over the steep (mean gradient 

of 11°) Celtic Sea shelf slope [McCave et al., 2001], which includes localised areas of very 

steep, even vertical, gradients along canyon walls which incise the shelf break 

[Cunningham et al., 2005]. Interaction between the steep topography and the overlying 

water column creates a physically dynamic environment over the shelf break, including 
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large tidal currents (> 50 cm s-1), which generate large internal tides during the stratified 

period (displacements up to 150 m), and an along-slope poleward current of ≈ 5 cm s-1 

centred at ≈500 m [Huthnance et al., 2001; Pingree and New, 1989; Pingree and Le Cann, 

1989; Sharples et al., 2009; van Weering et al., 1998]. Detachment of the BNL results 

from enhanced near sea bed currents, due to processes such as intensification of the 

internal tide [Bourgault et al., 2014], which may result from localised changes in 

stratification [Dickson and McCave, 1986]. Additionally, extreme events lasting days to 

weeks, and driving a ≈ 20 fold increase in lithogenic particle concentration, have been 

observed over the Celtic Sea shelf slope [Antia et al., 1999]. This suggests that there are 

multiple mechanisms of sediment resuspension, which along the steep Celtic Sea slope 

may include mass flows along canyons initiated by faulting and/or slope failure of 

canyon walls [Cunningham et al., 2005; Zaragosi et al., 2000]. 

 As a consequence of this dynamic environment, lateral transport of particulate 

material in INLs, which spread along isopycnals, are common features over the Celtic 

Sea shelf slope [Antia et al., 1999; Dickson and McCave, 1986; McCave et al., 2001]. In 

this study the distribution of sFe, cFe, dFe, Fe(II), TdFe and LpFe concentrations are 

reported for 3 cross slope transects sampled in November 2014, April 2015 and July 

2015 as part of the Shelf Sea Biogeochemistry programme (http://www.uk-ssb.org/). 

During each sampling period we observed INLs with elevated TdFe and dFe 

concentrations indicating that these are persistent modes of Fe transport from the Celtic 

Sea shelf slope.  

http://www.uk-ssb.org/
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4.1 Methods 

4.1.1 Sampling methods 

Seawater samples from vertical depth profiles were collected from repeat 

stations during three research cruises on the R.R.S. Discovery to the Celtic Sea shelf slope 

(Fig. 4.1) during November (autumn) 2014, April (spring) and July (summer) 2015. Three 

transects were sampled with stations at bottom depths of 2500, 2000, 1500, 1000, 750, 

500 and 250 m; transects 1 and 3 followed canyons that incised the shelf slope whereas 

transect 2 sampled over a spur. As the slope was steepest over the spur, the length of 

the spur transect (T2) was shorter (15.8 km) than the canyon transects (T1 = 50.0 km, T3 

= 33.0 km). Water and particulate sample collection for the determination of dFe, sFe, 

TdFe and LpFe fractions followed the procedure outlined in section 3.2.1. Samples for 

the determination of Fe(II) were collected unfiltered, immediately upon recovery in acid 

clean 60 mL LDPE bottles, that were stored in UHP water between use. Sample bottles 

were rinsed 3 times with sample then filled and capped with no headspace. In order to 

minimise Fe(II) oxidation, samples were stored in the dark at 4 °C prior to analysis, which 

was typically within 1 hour of collection. 

4.1.2 Soluble, dissolved and total dissolvable iron analysis 

All sample and reagent handling was undertaken in an ISO 14644-1 Class 5 

laminar flow hood (Bassaire, Southampton, UK) situated within an ISO 14644-1 Class 5 

clean room at Plymouth University. Soluble, dissolved and total dissolvable Fe were 

analysed using FI-CL detection [Floor et al., 2015; Obata et al., 1993]. The detailed 

methodology is described in section 2.3.  
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1 
Figure 4-1- Station locations sampled during this study. Solid white line represents the 200 m isobath. 
Data provided by the National Geophysical Data Center [1995]. 
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4.1.3 Fe(II) determination 

The fraction of dFe determined as Fe(II) is dependent on the analytical method 

used and is therefore operationally defined [Hopwood et al., 2017]. Here dissolved Fe(II) 

was determined by flow injection with in line filtration and pre-concentration, followed 

by chemiluminesence detection, modified after [Bowie et al., 2002; Bowie et al., 2005]. 

The detailed methodology is described in section 2.4.  

4.1.4 Leaching and analysis of particulate samples 

The leaching of filters (conducted by Dr. Angela Milne, University of Plymouth) 

followed the procedure outlined in sections 3.1.3 and 3.1.4. 

4.1.5 Nutrients, temperature, salinity, oxygen, chlorophyll-a and turbidity  

The collection and analysis of nutrients (conducted by Malcolm Woodward and 

Carolyn Harris, Plymouth Marine Laboratory) and measurements of temperature, 

salinity, oxygen, chlorophyll-a and turbidity were conducted following the procedures 

outlined in section 3.1.6. 

4.2 Results and discussion 

4.2.1 A note on the fraction of particulate Fe accessed by long term sample 

acidification  

Particulate Fe concentrations were defined as TdFe-dFe; this better helps to 

display the surface waters where dFe and TdFe concentrations were typically low (< 0.5 

nM). It is interesting to note that concentration of LpFe equated to 20 ± 14 % (mean ± 

SD, n= 105) of the concentration of TdFe-dFe at depths below 100 m (Fig. 4.2). In surface 

waters, this was more variable 39 ± 25 % (mean ± SD, n= 39) and included higher values, 

presumably due to biological processing maintaining particulate Fe in more soluble 

phases. Indeed the most elevated surface values were observed during summer (July, 
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2015) when biological recycling would be most intense. These proportions are 

consistent with the assumption that long term sample acidification accesses most of the 

particulate iron sampled [Sedwick et al., 2008]. Importantly therefore, assuming that 

long term sample acidification provides a measure of the ‘labile’ particulate fraction may 

be incorrect [e.g. Chever et al., 2010; Loscher et al., 1997]. If so, this would result in a 

large overestimation of the concentration of Fe in the particulate fraction that can 

exchange with the dissolved fraction over relatively short (hours to days) timescales 

[Hurst and Bruland, 2007]. The degree to which long term sample acidification accesses 

refractory components of the particulate phase will be affected by the leaching pH, with 

some studies acidifying to 0.024 M HCl and others to 0.01 M HCl. Clearly, correctly 

identifying the fraction(s) of Fe accessed by different leaching procedures has important 

implications for environmental interpretation of the data, and thus more work is 

required in this area.    
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Figure 4-2 - Left- Scatter plot of TdFe-dFe and LpFe concentration. Right- 

Depth profile of LpFe/(TdFe-dFe). Plots include all data from November 

2014 and April and July 2015. 
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4.2.2 Hydrography over the Celtic Sea shelf slope 

The water masses identified over the Celtic Sea shelf break (Fig. 4.3) are 

consistent with previous observations in this region [Dickson and McCave, 1986; 

Huthnance et al., 2001; Laës et al., 2003; Pingree, 1973]. Station Fe01 was the deepest 

and most westerly (off-shelf) station and encompassed the full range of the water 

masses present. In all sampling months a pronounced salinity minimum at ≈ 2000 m (Fig. 

4.3) is indicative of Labrador Sea Water (LSW) [Pingree, 1973]. The salinity at this depth 

was ≈ 34.98, which is higher than the estimated salinity at the formation of LSW (34.890) 

[van Aken, 2000], reflecting vertical mixing with more saline Mediterranean Outflow 

Water (MOW) that overlies LSW in this region [Pingree, 1973]. In all seasons, the 

presence of MOW was evidenced as a warm (9.12-9.44 °C) salinity maximum present at 

≈ 850 to 1000 m (Fig. 4.3). The salinity of the MOW core was higher in November 2014 

(35.749) and July 2015 (35.753) relative to April 2014 (35.659) (Fig. 4.3), indicating that 

prevalence of MOW over the shelf break can vary over monthly timescales. Below LSW, 

at ≈ 2150 m the potential temperature dropped below, the estimated potential 

temperature of LSW at formation [3.428 °C; van Aken, 2000], and therefore indicates 

the influence of colder North Atlantic Deep Water (NADW) (Fig. 4.3). 

The upper water column (i.e. base of the seasonal thermocline to ≈ 700 m) was 

comprised solely of East North Atlantic Central Water (ENACW). Winter overturning 

means that the physical characteristics of ENACW are primarily determined by 

atmosphere-ocean heat and water exchange and thus reported values of temperature 

(8-18 °C) and salinity (35.2-36.7) are highly variable [Emery and Meincke, 1986]. The 

measurements from this study fall within this range (Fig. 4.3). In surface waters, seasonal 

stratification is driven by the yearly cycle of solar irradiance, with the onset of seasonal 
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stratification occurring in April [Fasham et al., 1983]. Accordingly, surface waters 

sampled in spring (April 2015) were only weakly stratified, with strongest stratification 

during summer (July 2015; surface temperature of 17.5 °C). In autumn (November 2014) 

a net heat flux to the atmosphere cooled surface waters to 14.6 °C reducing the strength 

of stratification. 

At station Fe03, the water depth of ca. 1500 m meant that the cold NADW was 

not present. The effect of LSW was present but the salinity minimum was not as 

prominent as at Fe01 due to the shallower water column (Fig. 4.3). Both MOW and 

ENACW cores were still evident but were not as prominent as at station Fe01 (Fig. 4.3), 

reflecting enhanced vertical mixing over the shelf break [Pingree, 1973]. Enhanced 

vertical mixing in the upper water column, attributed to breaking of internal tides 

[Pingree et al., 1986; Sharples et al., 2009], is evidenced by reduced surface 

temperatures (16.7 °C) relative to station Fe01 (17.5 °C) during July 2015. The effect of 

seasonal stratification was again evident in surface waters as a seasonal thermocline in 

July and November. 

At station Fe06, (water depth of ca. 500 m) there was no significant variation in 

salinity to indicate the presence of different water masses (Fig. 4.3). The uniform 

temperature in April indicated that winter mixing, driven by heat loss to the atmosphere, 

had fully overturned the water column, this is consistent with previous findings of a 

winter mixing depth of ≈ 500 m over the Goban Spur [Huthnance et al., 2001]. The 

increased temperature of the entire water column and the presence of a seasonal 

thermocline, in July and November indicated that the physical structure of the water 

column is primarily determined by the seasonal cycle of solar irradiance. 
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Figure 4-3- The water masses present over the Celtic Sea shelf break. NADW= North Atlantic Deep 
Water, LSW= Labrador Sea Water, MOW= Mediterranean Outflow Water, ENACW= East North 
Atlantic Central Water and SW= surface water. Left- station Fe01. Middle- Station Fe03. Right- 
Station Fe06. Note change in depth scales. See Figure 4.1 for station locations. 
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4.2.3 Distribution of dFe and particulate Fe over the Celtic Sea shelf slope 

The distribution of dFe and TdFe-dFe over the Celtic Sea shelf slope in November 

2014, April and July 2015 is displayed in Figs. 4.4, 4.5, 4.6. In nearby North East Atlantic 

waters, ‘background’ dFe concentrations of 0.23-0.93 nM have been reported [Laës et 

al., 2003]. Over the Celtic Sea shelf slope, dFe concentrations in excess of this were a 

common feature throughout all seasons. The range of dFe concentrations observed for 

all seasons was 0.03 to 4.09 nM, which is broadly consistent with previous observations 

over the Celtic Sea [Nédélec et al., 2007] and Bay of Biscay [Laes et al., 2007; Ussher et 

al., 2007] shelf slopes. Notably, the dFe concentrations observed in this study during 

summer (July 2015) surface mixed layer (SML) include the lowest reported dFe 

concentrations (< 0.1 nM) for waters overlying the Celtic Sea or Bay of Biscay shelf slope.  

Nov’ 2014 

April 2015 

July 2015 

Figure 4-4- Shelf break (transect 1) sections of dissolved and total dissolvable- 
dissolved iron for autumn (November), spring (April) and summer (July). Total 
dissolvable iron samples for July 2015 yet to be analysed. 

Nov’ 2014 

April 2015 
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Nov’ 2014 

April 2015 

July 2015 

Figure 4-6- Shelf break (transect 2) sections of dissolved and total dissolvable- 
dissolved iron for autumn (November), spring (April) and summer (July). Total 
dissolvable iron samples for July 2015 yet to be analysed. 

Nov’ 2014 

April 2015 

April 2015 

Figure 4-5- Shelf break (transect 3) sections of dissolved and total dissolvable iron 
for spring (April). Transect only sampled in April 2015. 

April 2015 
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The range of TdFe-dFe concentrations observed in the whole dataset was 0.17 

to 423 nM which generally decreased with distance from the shelf slope and particularly 

in surface waters, similar to observations over the Bay of Biscay shelf slope [Laes et al., 

2007]. However, the concentrations presented here are generally in excess of those 

described by Laes et al. [2007] who reported a maximum TdFe concentration of 24.6 nM. 

The shelf slope over the Celtic Sea is steeper and more heavily incised with canyons 

relative to Bay of Biscay shelf slope [Harris et al., 2014], which may promote greater 

sediment resuspension. Alternatively, the difference may result from differing 

operational definitions where, Laes et al. [2007] acidified their TdFe samples to 0.01 M 

HCl for > 6 months whereas in this work samples were acidified to 0.024 M HCl for > 6 

months. The TdFe-dFe concentrations reported here are comparable with those 

observed over the seasonally anoxic Californian shelf slope, where a maximum of 427 

nM was reported over the shelf slope using a similar operating definition as here [Chase 

et al., 2005a]. 

Near the sea floor, the BNL was evident as an increase TdFe-dFe concentration 

(Figs. 4.4, 4.5, 4.6). In particular, remarkably high TdFe-dFe (> 400 nM) concentrations 

were observed in the BNL of Transect 3 during April 2015, and were associated with 

elevated dFe concentrations (> 4 nM; Fig. 4.6), suggesting a large and/or recent 

sediment resuspension event(s). Even outside of the BNL, TdFe-dFe concentrations were 

typically at least one order of magnitude higher than dFe concentrations (Figs. 4.4, 4.5, 

4.6), with the exceptions of stations Fe01 and Fe02, which are furthest from the shelf 

slope, and the SML. At intermediate depths the lateral flux of particulate material 

emanating from the Celtic Sea shelf slope dominated transport by a factor of 2.7 over 

the vertical flux from the SML [Antia et al., 1999]. Therefore, the source of elevated 
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TdFe-dFe concentration is interpreted as slope derived particulate material that 

‘escaped’ from the BNL.  

Within a given profile, dFe and TdFe-dFe generally exhibited similar distributions, 

implying a common sediment source (Fig. 4.7). Moreover, statistically significant 

Spearman’s rho correlations indicated that increasing TdFe-dFe concentration was 

associated with increased dFe concentration (Fig. 4.8). However, it is also evident that 

the relationship between dFe and TdFe-dFe was asymptotic. A linear relationship was 

observed between TdFe-dFe and LpFe up to concentrations of 140 nM TdFe-dFe, 

indicating that in sub surface waters typically 20 ± 14 % of TdFe-dFe was persistently 

present as an exchangeable labile fraction (Fig. 4.2). Therefore, the asymptotic 

relationship between dFe and particulate iron (Fig. 4.8) was not the result of changes in 

the lability of Fe in particulate material. Instead, it suggests that dFe removal processes 

become more important at increased TdFe-dFe concentrations. This is likely due to an 

increased rate of scavenging in turbid waters [Baskaran et al., 1992; Moran and 

Buesseler, 1993] and saturation of the ambient dissolved Fe-binding ligand pool which 

act to stabilise against scavenging [Buck and Bruland, 2007; Buck et al., 2007; Moore and 

Braucher, 2008; Noble et al., 2012], which are present in both the soluble and colloidal 

pools [Cullen et al., 2006]. Moreover, a complexing capacity of 0.84-2.10 nM for dFe has 

been reported for this region [Boye et al., 2003]. 
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4.2.4 Distribution of sFe and cFe over the Celtic Sea shelf slope 

The physico-chemical speciation of dFe was further broken down into soluble 

and colloidal fractions. When sFe and cFe concentrations are plotted against dFe 

concentration it is evident that dFe was largely present in the colloidal fraction (Fig. 4.9; 

dFe/cFe regression slopes of 0.80 to 0.86), which is consistent with previous 

observations near and over oxic continental margin sediments [Fitzsimmons et al., 

2015a; Hurst et al., 2010]. The large proportion of Fe in the colloidal fraction indicates 
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Figure 4-8- Example depth profile showing 
similarity between dFe and TdFe-dFe 
distributions. Station Fe12, November 2014. 

Figure 4-7- Relationships between dFe and TdFe-dFe. Transect, 1 November 2014 rs=0.88, p 
<0.0001, n= 72, April 2015 rs=0.78, p <0.0001, n= 87. Transect 2, November 2014 rs=0.77, p 
<0.0001, n= 101, April 2015 rs=0.91, p <0.0001, n= 103. Transect 3, April 2015 rs=0.87, p 
<0.0001, n= 78. The relationship identified in transects 1 and 2 described by a logarithmic 
curve. The relationship is transect 3 did not. 
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input of cFe from sediments and sediment pore waters [Homoky et al., 2011], and/or 

rapid association of pore water sFe [Klar et al., 2017] with colloidal material in the water 

column [Honeyman and Santschi, 1991; Hurst and Bruland, 2007]. Here the 

concentration of sFe also increased with dFe concentration (Fig. 4.9), consistent with 

dFe concentrations being controlled by a dynamic equilibrium between soluble and 

colloidal fractions [Fitzsimmons and Boyle, 2014; Fitzsimmons et al., 2015b; Ussher et al., 

2010], though the increase in sFe concentration here could be driven by input of 

nanoparticles with a diameter < 30 nm that have been observed in seawater [Wells and 

Goldberg, 1994]. In deep open ocean waters, an approximation is that dFe reaches a 

50:50 steady state equilibrium between sFe and cFe [Fitzsimmons et al., 2015a; Ussher 

et al., 2010]. Over the Celtic Sea shelf break there is clearly a greater excess of cFe. The 

Figure 4-9- Scatter plots of dissolved iron against soluble 
and colloidal iron. Left- November 2014. Right- April 2015. 
Note change of scaling. 
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lability of the cFe will determine whether equilibrium with the soluble phase can be 

achieved. If the cFe is not readily exchangeable with the sFe fraction, as has been shown 

for some fraction of the cFe pool [Cullen et al., 2006], then the fate of cFe will be 

inexorably tied to that of the colloidal material.  

The number of marine colloids increases logarithmically with decreasing size, 

creating a continuum linking sub-micron material to larger particulates [Wells and 

Goldberg, 1993]. This colloidal size spectrum indicates that the removal pathway of 

colloids is aggregation to larger particles, whereby shear and gravity become the 

dominant forces acting upon the particle, and hence gravitational settling can occur. 

Therefore, aggregation to the particulate phase provides a mechanism to remove excess 

cFe from the dissolved phase; this process has been demonstrated for metals (including 

Fe) associated with colloidal material [Baskaran et al., 1992; Honeyman and Santschi, 

1991; Hurst and Bruland, 2007; Moran and Buesseler, 1993]. As discussed above, 

removal processes of dFe are important at elevated particulate concentrations, thus it 

is likely that scavenging of Fe proceeds via ‘colloidal pumping’ pathway for dFe supplied 

from oxic shelf margins, leading to an asymptotic relationship between dFe and TdFe-

dFe (Fig. 4.8). 

4.2.5 Seasonal iron depletion in the surface mixed layer  

In surface waters, dFe is predominantly in the soluble phase as indicated by the negative 

y-axis intercept of the dFe/cFe plot (-0.10 to -0.22 nM; Fig. 4.9). Transition from cFe 

dominated bottom waters to sFe dominated surface waters is consistent with 

observations in shelf waters of the central Celtic Sea [Birchill et al., 2017] and stratified 

Bering Sea [Hurst et al., 2010]. In addition to removal of cFe through particle formation,  
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Figure 4-10- Seasonal cycling in surface waters of stations Fe01 (top) Fe02 (middle) 
and Fe03 (bottom). Black dashed line denotes 0.05 dFe:NO3

-, the lower limit 
observed in cultured phytoplankton [Ho et al., 2003; Sunda and Huntsman, 1995]. 
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numerous processes have been identified to facilitate the dissolution of cFe, and hence 

production of sFe, in surface waters. These include grazing [Barbeau and Moffett, 2000; 

Barbeau et al., 1996; Schmidt et al., 2016], light/ligand interaction [Barbeau et al., 2001; 

Borer et al., 2005; Sulzberger et al., 1989; Wells et al., 1991] and slower thermal 

dissolution [Rich and Morel, 1990]. It is also noted that direct biological uptake of 

colloidal/particulate Fe has been demonstrated for some phytoplankton species [Chen 

et al., 2003; Chen and Wang, 2001; Nodwell and Price, 2001; Rubin et al., 2011]. The 

maintenance of sFe in surface waters through processes such as grazing, light ligand 

interaction and uptake of colloidal material is broadly consistent with biology 

influencing the nutritional state of Fe retained in the SML [Strzepek et al., 2005; Wells 

and Mayer, 1991b].  

By sampling during spring, summer and autumn it was possible to capture the 

seasonality of the physico-chemical speciation of Fe in these temperate surface waters. 

Here the focus is on stations Fe01-03 (Fig. 4.10), the furthest stations from the shelf 

slope, but still within 50 km of the 200 m isobath. At these stations remarkably low 

summer surface SML dFe concentrations were observed. In April 2015, the onset of 

stratification triggered a large spring phytoplankton bloom. At the time of sampling, the 

bloom was more developed at stations Fe01 and Fe02, as evidenced by the high chl-a 

concentrations > 3.4 mg m-3 and nutrient depletion in surface waters (20 m) NO3
- (5.47-

6.31 µM), compared with station Fe03 where 0.7 mg m-3 chl-a and 8.12 µM NO3
- were 

observed. Dissolved Fe concentrations in the upper 50 m of these stations ranged from 

0.07 - 0.30 nM, resulting in dFe:NO3
- ratios < 0.05 (nM:µM), the lower limit observed in 

phytoplankton cultured in nutrient replete environments [Ho et al., 2003; Sunda and 

Huntsman, 1995]. This suggests that dFe availability can impact the phytoplankton 
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community structure during the spring bloom. Despite the apparently unfavourable 

dFe:NO3
- ratios observed during April 2015, complete NO3

- draw down occurred in 

surface waters by July 2015; samples collected from the ship’s underway supply (≈ 5 m) 

contained undetectable (< 0.02 µM) NO3
- concentrations. Explanations for this include 

luxury uptake of dFe by phytoplankton during the spring bloom [Sunda and Huntsman, 

1995], enhanced Fe over N recycling by zooplankton [Giering et al., 2012] and access to 

the labile particulate fraction [Chase et al., 2005a; Hurst et al., 2010; Milne et al., 2017]. 

The concentration of LpFe at stations Fe01-03 (including Fe15) at 20 m was 0.53 ± 0.11 

nM in April 2015, which decreased to 0.07-0.18 nM in July 2015.  

During summer stratification, the majority of new production occurs at the sub 

surface chl-a maximum (SCM), where phytoplankton accesses a diapycnal flux of NO3
-. 

At the SCM, concentrations of dFe and NO3
- were 0.03-0.16 nM and 0.2-8.4 µM 

respectively (Table 4.1), resulting in very low dFe:NO3
- ratios (minimum 0.01 nM: µM). 

At low light intensities, typical of the SCM, the Fe demand of phytoplankton increases 

to facilitate the production of photosynthetic iron based redox proteins [Sunda and 

Huntsman, 1997]. Accordingly, dFe and light co-limitation has been observed at the SCM 

over the shelf slope in the Californian Bight, whereby addition of dFe enhanced diatom 

growth [Hopkinson and Barbeau, 2008]. The concentrations of dFe observed at the SCM 

in the Celtic Sea were generally lower than observed in the Californian Bight, with NO3
- 

concentrations being comparable (Table 4.1). Particulate Fe was unlikely to represent a 

large additional source of Fe to phytoplankton as LpFe concentrations at the SCM were 

also drawn down to < 0.2 nM in July 2015 (Table 4.1).  

The minimum concentration of Si at the SCM was noticeably different over the 

Celtic Sea shelf slope relative to the Californian Bight (Table 4.1). In the Celtic Sea, a 
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vertical gradient in Si concentrations was observed (Fig. 4.11), that included 

concentrations < 2 µM in the SCM, the concentration that is considered a threshold for 

diatom growth [Egge and Aksnes, 1992]. Additionally, previous work has shown a similar 

surface depletion of other trace metals (Cu, Pb, Cd, Ni) in the SML over the Celtic Sea 

shelf slope during summer months [Cotté-Krief et al., 2002]. Phosphate was also 

seasonally drawn down in surface waters, however summer N:P ratios were far below 

(minimum 0.9) Redfield values (15 - 16) [Redfield, 1958]. Therefore, the nutrient 

(including Fe) concentrations measured in the upper water column described an 

oligotrophic environment during summer stratification. Consequently, it is postulated 

that the phytoplankton community structure was seasonally sensitive to changes in the 

availability of NO3
-, Si, Fe, other micronutrients and light, with the potential for Fe stress 

being greatest at the SCM. Broadly, smaller phytoplankton would be expected to have 

a competitive advantage under such conditions due to increased surface area to volume 

ratio aiding uptake of nutrients [Lis et al., 2015; Moore et al., 2013a]. Indeed, at station 

Fe01-03 in July 2015, 98.38 ± 0.01 % (mean ± SD) of cells counted by flow cytometry 

were either Synechococcus or picoeukaryotes [Tarran et al., in prep].   

Table 4-1- The range of concentrations observed at the summer sub surface chlorophyll 
maximum. The depth range was decided upon based on the chlorophyll-a profile. CB= 
Californian Bight, data from Hopkinson and Barbeau [2008].  

Station Depth 
(m) 

dFe 
(nM) 

TdFe-dFe 
(nM) 

NO3
- 

(µM) 
LpFe 
(nM) 

Si (µM) 

Fe01 21-51 0.03-0.14 0.14-0.29 1.7-7.2 0.10 ± 0.01 0.6-2.2 
Fe02 23-101 0.05-0.16 0.13-0.20 0.4-8.4 0.13 ± 0.00 0.3-2.8 
Fe03 22-73 0.04-0.09 0.28-0.84 0.2-6.6 0.17 ± 0.00 0.3-1.9 

CB 45-78 0.11-0.27 nd 0.7-6.3 nd 2.3-5.2 

nd= not determined 
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During stratified periods, internal tides enhance the vertical supply of NO3
- to a 

narrow band of water overlying the Celtic Sea shelf break resulting in increased primary 

productivity and promoting the growth of larger (> 10 µm) eukaryotic phytoplankton 

[Holligan and Groom, 1986; Sharples et al., 2007]. Here, a decrease in near surface dFe 

concentration with station bottom depth was observed in July 2015 (Fig. 4.12), which is 

attributed to enhanced vertical mixing over the shelf break. Therefore, the assertion is 

that the increase in productivity and associated change in community structure 

Silicate (µM) 
0 1 2 3 4 5

D
e

p
th

 (
m

)

0

50

100

150

200

300

450

Sigma-theta (kg m-3)
25.5 26.0 26.5 27.0 27.5 28.0

Chl-a (mg m-3)
0 1 2 3 4

Si
Sigma-theta
Chl-a

Figure 4-12- Example of silicate 
profile for the upper 500 m. 
Station Fe01, July 2015. 

Bottom depth (m)

0 500 1000 1500 2000 2500 3000

d
F

e
 (

n
M

)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

y= (-6.8x10-5)x + 0.23

r2= 0.47

Figure 4-11- Near surface (< 28 m) dissolved 
concentrations plotted against station bottom 
depth. July 2015. 



The physico-chemical speciation of Fe over an oxic margin           Chapter 4 

 

103 
 

observed over the shelf break is also driven by enhanced vertical supply of dFe to surface 

waters. Conversely, the degree of seasonal Fe stress likely increases as the strength of 

vertical mixing decreases with distance from the shelf break.  

Seasonal stratification persisted to November (2014) (Fig. 4.10), but, convective 

overturning had deepened the SML relative to summer conditions. Entrainment of 

nutrients increased dFe and NO3
- concentrations in the SML, similar to what has been 

observed in the central Celtic Sea [Birchill et al., 2017; Wihsgott et al., in prep]. Under 

the conditions of a deepening mixed layer it is likely that light was the limiting factor 

regulating phytoplankton growth at this point of the season. 

4.2.6 Remineralisation controls the distribution of dFe in East North Atlantic Central 

Water over the outer shelf  

Apparent oxygen utilisation (AOU) represents the oxygen consumed during the 

respiration of organic matter since the water was last in contact with the atmosphere, 

assuming isolation of a water mass from the atmosphere and that the water mass was 

saturated with oxygen when last in contact with the atmosphere. In contrast, the dFe 

concentration represents the net result of preformed dFe plus dFe supplied from 

remineralisation and other external sources (e.g. sediment resuspension, atmospheric) 

minus any loss to the particulate phase due to scavenging and oxidative removal 

[Tagliabue et al., 2017] and is described by the following equation: 

Fe total = Fe preformed + Fe regenerated + Fe external inputs - Fe scavenged 

 Hence, observed dFe:AOU relationships have been used to infer the net rate of dFe 

input due to remineralisation in the North Atlantic, where the intercept indicates the 

preformed dFe concentration [Hatta et al., 2015; Rijkenberg et al., 2014; Ussher et al., 

2013]. Here strong and significant dFe:AOU relationships were identified in sub-surface 
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(upper 600m) ENACW at stations furthest from the shelf break (Fe01-03) in November 

2014 (Table 4.2). This indicated that unlike near slope waters, remineralisation of 

organic material exerted a primary control over dFe concentrations in these waters. 

Previous work, indicates that the flux of particulate material is dominated (80-100%) by 

biogenic material at 600 m over the mid to outer Celtic Sea shelf slope  (≥ 1440 m bottom 

depth) [Antia et al., 1999] and that partial remineralisation of particulate organic matter 

is known to release dFe and Fe binding ligands to the water column [Boyd et al., 2010]. 

Moreover, light Fe isotope signals between 200-1300 m in the Southern Ocean are 

considered to result from remineralisation dominating the dFe inventory at 

intermediate depths [Abadie et al., 2017].  

 

 

Table 4-2- The linear relationship between dFe and apparent oxygen utilisation (AOU) 
identified in the upper water column in Nov’ 2014 over the outer shelf slope of transect 
1. Depth range is the distance over which the regression was calculated, determined as 
the shallowest sampling depth below the surface mixed layer to the depth that the linear 
relationship remained apparent. Pearson’s correlation used to determine p value. 

 

 

 

 

 

 

Station Bottom 
depth 

(m) 

Depth 
range 

(m) 

dFe (nM) 
/ O2 (µM) 

dFe (nM) 
range 

dFe (nM) 
preformed 

r2 p n 

Fe01 2455 90-600 0.012 0.20-0.75 0.067 0.95 <0.001 8 
Fe02 2003 59-599 0.014 0.29-0.87 0.073 0.87 <0.001 9 
Fe03 1500 51-501 0.017 0.24-0.82 0.032 0.88 <0.001 9 
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The preformed dFe concentration reported here for ENACW (0.06 ± 0.02 nM dFe; 

Table 4.2) is lower than that reported by Hatta et al. [2015] for North Atlantic Central 
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Figure 4-13- Estimating the contribution of ‘remineralised dFe’ 
compared to the observed dFe concentration. This was achieved by 
using the relationship between dFe and AOU observed at station Fe01 
in Nov’ 2014 (top), a linear relationship was evident up to 67 µM 
AOU, >67 µM dFe plateaued at 0.89 ± 0.05 nM. Middle- Transect 1 
upper shelf stations (left) and outer shelf stations (right). Bottom- 
Transect 2 upper shelf stations (left) and outer shelf stations (right). 
AOU converted to ‘remineralised dFe’ is indicated by solid lines. Dots 
represent the measured dFe concentrations. Plots include Nov’ 2014 
data only. 
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Water (0.17 ± 0.02 nM dFe). This difference is driven by a dFe:AOU gradient that is ≈3 

times steeper over the Celtic Sea shelf slope than observed in the open Atlantic Ocean 

[Hatta et al., 2015; Ussher et al., 2013]. The steeper gradient could be interpreted as an 

increased Fe content of organic matter formed in waters overlying the shelf break, or a 

slower scavenging rate of remineralised dFe. However, this would assume a closed one 

dimensional system, thus precluding any additional input of dFe or oxygen that would 

act to steepen the dFe:AOU gradient.  

In November 2014, the dFe profile at station Fe01 displayed typical open ocean 

characteristics, with depletion in surface waters and sub-nanomolar concentrations (≤ 

0.93 nM) at depth (Fig. 4.13). This is typical of corresponding water masses in the 

adjacent North East Atlantic waters not affected by the shelf slope [0.23 - 0.93 nM; Laës 

et al., 2003]. Moreover, the concentration of TdFe-dFe throughout the water column 

profile, with the exception of the bottom two samples in the benthic boundary layer, 

contained TdFe-dFe concentrations of 4.5 ± 2.8 nM (n=12) (Fig. 4.4). This is slightly 

elevated, but of the same order of magnitude as values reported for the open Atlantic 

Ocean away from margin influences [Milne et al., 2017; Revels et al., 2015; Wu and 

Luther, 1994].   

The linear dFe:AOU gradient at Fe01 in November 2014 persisted to a dFe 

concentration of 0.90 ± 0.015 nM and AOU of 67 µM (Fig. 4.13). The extended dFe:AOU 

relationship incorporates MOW at ≈ 1800 m depth; thus it may be fortuitous that the 

preformed dFe signal and AOU of MOW fit the ENACW linear relationship. Between AOU 

values of 67 - 83 µM, dFe concentrations plateaued at 0.89 ± 0.03 nM (n= 8) (Fig. 4.13) 

suggesting that a solubility limit and/or that other processes determine the dFe 

concentration at depth, such as interaction with the particulate phase [Abadie et al., 
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2017; Milne et al., 2017]. By using Fe01 as a background/oceanic station for November 

2014, the relationship between dFe and AOU is used to estimate the amount of 

‘remineralised dFe’ at other stations over the shelf slope (Fig. 4.13). At station Fe02 94 

± 15 % of the dFe is accounted for by ‘remineralised dFe’, whilst at station Fe03 nearer 

the shelf slope this drops to 70 ± 12 % at depths below ENACW. At all other stations 

closer to the shelf, the significance of shelf sediments as an external source of dFe 

increases, such that as little as 28% of dFe can be accounted for by ‘remineralisation’.   

4.2.7 Transport of dFe and TdFe-dFe in intermediate nepheloid layers 

The waters over the shelf slope are generally elevated in dFe and TdFe-dFe (Fig. 4.4, 

4.5, 4.6). As discussed above, waters overlying the shelf break are expected to be regions 

of high scavenging. Therefore, for efficient transport of dFe and LpFe to occur from these 

regions, a strong physical transport mechanism is required [Croot and Hunter, 1998; 

Hong and Kester, 1986], combined with slow sinking particles. Over the Celtic Sea shelf 

slope distinctive INLs enriched in cFe, dFe and TdFe-dFe were observed in all seasons, 

providing an ever present conduit to the adjacent ocean. The two most Fe enriched INLs 

were found in transect 3 at stations Fe16 and Fe17 in April 2015 (Fig. 4.14a). It should 

be noted that the high beam attenuation values in surface waters are driven by 

enhanced particle formation due to primary production and not sediment input. A 

deeper (σT= 27.78 - 27.29 kg m-3, 1500 m) INL was identified at both Fe16 and Fe17. The 

distance between stations Fe17 and Fe16 is 12.3 km; over this distance the 

concentration of TdFe-dFe decreased from 315 ± 1.8 to 66.4 ± 0.5 nM, corresponding 

with a decrease in dFe of 3.25 ± 0.16 to 2.02 ± 0.14 nM. A shallower (σT= 27.589 kg m-3, 

1051 m) INL was identified only at Fe17, with a concentration of dFe and TdFe-dFe of 

2.82 ± 0.007 and 78.5 ± 3.1 nM respectively. Similarly, in November 2014, elevated beam 
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attenuation and TdFe-dFe concentrations (56.2 ± 1.1 nM, n=3) were observed between 

σT = 27.283 - 27.355 kg m-3 at stations Fe03 and Fe04 (Transect 1) in November 2014 

(Fig. 4.14b). This was associated with elevated dFe concentrations (1.44 ± 0.12 nM, n=3).  
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Figure 4-14- -Examples of iron enriched intermediate nepheloid 

layers .  

a- INLs observed at stations Fe16 (black, bottom depth 2500 m) and 

Fe17 (green, bottom depth 2000 m) sampled in April 2015. INL at σT= 

27.589 (Fe17) at 1051 m, INL at σT= 27.789 (Fe17) at 1552 m and at 

σT= 27.784 (Fe16) at 1500 m.  

b- INL observed at stations Fe02 (blue, bottom depth 2000 m), Fe03 

(black, bottom depth 1500 m) and Fe04 (green, bottom depth 1000 

m) sampled in November 2014. INL at σT= 27.302 at 599 m (Fe02), 

INL at σT= 27.319 and 27.355 at 601 and 700 m (Fe03) and INL at σT= 

27.283 at 601 m (Fe04). Note change in scale of dFe and TdFe-dFe. 
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At station Fe02 (22.9-29.0 km from Fe03 and Fe04) at σT = 27.302 kg m-3 the 

concentration of TdFe-dFe was significantly reduced, but remained elevated above 

background at 15.7 ± 0.3 nM, indicating that lateral transport of particulate material had 

occurred, which was also evident in the beam attenuation profile. The corresponding 

dFe concentration was also reduced to 0.85 ± 0.025 nM, equivalent to typical oceanic 

concentrations for the North East Atlantic [Laës et al., 2003].  

Broadly, in the INLs observed the concentration of particulate and dissolved Fe 

declined over relatively short distances (10’s km) from the shelf slope to near 
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Figure 4-15- A distinctive intermediate nepheloid layer 
observed at station Fe15, 02, and 01 in July 2015. 
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background levels. This suggests that the spatial extent of lateral transport from the 

Celtic Sea shelf slope is limited to 10’s of km, rather than 100-1000’s km as observed 

elsewhere where the dominant direction of lateral advection is offshelf [e.g. Lam and 

Bishop, 2008; Noble et al., 2012]. However, there was evidence of elevated dFe and 

TdFe-dFe concentrations at station Fe01, the most oceanic station located ≈ 50 km from 

the 200 m isobath in April 2015 (max dFe 1.29 ± 0.043 nM; max TdFe 21.1 ± 0.5 nM; Fig. 

4.4). This may be related to seasonal changes in the strength of the along slope current, 

which weakens and reverses direction from February to April [Pingree and Le Cann, 1990] 

and therefore may allow greater lateral transport. Additionally, in July 2015, a distinctive 

INL was observed over the outer slope (≥ 1500 m bottom depth) that had emanated 

from the shelf slope. Maximum dFe concentrations of 1.31-1.41 nM were observed at 

station Fe15; in comparison at station Fe01 this was 0.87 – 0.94 nM (Fig. 4.15). Moreover, 

as there is a significant along slope current over the shelf slope the possibility of 

northwards transport cannot be excluded, though this would occur in particle rich water 

where the scavenging rate is likely high. Therefore, this study supports the view that 

sediment derived Fe is important in the wider marine Fe cycle, but that for sedimentary 

derived Fe to influence the open ocean, both a sediment source and a strong physical 

transport mechanism, such as INLs, are required. Additionally, given that 20 ± 14 % of 

TdFe-dFe was typically labile, the transport of LpFe likely dominates the supply of 

bioavailable Fe from shelf slope sediments [Milne et al., 2017]. 

 



The physico-chemical speciation of Fe over an oxic margin           Chapter 4 

 

111 
 

4.2.8 Redox cycling over the Celtic Sea shelf slope   

Iron in seawater is present as Fe(III) and Fe(II) redox species, with Fe(II) more 

soluble but thermodynamically unstable in oxic seawater [Millero and Sotolongo, 1989; 

Millero et al., 1987]. Oxidation half-lives of Fe(II) in oxic seawater range from minutes to 

days [Klar et al., 2017; Santana-Casiano et al., 2005; Sarthou et al., 2011; Ussher et al., 

2007], resulting in Fe(III) being the dominant oxidation state. The bioavailability of iron 

is related to its physico-chemical speciation. As a reductive Fe uptake strategy has been 

shown to be utilised by eukaryotic and prokaryotic phytoplankton [Shaked and Lis, 2012], 

Fe(II) is considered to be more bioavailable [Sunda et al., 2001]. Moreover, reduction 

processes will act to maintain Fe in more labile phases as under oxic conditions inorganic 

Fe(III) phases progressively hydrolyse and crystallise into forms with ever decreasing 

Gibbs free energies of formation [Ussher et al., 2004; Wells and Mayer, 1991a].   

Figure 4-16- Shelf break (transect 1) sections 
of dissolved iron, dissolved Fe(II) and 
dFe(II)/dFe (as labelled) for July 2015. 
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The use of Fe(III) as the terminal electron acceptor during the respiration of 

organic matter by bacteria leads to a build-up of Fe(II) in interstitial pore waters [Froelich 

et al., 1979]. This can be fluxed to the overlying water column by diffusion and sediment 

resuspension. In oxygenated waters, oxidation to Fe(III) and subsequent 

scavenging/precipitation at the sediment water interface limit the magnitude of this flux 

[Dale et al., 2015], though indirect evidence suggests that the efficiency of the ‘oxidative 

trap’ may be reduced by the stabilising effect of Fe(II) binding ligands [Klar et al., 2017; 

Ussher et al., 2007]. Here increased Fe(II) concentrations (maximum 134 pM) were 

observed at near bottom waters over the upper shelf sediments (≤ 1017 m bottom 

depth) that contributed 9-16% of dFe in July 2015 (Fig. 4.16). At deeper stations 

concentrations of up to 49 pM were observed over shelf sediments contributing < 6% of 

the total dFe pool (Fig. 16). The distribution of Fe(II), and the proportions of dFe present 

as Fe(II) observed are similar to previous measurements over the Bay of Biscay shelf 

slope [Ussher et al., 2007].  

Both the concentration of Fe(II) and the proportion of Fe(II) as dFe present over 

the outer slope, is consistent with background values measured in sub-surface North 

Atlantic waters using similar sampling and analytical approaches [Sedwick et al., 2015], 

suggesting dFe input resulting from dissimilatory Fe(III) reduction is weaker/negligible 

over the outer shelf. This assertion is strengthened by combining the proposed causal 

relationship for oxic water column conditions, between benthic carbon oxidation rates 

and sedimentary diffusive dFe fluxes [Elrod et al., 2004], with benthic carbon oxidation 

rates for Celtic Sea shelf slope sediments [Lohse et al., 1998]. The resulting estimate 

suggests a relatively modest net diffusive dFe flux of 0.5 – 2.5 µmol dFe m-2 d-1 that 

decreases with water column depth (200 - 1440 m). At deeper stations (> 1440 m) 
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respiration of organic carbon was almost entirely (97-99%) aerobic [Lohse et al., 1998]. 

The decrease in anaerobic respiration is linked to productivity in overlying waters. Over 

the upper slope enhanced productivity is supported by large vertical nutrient fluxes, 

[Holligan and Groom, 1986; Huthnance et al., 2001; Pingree, 1984; Sharples et al., 2009], 

which, coupled with a shallower water column, supplies organic carbon to the benthos 

at a greater rate than over the outer shelf slope [van Weering et al., 1998].  

As discussed above evidence of sediment and pore water resuspension events 

resulting in elevated dFe are seen to depths of 2500 m (max depth of sampling) (Fig. 4.3, 

4.4, 4.5). It is advocated that resuspension of sediments and pore waters from the upper 

shelf slope are likely to contain more labile, and potentially bioavailable, Fe phases as a 

result of recent redox processing. The leachable particulate fraction accesses both 

readily reducible hydroxide phases and intra-cellular Fe [Berger et al., 2008] and thus 

the LpFe/LpAl ratio is always in excess of the crustal abundance ratio. However, a 

systematic increase in the Fe:Al ratio of the leachable fraction was observed in bottom 

waters at stations shallower than 1500 m (Table 4.3), consistent with sediments 

resuspended from upper slope sediments containing more labile phases. Moreover, in 

shelf sediments underlying regions of high productivity, dissimilatory Fe reduction 

results in pore water dFe being almost entirely aqueous Fe(II) [Klar et al., 2017], which 

when resuspended into seawater will rapidly attach to, or form, colloids [Honeyman and 

Santschi, 1991]. In contrast, where the organic carbon flux is smaller, resulting in 

oxygenated near surface pore waters, non-reductive dissolution is thought to produce 

colloidal mineral phases such as goethite [Homoky et al., 2011]. The bioavailability of 

mineral colloidal iron phases decreases with ageing [Yoshida et al., 2006]. Therefore, it 

is likely that nepheloid layers resulting from resuspension of upper shelf sediments 
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result in freshly formed colloidal Fe that is subsequently more bioavailable. Importantly, 

as the winter mixing depth is around 500 m, there is potential for Fe in the INL from the 

upper water column to reach surface waters fuel primary production. In contrast, 

deeper INL will be subject to longer term ocean circulation pathways and thus Fe would 

need to be stabilised for decades or more to reach surface waters. This ageing would 

reduce the bioavailable/leachable fraction. 

Table 4-3- The LpFe/LpAl ratio of bottom water samples. nd= not determined. 

Sampling period Station LpFe (nM) LpFe/LpAl 
Bottom 
depth 

(m) 

November 2014 Fe01 3.20 ± 0.02 1.68 2500 
 Fe02 2.73 ± 0.01 1.48 2000 
 Fe03 22.14 ± 0.16 2.28 1500 
 Fe04 10.74 ± 0.11 2.21 1000 
 Fe05 12.08 ± 0.05 2.32 750 
 Fe06 27.70 ± 0.09 2.38 500 
 Fe07 5.88 ± 0.01 2.08 250 

April 2015 Fe01 4.99 ± 0.04 1.58 2500 
 Fe02 2.44 ± 0.02 1.52 2000 
 Fe15 6.42 ± 0.05 2.14 1500 
 Fe03 10.64 ± 0.04 2.16 1500 
 Fe04 11.51 ± 0.22 2.26 1000 
 Fe05 10.26 ± 0.03 2.62 750 
 Fe06 7.57 ± 0.02 2.15 500 

July 2015 Fe01 2.06 ± 0.01 1.27 2500 
 Fe02 2.14 ± 0.01 1.27 2000 
 Fe15 2.59 ± 0.01 1.54 1500 
 Fe03 5.53 ± 0.01 1.65 1500 
 Fe04 7.62 ± 0.00 1.74 1000 
 Fe05 6.83 ± 0.04 1.86 750 
 Fe06 nd nd 500 

 

In surface waters, the proportion of dFe present as Fe(II) increased (Fig. 4.16); in 

some instances dFe was entirely present as Fe(II). However, the exact percentage should 

be interpreted with caution as the concentrations of dFe and Fe(II) were as low as 30 

pM and therefore approaching the limit of detection of both analytical systems. 
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Nevertheless, photochemical reduction of Fe(III) bound to organic ligands is known to 

occur is seawater, providing a mechanism for the production of Fe(II) in surface waters 

[Barbeau, 2006], and it is consistent with biological processing maintaining dFe in the 

soluble phase in the SML. 

4.3 Conclusions   

In surface waters of the Celtic Sea shelf slope dFe was maintained predominantly 

in the soluble fraction, consistent with biological processing influencing the physico-

chemical speciation of iron retained in the SML, and loss of colloids via ‘colloidal 

pumping’. Despite their proximity to the continental shelf slope, surface waters within 

50 km of the 200 m isobath are seasonally deplete in bioavailable Fe, including dFe 

concentrations as low as 30 pM during summer. During the summer stratification, 

restricted vertical mixing resulted in nutrient conditions in the SML described an 

oligotrophic environment and evidence is given that co-limitation between availability 

of Fe and other macronutrients shapes the phytoplankton community structure. In 

particular, conditions at the SCM are comparable with previous studies where Fe/light 

co-limitation has been observed; suggesting the degree of Fe limitation may increase 

below surface waters. As discussed in section 3.2.2, a more rigorous assessment of 

nutrient stoichiometry should be made by including all available N sources (e.g. organic 

nitrogen). 

Below the SML on the shelf slope, both the vertical flux of remineralising 

particulate material from the SML and lateral advection of shelf slope particulate 

material contribute to the Fe inventory. The remineralisation signal was generally 

masked by the much larger lateral flux of Fe from the shelf slope, except at the stations 

furthest (50 km) from the shelf slope. Despite the flux from the shelf slope, the 
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concentrations of dissolved and particulate Fe were both attenuated over relatively 

short distances (10’s km) from the shelf break, indicating that effective physical 

transport mechanisms are required to deliver shelf sediment derived Fe far out to the 

open ocean.  

In this study, lateral transport of Fe from the shelf slope occurred in distinct INLs 

during all sampling seasons (spring, summer, autumn), and thus provided a persistent 

conduit for the transport of Fe to the adjacent N.E. Atlantic. Determination of the 

physico-chemical speciation of Fe supplied from oxic margin sediments revealed that 

the concentration TdFe-dFe>>>LpFe>>cFe>sFe. As dFe was predominantly (60-90%) 

present in the colloidal form, ‘colloidal pumping’ likely represents an important removal 

pathway of dFe to the particulate phase and further investigation into scavenging 

processes are needed. The majority of Fe export from oxic margins occurs as LpFe, which, 

if advected, may act to buffer the deep ocean dFe inventory [Abadie et al., 2017; Milne 

et al., 2017]. Additionally, it is postulated that dFe supplied from upper shelf sediment 

and pore waters is in a more bioavailable/labile form due to recent ‘redox processing’ 

and recycling.  
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Chapter 5 - The Hebridean Shelf- the eastern 

extent of seasonal iron limitation in the sub-

Arctic North Atlantic 
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5.0 Introduction 

It is well established that the availability of Fe regulates the growth of 

phytoplankton in the high nutrient low chlorophyll (HNLC) regions of the Southern 

Ocean, Eastern Equatorial Pacific and Sub-Arctic North Pacific [Boyd et al., 2007]. 

Despite the Sub-Arctic North Atlantic receiving a similar amount of dust to that of Sub-

Arctic Pacific [Jickells et al., 2005; Measures et al., 2008], it is not considered a classical 

HNLC region as there is enough Fe available to sustain a productive spring bloom [Martin 

et al., 1993; Ryan-Keogh et al., 2013]. However, repeated observations of residual NO3
- 

in high latitude North Atlantic surface waters, post spring bloom, indicate a restriction 

on the efficiency of the biological carbon pump [Nielsdóttir et al., 2009; Ryan-Keogh et 

al., 2013; Sanders et al., 2005].  

Dissolved Fe measurements of 0.02-0.22 nM in high latitude North Atlantic 

surface waters indicate that this is not an Fe replete region [Martin et al., 1993; 

Measures et al., 2008; Nielsdóttir et al., 2009; Painter et al., 2014]. Winter vertical mixing 

in the Iceland Basin is estimated to supply enough dFe to surface waters to facilitate 

drawdown of available silicate (Si), but not NO3
- [Forryan et al., 2012; Painter et al., 

2014]. Therefore, Si limitation is expected to limit the extent of diatom growth during 

the spring bloom [Henson et al., 2006; Sieracki et al., 1993] and community wide Fe 

limitation to prevail post bloom. This is consistent with observations that phytoplankton 

become increasingly Fe stressed as the spring bloom progresses [Ryan-Keogh et al., 

2013]. During summer, Fe bioassay experiments [Nielsdóttir et al., 2009] and responses 

to volcanic Fe inputs [Achterberg et al., 2013], indicate that Fe availability limits not just 

diatom growth but also the wider summer phytoplankton community. Though process 
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studies have been conducted the spatial extent of this seasonal Fe limitation has not 

been ascertained.  

In this study the nutrient stoichiometry (dFe:NO3
-:Si:PO4

3-) of waters on, and 

adjacent to, the Hebridean and Malin shelf (hereafter Hebridean shelf) were determined 

during Autumn 2014. Despite the proximity to shelf sediments, which represent a large 

source of Fe to the overlying water column [e.g. Dale et al., 2015; Elrod et al., 2004; Klar 

et al., 2017], the results show that the conditions leading to seasonal Fe limitation 

observed in the Iceland and Irminger Basins of the high latitude North Atlantic persist 

up to, and in some instances beyond, the Hebridean shelf break.  

5.0.1 Oceanographic setting 

A map of the sampling area and major currents is displayed in Fig. 5.1. Adjacent 

to the Hebridean shelf is the Rockall Trough, which is separated from the Iceland Basin 

to the west by the Rockall Plateau and Hatton Bank, and the Nordic Seas to the north by 

the Wyville Thomson Ridge (500m). Surface water (upper 700m) in the Rockall Trough 

predominantly originates from the south in the Bay of Biscay, and to a lesser extent the 

northwest, of the basin [Holliday et al., 2000; Johnson et al., 2013]. The depth of winter 

convective overturning shoals with decreasing latitude, reducing the replenishment of 

surface water nutrients associated from mixing with intermediate water masses 

[Louanchi and Najjar, 2000]. Consequently, waters originating from south of the Rockall 

Trough bring less nutrients than waters from the northwest, which are modified by 

interaction with nutrient rich subpolar waters in the Iceland Basin [Johnson et al., 2013].  



The eastern extent of sub-Arctic Atlantic seasonal Fe limitation           Chapter 5 

 

120 
 

 The relative influence of either the southerly or sub-polar modified surface 

water masses in the Rockall Trough is thought to be determined by the strength of the 

ESC 
SCC 

a 

b 

Figure 5-1- A- Map of survey 

area denoting CTD sampling 

stations. Samples where the 

determination of dissolved 

iron occurred are indicated 

by stations with blue fill. B- 

Map detailing the major 

currents and their 

approximate paths (ESC= 

European Slope Current, 

SCC= Scottish Coastal 

Current). 
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Sub-polar Gyre. A strengthening Sub-polar Gyre expands southwards and enters the 

Iceland Basin and Rockall Trough, resulting in cooler and fresher surface waters with 

elevated nutrient concentrations [Holliday, 2003; Johnson et al., 2013]. At depth, the 

shoaling topography to the north of the Rockall Trough restricts northwards flow of 

water below 1200 m, forcing an anticyclonic recirculation within the basin [Holliday et 

al., 2000].  

Separating the Hebridean shelf sea from the Rockall Trough is a region of steep 

topography, where the water column deepens from 200 to 1000 m over a distance of ≈ 

30 km [Souza et al., 2001]. Steep topography combined with geostrophic forcing, results 

in a bathymetric steering of flow. Along the Hebridean shelf slope this is observed as the 

European slope current (ESC; Fig. 5.1b), which is considered to be a persistent 

northwards current flowing from the Goban Spur to the Shetland Islands, with seasonal 

reversals in flow along the Bay of Biscay and Celtic Sea [Booth and Ellett, 1983; Pingree 

et al., 1999; Souza et al., 2001]. At ≈ 56° N the ESC is predominantly a barotropic flow of 

≈20 cm s-1 parallel to the shelf break, with a characteristic high salinity (35.35-35.40) 

core at ≈ 200-300m [Souza et al., 2001]. The result of near geostrophic conditions is a 

restriction on cross shelf exchange. However, wind driven surface exchange drives on-

shelf flow in surface waters, while frictional forces resulting from the ESC drives a 

compensating off-shelf downwelling circulation (‘Ekman Drain’) [Holt et al., 2009; 

Huthnance et al., 2009; Painter et al., 2016; Simpson and McCandliss, 2013].  

The on-shelf circulation of the Hebridean shelf sea is well studied. Near to the 

coast, the Scottish Coastal Current carries low salinity water originating from the Clyde 

and Irish Seas around western Scotland and ultimately into the North Sea (Fig. 5.1b). 

Flowing northwards, at a mean velocity of ≈ 2-5 cm s-1 and volume transport of ≈ 0.1 Sv, 
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the current interacts with the Hebridean islands. The majority (≈ 80%) of flow continues 

northwards inshore of the Outer Hebridean Islands, the remaining flow returns south 

through the Minches before flowing northwards along the east coast of the Outer 

Hebridean Islands [Inall et al., 2009; McCubbin et al., 2002; McKay et al., 1986; Simpson 

and Hill, 1986]. Measurements of Caesium-137 originating from Sellafield, Cumbria 

indicate that some outflow from the Irish Sea also occurs westerly along the north coast 

of Ulster [Jefferies et al., 1973], and that a residual northward flow occurs over the wider 

Hebridean shelf [McKay et al., 1986]. West of the Scottish Coastal Current, increased 

salinity (> 35) indicates that the shelf water is of Atlantic origin [Inall et al., 2009; Simpson 

and Hill, 1986]. A tongue of high salinity (> 35.2) water has been observed penetrating 

south of the Isle of Barra [Simpson and Hill, 1986], though observations at the same 

location [Ellett and Edwards, 1983] show that the shoreward extent to which high 

salinity waters penetrate is interannually variable [Inall et al., 2009].  

5.1 Methods 

5.1.2 Sampling methods and sample storage 

Sampling was conducted in October 2014 on-board the R.R.S. Discovery in the 

Hebridean shelf sea and adjacent NE Atlantic Ocean (Fig. 5.1). Samples for the 

determination of dFe were collected following protocols outlined in section 3.1.1. 

Additionally, surface seawater was pumped into the trace metal clean laboratory using 

a Teflon diaphragm pump (Almatec A-15, Germany) connected by acid-washed braided 

PVC tubing to a towed “fish” positioned at approximately 2–3 m depth using a davit on 

the port side of the ship. Underway samples for the determination of dFe were filtered 

in-line through 0.2 µm pore size, acetate membrane filter capsules (Sartobran-P size 7, 

Sartorius). 
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5.1.2 Determination of dissolved iron in seawater 

All sample and reagent handling was undertaken in an ISO 14644-1 Class 5 

laminar flow hood (Bassaire, Southampton, UK) situated within an ISO 14644-1 Class 5 

clean room at Plymouth University. Dissolved Fe was determined using an automated 

FI-CL system [Floor et al., 2015; Obata et al., 1993]. The detailed methodology is 

described in section 2.3. The majority of data presented in this chapter results from dFe 

analyses carried out by Nora Hartner; a European Union Erasmus funded master’s 

student from the University of Ulm, working under the supervision of Antony Birchill. To 

ensure reproducibility of analyses between operators, a rigorous assessment of the 

quality of data generated by Nora Hartner was conducted (Appendix D). 

5.1.3 Nutrients, temperature and salinity 

 Macronutrient analysis was carried on-board by Dr Christopher Daniels (National 

Oceanography Centre, Southampton). The concentrations of nitrate + nitrite (hereafter 

NO3
-), phosphate (PO4

3-) and silicic acid (Si(OH)4; hereafter silicate) were determined on 

a Skalar Sanplus continuous flow analyser using common methodologies [Hydes et al., 

2010; Kirkwood, 1996]. Macronutrient measurements were made from all trace metal 

clean OTE bottles that were sampled for dFe, as well as from additional depth profiles 

sampled using a stainless steel rosette. 

Salinity, temperature, and depth were measured using a CTD system (Seabird 

911+) equipped with optical backscatter (WET Labs, ECO BB), dissolved oxygen (O2; 

Seabird SBE 43 O2 sensor) and a fluorimeter. Salinity was calibrated on-board using 

discrete samples using an Autosal 8400B salinometer (Guildline). Daily O2 calibrations 

were conducted using a photometric automated Winkler titration system [Carritt and 

Carpenter, 1966]. Daily samples for chl-a analysis were filtered through 0.7 μm glass 

microfibre filters (Whatman GF/F) and extracted in 90% acetone overnight [Holm-
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Hansen et al., 1965]. The chl-a extract was measured on a pre-calibrated (spinach 

chlorophyll-a standard, Sigma) fluorimeter (Turner Designs Trilogy).  

5.2 Results and discussion 

5.2.1 Surface fields  

A large range of dFe concentrations (0.03-3.51 nM) was observed in surface 

waters during this study (Fig. 5.2). The western (oceanic) extent of the survey area was 

characterised by elevated salinities (> 35.2) and uniformly low dFe concentrations 

(typically < 0.15 nM) (Fig. 5.2), comparable to concentrations observed in Fe limited 

regions [Boyd and Ellwood, 2010]. Coinciding with low dFe concentrations were elevated 

NO3
- (3.22-6.90 µM) and PO4

3- (0.27-0.44 µM) concentrations, resulting in a surface 

water dFe:NO3
- ratio far less than the uptake ratio of phytoplankton grown under 

nutrient replete environments [Fe:N of 0.05 - 0.9 nM µM; Ho et al., 2003; Sunda and 

Huntsman, 1995]. The concentration of NO3
- and PO4

3- was higher in the northwest than 

the southwest of the survey area, with the increase in concentration associated with 

cooler surface waters (indicated by the 11.9 °C isotherm; Fig. 5.2).  Silicate 

concentrations were lower in the southwest than the northwest of the survey area, but 

in both regions remained below the 2 µM concentration considered a threshold value 

for diatom growth [Egge and Aksnes, 1992]. The north-south gradient in macronutrient 

distribution over the western (oceanic) extent of the survey area is consistent with 

surface waters originating from the south of the Rockall Trough being relatively nutrient 

poor in comparison to those entering from the north-west after passage through the 

Iceland Basin [Johnson et al., 2013]. No north-south gradient in dFe was observed over 

the western extent of the survey area as dFe concentrations were < 0.15 nM.  
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Broadly, the salinity of shelf waters decreased and dFe concentration increased 

towards the coast (Fig. 5.2), but a number of distinctive features are evident in on-shelf 

surface waters. A tongue of high salinity (> 35.2) Atlantic water penetrated onto the 

shelf at 56.1° N, consistent with previous observations [Simpson and Hill, 1986]. This 

surface water was associated with lower concentrations of dFe (0.21-0.23 nM). A salinity 

minimum (34.7) was observed northeast of the Outer Hebridean Islands, in the path of 

the Scottish Coastal Current. This was associated with elevated dFe (3.51 nM) and Si 

(2.55 µM) concentrations. North of the coast of Ulster, a distinctive tongue of warmer (> 

13°C) and fresher (35.1) water was present, likely outflow from Irish Sea [Jefferies et al., 

1973]. The Irish Sea outflow was characterised by lowest observed concentrations of 

NO3
- (≈ 2 µM) and PO4

3- (0.25 µM), whereas the concentration of dFe was 0.75 nM.  
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1 

Figure 5-2- Contoured surface maps (as labelled) showing regional gradients in hydrography and nutrient distributions. Blue 

shaded area on the map indicates bottom depth < 200 m. Solid black lines indicate contours of 35.2 (salinity), 11.9 °C, 0.05 

dFe:NO3
- , 5 µM NO3

- and 1 µM Si. Physical data collected from CTD sampling. Nutrient data collected from CTD cast (≈ 20 m) 

and Tow-fish sampling. 
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5.2.2 Cross shelf sections  

The surface distributions reveal differing distributions of macronutrients and dFe. 

Due to the non-conservative nature of dFe in oxic seawater, the concentration of dFe is 

closely coupled to sources. Here the main external sources of dFe are coastal waters and 

shelf sediments. To indicate their influence on dFe concentrations, cross-shelf sections 

of dFe, turbidity, temperature and salinity are plotted in Fig. 5.3. At the shoreward 

Transect A 

Transect C 

Transect E 

Transect G 

Transect F 

Figure 5-3- Contoured section plots for the upper 500 m of transects A, C, E, F and G 
of dFe, turbidity, salinity and potential temperature. Within each transect station 
number increases from right to left. 
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extent of transect A, the influence the Scottish Coastal Current is evidenced by low 

salinity (< 34.8) water, with increased particle loading and dFe concentrations > 3 nM. 

However, water with salinities < 35.2 was restricted to shallow (< 131 m) stations at the 

eastern (coastal) extent of the cross-shelf sections (Fig. 5.3). Westward of coastal waters, 

salinities > 35.2 indicated shelf water with an Atlantic source. 

Elevated turbidity was observed over the shelf sediments, which typically 

coincided with increased concentrations of dFe (Fig. 5.3), indicating a sedimentary 

source of dFe [Ussher et al., 2007]. At on-shelf stations, vertical transport of sedimentary 

derived dFe to surface waters was restricted by the presence of the seasonal 

thermocline, except at the well mixed coastal stations. At the western (oceanic) extent 

of the survey area, waters with the lowest turbidity and lowest dFe concentrations (0.03-

0.69 nM) were observed, indicating that lateral transport of dFe from shelf sediments 

to the upper 500 m of these stations was limited. This is consistent with the dominant 

direction of passage for surface waters being either northward in the ESC, or on-shelf 

resulting from wind driven transport [Huthnance et al., 2009]. An exception to this was 

observed at station E4 where an intermediate nepheloid layer was observed at ≈ 300-

450 m containing dFe concentrations of 1.17-1.47 nM (Fig. 5.3). However, this was not 

observed westward at station E5, indicating that this was a localised feature.  
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For comparison, cross-shelf sections of macronutrients are displayed in Fig. 5.4. 

At well mixed stations the patterns observed in surface waters are also observed in the 

vertical distributions. For instance, at the shoreward extent of transect G, warmer water 

(> 13°C) indicative of Irish Sea Outflow is associated with reduced NO3
- (≈ 2 µM) and 

PO4
3- (≈ 0.26 µM) throughout the water column. At stratified stations macronutrient 

concentrations were lower in surface waters and increased at depth (NO3
- ≈ 12-14 µM, 

Si ≈ 3.5-5.0 µM, PO4
3- ≈ 0.7-0.9 µM). Unlike dFe concentrations, the increase with depth 

in the upper 500 m was typically smooth, reflecting remineralising organic matter as the 

Transect A 

Transect C 

Transect E 

Transect G 

Transect F 

Figure 5-4- Contoured section plots for the upper 500m of transects A, C, E, F and 
G of, NO3

-, Si , PO4
3- and potential temperature. Within each transect station 

number increases from right to left. 
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primary source of macronutrients, uncomplicated by non-conservative behaviour or 

sediment inputs.   

In order to further examine the different oceanographic regimes observed, trace 

metal sampling stations were classified into 3 groups based on their temperature-

salinity signature. A summary of station classifications is presented in Table 5.1. Furthest 

offshore ‘oceanic’ stations had water column depths of 1013-1865 m, sufficient to 

observe intermediate water masses (Fig. 5.5; box 3). At all of these stations salinity 

increased to > 35.40 in the upper 500 m, indicative of the ESC [Souza et al., 2001]. 

Stations with a similar T-S signature (T= 10.00-12.40 °C, S= 35.35-35.50; Fig. 5.5; box 2) 

were termed ‘shelf break’ and had water column depths of 120-410 m. The remaining 

stations, with water depths of 76-130 m, were classified as ‘shelf’ stations (Fig. 5.5; box 

1). Shelf stations were fresher than at shelf break stations and oceanic surface waters; 
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Figure 5-5- Temperature and salinity plot of 
stations observed in this study. 1. Shelf stations. 
2. Surface waters of oceanic stations (green) and 
stations over the shelf and shelf break (termed 
shelf influenced) with a corresponding T-S 
signature (black). 3. Intermediate water masses 
observed at oceanic stations. 
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however, as discussed above, shelf stations exhibited a wide range of salinities (34.74-

35.29), due to a patchwork of water masses present due to variations in freshwater 

input [Hydes et al., 2004a] and influence of the Scottish Coastal Current. The potential 

temperature at shelf stations ranged from 11.42-12.67 °C. 

Table 5-1- Trace metal sampling stations classified into 3 different domains; Shelf, 
Shelf Break and Oceanic. 

Station Latitude (°) Longitude (°) 
Bottom 
depth (m) 

Domain 

A1 -5.803 58.602 110 Shelf 
A2 -6.195 58.801 112 Shelf 
C1 -7.716 58.023 76 Shelf 

E1 -8.183 56.875 130 Shelf 

A4 -6.949 59.196 225 Shelf break 

C3 -6.418 58.149 136 Shelf break 

C4 -8.832 58.223 193 Shelf break 

C5 -9.248 58.289 401 Shelf break 

D4 -9.391 57.62 191 Shelf break 

E3 -9.059 56.88 191 Shelf break 

F3 -8.898 56.122 128 Shelf break 

F4 -9.177 56.119 187 Shelf break 

G4 -9.302 55.371 120 Shelf break 

G5 -9.736 55.369 191 Shelf break 

A5 -7.339 59.398 1013 Oceanic 

C7 -10.077 58.433 1865 Oceanic 

E4 -9.299 56.87 1399 Oceanic 

E5 -9.696 56.869 1851 Oceanic 

F5 -9.704 56.128 1612 Oceanic 

G6 -10.101 55.367 1130 Oceanic 

The mean concentration of dFe and macronutrients in the SML of each sub-

region is displayed in Table 5.2. The concentrations of NO3
- and Si in the SML of shelf 

stations have been shown to be significantly different from those observed at shelf 

break or oceanic stations [Siemering et al., 2016]. Results presented here indicate that 

the dFe concentration in shelf waters are also significantly elevated relative to shelf 

break and oceanic stations. Therefore, shelf stations were chemically distinct with a 

greater mean dFe (1.73 ± 1.16 nM, ± 1 SD) and Si (1.98 ± 0.36 µM), and lower NO3
- (4.18 
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± 0.88 µM) concentration. At shelf stations, a mixed phytoplankton community was 

observed that was significantly different from shelf break and oceanic communities. The 

shelf community included species of the diatom genus Pseudo-nitzchia, which were 

absent elsewhere, contributing 2.5-37% of counts [Siemering et al., 2016]. It was 

concluded that phytoplankton growth at shallow shelf stations was likely to be light 

limited due to the resuspension of sediments. The increased diatom abundance was 

attributed to a better adaptation to turbulent environments and lower light availability, 

providing that there were sufficient nutrients [Jones and Gowen, 1990; Siemering et al., 

2016]. Silicate concentrations were at the 2 µM threshold for diatom growth, and the 

N:Si ratio was the lowest (≈ 2:1) observed and thus most favourable for diatom growth 

[Brzezinski, 1985; Davidson et al., 2012]. As the dFe concentration was elevated, Fe 

availability was unlikely to increase diatom Si demand as has been demonstrated under 

Fe limited conditions [Hutchins and Bruland, 1998; Takeda, 1998].  

Table 5-2- The observed mean (± 1 standard deviation) nutrient concentrations in the 
surface mixed layer in October 2014. Surface mixed layer defined as near surface density 
plus 0.03 kg m-3. At shelf stations A1 and C1 were well mixed. 

Domain dFe (nM) NO3
- (µM) Si (µM) PO4

3- (µM) 

Shelf (n= 19) 1.73 ± 1.16 4.18 ± 0.88 1.98 ± 0.36 0.36 ± 0.06 

Shelf Break (n= 37) 0.22 ± 0.16 5.36 ± 1.36 1.47 ± 0.47 0.38 ± 0.07 

Oceanic (n= 19) 0.09 ± 0.04 5.27 ± 0.79 1.32 ± 0.29 0.38 ± 0.05 

Shelf break and oceanic stations were chemically similar in terms of 

macronutrients [Siemering et al., 2016], reflecting the common source of these waters 

(Fig. 5.5). The concentration of dFe did differ between oceanic and shelf break stations, 

which although low at shelf break stations (0.22 ± 0.16 nM) was remarkably low at 

oceanic stations (0.09 ± 0.04 nM) (Table 5.2). The phytoplankton community was similar 

at shelf break and oceanic stations, and both were distinct from shelf stations. 

Phytoplankton counts at shelf break and oceanic stations consisted almost entirely 
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(>97%) of dinoflagellates from the genus Tripos [Siemering et al., 2016]. The shift in 

species composition relative to shelf waters was attributed to different nutrient 

concentrations and ratios, with the N:Si ratio in particular being less favourable for 

diatom growth. The dFe concentrations observed at shelf break, and particularly oceanic, 

stations are comparable to those observed in Fe limited regions. Therefore, it is likely 

that the unfavourable N:Si ratio would have been exacerbated by sub-optimal Fe 

availability, increasing rates of silicification [Hutchins and Bruland, 1998; Takeda, 1998]. 

Though to fully assess whether the N:Si ratio does reflect Fe stress a seasonal time series 

of N:Si would be needed so that it can be linked to preformed ratios. Interestingly, the 

concentrations of dFe (< 0.010 - 0.218 nM), NO3
- (2-5 µM) and chl-a (0.2-0.4 µg L-1) 

observed during summer in surface waters of the central Iceland basin [Nielsdóttir et al., 

2009] were almost identical to the autumn concentrations observed at oceanic and shelf 

break stations in this study (Table 5.2). Addition of Fe to the Icelandic waters resulted in 

an increase in diatom and coccolithophore abundance and a decrease in NO3
- 

concentration. Therefore, the results strongly suggest that the condition for Fe 

limitation of both diatom growth and the wider phytoplankton community, appear to 

occur at the Hebridean shelf break.  

A caveat is that the nutrient concentrations observed in October 2014 may not 

represent the summer minimum due to recent vertical mixing caused by stormy 

conditions prior to and during sampling. However, > 1 µM of NO3
- has been observed in 

shelf break surface waters during summer (August) [Gowen et al., 1998], strengthening 

the assertion that seasonal Fe limitation is present in waters over the Hebridean shelf 

break. Moreover, even if recent vertical mixing had elevated macronutrients 

concentrations in surface waters, it had not significantly elevated dFe concentrations 

(Table 5.2).  
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5.2.3 Vertical supply of nutrients and dFe by winter mixing  

As sinking organic matter is remineralised it releases macronutrients and dFe 

back to the water column. This happens at different rates, in the order of PO4
3- > NO3

- > 

Si [Tett et al., 2003b], with Fe remineralisation thought to be slower than NO3
- [Bowie et 

al., 2009]. Additionally, dFe can be lost to particle formation/scavenging, and in shelf 

waters NO3
- is lost via denitrification eventually becoming dinitrogen [Hydes et al., 2004a; 

Tett et al., 2003b]. These processes shape the vertical profiles of these elements, 

influencing the stoichiometric ratio at which they are returned to surface waters by 

vertical mixing/diffusion processes [Painter et al., 2014; Tagliabue et al., 2014b]. The 

stoichiometry of supplied nutrients will determine whether complete utilisation by 

phytoplankton can occur. The depth profiles of dFe:NO3
- are displayed for shelf, shelf 

break and oceanic stations and the central Iceland basin in Fig. 5.6. In accordance with 

profiles from the seasonally Fe limited Iceland and Irminger Basins [Nielsdóttir et al., 

2009; Painter et al., 2014], the dFe:NO3
- ratio at oceanic stations is typically less than the 

uptake ratio of phytoplankton grown under nutrient replete environments [Fe:N of 0.05-

0.9 nM:µM; Ho et al., 2003; Sunda and Huntsman, 1995] to depths of  at least 1800 m 

(maximum depth of sampling).  
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Winter mixing homogenises the upper water column, replenishing surface 

waters with nutrients. This process determines the concentration of nutrients available 

for the spring bloom and sets a quasi-limit on annual primary production [Hydes et al., 

2004a]. During winter (February) the upper 500 m of the water column overlying the 

Hebridean shelf slope has been shown to be homogenous [Souza et al., 2001]. Assuming 

this to represent the depth of winter mixing it is possible to estimate the surface winter 

nutrient concentrations by integrating over the upper 500 m, or entire water column if 

this is < 500 m (Table 5.3). A winter mixing depth of 500 m is consistent that reported 

over the Bay of Biscay and Goban Spur, but it can reach depths of 750-900 m in this 

region [Huthnance et al., 2001]. Estimating winter nutrient concentrations in this 
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Figure 5-6- Depth profile of dFe:NO3
- stoichiometry for 

each sub-region in this study and for the central 

Iceland Basin (60.0-60.8 N, 20.0-21.7 W) [Painter et 

al., 2014]. Dashed line denotes 0.05 dFe:NO3
- 

(nM:µM), the lower limit observed in cultured 

phytoplankton [Ho et al., 2003; Sunda and Huntsman, 

1995]. All samples to right of break in the x axis were 

from station A1 in the path of the Scottish Coastal 

Current. 
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manner assumes a closed 2-dimensional system; uncertainties in this approach include 

advective processes and any input or removal of macronutrients or dFe from within the 

system. The validity of this calculation is first considered by comparing estimated 

concentrations with previous observations. Hydes et al. [2004a] carried out a detailed 

assessment of winter (February) macronutrient concentrations for North-West 

European shelf seas. Similar to results presented here, their values for NO3
-, PO4

3- and Si 

all decrease from oceanic to shelf break environments (Table 5.3). A noticeable 

difference is the estimated Si concentrations, which for this study are ≈ 1 µM lower than 

observed in winter (Table 5.3). Painter et al. [submitted] interpreted this as a loss of Si 

to the adjacent ocean and/or the organic nutrient pool. As biogenic silica remineralises 

more slowly than organic nitrogen and phosphorus, a significant fraction of the biogenic 

silica may not have returned to the water column as orthosilicate by October 2014. 

Alternatively, this may reflect spatial and temporal variability; a range of 3.1-4.7 µM of 

Si has been reported for the Iceland Basin in March [Daniels et al., 2015]. Previous dFe 

measurements are less numerous. The dFe concentrations estimated here are slightly 

in excess of dFe concentrations (0.16-0.64 nM) reported in an early May surface transect 

[Achterberg et al., 2013], by which time some dFe would have been consumed in the 

spring bloom. Thus, this approach is considered a reasonable first order estimate of 

winter surface concentrations of dFe, NO3
- and PO4

3-, with Si concentrations subject to 

greater uncertainty. 
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Table 5-3 Top- The predicted winter surface mean nutrient concentration (± 1 standard 
deviation). Estimate carried out by integrating concentrations observed in October 2014 
from surface waters to a maximum depth of 500 m, and dividing through by the depth 
of integration. Bottom- Reported winter concentrations for Malin shelf and adjacent NE 
Atlantic Ocean. 

Domain 
dFe 

(nM) 
NO3

- 
(µM) 

Si (µM) 
PO4

3- 
(µM) 

dFe:NO3
- 

(nM:µM) 
N:Si N:P 

Shelf (n= 4) 
1.59  

(1.19) 
4.59 

(0.92) 
2.01 

(0.29) 
0.38 

(0.05) 
0.37 

(0.34) 
2.3 

(0.4) 
12.1 
(1.6) 

Shelf Break 
(n= 9) 

0.62  
(0.16) 

9.06 
(1.47) 

2.81 
(0.58) 

0.59 
(0.09) 

0.07 
(0.02) 

3.3 
(0.3) 

15.5 
(0.5) 

Oceanic 
(n= 6) 

0.37  
(0.18)1 

11.37 
(0.39) 

3.78 
(0.12) 

0.72 
(0.04) 

0.03 
(0.02) 

3.0 
(0.1) 

16.1 
(0.7) 

Malin Shelf 
break2 nd 10.3 4.25 0.65  2.4 15.8 

Malin 
Oceanic2 nd 11 4.75 0.68  2.3 16.2 

1median of estimated surface dFe 0.33 nM 
2 Hydes et al. [2004a]- Sampled February 2000 (nd= not determined) 

 

The estimated winter concentrations display some clear trends; from oceanic to 

shelf stations dFe increases and NO3
- and PO4

3- decrease. The increase in dFe 

concentration is attributed to shelf inputs and more efficient annual recycling due to the 

shallow sea bed. At oceanic stations the N:P ratio (16.1 ± 0.8) was very close to Redfield 

values (15-16) [Redfield, 1958], indicating nutrient concentrations were primarily 

controlled by remineralising organic matter. The N:P ratio progressively diminishes on 

shelf to 12.9 ± 0.3 at shelf stations, consistent with Hydes et al. [2004a] observations. 

This is likely driven by a loss of NO3
- through denitrification, which is a ubiquitous process 

on the North West European shelf [Hydes et al., 2004a], and NO3
- poor inputs from 

coastal waters. The Clyde Sea (S ≈ 31-34), is a nearby semi-enclosed basin which receives 

large amounts of fresh water input [Rippeth and Jones, 1997]. Nutrient ratios observed 

in the Clyde Sea have been shown to be NO3
- poor (N:P ≈ 10 & N:Si ≈ 1) [Grantham and 

Tett, 1993; Tett et al., 2003a] relative to values reported here for more saline waters. 

The result of these processes is a shelf-wide gradient in dFe:NO3
- (Table 5.3; Fig 5.6).  
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The predicted winter concentration (Table 5.3) minus autumn observations 

(Table 5.2), imply a seasonal drawdown of 0.28 nM of dFe at oceanic stations. By 

assuming a net seasonal phytoplankton uptake ratio of 0.05 dFe:NO3
- (nM:µM), a 

predicted residual NO3
- concentration of ≈ 5.9 µM was estimated. This is within the 

range observed during autumn 2014 (5.27 ± 0.79; Table 5.2). Applying this calculation to 

the shelf break stations would result in a residual NO3
- concentration of ≈ 0.86 µM. This 

is much lower than observed in autumn (5.36 ± 1.36; Table 5.2) and is attributed to 

persistent wind driven on shelf transport of dFe deplete oceanic surface water during 

summer months. 

Whilst these estimates of surface winter concentrations represent a reasonable 

first order approximation, additional levels of complexity can be included if lateral 

transport of dFe from shelf sediments and variable ferricline depths are considered. The 

estimated winter surface concentrations of dFe at oceanic stations ranged from 0.20-
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Figure 5-7- The impact of nepheloid layers on 
the depth profile of dFe, dFe: NO3

- and beam 
attenuation at station E4. Oval encompasses 
samples collected from shallow nepheloid 
layers. 
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0.70 nM (n= 4), with a median value of 0.33 nM. A higher value of 0.70 nM was calculated 

for station E4; the elevation was caused by a dFe rich (> 1.5 nM) intermediate nepheloid 

layer(s) at ≈ 300-500 m (Fig. 5.7). Shallow INLs were not observed at other oceanic 

stations indicating a spatially variability in the occurrence and/or extent of INLs 

originating from the Hebridean shelf slope. Therefore, the irregular distribution of INLs 

is likely to cause a ‘patchwork’ of winter surface dFe conditions over the shelf break. It 

is hypothesised that the resulting variation in dFe availability due to lateral transport 

may affect the productivity of the spring bloom, in a similar manner to that which 

episodic aeolian supply of Fe is hypothesised to affect spring bloom productivity in the 

central Atlantic [Moore et al., 2006]. The ferricline, the depth of maximal increase in dFe 

concentration [Tagliabue et al., 2014b], shoaled towards the north of the survey area. 

At the most south-westerly oceanic stations, E5 and G6, dFe concentrations remained < 

0.2 nM to depths of 300 and 350 m (Fig. 5.3), resulting in estimated winter surface 

concentrations of 0.20 and 0.25 nM. In contrast, at the north-westerly stations, A5 and 

C7, concentrations were < 0.2 nM to restricted depths of 170 and 100 m (Fig. 5.3), 

resulting in estimated winter surface concentrations of 0.39 and 0.30 nM respectively.  

Winter mixing is considered the dominant source of nutrients to surface waters 

in this region [Hydes et al., 2004a; Painter et al., 2014], but diapycnal diffusion also 

provides a mechanism to resupply remineralised nutrients to surface waters. Diapycnal 

diffusion through the seasonal pycnocline can be described as: 

Diffusive flux of N= Kz (∆N/∆z) 

where N is the dissolved nutrient of interest, Kz is the eddy diffusivity (m2 s-1), ∆N is the 

change in concentration of nutrient N through the pycnocline and ∆z is the thickness of 

the pycnocline. As measurements of Kz are not available, the flux was not calculated, 

but the stoichiometry of supply will reflect the ratio of nutrient concentrations above 
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and below the pycnocline. At oceanic stations there was often no distinctive gradient in 

the dFe:NO3
- above and below the pycnocline to drive a diffusive flux of dFe to surface 

waters (Fig. 5.3; 5.6). Shallow, even negative, gradients in dFe concentrations down 

through the seasonal pycnocline resulted in negligible diffusive fluxes of dFe in the 

Iceland and Irminger Basin. Consequently, the annual dFe flux to surface waters from 

winter mixing was 29-52 times greater than that of the diffusive flux [Painter et al., 2014]. 

In contrast, the increasing dFe:NO3
- below the seasonal pycnocline (≈ 60-100 m) at shelf 

break stations (Fig. 5.6) means the diffusive flux may provide an important source of dFe 

rich water, though evidently not enough to allow dFe to proliferate in shelf break surface 

waters (Table 5.2). 

5.2.4 The spatial extent of sub-Arctic Atlantic seasonal iron limitation  

 The results presented indicate that the conditions for seasonal Fe limitation 

occur over the Hebridean shelf break. It is therefore suggested that the Hebridean shelf 

represents part of the eastern boundary of sub-Arctic Atlantic seasonal Fe limitation. 

This interpretation is strengthened when summer surface climatology of NO3
- for the 

sub-Artic Atlantic is plotted (Fig. 5.8). Residual NO3
- in excess of 1 µM is observed near 

the Hebridean shelf. Maximum summer surface NO3
- concentrations (8-10 µM) are in 

the Iceland and Irminger Basins, suggesting that the degree of seasonal Fe limitation is 

greater in these regions. Interestingly, the western extent of seasonal Fe limitation may 

extend into the southern Labrador Sea and northern extent potentially north of Iceland. 

Consequently the spatial extent of seasonal Fe limitation may be much greater than 

previously considered. 
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5.3 Conclusions 

 The oceanic water close to, and over, the Hebridean shelf break was observed to 

be nutrient deficient with respect to dFe, with coastal waters being dFe replete. 

Vanishingly low dFe concentrations and the presence of residual macronutrients suggest 

that the seasonal Fe limitation and associated weakening of the biological carbon pump 

observed in the Sub-Arctic Atlantic extends further eastward than previously recognised. 

The vertical profile of dFe suggests that this results from sub optimal supply of Fe from 

vertical mixing, as is observed in the Iceland and Irminger basins. On-shelf, low salinity 

water of the Scottish Coastal current transports dFe northwards around the coast of 

Scotland, the fate of this dFe is unknown. The northwest European shelf exports carbon 

Summer surface nitrate [µM] 

Figure 5-8- Climatology of summer surface nitrate concentrations in the sub-
Arctic Atlantic from the World Ocean Atlas [Garcia et al., 2014]. Solid line 
indicates the 1 µM contour. Letters mark locations where seasonal iron 
limitation has been observed a) Ryan-Keogh et al. [2013] b) Nielsdóttir et al. 
[2009] c) Achterberg et al. [2013]. 
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to the Atlantic via a downwelling circulation of bottom waters over the continental shelf 

slope (‘Ekman Drain’) [Painter et al., 2016; Thomas et al., 2004]. Therefore, incomplete 

use of macronutrients in the region, and restriction of large phytoplankton growth over 

the shelf slope will restrict the build-up organic carbon in the bottom layer, and hence 

the efficiency of the continental shelf carbon pump.  
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Chapter 6 - Conclusions and future works 
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6.0 Introduction 

 The availability of Fe is known regulate primary production over large parts of 

the ocean. The GEOTRACES co-ordinated sampling campaign has vastly increased our 

knowledge of Fe distribution in the major ocean basins, yet process studies in highly 

productive shelf systems remain scarce. The research in this thesis is a GEOTRACES 

process study of the seasonal cycling and transport of Fe in the North-West European 

shelf sea and has contributed to our knowledge of Fe cycling in this region and the wider 

North Atlantic. A schematic of processes occurring in the marine Fe is displayed in Fig. 

6.2. This schematic highlights the complexity of the Fe cycle in relation the operationally 

defined definitions used during this study and it is used to help structure the following 

conclusions and future work. Initially the three hypotheses (section 1.4) which are 

described below and are revisited in light of the data presented in this thesis.  

Figure 6-1- A schematic of the marine iron cycle in relation to the operational definitions 
used in this study. This is not meant to be an exhaustive description of the marine Fe 
cycle, but instead to highlight the complexity of the system. Many of the processes are 
subject to uncertainty, for instance there is no current consensus on whether Fe(II) is 
organically complexed in seawater. 
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6.0.1 Hypothesis 1:  

As seasonal stratification provides an effective barrier to the vertical 

transport of macronutrients in the Celtic Sea, it is postulated that Fe will also 

be seasonally depleted in the surface mixed layer.  

 

Previous studies of macronutrient distributions in the Celtic Sea have primarily 

focussed on the availability of NO3
- to phytoplankton [Hickman et al., 2009; Hickman et 

al., 2012; Pingree et al., 1977; Rippeth et al., 2009; Sharples et al., 2001]. In the central 

Celtic Sea, the seasonal cycling of dFe mirrored that of NO3
-. Briefly, winter mixing 

resulted in homogenous distributions of dFe (0.82 ± 0.041 nM). During the spring bloom, 

preferential removal of sFe over cFe was observed, suggesting that sFe represents a 

more bioavailable fraction. Though it should be noted that dynamic exchange likely 

occurred between the soluble and colloidal fractions, thus whether the uptake occurred 

directly from the soluble phase or via the colloidal phase (or vice versa) cannot be 

confirmed (Fig. 6.1).  

During summer, uptake and removal, coupled with reduced vertical mixing, 

resulted in a depletion of dFe (0.16 ± 0.071 nM, n= 15) and LpFe (0.11 ± 0.003 nM) in 

the SML. Given the particle rich nature of shelf water, it was a somewhat surprising 

result that below the seasonal pycnocline, dFe increased from spring to autumn, similar 

to NO3
- and DIC [Humphreys. et al., in prep] and thus consistent with seasonal 

remineralisation. This implies that a mechanism exists whereby dissolved Fe is 

seasonally stabilised against scavenging to the particulate phase (Fig. 6.1). This 

mechanism is hypothesised to be the seasonal build-up of organic Fe binding ligands 

derived from remineralising organic matter. It is possible that when the water column 
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overturns in the autumn, exposure to surface U.V irradiation may act to break down 

organic Fe binding ligands, thus completing the seasonal cycle, though at present this is 

conjecture. 

The observed seasonal cycling observed provides a mechanism whereby Fe can 

be removed from the SML of temperate shelf waters. Even lower concentrations of dFe 

(< 0.1 nM) were observed during summer stratification over the Celtic and Hebridean 

shelf breaks, indicating that seasonal Fe depletion to potentially growth limiting levels 

is typical of seasonally stratifying regions in the North West European shelf sea. By also 

measuring particulate fractions, all potentially bioavailable Fe fractions were accounted 

for (Fig. 6.1), rather than just dFe as is typical, and thus the corresponding depletion of 

particulate fractions adds weight to this conclusion. Depletion of available nutrients 

(including Fe) exerts a bottom up control on the ecosystem structure, resulting in a 

dominance of pico and nano phytoplankton [Azam et al., 1983; Boyd et al., 2012; Lis et 

al., 2015]. The dominance of smaller plankton increases the importance of energy 

transfer through the microbial loop (Fig 6.2), thus reducing the efficiency of energy 

transfer to higher trophic levels. Significantly, the large fisheries in shelf regions are 

supported by efficient transfer of energy through trophic levels driven by blooms of 

larger phytoplankton [Cushing, 1989]. Over the coming century, the strength of seasonal 

stratification in North West European shelf seas is predicted to increase by ≈ 20% as a 

result of climate change [Holt et al., 2010]. The increasing strength of stratification is 

expected to exacerbate oligotrophic conditions and reduce secondary production, 

therefore increasing stress on fish and marine mammal populations [Richardson and 

Schoeman, 2004]. The results presented in this thesis indicated that Fe seasonally 

reached concentrations shown to be growth limiting elsewhere [e.g. Blain et al., 2004]. 
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Consequently, future studies aiming to understand bottom up controls of the ecosystem 

structure in highly productive temperate shelf seas should incorporate the seasonal 

cycling of Fe. 

 

6.0.2 Hypothesis 2:  

Intermediate nepheloid layers emanating from the Celtic Sea shelf slope have 

been observed to provide a transport mechanism of dFe to the adjacent 

Atlantic Ocean. In these particle rich waters, it is hypothesised that much of 

the dFe will be present in the colloidal phase and that the particulate fraction 

will dominate the Fe inventory.  

 

The supply of Fe from oxic margin sediments is recognised as an important 

source of Fe to the ocean [Conway and John, 2014; Homoky et al., 2013; Radic et al., 

2011]. The results of repeated shelf break transects revealed that the concentration of 

Figure 6-2- The effect of phytoplankton size on the structure of the food chain, 
modified from Azam et al. [1983]. At each trophic level, energy is lost from the 
food chain. 
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dissolved and particulate Fe generally decreased over relatively short distances (10’s km) 

from the Celtic Sea shelf break, indicating that an effective physical transport 

mechanism is required to deliver Fe to the ocean interior. Intermediate nepheloid layers, 

enriched in Fe, were present throughout all sampling seasons (spring, summer, autumn) 

over the Celtic Sea shelf slope and thus were a persistent conduit for the transport of Fe 

to the adjacent N.E Atlantic Ocean. The generation of INLs result from interaction 

between steep and irregular topography and strong currents. The Celtic Sea shelf slope 

is steep and incised with many canyons, likely enhancing the generation of INLs. Globally, 

11.2% of the shelf slope area is incised with canyons; consequently transport of Fe by 

INLs from shelf slopes to the ocean interior is postulated to be a widespread 

phenomenon. Interestingly, 15.1% of Antarctic shelf slope area is incised with canyons 

[Harris et al., 2014], therefore INLs may be an important mechanism for the transport 

of Fe to the most Fe starved region of the global ocean. 

Determination of the physico-chemical speciation of Fe revealed that the 

concentration of TdFe-dFe>>>LpFe>>cFe>sFe. The majority of Fe over the Celtic Sea 

shelf slope was present in the particulate fraction, 20 ± 14 % of which was labile, 

therefore if particulate material is advected it may act to buffer the deep ocean dFe 

inventory (Fig. 6.1) [Abadie et al., 2017; Milne et al., 2017]. Consequently, effort should 

be made to calculate the flux of exchangeable particulate Fe from shelf margins, rather 

than the flux of dFe alone. 

The dissolved fraction was dominated (60-90%) by cFe. This has important 

implications for our understanding of Fe cycling over oxic margins as cFe can be removed 

from solution via a ‘colloidal pumping’ mechanism (Fig. 6.1) [Honeyman and Santschi, 

1991]. Additionally, the bioavailability of cFe decreases with ageing [Yoshida et al., 2006], 
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cFe resuspended in deeper INLs will be subject to longer term ocean circulation 

pathways and thus would take decades or more to reach surface waters. In contrast, Fe 

remobilised from shallower INLs are connected to surface waters annually by winter 

mixing. Moreover, elevated near bottom Fe(II) concentrations (max 134 pM) over the 

upper shelf indicated redox processing of Fe in the upper slope sediments. Therefore, 

shallower INLs resulting from the resuspension of upper slope sediments are not only 

more readily connected to surface waters but also likely contain more labile, freshly 

formed cFe. Shelf sediment derived Fe is known to sustain highly productive shelf break 

ecosystems [Aguilar-Islas et al., 2016], a comprehensive  knowledge of the physico-

chemical speciation and mechanisms of transport is an important aspect of these 

systems will aid our understanding of these systems. 

Broadly, this study highlights the important role that colloidal Fe has in INLs and 

shelf waters. In Figure 6.1, it is shown that the colloidal fraction is comprised of both 

organic and inorganic components, which at present are poorly characterised. 

Additionally, it is shown the cFe can exchange with various phases within the soluble 

and particulate fractions (Fig. 6.1). A better understanding of both the composition of 

the colloidal fraction, and relative importance of the processes occurring between the 

colloidal and soluble and particulate fractions (the relative importance of the processes 

will likely be influenced by the colloidal composition) will improve our mechanistic 

understanding of the Fe cycling within INLs and shelf systems. In turn this will facilitate 

a more robust assessment of the function of shelf systems in the wider marine Fe cycle 

(e.g. the longevity of Fe rich INLs).    
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6.0.3 Hypothesis 3: 

The seasonal cycling observed in the Celtic Sea will typify seasonally 

stratifying regions of the shelf seas around the U.K and Ireland. 

  

 The results from an autumn field survey of the Hebridean shelf sea 

demonstrated that seasonal stratification impacted upon the distribution of dFe. In well 

mixed coastal waters, eutrophic conditions were observed including elevated 

concentrations of dFe (1.73 ± 1.16nM). In contrast, in stratified oceanic waters overlying 

the shelf break, Fe deplete (0.09 ± 0.04 nM) conditions were observed. The autumnal 

distribution of dFe in stratifying regions of the Hebridean Sea suggests the seasonal 

cycling of dFe is comparable to that observed in the Celtic Sea. However, unlike the Celtic 

Sea, the nutrient stoichiometry of the Hebridean Sea suggests that waters over the 

Hebridean shelf break system are seasonally Fe stressed to the degree that incomplete 

use of macronutrients occurs. This results from vertical mixing of water with a sub-

optimal Fe:NO3
- ratio. The distribution of dFe and macronutrients is consistent with 

observations in the Iceland and Irminger Basins, where seasonal Fe limitation prevents 

the complete use of available NO3
- [Achterberg et al., 2013; Forryan et al., 2012; 

Nielsdóttir et al., 2009; Painter et al., 2014; Ryan-Keogh et al., 2013]. It is therefore 

suggested that the Hebridean shelf represents part of the eastern boundary of sub-

Arctic Atlantic seasonal Fe limitation, and that the associated weakening of the 

biological carbon pump occurs over a larger spatial area than previously recognised. 

Importantly, the northwest European shelf exports carbon to the Atlantic via 

downwelling circulation of bottom waters over the continental shelf slope (‘Ekman 

Drain’) [Painter et al., 2016; Thomas et al., 2004]. Incomplete use of macronutrients and 
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restriction of large phytoplankton growth over the shelf slope will restrict the build-up 

of organic carbon in the bottom layer, and hence reduce the efficiency of the continental 

shelf carbon pump.  

6.1 Is the seasonal cycling of Fe in the Celtic and Hebridean Seas typical 

of temperate shelf systems? 

Temperate shelf seas are present around all continental land masses with the 

exception of Antarctica (Fig. 6.3). Below the major temperate shelf seas are briefly 

summarised, with a comment on the likelihood that similar seasonal Fe cycling occurs 

to that observed in the Celtic and Hebridean shelf seas. This discussion does not include 

the temperate shelf regions within the major upwelling regions of the Americas as the 

Fe cycling is already well described in the literature [e.g. Chase et al., 2005a; Hong and 

Figure 6-3- The location of major temperate shelf seas, this does not include the 
upwelling regions on the west coast of the Americas. Blue dashed lines mark the 
Arctic and Antarctic Circles. Red dashed lines mark the Tropics of Cancer (North) 
and Capricorn (south). C and H mark the Celtic and Hebridean Seas. 1. New Zealand 
2. South Australia 3. Patagonia 4. New England 5. Baltic 6. Sea of Okhotsk 7. Yellow 
Sea 8. Mediterranean 
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Kester, 1986; Hutchins and Bruland, 1998; King and Barbeau, 2007; Lohan and Bruland, 

2008; Severmann et al., 2010]. 

1. New Zealand shelf- 

 The location of the sub-tropical convergence zone occurs near to the south-east 

of New Zealand, separating warm nutrient poor waters to the north from cool nutrient 

rich waters to the south. The macronutrient concentrations in New Zealand shelf waters 

reflect the varying influence of sub-Antarctic and sub-Arctic waters. South East of New 

Zealand, shelf waters contain elevated macronutrients associated with the mixing of 

sub-Antarctic water, with sub-tropical influenced shelf waters to the north containing 

lower macronutrient concentrations [Butler et al., 1992]. Seasonal changes in the 

availability of Fe/Si/light have been shown to limit the growth of diatoms in nearby 

oceanic sub-Antarctic waters [Boyd et al., 1999]. It is postulated here, that similar to the 

Hebridean shelf, the conditions for Fe/Si co-limitation persist near to or over the south-

eastern shelf break of New Zealand. Over the inner shelf, coastal inputs of both Fe and 

Si are predicated to alleviate these conditions. This hypothesis is supported by previous 

work reporting a strong shelf wide gradient in Fe concentrations over the south-east 

New Zealand shelf, with lateral exchange of Fe-rich neritic waters restricted by currents 

flowing parallel to the shelf break [Croot and Hunter, 1998]. However, the distribution 

of Fe limited waters is likely to be irregular as cross-shelf Fe transport in eddies is 

important in this region [Boyd et al., 2012].  

 In northern and westerly regions of the New Zealand shelf, comparable seasonal 

cycling to the Celtic Sea has been reported. Seasonal stratification and associated 

primary production results in drawdown of NO3
- during late summer and shift in species 

composition to smaller phytoplankton species [Chang et al., 2003; Hadfield and Sharples, 
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1996]. It is likely that seasonal Fe draw down occurs in the SML, though the extent to 

which this may occur is unknown.  

2. South Australian shelf- 

The temperate shelf region south of Australia is a relatively narrow band of shelf 

sea stretching westwards from Tasmania to Perth. In the west, surface properties are 

dominated by the transport of nutrient poor sub-tropical water by the Leeuwin Current, 

which is a permanent feature resulting in little seasonality in surface waters. 

Concentrations of NO3
- are permanently deplete (< 0.5 µM; N:P ≈ 4) indicating persistent 

NO3
- limitation [Lourey et al., 2006]. Therefore, a similar seasonal cycle of Fe to that 

observed in the Celtic or Hebridean Seas is unlikely. However, the lack of seasonality 

does not imply that Fe is replete, for instance Fe limitation of diazotrophs in coastal 

eddies has been suggested [Holl et al., 2007]. East of Cape Leeuwin, seasonal coastal 

upwelling brings nutrient rich water to the surface, which stimulates increased primary 

productivity [Kämpf et al., 2004]. Therefore, Fe cycling is more likely to mirror that 

observed in California upwelling system rather than the Celtic or Hebridean Seas. 

Consequently, the narrow south Australian shelf might not permit enough contact with 

sediments to provide sufficient Fe to fully utilise the nutrients in upwelled waters [Chase 

et al., 2005b; Chase et al., 2007]. Given the proximity to the semi-arid Australian 

continent, any investigation into Fe cycling in temperate Australian shelf systems will 

need to consider atmospheric deposition of Fe [Mahowald et al., 2005]. 

3. Patagonian shelf- 

The Patagonian shelf can be split into 3 zones, the coastal zone which remains 

well mixed year round, seasonally stratifying sub-Antarctic shelf waters and the 

Malvinas current system over the shelf break. Seasonally stratifying regions present 
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similar characteristics to the central Celtic Sea; water column depths > 100 m and during 

summer, a ≈ 10 °C difference between surface and bottom temperatures and NO3
- 

depletion in surface waters [Carreto et al., 1995]. Therefore, it is postulated that dFe will 

follow a similar seasonal distribution to that of NO3
-. Comparison can also be made with 

the Hebridean Sea, the sub-Antarctic source water for the Patagonian shelf is the 

Malvinas current system, this has been shown to be Fe deplete with respect to 

macronutrients [Rijkenberg et al., 2014]. Consequently, it is hypothesised that a shelf 

wide gradient in Fe availability exists, whereby coastal waters are Fe replete and shelf 

break waters are Fe limited with shelf waters representing the transition zone.  

Highly productive frontal features exist in this region [Garcia et al., 2008; Romero 

et al., 2006], the role of Fe in sustaining this productivity is currently unknown. It is 

possible that the mixing of Fe limited sub-Antarctic water with NO3
- limited sub-tropical 

waters creates these fertile frontal zones. Analogy can be made with the ‘Green Belt’ in 

the Bering Sea where Fe rich shelf water mixes with NO3
- rich oceanic water stimulating 

a belt of increased productivity [Aguilar-Islas et al., 2007].  

 Given the proximity to semi-arid south American terrain stretching from Peru to 

the Patagonian coast coupled with the presence of southern hemisphere westerlies, any 

investigation into Fe cycling in the Patagonian shelf systems will need to consider 

atmospheric deposition of Fe [Gaiero et al., 2003; Mahowald et al., 2005]. 

4. New England continental shelf- 

The New England shelf contains regions that seasonally stratify, resulting in an 

8-10 °C difference between surface and bottom waters during summer [Lentz et al., 

2003]. Similar to the Celtic Sea, the annual cycle of primary production is dominated by 

the spring and autumn blooms and the drawdown of NO3
- to limiting levels during 
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summer stratification [Townsend and Pettigrew, 1997]. A noticeable difference between 

New England shelf waters and those of the Celtic and Hebridean Seas is the salinity. 

Salinities over the mid to outer New England shelf remain at ≈ 32-34 indicating a greater 

influence of freshwater [Lentz et al., 2003]. Coastal waters in the Hebridean Sea had 

increased dFe concentrations. Therefore, although a similar seasonal cycle to that 

observed in the Celtic/Hebridean Sea is likely, over the New England shelf the initial 

inventory of Fe may be greater and prevent drawdown to potentially limiting levels. 

However, a New England shelf strain of Synechococcus retained the proteins required 

to uptake Fe at low concentrations despite the additional nitrogen needed to synthesise 

such proteins. In contrast, a strain from the permanently Fe replete and nitrogen deplete 

Sargasso Sea did not [Mackey et al., 2015]. Therefore, Fe may not be permanently 

replete year round over the New England shelf, if so it is likely that Fe stress is greatest 

during summer stratification. 

5. Baltic Sea-  

The Baltic Sea is a semi-enclosed brackish basin which towards the north is 

fresher and seasonally covered in sea ice. Poor ventilation results in anoxic bottom 

waters with elevated (10-100’s nM) dFe concentrations, which provide a large flux of 

dFe (annual mean= 12,400 nmol m-2 d-1) to surface waters. Consequently, The 

concentration of iron in oxic surface waters ranges ≈ 2-15 nM and is lowest during 

summer when uptake and export, coupled with increased stratification reduces surface 

concentrations [Breitbarth et al., 2009]. This system is clearly not comparable to the 

Celtic or Hebridean shelf seas and it would be reasonable to suggest that it is Fe replete 

given the Fe concentrations reported. However, the Baltic Sea has a very low (< 10) N:P 

ratio due to denitrification in anoxic bottom waters coupled with sedimentary PO4
4- 
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input, which is exacerbated by N poor anthropogenic inputs [Bonsdorff et al., 1997; 

Bonsdorff et al., 2002]. Consequently, following uptake of the dissolved inorganic 

nitrogen by eukaryotic phytoplankton species in spring, diazotrophs bloom during 

summer. The nitrogen fixed by diazotrophs during this period accounts for 20-40% of N 

input to the Baltic [Larsson et al., 2001]. The limiting nutrient(s) controlling the growth 

of Baltic Sea diazotrophs is currently not clear, with one bioassay study surprisingly 

suggesting that Fe availability may restrict their growth [Lucas et al., 1999].  

6. Sea of Okhotsk- 

Despite its temperate latitude, the Sea of Okhotsk is ice free for only 4 months 

of the year [Parkinson and Gratz, 1983], and thus is not comparable to the Celtic or 

Hebridean shelf seas. Although sea ice is a source of Fe to the water column [Sedwick 

and DiTullio, 1997] and that water emanating from the Sea of Okhotsk contains elevated 

dFe concentrations [Nishioka et al., 2007], a modelling study suggests that seasonal 

release of Fe from melting sea ice relieves Fe stress in the Sea of Okhotsk allowing the 

growth of diatoms [Wang et al., 2014]. Thus, seasonal availability of Fe may influence 

the growth of phytoplankton in this region.    

7. Yellow Sea- 

The Yellow Sea is a shallow semi-enclosed shelf sea with an average depth of 44 

m. Input of fresh water results in salinities < 32 towards the north and more oceanic 

values of 35 to the south [Liu et al., 2003]. Macronutrient distributions are affected by 

seasonal stratification [Liu et al., 2003], and thus seasonal Fe drawdown may also occur. 

However, given the coastal salinities, proximity to sediments and atmospheric Fe input 

from Asian dust [Gao et al., 2001; Mahowald et al., 2005], it is likely that this is an Fe 

replete region. 
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8. Mediterranean shelf seas- 

The Mediterranean Sea is situated immediately north of the Saharan desert, a 

major source of Fe to oceanic surface waters via atmospheric deposition [Ussher et al., 

2013]. The concentration of dFe in surface waters of the Cretan Sea is higher (1.4-2.0 

nM) in both spring and autumn that at depth (≈ 0.5 nM), reflecting the dominance of 

atmospheric deposition of Fe [Statham and Hart, 2005]. Consequently, seasonality of Fe 

cycling in Mediterranean shelf waters is likely masked by atmospheric Fe inputs, which 

also make it likely that shelf seas in this region are Fe replete.  

Summary 

Of the temperate shelf regions considered, the New Zealand, Patagonian and 

New England shelf systems are most likely to exhibit a similar seasonal cycling. Therefore, 

these regions may also be subject to seasonal Fe (co-)limitation, thus the conclusions 

drawn regarding bottom up control of the ecosystem structure and reduction in the 

efficiency of atmospheric carbon draw down may also apply to these shelf systems. 

Although other temperate shelf systems exhibit different Fe cycling due to physical 

regimes, sea ice cover and atmospheric inputs, the availability of Fe may still influence 

the phytoplankton community structure. For instance, Fe availability may limit the 

growth of diazotrophs in the South Australian shelf system and surprisingly in the Baltic 

Sea, with seasonal release of Fe from sea ice potentially relieving Fe stress in the Sea of 

Okhotsk. 
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6.2 Future work 

6.2.1 Confirming the degree and extent of Fe stress/limitation in Celtic and 

Hebridean Seas 

 The studies presented in this thesis combine geochemical measurements of Fe 

and macronutrients, with physical and biological parameters. These are combined with 

a wider knowledge of biogeochemical cycling to postulate that Fe seasonally co-limits 

primary production in the regions studied. The data presented from the Hebridean shelf 

are currently being combined with phytoplankton cell count data to identify correlations 

between the dFe distribution and the phytoplankton community composition [Birchill et 

al., in prep]. In doing so, this will provide further insight into how the structure of the 

phytoplankton community is affect by Fe availability. Additionally, future sampling 

campaigns could use bioassay experiments as diagnostic tools to confirm Fe 

(co-)limitation and examine spatial variability, such as Fe stress at the subsurface 

chlorophyll maximum in comparison to surface waters [e.g. Blain et al., 2004; Hopkinson 

and Barbeau, 2008]. Diagnostic bioassay experiments could also be combined with 

measurements of the expression of proteins associated with Fe stress [e.g. Mackey et 

al., 2015]. This is particularly important as the stoichiometric ratios used in this study 

assume that dFe represents bioavailable Fe. However, the speciation of Fe within the 

dissolved fraction is complex (Fig. 6.1), thus assuming a uniform bioavailability of dFe is 

more than likely an over simplification. Moreover, addition bioavailable Fe may come 

from the particulate fraction (Fig. 6.1). By conducting bioassay experiments, the issue of 

identifying what represents bioavailable Fe would be left to biological community, who 

are clearly the best judge. 
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In addition, improving the parametrisation of Fe in the European Regional Seas 

Ecosystem Model would allow investigations into the spatial extent of Fe limitation on 

the shelf. For instance, localised regions of enhanced vertical mixing, such as over Jones 

Bank [Palmer et al., 2013], and the spring-neap adjustment of tidal mixing fronts 

[Sharples et al., 2007] might increase Fe supply to surface waters during summer 

stratification. The results of such a modelling study could be used to inform future 

sampling campaigns and test the hypothesis that the predicted increase in stratification 

over the coming century will further exacerbate Fe stress.  

6.2.2 Transport of Fe from oxic shelf margins 

 The results presented in this thesis demonstrate that INLs represent a persistent 

conduit for the supply of Fe to the ocean interior from the Celtic Sea shelf slope. A key 

piece of information missing at this time is the rate of Fe transport in INLs. By combining 

the physico-chemical speciation of Fe observations from this work, with radium isotope 

measurements, estimates of the Fe flux from the Celtic Sea shelf slope are underway 

[Annett et al., in prep]. A better understanding of rates of Fe supply to the ocean is 

needed, as evidenced by residence time estimates varying from 5-500 years in a recent 

global biogeochemical model inter-comparison [Tagliabue et al., 2015].  

6.2.3 Seasonal Fe cycling in other shelf margins 

 The results presented in this thesis demonstrate that despite proximity to shelf 

sediments, Fe reached growth limiting concentrations in temperate shelf waters during 

summer stratification. Targeted summer field surveys of New Zealand, Patagonian and 

New England shelf waters would test the hypothesis that similar seasonal cycling also 

occurs in these shelf systems. Temperate shelf systems are reported to be regions of 

atmospheric CO2 drawdown [Chen and Borges, 2009], seasonal Fe (co-)limitation may 
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be a feature of many temperate shelf systems, and the effect this may have on carbon 

cycling is currently unclear. As evidenced in Fig. 6.1, the marine Fe cycle is complex, thus 

for a full understanding of temperate shelf sea Fe cycling, future studies should make 

comprehensive measurements of the physico-chemical speciation of Fe.  

6.2.4 Analytical recommendations for the determination of particulate Fe fractions 

 In section 4.2.1 it was demonstrated that long term acidification of unfiltered 

samples (TdFe) accessed more Fe than particulate material subjected to a weak acid 

leach (with a reducing agent; LpFe). Therefore, it was demonstrated that long term 

acidification of unfiltered water samples accessed refractory particulate Fe phases. 

Previous studies have been inconsistent in their treatment of the TdFe fraction, with 

some viewing it as a labile fraction [e.g. Chever et al., 2010; Loscher et al., 1997] and 

others as a refractory fraction [Sedwick et al., 2008]. Correctly or incorrectly defining 

this fraction has clear implications for our environmental interpretation (Fig. 6.1), thus 

this should be an area of future work. 

 The collection and analysis of unfiltered water samples is simpler than that of 

particulate material and thus it is tempting to just collect unfiltered water samples. 

However, it is recommended that future studies simultaneously collect a representative 

set of particulate samples for leaching so that the fraction accessed by long term 

acidification can be assessed by comparison. It is suggested that this is conducted by all 

future studies as the assessment carried out in this study is unlikely to be representative 

of all environments (e.g. open ocean, hydrothermal systems) and particulate leaching 

[see Lam et al., 2015] and water sample acidification (0.024 or 0.01 M) procedures. 
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Appendix A- Figures of merit 

 

Figures of merit for the analyses of total sFe, dFe and TdFe by FI-CL (Table A1). 

Table A1- Figures of merit for the determination of low iron concentrations. 
 
BATS= Surface seawater from the Bermuda Atlantic Time Series, 40 S SW= surface seawater from 40⁰ S Atlantic, Celtic Sea= surface seawater from 
the Celtic Sea.   
 
LOD= limit of detection, 3 SD of blank or calibration seawater with no added Fe i.e the lowest concentration calibrant. 
 
a and b refer to coefficients when the calibration curve was quadratic (y=ax2+bx(+c)), using calibration procedure described above c is 0. m refers 
to coefficient when the calibration curve was linear (y=mx+c). 
 
A range of internal quality control materials were used, initially the seawater used to condition the system was used, then a 0.2-0.4nM addition 
standard (A.S), however, these varied daily. Therefore, several internal standards were used depending on desired concentration, C.S & C.S #1 ≈1.1 
nM, CS #3 ≈ 50 nM and CS #4 ≈ 8 nM Fe. Where n/a appears these days were method development days and so an internal standard was not run. 
 
* indicates suspect poor data quality and samples reanalysed at a later date. 
1 new luminol reagent, associated with decreased sensitivity.  
2 attempted to run an internal standard but it contained a lower concentration of Fe than expected 

Date 
Calibration 

Water 
Range 
(nM) a b m r2 

LOD 
(nM) 

Blank 
(nM) 

RSD (%) 
of check 
standard 

(n) 
Check 

Standard 

Load 
time 
(s) 

Luminol 
(mM) 

7.7.14 BATS LOD-2 0.3738 1.7802  1.000 0.018 0.000 4.8 (6) 0.80nM 60 0.25 

9.7.14 BATS LOD-3 0.0946 1.2175  1.000 0.043 0.000 1.4 (4) 0.19nM 60 0.25 

10.7.14 BATS LOD-3 0.1592 0.9862  0.999 0.014 0.000 15.0 (6) 0.11nM 60 0.25 
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11.7.14 BATS LOD-3 0.1820 0.8315  0.999 0.010 0.014 0.0 (3) 0.08nM 60 0.25 

13.7.14 BATS LOD-2 0.2453 0.7184  0.999 0.039 0.000 6.2 (3) 1.28nM 60 0.25 

20.1.15 40 S SW LOD-2.4 0.1509 0.8844  0.997 0.012 0.039 n/a n/a 60 0.25 

23.1.15 Celtic Sea LOD-4 0.2337 1.5145  0.999 0.034 0.084 Check  60 0.25 

25.1.15 Celtic Sea LOD-4 0.1818 1.5161  1.000 0.008 0.063 check  60 0.25 

27.1.15 Celtic Sea LOD-3 0.2471 1.2744  1.000 0.034 0.046 7.6 (4) 0.2-0.4nM A.S 60 0.25 

5.2.15 Celtic Sea LOD-2 0.3271 1.1213  0.998 0.039 0.057 8.5 (4) 0.2-0.4nM A.S 60 0.25 

7.2.15 Celtic Sea LOD-2 0.2835 1.2011  0.997 0.010 0.000 6.6 (4) 0.2-0.4nM A.S 60 0.25 

10.2.15 Celtic Sea LOD-1.5 0.3713 1.1013  1.000 0.021 0.000 3.3 (4) 0.2-0.4nM A.S 60 0.25 

11.2.15 Celtic Sea LOD-2 0.1874 1.2425  1.000 0.010 0.000 9.9 (3) 0.2-0.4nM A.S 60 0.25 

13.2.15 Celtic Sea LOD-2 0.4211 0.9256  0.999 0.028 0.000 7.0 (3) 0.2-0.4nM A.S 60 0.25 

20.2.15 Celtic Sea LOD-2 0.4668 1.1764  0.999 0.028 0.000 check 0.2-0.4nM A.S 60 0.25 

25.2.15 Celtic Sea LOD-2 0.5193 0.9286  0.999 0.023 0.000 5.5 (3) 0.2-0.4nM A.S 60 0.25 

3.3.15 Celtic Sea LOD-2 0.2601 1.5133  0.999 0.047 0.000 3.2 (4) 0.2-0.4nM A.S 60 0.25 

4.3.15 Celtic Sea LOD-2 0.3657 0.773  0.997 0.018 0.000 13.8 (4) 0.2-0.4nM A.S 60 0.25 

6.03.15 Celtic Sea LOD-2 0.4107 0.8718  1.000 0.017 0.000 9.3 (5) 0.2-0.4nM A.S 60 0.25 

9.03.15 Celtic Sea LOD-4 0.2021 1.0996  0.999 0.020 0.000 8.5 (4) 0.2-0.4nM A.S 60 0.25 

10.03.15 Celtic Sea LOD-2 0.2557 1.3009  1.000 0.015 0.000 13.2 (4) 0.2-0.4nM A.S 60 0.25 

7.05.15 Celtic Sea LOD-4 0.1743 1.5586  0.998 0.039 0.000 17.4 (3) 0.2-0.4nM A.S 60 0.25 

11.05.15 Celtic Sea LOD-2 0.4024 1.0915  0.991 0.013 0.000 6.0 (4) 0.2-0.4nM A.S 60 0.25 

12.05.15 Celtic Sea LOD-2 0.3778 1.0021  0.999 0.028 0.000 7.2 (4) 0.2-0.4nM A.S 60 0.25 

14.05.15 Celtic Sea LOD-4 0.2237 1.1253  0.999 0.026 0.000 10.1 (4) 0.2-0.4nM A.S 60 0.25 

18.05.15 Celtic Sea LOD-4 0.223 1.5645  1.000 0.021 0.000 17.4 (4) 0.2-0.4nM A.S 60 0.25 

19.05.15 Celtic Sea LOD-2 0.3253 1.0212  0.998 0.032 0.000 16.1 (5) 0.2-0.4nM A.S 60 0.25 

22.05.15 Celtic Sea LOD-2 0.3163 0.9049  0.999 0.028 0.000 8.7 (4) 0.2-0.4nM A.S 60 0.25 

9.06.15 Celtic Sea LOD-2 0.5257 1.5801  0.999 0.012 0.000 9.1 (4) C.S 60 0.25 

12.06.15 Celtic Sea LOD-2 0.3213 0.7102  0.999 0.069 0.000 3.1 (4) C.S 60 0.25 
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8.09.15 Celtic Sea LOD-2 0.1761 0.7713  0.998 0.087 0.219* 5.6 (3) C.S 60 0.25 

10.09.15 Celtic Sea LOD-2 0.2704 1.3285  0.999 0.032 0.000 2.6 (4) C.S 60 0.25 

14.09.15 Celtic Sea LOD-2 0.2704 1.5428  0.998 0.014 0.000 6.2 (9) C.S 60 0.25 

17.09.15 Celtic Sea LOD-2 0.2559 1.7006  0.998 0.037 0.000 4.8 (6) C.S 60 0.25 

21.09.15 Celtic Sea LOD-2 0.2203 1.777  1.000 0.015 0.000 1.4 (6) C.S 60 0.25 

25.09.15 Celtic Sea LOD-4 0.0905 2.1131  0.999 0.029 0.000 6.0 (5) C.S 60 0.25 

26.09.15 Celtic Sea LOD-2 0.3469 0.9858  0.999 0.044 0.000 3.8 (4) C.S 60 0.25 

28.09.15 Celtic Sea LOD-2 0.1836 1.3419  0.999 0.014 0.000 5.0 (7) C.S  60 0.25 

6.10.15 Celtic Sea LOD-2 0.3646 2.0694  0.999 0.023 0.000 4.3 (6) C.S #1 60 0.25 

8.10.15 Celtic Sea LOD-2 0.2279 1.3578  0.999 0.059 0.000 4.7 (5) C.S #1 60 0.25 

13.10.15 Celtic Sea LOD-2 0.0605 1.1017  1.000 0.017 0.000 6.7 (3) C.S #1 60 0.25 

2.11.15 Celtic Sea LOD-2 0.632 1.8907  1.000 0.021 0.000 2.7 (6) C.S #1 60 0.25 

3.11.15 Celtic Sea LOD-2 0.5318 1.5325  0.999 0.027 0.000 4.2 (5) C.S #1 60 0.25 

4.11.15 Celtic Sea LOD-2 0.2034 0.8824  0.998 0.068 0.000 4.1 (4) C.S #1 60 0.25 

11.11.15 Celtic Sea LOD-2 0.1633 1.1511  1.000 0.012 0.000 check C.S #1 60 0.25 

6.4.16 Celtic Sea LOD-3 0.0896 0.20231  0.999 0.230 0.000 7.4 (5) C.S #1 60 0.25 

18.4.16 Celtic Sea LOD-2 0.0668 0.31491  0.998 0.045 0.000 4.3 (5) C.S #1 60 0.25 

19.4.16 Celtic Sea LOD-4 0.0615 0.33261  0.996 0.042 0.000 4.1 (5) C.S #1 60 0.25 

29.4.16 Celtic Sea LOD-2 0.2825 0.67381  1.000 0.021 0.000 3.0 (5) C.S #1 60 0.25 

2.5.16 Celtic Sea 10-100   0.0486 0.998 0.80 0.000 2  20 0.25 

10.5.16 Celtic Sea 10-100   0.4720 1.000 0.70 0.000 5.1 C.S #3 20 0.25 

16.5.16 Celtic Sea 10-100   0.382 1.000 2.30 0.000 n/a n/a 20 0.25 

16.5.16 Celtic Sea 10-150   0.01160 0.999 0.60 0.000 n/a n/a 20 0.083 

8.6.16 Celtic Sea 10-200   0.00936 1.000 0.80 0.000 n/a n/a 20 0.083 

9.6.16 Celtic Sea 10-200   0.01180 0.999 0.90 0.000 6.6 (6) C.S #3 20 0.083 

13.6.16 Celtic Sea 10-200   0.01260 1.000 1.50 0.000 6.4 (6) C.S #3 20 0.083 

17.6.16 Celtic Sea 10-200   0.00880 0.998 2.00 0.000 6.5 (6) C.S #3 20 0.083 
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19.6.16 Celtic Sea 10-200   0.00930 0.998 0.60 0.000 2.5 (3) C.S #3 20 0.083 

21.6.16 Celtic Sea LOD-20 0.0061 0.2865  0.999 0.050 0.000 2.4 (6) C.S #4 30 0.25 

23.6.16 Celtic Sea LOD-20 0.0037 0.2988  1.000 0.064 0.000 5.1 (6) C.S #4 30 0.25 

             

 

Appendix B- In house quality control materials 
 

Concentrations determined during the analysis of in house quality control material (Table B1). 

Table B1- The concentrations determined of the in house reference materials. 40 S SW= surface seawater from 40⁰ S Atlantic filtered 
through a 0.2 µm filter, two bottles used and analysis overlapped to check consistency. CS and CS #1 were Celtic Sea samples that 
had been filtered through a 0.2 µm filter. CS #3 and CS #4 were unfiltered Celtic Sea samples.  
 

Date 40 S SW  Bottle 1 40 S SW Bottle 2 CS CS #1 CS #3 CS #4 

 

Conc 
(nM)  ±  

Conc 
(nM)  ± 

Conc 
(nM)  ± 

Conc 
(nM)  ± 

Conc 
(nM)  ± 

Conc 
(nM)  ± 

20.1.15 0.28 0.017           
23.1.15 0.20 0.014           
25.1.15 0.14 0.003   0.98 0.008       
27.1.15 0.21 0.008   1.08 0.003       
5.2.15 0.19 0.002   1.04 0.002       
7.2.15 0.21 0.015   1.05 0.044       

10.2.15 0.25 0.005   1.09 0.008       
11.2.15 0.19 0.010   1.05 0.004       
13.2.15 0.30 0.022   1.11 0.005       
20.2.15 0.29 0.015   1.16 0.006       
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25.2.15 0.30 0.003   1.19 0.022       
03.3.15 0.25 0.007 0.22 0.010 1.13 0.025       
04.3.15 0.30 0.010     1.12 0.042       

06.03.15 0.26 0.015 0.26 0.029 1.35 0.006       
09.03.15 0.19 0.022 0.18 0.016 1.07 0.042       
10.03.15 0.20 0.004 0.19 0.008 1.09 0.050       
07.05.15   0.23 0.010 0.95 0.060       
11.05.15   0.25 0.012 1.20 0.039       
12.05.15   0.28 0.010 1.11 0.023       
14.05.15   0.19 0.007 1.13 0.011       
18.05.15   0.26 0.013 1.18 0.003       
19.05.15   0.24 0.022 1.15 0.007       
22.05.15   0.26 0.029 1.08 0.018       
09.06.15   0.25 0.025 1.11 0.028       
12.06.15   0.21 0.011 1.14 0.025       
08.09.15   0.15 0.007 1.20 0.043       
10.09.15   0.21 0.000 1.15 0.062       
14.09.15   0.22 0.030 1.17 0.036       
17.09.15   0.20 0.010 1.16 0.024 1.09 0.023     
21.09.15   0.21 0.004 1.16 0.001 1.17 0.072     
25.09.15   0.19 0.017 0.98 0.017 1.03 0.016     
26.09.15   0.20 0.018 1.24 0.023 1.14 0.095     
28.09.15   0.17 0.008 1.14 0.002 1.14 0.101     
06.10.15   0.22 0.010   1.11 0.021     
08.10.15   0.30 0.022   1.05 0.052     
13.10.15   0.24 0.007   1.07 0.023     
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02.11.15   0.25 0.005   1.31 0.202     
03.11.15   0.25 0.003   1.16 0.019     
04.11.15   0.30 0.043   1.20 0.014     
11.11.15   0.19 0.018   1.11 0.000     

6.4.16   0.38 0.061   1.16 0.013     
18.4.16   0.29 0.016   1.22 0.024     
19.4.16   0.29 0.015   1.17 0.156     
29.4.16   0.29 0.004   1.26 0.052     
2.5.16             

10.5.16         48.0 2.2   
16.5.16         50.0 0.6   
16.5.16         51.5 0.4   
8.6.16         46.7 1.3   
9.6.16         49.7 2.2   

13.06.16         48.1 1.6   
17.6.16         48.9 0.3 8.1 0.0 

19.6.16         47.1 0.5 9.6 0.3 

21.6.16       1.31 0.01   8.2 0.3 

23.6.16       1.00 0.01   8.5 0.5 

4.7.16       1.04 0.01   7.9 0.0 

7.7.16         50.9 1.5   
8.7.16         52.0 1.1   

12.7.16         49.9 0.2   
13.7.16         52.4 0.0   
14.7.16         49.9 1.7   
22.7.16         53.2 0.8   
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23.7.16       1.36 0.07   8.2 0.3 

25.7.16       1.06 0.02   8.2 0.3 

28.7.16         53.5 0.3   
Mean 0.24  0.24  1.12  1.15  50.1  8.36  

± (1 SD) 0.05  0.04  0.08  0.10  2.1  0.57  
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Appendix C- Nordtest estimation of analytical uncertainty 

The calculation used to estimate the relative analytical uncertainty using the Nordtest 

approach. 

Main equation:  uc=√u(Rw)2+u(bias)2 

uc= combined standard uncertainty (approximates to the 68% confidence interval) 
u(Rw)= uncertainty estimate of within lab reproducibility (random effects) 
u(bias)= uncertainty estimate of possible laboratory and procedural bias (systematic 

effects) 

Table C1 includes all the data used to carry out the Nordtest estimation of analytical 
uncertainty. 

 

Table C1- Data uses to calculate the Nordtest estimation of 
analytical uncertainty. 

 D1 D2 CS CS#1 GSC 

Mean (nM) 0.69 0.96 1.12 1.15 1.49 
SD (nM) 0.03 0.10 0.08 0.08 0.14 
RSD (%) 4 11 7 7 10 
N 4 14 31 18 12 
Consensus concentration (nM) 0.69 0.956    
Consensus SD (nM) 0.04 0.024    
RSD (%) 5.8 2.5    

 

u(Rw) 

This was estimated using the pooled relative standard deviation of results from the 

analysis of SAFe D1 and D2 consensus material and the analysis of in house quality 

control materials CS and CS#1. 

The pooled relative standard deviation: 

S pooled= √((n1-1)RSD1^2+(n2-1)RSDs2^2)+(nk-1)RSDk^2/(n-k) 
 
k= number of series 

RSD= within group relative standard deviation 

n= number of measurements 

 

Using the above equation and data u(Rw) was estimated to be 7.8 %. 

u(bias) 
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This accounts for possible relative bias. This is calculated using the root mean square of 

the relative bias between D1 and D2 consensus concentrations and concentrations 

determined in this work and the uncertainty of the consensus material used. 

u(bias)= √(RMSbias
2+u(Cref)2) 

RMSbias=√∑ (bias_reli)2/n 

Bias_reli= (Clabi-Cconsensusi)/ Cconsensusi 

Clabi= concentration determined in this work 

Cconsensusi= consensus concentration  

n= number of consensus material 

This was estimated to be 0.7%. 

u(Cref)= √∑ u(Cref)i
2/n 

 u(Cref)= relative standard deviation of the consensus concentrations  

 n= number of consensus materials 

 This was estimated to be 4.5% 

 

Using the above equation u(bias) was estimated to be 4.5%. 

 

uc=√u(Rw)2+u(bias)2 

 

Using the values calculated for u(Rw) and u(bias) the combined standard uncertainty was 

estimated at 9.5%.  

 

Appendix D- Comparison of different analysts 

As part of the supervisory process, the data generated by Nora Hartner was 

subjected to quality control procedure. Firstly, analyses of consensus materials were 

conducted to confirm the accuracy of the analytical procedure conducted by N. Hartner 

(Table D1). Following this a depth profile was re-analysed to demonstrate data 

comparability between two analysts (Fig. D1), during this analysis N. Hartner was not 

aware of the concentrations previously determined by A. Birchill. The results 

demonstrate that variability between users was within the combined analytical 

uncertainty (section 2.3.4). In addition to confirming comparability, the results 
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demonstrated that samples were stable for a period of two years. Moreover, during 6 

months of analyses, the concentration of Fe in internal quality control materials was 

determined daily by N. Hartner. This allowed an estimation of the combined uncertainty 

following the Nordtest approach, which resulted in an estimate of the expanded 

uncertainty of 7.8% for the concentration range 0.69-1.59 nM. This compares well to 

the estimation of 9.5% reported in section 2.3.4. 

 

Table D1- Concentration of consensus materials determined by 
N.Hartner and associated consensus concentrations 

 Consensus (nM) ± (nM) Determined (nM) ± (nM) 
SAFe S 0.10 0.03 0.095 0.008 
SAFe D1 0.69 0.05 0.687 0.04 
SAFe D2 0.946 0.05 0.956 0.024 
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Figure D1- A comparison of dissolved iron concentrations determined 

for station C4, Hebridean shelf. Sample analysis was carried out by A. 

Birchill in December 2015 and N. Hartner in February 2017. Left- Scatter 

plot comparison (r2=0.99, y= 1.05x – 0.02). Right- Comparison of depth 

profiles. 


