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Abstract 

Iron plays an integral role in ocean biogeochemistry, regulating carbon transport and 

sequestration, and primary productivity via particulate phases. These particulate phases comprise 

nanoparticles and colloids that range in size below the traditional operational filter cut-off of         

0.45 µm for ‘dissolved’ species. This means they are difficult to characterise mineralogically and 

often neglected as ‘dissolved iron’. Studies have investigated the covariation of iron with organic 

matter and the way that iron is transported from freshwater to saline systems. However, there 

remains a lack of understanding of the transport mechanisms. This understanding is imperative if 

we are to successfully apply iron biogeochemistry to climate models and begin to elucidate the 

role of iron in the environment. Therefore, there are ongoing efforts to find a reliable method to 

provide a mechanistic understanding of the transport of terrestrial, iron-bearing colloids and 

nanoparticles to the oceans. 

In their comprehensive 2012 review of the iron biogeochemical cycle, Raiswell and Canfield urge 

that we adopt a more mineralogical view to define the role of colloids and nanoparticles in 

aquatic (freshwater and marine) environments. The aim of my project was to develop a novel 

method using synchrotron-based Mössbauer techniques to investigate the speciation and 

mineralogy of iron in the nanoparticle and colloidal components of river and coastal waters. A 

cascade of filtering techniques was used to isolate these particles, to enable their quantification 

and characterisation. Here, I present an evaluation of these techniques for their applicability, and 

the results of the first successful SMS measurements, conducted at the European Synchrotron 

Radiation Facility, Grenoble (ID18, Nuclear Resonance Beamline).    
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1. Introduction 

1.1 Iron in natural water environments 

Iron is the 4th most abundant element in the Earth’s crust. However, despite iron’s ubiquity and 

its requirement by marine and terrestrial organisms as an essential nutrient, it is often found in 

forms which are not readily available for biological uptake (Pérez-Guzmán et al., 2010). Iron plays 

a key role in climate regulation and understanding of its role in the “biological pump” calls for a 

continued effort to understand its delivery to marine environments and relationships with the 

carbon and other element cycles. Intrinsically linked to primary biological productivity in the 

ocean, iron has the ability to influence its relationship with the biological carbon pump and 

removal of CO2 from the atmosphere (Figure 1.1) (Breitbarth et al., 2010, Hendy, 2015, Tagliabue 

et al., 2017, Martin, 1990). Ocean iron inputs include, atmospheric dust (Hochella et al., 2008, 

Jickells et al., 2005, Mahowald et al., 2005), hydrothermal inputs (Yücel et al., 2011), diffusive 

fluxes from deep-sea sediments (Raiswell, 2006), submarine groundwater discharge (Charette and 

Sholkovitz, 2002), continental shelves (von der Heyden et al., 2012, De Jong et al., 2012, Jeandel 

et al., 2011), rivers (Hirst et al., 2017, Pokrovsky, 2016, Krachler et al., 2015, Yang et al., 2017, Zhu 

et al., 2017), glacial sediment , sea ice (Hawkings et al., 2014, Lannuzel et al., 2016) and 

permafrost melt (Salvadó et al., 2015). These inputs of iron to the global oceans are subject to 

changes in flux as climate changes (Hendy, 2015).  

Martin (1990) proposed that the addition of iron to high-nutrient, low chlorophyll (HNLC) regions 

(low in iron) may stimulate phytoplankton growth, driving glacial-interglacial CO₂ change. Studies 

of both natural and artificial iron fertilisation of the oceans have since demonstrated that the low 

bioavailability of iron to phytoplankton can limit photosynthesis in HNLC (high-nutrient, low-

chlorophyll) areas of the oceans, thereby influencing atmospheric CO₂ (Hendy, 2015, Salter et al., 

2014). Although this clearly demonstrates the linkages between the bioavailability of iron to 

marine primary producers and the carbon cycle, the complexities of iron delivery to marine 
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environments and its relationship with the carbon cycle are still poorly understood (Lauderdale et 

al., 2020, Hirst et al., 2017).  

 

Figure 1.1. Iron and the global biological carbon pump: Iron plays a key role in the biological 

carbon pump. Iron availability affects primary productivity and the ocean’s ability to remove 

CO2 from the earth’s atmosphere. A) In high primary productivity, nitrate-rich marine 

environments, where iron is limiting, silicified diatoms in the waters near the ocean’s surface 

are recycled easily. This has a limiting effect on the efficiency of the biological pump. B) In iron-

rich marine environments the diatom communities are composed of larger diatoms which form 

large chains with the ability to aggregate and sink, transferring carbon to the sea floor, 

enhancing the efficiency of the biological carbon pump (Hendy, 2015). 

Resolving the speciation, mineralogy and particle size all play an integral part both in the 

understanding of the bioavailable fraction and the behaviour of more recalcitrant phases. Wells 

and Goldberg (1994) suggested that to begin to understand ocean biogeochemical cycling (of iron, 
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carbon and other element cycles) it is necessary to probe the chemical behaviour of physical size 

fractions (soluble, colloidal and particulate) in sea water and Raiswell and Canfield (2012) state 

that if we are to better understand the role of iron in oceans it is imperative to better characterise 

iron mineralogy within these size fractions. Combining both the influence of size effects and 

knowledge of iron mineralogy should therefore further our understanding of iron transport 

mechanisms and associations with other element cycles.  

1.2 Iron bearing nanoparticles and fine colloids in the water environment: the 

operationally defined dissolved fraction 

“Mineralogy has only been peripheral in this research agenda but understanding the role of iron 

(oxyhydr)oxides requires that it assume a leading role” (Raiswell & Canfield, 2012).   

Iron (oxyhydr)oxide aggregates have been shown to be important in the biogeochemical iron 

cycle. In natural water environments, reactive iron phases exist as suspended nanoparticles and 

colloids. These particles are generally amorphous, making them difficult to characterise using 

conventional geochemical techniques (Caraballo et al., 2015, Hochella et al., 2008, Von Der 

Heyden et al., 2019). Additionally, their increasingly dilute nature as salinity increases in coastal 

and ocean environments further hinders mineralogical investigation (von der Heyden et al., 2012, 

Schröder et al., 2016). Subsequently, iron-bearing nanoparticles and colloid interactions in natural 

waters can often be underestimated, misunderstood or completely overlooked as they are often 

included in the operationally defined dissolved fraction and reported as bulk interactions. Raiswell 

and Canfield (2012) have shown that these definitions are not discrete and colloidal/particulate 

iron exists along a size continuum, where environmental iron-organic matter (Fe-OM) bearing 

colloids are likely to exist even in the operationally defined aqueous range (Figure 1.2).  
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Figure 1.2. Particle size ranges: colloids, nanoparticles and aqueous species (Raiswell and 

Canfield 2012). Iron bearing particle size ranges are described on a continuum, with colloids and 

nanoparticles still being observable within the ‘truly dissolved’ (soluble) fraction i.e. below   

0.02 µm. 

The dissolved fraction contains other defined particle sizes: colloids, nanoparticles (less than 100 

nm in one dimension) and aqueous species (Pokrovsky et al., 2014). The properties of the 

nanoparticulate iron phases very often differs from their bulk state as reactivity changes as a 

function of particle size (Figure 1.3) (Hochella et al., 2008, Wigginton et al., 2007, Caraballo et al., 

2015). Studies of both natural and manufactured nanoparticles have advanced our understanding 

of these properties regarding their transport and fate within a range of environments, giving 

some insight into these interfaces such as those found in colloidal systems (Hirst et al., 2017, 

Hochella, 2008, Braunschweig et al., 2013).  
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Figure 1.3. Size-dependent changes in reactivity of particles: atomic clusters to nanoparticle to 

macroscopic particles, and relative change in reactivity (adapted from Wigginton et al. (2007); 

nanoparticles image is Maghemite cubic, P4332/tetragonal, P41212 from Wu et al. (2015)).  

There is an abundance of work for engineered iron nanoparticles, however, studies of iron 

mineralogy and speciation for iron-bearing nanoparticles (natural, released or incidental) and fine 

colloids in natural aqueous environments is lacking (Von Der Heyden et al., 2019). Part of the 

reason for this might be attributed to natural iron bearing nanoparticles and fine colloids being 

more difficult to investigate than engineered nanoparticles due to their amorphicity and dilute 

nature in some environments. Examples of this are found in recent studies of iron nanoparticles 

and fine colloids in the ocean (Von Der Heyden et al., 2019) and in glacial melt (Hawkings et al., 

2014). These studies have employed the latest in synchrotron-based X-ray absorption 

spectroscopy but did not derive definitive mineralogy for many of the particles. 
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1.3 Iron transport: terrestrial source, to rivers and on to the sea  

In sediments, iron minerals and organic matter mutually stabilise each other, forming a ‘rusty 

carbon sink’ (Lalonde et al., 2012). This stabilisation, whilst limiting mineral transformation and 

CO₂ emissions from soils and sediments, may also facilitate fluvial and estuarine transport of 

particulate iron to marine environments (Kritzberg et al., 2014, Jirsa et al., 2013, Schröder et al., 

2016). It is at this interface, along the salinity gradient, that we can explore the transportation of 

terrestrially derived Fe-OM onward to the ocean. This transportation involves changes in iron 

complexation, therefore, speciation and mineralogy ultimately influence its ability to reach the 

ocean in bioavailable forms, or forms which may be potentially bioavailable (Batchelli et al., 2010, 

Rathgeb et al., 2016). Some studies have demonstrated that most of the iron from peatlands, 

“dissolved” in associated river systems, is bound in dispersed iron-humic colloids and survives 

flocculation through the mixing zone to the marine environment. Humic substances degrade 

slowly, protecting iron from coagulation (Jirsa et al., 2013, Kritzberg and Ekström, 2012, Lalonde 

et al., 2012). A proportion of humic iron(III) species of low-molecular weight have shown 

resistance to precipitation even in high salinities (Kritzberg et al., 2014, Herzog et al., 2017). Many 

of these studies are under laboratory induced conditions which, although informative, remove the 

complexities found in natural system. In fluvial networks, little is known about the transport 

mechanisms of iron from terrestrial sources, through the coastal mixing zone and to the open 

ocean. Increasing our understanding of these processes will better inform iron and carbon 

biogeochemistry models, and ultimately, better inform predictions of future climate scenarios 

(Muller, 2018).  

Present calculations of global riverine iron delivery have been based on the “average world river”. 

These calculations are made on major world rivers mostly at low latitudes, such as the Mississippi 

river. They are not representative of many high latitude rivers of Europe, Asia and North America 

which, are humic-rich and demonstrate iron-carrying capacities in the region of 3 orders of 
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magnitude higher than “global average river” (Krachler et al., 2010, Hunter et al., 1997). Studies 

that have been conducted on smaller temperate and boreal rivers, and peatland draining creeks 

suggest that these smaller rivers and creeks are an important source of iron to the coastal sea 

(Batchelli et al., 2010, Kritzberg et al., 2014, Krachler et al., 2016, Muller, 2018). Batchelli et al. 

(2010) discovered that most of the iron-humic complexes found in the greater than 5 kDa 

(approximately 3 nm) size fraction of the coastal plume of the River Thurso in NE Scotland, and 

associated with the Flow Country peatlands, were river-derived. Additionally, they found that the 

stability constants were uniform along the coastal plume at salinities of 28 to 35. Most of the iron 

in the described ‘truly dissolved’ fraction, attributed to less than 5 kDa, was reported as 

complexed to ligands of marine origin. The study also demonstrated the iron was bound strongly, 

albeit reversibly, to OM (humic substances) implying potential bioavailability (for example to 

siderophores) and, that the dissociation of the iron-humic associations might influence the 

conformation of colloids over time. Despite this important insight, the mechanistic details 

associated with the Fe-OM transport are not yet fully understood.  

To better understand the transport mechanisms and processes involved, it is necessary to 

understand the iron mineralogy and its association with organic matter complexes in these 

environments (Muller, 2018). As discussed above, suitable methods and techniques to provide 

definitive mineralogy for these nanoparticles and fine colloids is lacking. The development of 

suitable methods to successfully probe the iron mineralogy in more iron rich waters will begin to 

close the knowledge gaps surrounding riverine iron transport to the coastal seas. Further 

development would then allow investigation of iron nanoparticles and fine colloids in their 

onward transport to the sea shelf and open oceans. This is particularly pertinent when 

considering the environmental impacts of climate change and anthropogenic inputs (Tagliabue et 

al., 2017, Pokrovsky et al., 2018).   
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1.3.1 Iron in Peatlands and riverine delivery to the coastal oceans 

It is estimated that ~15-30% of the world’s soil carbon is stored in the peatlands of boreal and 

sub-arctic regions (Limpens et al., 2008). Changes in anthropogenic land use and in climate are 

predicted to drive increases in greenhouse gas emissions (CO₂ and CH₄) from these regions to the 

atmosphere. Alongside this, these changes also promote losses of organic matter through fluvial 

networks (Krachler et al., 2015). Humic substances derived from peatlands are intrinsically bound 

with iron minerals, mutually stabilizing each other in soils and sediments (Lalonde et al., 2012, 

Pokrovsky et al., 2005). Examining the potential of rewetted peatlands as carbon sinks, Riedel et 

al. (2013) call for future studies to examine the age of the associated organic carbon to better 

describe the relationship with iron and the implications for carbon storage and sequestration: 

examining the aging of carbon can provide information as to its source i.e. biotic or abiotic and 

may give better understanding of Fe-OM preservation within sediments (Lalonde et al., 2012). 

However, this information is only part of the picture and, as discussed above, better 

understanding of the transport mechanisms and transformations are needed, from source to sea. 

The understanding of environmental (natural) iron nanoparticle and fine colloid mineralogy 

associated with this organic matter is still sparse despite it being an important component of 

environmental systems (Von Der Heyden et al., 2019).  

1.4 Project rationale 

The transport mechanisms of terrestrially derived nanoparticle and colloidal Fe-OM complexes 

along rivers to the coastal are not well constrained. This is, in part, due to the lack of 

understanding of the associated iron mineralogy and speciation: (i) the small particle size and 

their often amorphous, nature makes mineralogical characterisation challenging (ii) true 

nanoparticles fall below the traditional dissolved filter cut-off pore size (0.45 μm) and are often 

falsely classed as dissolved iron. Although investigating the nanoparticulate and fine colloidal 

fraction of Fe-OM material in natural water is pertinent to understanding its biogeochemical 
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cycling; isolating and characterising (in particular, defining the mineralogy) of these particles is 

difficult (Jirsa et al., 2013, Pokrovsky, 2016, Von Der Heyden et al., 2019). There are ongoing 

developments being made to methods and technologies to better quantify iron-bearing natural 

nanoparticles and fine colloids and to investigate their associated characteristics. Examples of 

these include: the use of dynamic light scattering (DLS), UV-Visible Absorption, fluorescence and 

inductively coupled plasma mass spectrometry (ICP-MS) coupled to field flow fractionation 

methods (Gottselig et al., 2017, Stolpe et al., 2012, Stolpe et al., 2013). Combined, or coupled 

technologies such as AF4 coupled ICP-MS and carbon analysis in conjunction DLS has proved 

valuable in the characterisation of environmental nanoparticles from stream waters (Gottselig et 

al., 2017). This advance in physical size fractionation coupled analyses do not however, address 

mineralogical characterisation of water borne iron-bearing nanoparticles.  

The importance of defining the mineralogy of iron in environmental nanoparticles and colloids has 

been discussed throughout this chapter. It is evident, therefore, that the addition of a suitable 

method to also investigate the iron mineralogy would, therefore, be valuable addition to these 

coupled and combined techniques used to better constrain these environmental particles. Iron in 

most natural waters is relatively dilute compared to soils and sediments, and becomes more so as 

salinity increases and mobility changes (Breitbarth et al., 2010). As discussed, this has implications 

for some analytical techniques, particularly those used to define iron mineralogy.  

Mössbauer spectroscopy (MBS) is ideal for investigating the mineralogy of iron bearing 

nanoparticles, however, is not well suited to the investigation iron-bearing particles found in 

natural water environments due to their often dilute nature. To constrain measurements to 

workable timescales and ensure the feasibility of the analysis the optimal iron content in an MBS 

sample should be in the region of 10 mg cm-2 (Schröder et al. 2016). For sea water, achieving this 

amount of iron equates to filtering up to 1000 L of water. This means that there is a requirement 

for increased sample volumes when analysing dilute waters. An example of this would be with 
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increasing salinity as larger particulate matter is removed by flocculation and sedimentation , 

reducing the particle abundance and size range in the water column (Krachler et al., 2016).  

The Synchrotron Mössbauer Source (SMS) at the European Synchrotron Radiation Facility (ESRF) 

requires only microscopic sample volumes for successful measurement. This negates the need to 

filter large volumes of water to gain a measurable sample. Schröder et al. (2016) demonstrated 

the ability of the SMS to define the iron mineralogy of the particulate size fraction from filtered 

coastal waters (> 700 nm). There are no studies to date presenting SMS techniques to investigate 

the nanoparticle and colloidal components of the operationally defined dissolved fraction (<450 

nm) of water. Recent research calls for a technique with which to investigate the iron mineralogy 

within this size fraction (Muller, 2018, Von Der Heyden et al., 2019). The main driver for my PhD 

project was to develop successful SMS methods for the investigation of iron mineralogy of these 

environmental particles. 

1.5 Aim, scope and structure of the thesis 

Our understanding of iron biogeochemistry of water-borne environmental nanoparticles and 

colloids is poorly constrained, as has been highlighted in the preceding sections. In part this is 

linked to our lack of knowledge of iron mineralogy in these particles as it is particularly difficult to 

define and becomes increasing more so in dilute environments such as the oceans. Therefore, the 

main aim of this PhD study is to develop SMS methods which can be used to investigate the 

mineralogy in these particles.  

Chapter 2. Size determination and mineralogical investigation: techniques for iron bearing 

nanoparticle characterisation 

The motivation for this review chapter was to investigate the methods available for the 

characterisation of environmental iron-bearing nanoparticles with a view to elucidating 

knowledge and resource gaps. The review was approached from a particle size and mineralogical 
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perspective to evaluate techniques and instrumentation that was found to be most frequently 

employed. 

Chapter 3. The behaviour of iron-bearing particles along a salinity gradient: Loch Etive  

The main aim of this study was to gain insight into iron concentrations within physically defined 

size fractions of dissolved fraction of water at different salinities. As an initial stage of the SMS 

development, this study investigated associations between particle size and iron concentration to 

inform the physical size ranges associated with iron. Understanding the particle size ranges in 

which iron was partitioned helped to determine which particles of interest for SMS. The study was 

also used as a pilot to investigate particle isolation and concentration methods that could be 

applied to the SMS sample preparation.   

Chapter 4. Distribution of iron between particulate size fractions in iron-rich rivers in the Flow 

Country 

 The main objectives for this study were to progress the method development initiated in Chapter 

3 to i) quantify iron concentrations in size defined nanoparticle/colloidal fractions ii) determine 

which particle size fractions iron is associated with for both catchments studied: from source 

waters, through the rivers to the coastal plume iii) investigate relationships between organic and 

inorganic carbon concentrations in the nanoparticle/colloidal fractions were quantified and 

compared to the iron concentration results in the same size fractions and vi) investigate available 

isolation and concentration techniques for their effectiveness and applicability to SMS sample 

preparation.  

Chapter 5. Investigation of environmental iron nanoparticles and colloids with the 57Fe 

Synchrotron Mössbauer Source – a proof-of-concept study 

This chapter is the SMS development chapter, specific to sample development describes the 

processes involved, drawing the research conducted and described in Chapters 3 and 4. It also 
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presents the results of standard beamtime at ID18, ESRF, Grenoble in 2018 and the success of the 

developed SMS method.  The chapter was also used to explore future sample optimisation 

options and applicability for future research.  

Chapter 6: The concluding chapter explores the success of the methods used for size fractionation 

and iron concentrations. It discusses the isolation and enrichment of nanoparticles and fine 

colloids for subsequent SMS analysis. Lessons learned and the limitations of the developed 

methods and will be addressed with a view to exploring future development to further investigate 

iron mineralogy in Fe-OM nanoparticles and colloids riverine transport to the coastal oceans. 

Additionally, it discusses the feasibility of applying the methods to other systems such as lakes, 

sea ice and glacial melt, and even more dilute systems such the open ocean.  
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2. Size determination and mineralogical investigation: techniques for iron 

bearing nanoparticle characterisation    

Nanoparticles and nanostructures are ubiquitous in nature (Hartland et al., 2013). As discussed in 

Chapter 1, iron oxide and oxyhydroxide nanoparticles and nanostructures are also ubiquitous in 

many of Earth’s environments where they are often key components in biogeochemical processes 

(Guo and Barnard, 2013). The complexity of environmental iron bearing nanoparticles and 

structures necessitates the need for a diversity of techniques to examine the many properties 

that can influence their reactivity and function in biogeochemical processes thereby gaining a 

better understanding of their role in nature (Mourdikoudis et al., 2018). Increased understanding 

of environmental nanoparticles should also benefit the synthesis of engineered iron nanoparticles 

(Guo and Barnard, 2013), and ultimately allow predictions of engineered particle interactions 

upon their release into a range of different environments.  

It is the complexity of nanoparticles and nanostructures that drives the need to examine a wide 

range of properties that have influence upon their reactivity, these physio-chemical parameters 

are extensive and include size and size distribution, shape, surface area, surface chemistry and 

element composition, speciation, coordination, aggregation, crystal structure (Mourdikoudis et 

al., 2018, Guo and Barnard, 2013, Hochella et al., 2008). This review provides an investigation into 

the suitability and effectiveness of techniques deemed to be most commonly employed for iron 

nanoparticle characterisation. Size, size distribution and mineralogical determination were the 

key characteristics selected as these were the main properties required for the development of 

SMS techniques for water borne environmental iron bearing nanoparticles.  

Insight is given into the suitability of the techniques investigated regarding the characterisation of 

natural and engineered iron-bearing nanoparticles in the environment, and investigation under 

laboratory conditions. Consideration was given to appropriateness of application for targeted 
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properties of interest (size and mineralogy) alongside the advantages and limitations in different 

measurement environments or mediums. Method and instrument suitability for purpose, 

analytical success and any associated limitations is discussed in the above context, with an 

emphasis on suitability for size and mineralogical determination of natural nanoparticles in water 

environments. Suggestions for alternative techniques, and the potential for the combination of 

complementary techniques, where a multi analytical approach might be adopted, is also 

discussed.     

2.1.1 Background to characterisation and properties of iron-bearing nanoparticles 

Iron-bearing nanoparticles can be found as naturally occurring, incidental (e.g. those released to 

the atmosphere through combustion or as nanoparticulate matter from water and waste 

pipelines or filtration systems into the soils, sediments and water systems), synthesized (or 

engineered) particles and range from highly crystalline to amorphous; exist as single particles, 

agglomerates and aggregates which range in size (e.g. fine colloids). Within the nanoparticle size 

range, properties and behaviour can vary greatly (Abazari et al., 2015, Chatterjee et al., 2003, 

Hochella et al., 2008, Wigginton et al., 2007). Consideration must also be given to agglomerates 

(multi-granule), which exist as an assemblage of nanosized particles and although micro-sized, 

display a range of nanoscale properties over their surfaces and internally (Baalousha et al., 2008, 

Reichel et al., 2017). Crystal shape, mineralogy, physical size and domain structure all play a part 

in defining iron-bearing nanoparticle behaviour and there is a constant call for further 

investigation of these variables. This includes elucidating the theory of shape-size-structure 

interactions and effects on magnetic properties and, in the case of engineered nanoparticles, 

performance capabilities, toxicology and environmental implications (Uglov et al., 2016, 

Akbarzadeh et al., 2012). Optimization of the intended function and performance of engineered 

iron-bearing nanoparticles is dependent upon a combination of properties: particle size, crystal 

structure, geometry, morphology, porosity and specific surface area. Synthesis of these particles 
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with targeted properties is controlled by mineral growth mechanisms (transport processes and 

surface reactions) by manipulating the conditions in which they were produced. Iron 

nanoparticles are often selected over other magnetic nanoparticles for medical, industrial and 

environmental application due to their numerous useful properties, including a strong magnetic 

moment, biocompatibility, chemical stability, and pigmentation (Sun et al., 2006, Ali et al., 2016, 

Amstad et al., 2011, Hufschmid et al., 2015, Patsula et al., 2016). 

Electromagnetic properties include: electrical conductivity/resistivity, optical absorption, energy-

band structure/band gap/shift, dielectric, piezoelectric and ferroelectric properties, ζ(zeta)-

potential (colloidal dispersion), hydrodynamic diameter (colloidal dispersion), surface charge, 

magnetic phase, hysteresis and magneto-optical. The influence of particle size on magnetic 

properties, even within the operationally defined nanoparticle range (1 to 100 nm), has been 

acknowledged for some time. There is a critical size for magnetic nanoparticles, at which the 

domain structure changes from single-(uniformly magnetized) to multi-domain (Kashuba and 

Pokrovsky, 1993, Gupta and Gupta, 2005). Magnetic properties of iron-bearing nanoparticles 

including saturation magnetization, saturation remanence blocking temperature and coercivity 

are highly influenced by the particle size and domain structure. Additionally, studies continue to 

explore the effect of crystal structure (shape and size) on critical size and, therefore, upon 

magnetic properties (Li et al., 2017, Uglov et al., 2016, Singh et al., 2017, Patsula et al., 2016). 

Better understanding these properties further elucidates the behaviour of magnetic nanoparticles 

in their environmental contexts (Anschutz and Penn, 2005, Chatterjee et al., 2003) and, for 

synthesized nanoparticles, can aid optimization of their potential application e.g. in medicine, 

agriculture, environmental remediation and industry (Patsula et al., 2016, Jain et al., 2005, Jain et 

al., 2003, Sabale et al., 2017). Atoms in nanoparticles are found on the surface, or near it, 

therefore, surface analysis is important in the characterization of iron-bearing nanoparticles i.e. 

surfaces and composition can provide a prediction of subsequent spatial and temporal, 

environmentally induced changes (Baer et al., 2010, Grainger and Castner, 2008). 
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There is an increasing diversity of techniques and measurements available to characterize iron-

bearing nanoparticles, targeting specific properties such as magnetic, size, morphology, local 

structure and chemistry e.g. composition and thermal stability. Physical parameters such as size 

and surface area influence the chemistry of nanoparticles and therefore, their interactions in their 

environments. It is therefore imperative that we attempt to better understand these influences 

and effects through a rigorous set of applied measurements and subsequent modelling (Baer et 

al., 2010, Karakoti et al., 2006). As discussed in Chapter 1, bulk measurements or assumptions are 

often used to characterise iron bearing (and other) nanoparticles, however useful these are, they 

are limited in spatial resolution and nanoparticle surface properties are often out with the 

limitations of investigation due to sample preparation or instrument limitations. Additionally, the 

use of combined methods helps to provide more comprehensive analysis (Baer et al., 2010).  

Nanoparticles are commonly defined as having one dimension which is less than 100 nm. This is 

the key reason for selecting size as a key property as this is where we can begin to investigate the 

size effects upon chemical and other behaviours, and to begin to explore size related reactivity in 

different environments (Von Der Heyden et al., 2019, Hochella et al., 2008). The effect of size 

alone does not define the behaviour of iron nanoparticles but it serves as a defined starting point. 

Consideration must be given to a suite of parameters if we are to fully understand iron 

nanoparticle behaviour in different environments. The complexities of understanding size effects 

are also compounded by other nanoparticle properties, the local environment and through 

aggregation/disaggregation mechanisms (Ali et al., 2016, Guo and Barnard, 2013).  
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2.2 Review Methods 

Size and mineralogy formed the basis for the development of the SMS method, the main aim of 

my PhD project, which uses synchrotron based Mössbauer techniques to determine the iron 

mineralogy in water borne nanoparticles and colloids within defined particle size ranges. Size 

mineralogy are high level property descriptors and within these a number of further defined 

parameters can be measured. Although these are not exclusive properties for the investigation of 

nanoparticle behaviour they do, along with structural properties, encompass some of the key 

parameters for characterising nanoparticles (Modena et al., 2019, Mourdikoudis et al., 2018). 

Furthermore, they are specifically employed for the investigation of environmental iron 

nanoparticles (Guo and Barnard, 2013) and for those found in natural water environments (Von 

Der Heyden et al., 2019).  

The techniques and instrumentation discussed in this review were selected using the literature 

search results (Appendices for Chapter 2) and their applicability to determine size, mineralogical 

speciation and structure for iron-bearing nanoparticles (Table 2.1). Investigation of all available 

techniques is out with the scope of this review. Those found to be more commonly employed are 

included. I performed a literature search to reveal the techniques and instrumentation most 

commonly cited for the characterisation of iron bearing environmental nanoparticles in aquatic 

environments. The search criteria and results are available in the Appendices for Chapter 2 (Table 

7.1). Table 2.1 was adapted from Mourdikoudis et al. (2018) to demonstrate the range and 

diversity of measurable nanoparticle parameters. This table lists available instrumentation and 

techniques based used to characterise iron-bearing nanoparticles. The abbreviations used in Table 

2.1 are listed in the Appendices for Chapter 2 (section 7.2.1). 
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Table 2.1. Nanoparticle parameters and associated techniques adapted from Table 2 in 

Mourdikoudis et al. (2018).  

Parameter characterised Techniques  

Size (structural properties) TEM, (µ)XRD, DLS, NTA, SAX, HR-TEM, SEM, AFM, 
EXAFS, FMR, DCS, ICP-MS, UV-Vis, MALDI, NMR, 
TRPS, EPLS, magnetic susceptibility, Raman 

Shape TEM, HRTEM, AFM, EPLS, FMR, 3D-tomography 

Elemental/chemical composition (µ)XRD, XPS, ICP-MS, ICP-OES, Raman, SEM-EDX, 
NMR, MFM, LEIS 

Crystal structure (µ)XRD, EXAFS, HR-TEM, Raman, electron 
diffraction, STEM 

Size distribution DCS, DLS, SAXS, NTA, ICP-MS, FMR, AF4, 
superparamagnetic relaxometry, DTA, TRPS, SEM 

Chemical state/oxidation state XAS, EELS, XPS, Mössbauer 

Growth kinetics SAXS, NMR, TEM, cryo-TEM, liquid-TEM 

Ligand/binding/composition/density/arrangement

/mass, surface composition 

XPS, FTIR, NMR, SIMS, FMR, TGA, SANS 

Surface area, specific surface area BET, liquid NMR 

Surface charge Zeta potential, EPM 

Concentration ICP-MS, UV-Vis, RMM-MEMS, PTA, DCS, TRPS 

Agglomeration state Zeta potential, DLS, DCS, UV-Vis, SEM, Cryo-TEM, 
TEM 

Density DCS, RMM-MEMS 

Single particle properties Sp-ICP-MS, MFM, HRTEM, liquid TEM, Raman 

3D visualisation 3D-tomography, AFM, SEM 

Dispersion of NPs in matrices SEM, AFM, TEM 

Structural defects HRTEM, EBSD, Raman 

Detection of NPs TEM, SEM, STEM, EBSD, magnetic susceptibility 

Optical properties UV-Vis-NIR, PL, EELS-STEM 

Magnetic properties SQUID, VSM, Mössbauer, MFM, FMR, XMCD, 
magnetic susceptibility 

Note: Red type indicates the techniques/instruments included in the discussion section (Section 2.4). 

2.3 Iron-bearing nanoparticles  

Advances in synthesized iron-bearing nanoparticle production are increasing, improving their 

success of  application. The role of both natural and engineered nanoparticles has been 

acknowledged, and although our understanding is increasing, there is much more to understand 

about the role of nanoparticles in the environment. In some environments such as the oceans, 

this paucity of information might be in part due to their dilute nature which can lead to 

nanoparticles remaining unintentionally unobserved within the operationally defined dissolved 
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fraction (<0.45 µm). Hence, their influence and interactions might be underestimated and 

included in environmental modelling using bulk characterisation. Additionally, environmental and 

incidental (i.e. released as by-products of other processes) iron-bearing nanoparticles generally 

exist as poorly-crystalline or amorphous phases, which are often difficult to detect and 

characterize (Caraballo et al., 2015). These small particles are more than likely not contained in a 

closed system and might well be transient, albeit influential on the surrounding biogeochemistry. 

Therefore, development of in situ measurement techniques would be advantageous, and when 

combined with laboratory simulations, might provide invaluable insight into transport 

mechanisms and interactions with other element cycles in a diversity of changing environments.      

There are no recognized standardized set of methods and metrics for nano-particle, -materials or 

-technology characterisation and labelling (for consumer goods), globally. Developing a suite of 

characterisation methods, sympathetic to both naturally occurring and engineered (synthesized) 

iron-bearing nanoparticles, targeting particular properties of interest, could provide an 

opportunity to forge collaborations amongst stakeholders: researchers, regulators and industry, 

and ultimately advance our overall understanding of iron-bearing nanoparticles (Vance et al., 

2015). Firstly, we need to understand the properties and make decisions about which of those 

properties are important and, appropriate, to measure for given scenarios. Developing a suite of 

environmental nanoparticle data is of paramount importance for modelling and monitoring any 

success of engineered nanoparticle application, and for better understanding and prediction of 

transport and fate in the environment. On encountering natural or incidental iron-bearing 

nanoparticles in situ, we often have no, or very little idea about their characteristics, no definitive 

list of their constituents and limited understanding of their properties or transport mechanisms. 

Synthesized iron-bearing nanoparticles seem easier to constrain because we know their starting 

point. Therefore, there appears to be a benefit to further advancing our understanding of the 

characteristics and behaviours of these generally well defined particles. Modelling can begin from 

a defined starting position (known properties) compared to natural  or incidental nanoparticles. 
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That holds strong until we begin to question spatial and temporal changes, potential for release in 

to other systems and any subsequent biogeochemical interactions. However, these nanoparticles 

still provide an advantageous starting point for controlled or manipulated investigations especially 

when we consider the potential for release (intentionally or inadvertently) into other 

environments and as an insight into naturally occurring nanoparticle behaviour. Providence of 

environmental and engineered iron-bearing nanoparticles, and our stewardship of them, can only 

be gained if we truly understand their size and mineralogically related properties and behaviour in 

order to inform stakeholders i.e. policy makers, industry, consumers (Vance et al., 2015, Froggett 

et al., 2014). 

Iron-bearing nanoparticles exist as naturally occurring or synthetic. In natural environments: 

terrestrial i.e. soils, sediments, rocks, minerals (Raiswell and Canfield, 2012, Angelico et al., 2014, 

Chupakov et al., 2017, Claudio et al., 2017, Hochella et al., 2008, Pokrovsky et al., 2016, Rawat et 

al., 2018), biological (Claudio et al., 2017, Iravani, 2011, Zachara et al., 2002, Magro et al., 2018), 

extraterrestrial, planetary and as a result of space weathering (Schröder et al., 2016, Kohout et al., 

2014, Schröder et al., 2006, Sasaki et al., 2001), atmospheric (Rubasinghege et al., 2010, Journet 

et al., 2008, Jickells et al., 2005), and in water environments including, groundwater, rivers, 

oceans, hydrothermal vents, sea ice etc. (Hawkings et al., 2014, von der Heyden et al., 2012, Hirst 

et al., 2017). However, engineered iron nanoparticles are being increasingly produced (both 

intentionally and unintentionally i.e. synthesized or incidental) and are becoming more prevalent 

in anthropogenically engineered environments, such as those targeted for remediation (Bryant et 

al., 2011, Chiang et al., 2001, Zhang et al., 2011), in medicine (Colombo et al., 2012) and also in 

industry and the production of consumer products (Gonzalez-Galvez et al., 2017). We need to 

acknowledge that these intended environments are often not, nor may they remain, indefinitely 

closed systems (Chekli et al., 2015). There are existing and potential cross overs and interactions 

through and within these environments that involve both natural and engineered nanoparticles. 

Von der Heyden et al. (2019) identified three ‘broad’ groups of iron nanoparticle mineralogy (in 
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natural aquatic environments): Fe(II)-rich nanoparticles, Fe(III)-rich nanoparticles, and magnetite 

nanoparticles. However, the authors highlight the complexities of underpinning the diverse iron 

speciation and mineralogy within aquatic systems and call for a research focus on Fe nanoparticle 

characterisation in an environmental context i.e. the need to elucidate the mechanics of observed 

ferrous iron (natural nanoparticle) stabilisation (organic functional group associations), or 

(microbial) production and the mechanics of ferric oxide stability (facilitating fluvial nutrient and 

contaminant transport), including their ability to harbour potentially bioavailable iron and 

transport it to the ocean.    

Iron cycling and redox processes are abundant at interfaces, and ultimately chemical and physical 

changes within systems provide dynamic environments, which in turn influence other, connected 

systems and processes (Charlet et al., 2007, Luef et al., 2013, Pokrovsky et al., 2012, Scheinost and 

Charlet, 2008, Vasyukova et al., 2010). Understanding the transport mechanisms of iron-bearing 

nanoparticles and their interactions in specific environments is paramount to our modelling of 

their expected behaviour and any related effects. Iron can be a limiting nutrient in ecosystems as 

was outlined in Chapter 1. It is therefore critical that we better understand its role in our 

environments.   

2.3.1 Naturally occurring iron-bearing nanoparticles 

Despite iron’s ubiquity and its requirement as an essential trace element by marine and terrestrial 

organisms, bioavailable iron on Earth is limited in oxygenated surface environments where iron 

phases exhibit low solubility (Frey and Reed, 2012, Hawkings et al., 2014). Iron exists in its main 

redox states: Fe(0), Fe(II) and Fe(III) (Raiswell and Canfield, 2012, Claudio et al., 2017, Viollier et 

al., 2000). Fe(III) is thermodynamically stable, although all states can exist in oxygenated 

environments due to low solubility. Ferric iron oxyhydroxide phases often occur as nanoparticles 

(Baalousha, 2009). Iron-bearing nanoparticle behaviour continually challenges our capabilities to 

strive for a better understanding of the spatial and temporal processes, interactions and effects. 
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They influence other element cycles in a diversity of environments (Hochella, 2008, Raiswell and 

Canfield, 2012). This is due, in part, to iron oxide nanoparticles in natural environments often 

being amorphous or poorly crystalline, displaying atypical morphologies to their bulk mineral 

counterparts, and including defects and impurities, making them challenging to characterize 

(Caraballo et al., 2015). In ground water, soils and sediments, naturally generated iron-bearing 

nanoparticles are ubiquitous, originating from mineral and rock weathering and as a product of 

organic matter decay and metabolism (Waychunas et al., 2005, Zachara et al., 2002, Nischwitz et 

al., 2016). 

2.3.2 Engineered (synthetic) iron-bearing nanoparticles 

Engineered iron and iron oxide nanoparticles have widespread application. They are often chosen 

above other magnetic nanoparticles due to their biocompatibility (showing only transient 

accumulation), ubiquity in nature, and unprecedented advances in control over their synthesis in 

terms of size and structure (Neamtu et al., 2018, Sabale et al., 2017, Teja and Koh, 2009). The 

properties of zero valent iron and magnetic iron oxide nanoparticles can be exploited through a 

diversity of uses in nanotechnology, from biomedicine to batteries (Lyubutin et al., 2018, 

Akbarzadeh et al., 2012, Barreto et al., 2011). Crystalline iron-bearing nanoparticles have well 

defined parameters upon synthesis, however, may be subject to changes such as, agglomeration, 

aggregation and disaggregation (Liu et al., 2018, Wang et al., 2018), mineralization (Chan et al., 

2009), and crystallization (da Silva, 2016, Hue, 2015). Engineered magnetic iron nanoparticles, for 

example hematite (α-Fe2O3), maghemite (γ-Fe2O3), and particularly Magnetite (Fe3O4) are 

increasingly used, and their potential investigated for a diversity of applications (Ghazanfari et al., 

2016), including: environmental remediation (e.g. soil, groundwater and wastewater treatment 

for removal of both organic and inorganic pollutants) (Neamtu et al., 2018, Reinsch et al., 2010); 

biomedical applications (e.g. targeted drug delivery, cancer treatment and diagnostics such as 

hyperthermia and Magnetic Resonance Imaging (MRI) (Zhan et al., 2018, Sabale et al., 2017), 
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biotechnology (e.g. biosensing) (Wu et al., 2008), and material science, engineering/industry (e.g. 

magnetic recording/data storage, pigments for printing) (Akbarzadeh et al., 2012). In surface 

functionalized iron-bearing nanoparticles, there has been success in stabilization controls i.e. to 

slow down aggregation processes thereby protecting their physical and chemical properties for 

longer periods, and within certain media like ferrofluids (Angelakeris et al., 2014).  

Although predictions about the intended role of these nanoparticles can be made, there is still 

uncertainty surrounding their incidental interactions and fate in the environment (Caraballo et al., 

2015, Wiesner et al., 2009, Magro et al., 2018). It is important to acknowledge that synthetic 

nanoparticles are designed and produced for a specific purpose, however, they may be 

intentionally, or unintentionally, released into the environment (Chekli et al., 2015, Gonzalez-

Galvez et al., 2017, Westerhoff et al., 2018, Philippe and Schaumann, 2014, Rawat et al., 2018). 

Intentional release mechanisms include: remediation of ground water, industrial processes, drug 

delivery and medical diagnostics. Other synthetic iron-bearing nanoparticles found in the 

environment are often referred to as incidental nanoparticles. These are formed and released 

from anthropogenic inclusions/alterations to the environment, such as the rusting of pipework in 

water management systems (Westerhoff et al., 2018), combustion and other processes of 

industry, vehicle emissions, or commercial and residential heating systems (Smita et al., 2012). 

Engineered nanoparticles are usually more well-defined than incidental nanoparticles which, 

occur as by-products of other activities and, therefore, there are no imposed constraints on their 

formation or alteration.  

Despite well-defined characteristics when initially produced, engineered nanoparticles are 

potentially subject to changes over time such as, agglomeration, aggregation and disaggregation 

in the same ways as natural nanoparticles (Liu et al., 2018, Philippe and Schaumann, 2014, Wang 

et al., 2018, Baalousha et al., 2008), mineralization (Chan et al., 2009) or crystallization (da Silva, 

2016, Hue, 2015). Upon release, these particles may accumulate or be transported to other 
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environments where we know some of their effects. However, we do not yet fully understand the 

all of processes, or many of the potential impacts, and influences on their environments including: 

climate, toxicology, biotic systems and human health, element and nutrient cycles and the food 

chain. Anthropogenically produced nanoparticles (whether incidental or synthesized) are now 

recognized as being globally prevalent, interacting with, and influencing, both biotic and abiotic 

components (Baalousha et al., 2008, Philippe and Schaumann, 2014, Gonzalez-Galvez et al., 2017, 

Yang and Westerhoff, 2014, Rawat et al., 2018).  

Concern about the effects and fate of nanoparticles has emerged and is now a focus of research 

i.e. the field of nanotoxicology which encompasses both anthropogenically and naturally 

produced nanoparticles. Nanotoxicology research plays a vital role in public perception and 

regulatory reform. Recognition is given to building better knowledge of nanoparticle properties; 

key to understanding their potential performance, influence on the global environment, and 

essential when informing industry, policy makers and future research and development (Hochella 

et al., 2008, Vance et al., 2015, Wiesner et al., 2009). Engineered (synthesized) nanoparticles 

might appear to pose less of a concern than incidental nanoparticles as the control on them is 

perceived to be more constrained. Furthermore, the body of work surrounding the synthesis of 

these particles informs the way they are expected to behave in a variety of different 

environments (Chekli et al., 2013, Chekli et al., 2015, Faraji et al., 2010, Manciulea et al., 2009). 

However, there are uncertainties surrounding the influence on, or from, receiving systems, 

whether those are environmental systems, or systems within their intended release environments 

e.g. biological organisms, remediation sites or technology (Hochella, 2008, Smita et al., 2012). As 

we discover more uses for iron-bearing nanoparticles, production expands, and with it the 

potential for synthesized nanoparticles being released from their intended environment inevitably 

increases and increases the complexity of receiving systems (Von Der Heyden et al., 2019). 
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2.4 Characterisation Techniques: size, structure and mineralogical 

determination   

2.4.1 Dynamic Light Scattering (DLS) or Photon Correlation Spectroscopy(PCS) 

DLS is used to determine particle size in colloidal suspension. It measures hydrodynamic diameter, 

not particle diameter. Diffusive movement of particles under Brownian motion is transferred to 

the particle size using the Stokes-Einstein relationship. DLS (conventional) is not ideal for particle 

size measurements in suspensions where there is a large ratio between the diameter of the 

particles held in suspension (i.e. 3:1 > 2:1). It is more reliably applied to monomodal rather than 

bimodal or polydisperse samples. However for monomodal samples it is a fast and reliable 

technique and therefore, is deemed more suitable for engineered and/or functionalized (surface 

coated) particles rather than natural or environmentally exposed ones (Hoo et al., 2008). In drug 

delivery, superparamagnetic iron oxide nanoparticles (SPIONs) need to be of a specific, uniform 

size, and DLS is a quick and reliable technique to measure these monodisperse samples for size 

consistency (Mahmoudi et al., 2011). DLS measures the intensity size average particle and from 

that the volume and number of particles can be calculated. Large particles (even a small number) 

can influence the intensity. However, this can usually be corrected by volume information (Hoo et 

al., 2008). It should be considered that nanoparticles, with a tendency to aggregate (agglomerate) 

might pose a problem with measurement in that you are measuring the aggregate size, even 

those which have been functionalized (Hinterwirth et al., 2013, Amstad et al., 2009), and changes 

to pH or ionic strength can affect particle surface charge and aggregation/disaggregation rates 

(Angelico et al., 2014). However, these issues are being overcome with the development of high-

performance instrumentation (e.g. Zetasizer Nano ZS by Malvern Panalytical), and through the 

addition of solutions to slow down aggregation rates, selection of the correct parameters for 

suspension medium, considered and tested sample concentrations, and the use of software to 

deal with more polydisperse samples  (Scotti et al., 2015). DLS is also often combined with zeta-
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potential (ζ-potential) measurements in a single instrument.  With these advances, DLS has been 

shown to be useful, not only for engineered iron-bearing nanoparticle e.g. in time-resolved 

aggregation behaviour studies (Mahmoudi et al., 2011), ground remediation studies (Tiraferri et 

al., 2008), engineered nanoparticles released to the environment (Hu et al., 2010) and soil/ground 

water (Angelico et al., 2014), but also for natural nanoparticles and fine colloids (Angelico et al., 

2014, Gottselig et al., 2014).  

2.4.2 Asymmetric flow field flow fractionation (AF4) 

AF4 encompasses a variety of sub-techniques to provide separation of ~1 nm to ~1 µm particles. 

This size range is important because it allows for full investigation of the operationally defined 

dissolved phase (<0.45 µm), separating nanoparticles and (fine) colloids from the ‘truly’ dissolved 

phase (<1 nm). AF4 can be used to separate and measure these particles by: size, mass, charge, 

density, diffusivity etc. for onward analysis. AF4 provides hydrodynamic size distribution of a given 

sample (Giddings, 1993). It is frequently used to provide a (near) non-destructive fractionation of 

sample waters for particle analysis (von der Heyden et al., 2012, vd Kammer et al., 2005), 

including natural nanoparticles (Gimbert et al., 2005). It is often used as a complementary 

technique, or to validate other filtration techniques. AF4 can also be used with, or coupled to, 

various on- or off-line measurement instruments to optimize, or further analyse a sample’s 

components (Giddings, 1993, Singh, 2016, Jirsa et al., 2013) e.g. inductively coupled plasma mass 

spectrometry (ICP-MS), multi-angle static light scattering-differential refractometry (MALS-dRI), 

dynamic light scattering (DLS), size-exclusion chromatography (SEC) (Lohrke et al., 2008, Leeman 

et al., 2015). AF4 coupled with inductively coupled plasma mass spectrometry (ICP-MS), organic 

carbon detector (OCD) and/or dynamic light scattering (DLS), have been developed as a tool to 

characterise particle bound metals such those found in iron-bearing nanoparticles and fine 

colloids in soil and water environments (Nischwitz et al., 2016, Gottselig et al., 2014, Jirsa et al., 

2013). This demonstrates its usefulness for characterizing environmental samples where there are 
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chemical complexities over a broad range of particle sizes (Leeman et al., 2015, vd Kammer et al., 

2005). AF4 has also been successfully coupled with multi-angle laser light scattering for the 

investigation of environmental (natural and released/incidental) colloids and nanoparticles (vd 

Kammer et al., 2005, Baalousha et al., 2008).  

An advantage of AF4 is that it avoids the need for filtration and centrifugation, which have been 

shown to over- or underestimate particle concentrations due to effects of pore clogging (Zirkler et 

al., 2012, Gimbert et al., 2005). Furthermore, FFF is still often used with a pre-filtration step and it 

has been suggested that this pre-filtration step introduces an element of error with regard to 

under or over estimation of the particle size concentrations in the filtrate (Zirkler et al., 2012). 

However, successful size fractionation (with coupled analytical instrumentation), using a <5 µm 

pre-filtered sample has been developed, and demonstrated by (Gottselig et al., 2014, Gottselig et 

al., 2017). This minimises particle loss in the operationally defined dissolved fraction prior to 

onward analysis. Another advantage of AF4 is that the size fractioned particles in solution can 

potentially be collected and subject to further offline analysis (Ponyik et al., 2013). Jirsa et al. 

(2013) suggested the potential for loss of organic matter in some aspects of AF4, despite this, it 

has demonstrated pronounced advantages over traditional filtration methods and in 

characterising nanoparticles. 

2.4.3 Atomic Force Microscopy (AFM)  

AFM can characterize complex objects at the nanoscale and is used to determine particle size 

together with providing imaging. It can provide surface topography and is capable of imaging 

nanoparticles undergoing biological or other interactions in aqueous solution in a time-resolved 

manner (Hu et al., 2010, Lingamdinne et al., 2017, Carvell et al., 2010). For particle size 

measurements alone, the benefits of AFM over DLS is the ability to determine bimodal samples 

with ratios of between 8:1 and 5:1 (regardless of particle shape), whereas DLS is limited at ratios 

as low as 3:1 and 2:1 (Hoo et al., 2008). When combined with other techniques to investigate 
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aggregation and disaggregation in iron-bearing colloidal/nanoparticle suspensions AFM can 

provide powerful, real time, information adding understanding to the biogeochemical processes 

involved. AFM also has the potential to better inform environmentally released nanoparticle 

interactions and is often used to aid optimization of ground remediation using iron(-bearing) 

nanoparticles (Hu et al., 2010). Additions and adaptations to AFM include: scanning-probe 

microscopy (SPM), scanning tunnelling microscopy (STM) and ferromagnetic resonance (FMR). 

However, it should be noted that although the vertical resolution of AFM is ~0.1 nm, the lateral 

resolution is relatively low (~30nm) despite the vertical resolution achieving up to ~0.1nm (Mai, 

2012).  

2.4.4 Scanning Electron Microscopy-Energy Dispersive spectrometry (SEM-EDS) 

This technique itself is non-destructive and sample preparation may not be needed when imaging 

samples in 'natural' or unaltered state (Rahman et al., 2011, Cardell and Guerra, 2016). Samples 

can be prepared uncoated and/or wet which is advantageous (and necessary) for some biological 

and environmental samples, however this is not generally the case. Analyses of dynamic 

experiments such as drying processes e.g. crystallization, are possible. SEM X-ray fluorescence 

from the elements within the sample surface is produced and employment of focusing optics e.g. 

polycapillary optics, can reduce spot size. SEM (morphology of a sample’s surface) is often used in 

combination with EDS (or EDX). However, consideration must be given to chemical and physical 

conditions for samples and they must be related to reference materials or standard 

measurements (Cardell and Guerra, 2016). Issues can occur due to deterioration of a sample 

and/or interferences of the measurement environment (most common for environmental 

samples and those containing a high quantity of carbon). It is important therefore, to consider an 

adaptation option to SEM such as Environmental SEM (ESEM) or Field Emission SEM (FESEM). 

However, these come with their own limitations (Huang et al., 2014, Sheng et al., 2016, Tao et al., 

2002). These adaptations can provide improved composition and structural analysis i.e. narrower 
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beam at both low and high electron energy, which also constrains sample damage and charging 

(Rahman et al., 2011); Electron Backscatter Diffraction (EBSD); Hyphenated SEM-Raman 

spectroscopy systems and, FIB/Dual-Beam (combined focused ion beam and SEM) (Young and 

Moore, 2005). Maximum resolution is often dependant on factors such as electron spot size and 

beam/sample interactions. Most benchtop SEM instruments resolution is ~20 nm, however, 1-20 

nm resolution can be achieved with a full-sized SEM and advances in multibeam SEM for 

nanometre resolution investigation of bulk samples (Eberle et al., 2015). For example, with a 

voltage of 30 kV (beam emission from a tungsten cathode) the minimum beam diameter is about 

10 nm. Although narrower beams are achievable, the addition of EDS requires a beam optimised 

by increased current for sensitivity. The optimum beam diameter for SEM-EDS therefore falls 

between 0.1 and 1 µm for qualitative analysis and 5 µm for quantitative analysis (Wassilkowska et 

al.).      

2.4.5 Transmission Electron Microscopy (TEM) and High-resolution transmission electron 

microscopy (HR-TEM)  

TEM investigates the internal composition of a sample (morphology, magnetic domains and 

stress) with higher resolution imaging, of ~0.2 nm, than SEM which, has a resolution between 1 

and 20 nm (Mourdikoudis et al., 2018). Its application includes: nanotechnology; biology; 

medicine; industry (damage identification and product development); metallurgy; crystals and 

forensics. TEM provides extreme magnification, cryo-options are available, and the 

instrumentation has ease of use. However, sample preparation is extensive with the process 

being open to artefact accumulation (Riches and Drennan, 2006). TEM requires an extremely thin 

sample to allow electrons to pass through (samples must be electron transparent), tolerable of a 

vacuum environment and able to fit into the available vacuum chamber. Additionally, there is 

often a trade-off between the statistical analysis of particle size and the measurement of a whole 

population distribution (Pyrz and Buttrey, 2008) and  the instrument itself is large and expensive 
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(Islam et al., 2013, Fu et al., 2011, Carvell et al., 2010, Angelico et al., 2014, Yang et al., 2012). HR-

TEM nanoparticle characterisation provides information on the crystalline structures down to 

single particles, however, this is not always achievable where there is complexity in atom 

alignment and random orientation of crystals in relation to the electron source (Mourdikoudis et 

al., 2018, Carter and Williams, 2016, Rahman et al., 2011). TEM analysis can also be coupled with 

energy-dispersive X-ray spectroscopy (EDS) (Ribeiro et al., 2013). 

Although TEM and HR-TEM can provide important information about the morphology and trace 

element concentrations of bulk samples, they cannot, as with X-ray power diffraction (XRD) or 

Raman, be used to examine molecular structure or chemical states at the surface. Complementary 

techniques such as time of flight secondary ion mass spectrometry (ToF-SIMS) can be used to gain 

this information and better characterize nanoparticles (Ribeiro et al., 2013). Additions and 

variations include: transmission electron cryomicroscopy (Cryo-TEM); Electron energy loss 

spectroscopy (EELS) (Prodan et al., 2013); electron diffraction, e.g. selected area electron 

diffraction (SAED) sometimes combined with X-ray power diffraction (XRD) analysis and atomic 

force microscopy (AFM) together with the Brunauer-Emmett-Teller (BET) surface area 

measurements.  

2.4.6 Sequential extraction procedures for iron 

Tessier et al. (1979) used bottom sediments as a proxy for suspended matter in sea water (due to 

the dilute nature of suspended particles), and stated this could conceptually be fractioned and 

subjected to sequential extraction techniques already developed for soils and sediments (Tessier 

et al., 1979). However, given this and despite this success and further development of these 

methods, there remains some uncertainty surrounding application to defining definitive 

environmental nanoparticle mineralogy in more dilute (iron) systems (Schröder et al., 2016, 

Raiswell and Canfield, 2012). It should also be acknowledged that there are a number of 

operational parameters that influence the success of sequential extraction methods such as, pH, 
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particles size, reagents used, temperature etc. which all leave the process open to both operator 

and instrument error (Filgueiras et al., 2002).Poulton and Canfield (Poulton and Canfield, 2005) 

devised a widely used method to selectively separate iron phases in sediment (rock) mixtures 

where other techniques are unable to provide physical separation (e.g. where laser ablation or 

micro-drilling are unable to target the complexities of the sample to separate it). This has been 

used as a proxy for mineralogy in environmental samples, where reactive iron species are often of 

an amorphous, colloidal or nanoparticulate nature that cannot be measured easily using XRD. 

However, many environmental samples comprise a diversity of grain sizes and crystallinities which 

influence solubility. Because sequential extraction procedures rely on distinct solubilities for each 

extracted mineral, there is the possibility that incomplete or overreaching extraction of minerals 

might occur during any of the extraction steps. This obviously sheds some uncertainty on the 

results (Schröder et al., 2016, Filgueiras et al., 2002, Poulton and Canfield, 2005). Schröder et al. 

(2016) demonstrated the usefulness of verifying each extraction using 57Fe Mössbauer 

spectroscopy, thus complementing and validating results by combining the techniques. Where 

particulate iron is found in the nanoparticle range, and concentration is of a dilute nature e.g. in 

natural water environments, it is apparent that the Poulton and Canfield (2005) extraction 

method might not be easily applied, if indeed it is feasible at all. As discussed in the introduction 

(Chapter 1), the properties displayed by nanoparticles and fine colloids means their reactivity can 

differ greatly from their bulk counterparts. This is compounded by a general trend of 

environmental iron oxide nanoparticles displaying poor crystallinity, affecting solubility 

(Schwertmann, 1991).    

2.4.7 X- ray Absorption Spectroscopy (XAS) 

XAS techniques are used in many fields of investigation, including: general x-ray use, materials 

research, catalysis, molecular physics, biology/life sciences, environmental and geosciences, 

astronomy. They are used to measure the linear absorption coefficient µ(E), where XAFS is X-ray 
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Absorption Fine Structure is commonly used and is divided into the ‘near edge’ region:  XANES (X-

ray Absorption Near Edge Spectroscopy); NEXAFS (Near-Edge X-ray Absorption Fine Structure) and 

the ‘extended’ region, Extended X-ray Absorption Fine Structure (EXAFS) (Sassi et al., 2017). XAS 

methods can be used to identify and discriminate among crystallographically similar phases 

beyond the capabilities of XRD (Balasubramanian et al., 2014). Because these techniques do not 

require long range translational order, some success is possible when investigating amorphous 

materials, liquids, (poly)crystalline solids, and molecular gases. XAS is suited to synchrotron 

radiation sources as these can provide: an extremely intense, often well-collimated beam and a 

broad-spectrum to tune X-ray energy. However, interpretation and fitting are model dependent 

and well-known standards are often needed. Despite higher resolution, it can be difficult to 

separate contributions from different species and this can pose issues when spatial resolution is 

important i.e. resolution much lower than TEM: ~10 μm for EXAFS and 1 μm for XANES. Despite 

employing the latest in synchrotron-based X-ray absorption spectroscopy (XAS) to investigate the 

mineralogy of amorphous iron nanoparticles, for example, in glacial melt, some studies have (for a 

large fraction of these particles) been unable to derive definitive mineralogy (Hawkings et al., 

2014). Fe L-Edge X-ray Absorption Spectroscopy demonstrates  issues with defining mineralogy 

for amorphous nanoparticles and agglomerates in aquatic natural nanoparticles (Von Der Heyden 

et al., 2019).  

2.4.7.1 Extended X-ray Absorption Fine Structure (EXAFS) 

EXAFS is a particularly useful tool for the environmental chemistry and geochemistry fields as it 

can inform the location of a given atom in a crystal structure for example, the determination of 

location of (a given) atom in a crystalline or amorphous material with more than 1 type of cation 

site. However, there is limited information where there are relatively similar sites e.g. averaged 

metal-oxygen distances, and here alternative techniques should be sought other than single 
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crystal x-ray or neutron diffraction techniques (Gonzalez et al., 2014, Lu et al., 2011, Sheng et al., 

2016, Teo, 2012).  

2.4.7.2 X-ray Absorption Fine Structure (XANES) 

XANES can determine an atom's valence/oxidation state and chemical state of elements even in 

microscopic quantities in bulk medium with large background. It is element specific and can be 

targeted to specific metals. XANES can provide formal valence (non-destructive), providing 

information on coordination environment, including subtle geometrical distortions (3D structure). 

There are some constraints, however, for example, there is potential for sample destruction. 

Additionally, the determination of oxidation state and scattering atom may be hindered due to 

multiple scatterings by photoelectrons and auger electrons which can occur if vacancies are 

induced by other interactions (Gonzalez et al., 2014, Reinsch et al., 2010, Sassi et al., 2017) 

2.4.8 Mössbauer spectroscopy (MBS)   

Mössbauer spectroscopy (57Fe) (MBS) is used in iron mineralogy to quantitatively probe the 

electronic, magnetic, structural properties of a given material including: valence state and site 

occupancy of iron in a given site and/or individual mineral; coordination polyhedron type 

occupied by iron atoms and redox ratios (Murad, 2018, Long and Grandjean, 2013). A benefit of 

MBS (for iron mineralogy determination) is that iron is the only element detected, making it free 

from matrix effects (Gütlich et al., 2010).  

Mössbauer spectroscopy is well suited for the mineralogical characterisation of iron-bearing 

nanoparticles in many environmental samples, despite this it may be pushed past reasonable 

expectations regarding sample collection, preparation and measurement times, when 

investigating nanoparticulate iron in more dilute systems and/or where the particles are 

amorphous. For example, iron-bearing nanoparticles found in the oceans, sea ice or glacial melt, 

rivers, lakes and ground water. Constraints of conventional MBS include it being a bulk technique 
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and sample material must be measured in the solid state, not ideal for water samples unless 

frozen or freeze dried. In addition, optimal experimental conditions must be achieved i.e. sample 

preparation and thickness are paramount to success. Although these are achievable for some 

samples, they are not always for others e.g. for those already discussed: amorphous 

nanoparticles, or samples where iron concentration is too dilute such as in natural water 

environments. There might also be situations where the determination of total Fe (atoms) is not 

possible due to the iron concentration related to other elements present (Bancroft, 1973, Long 

and Grandjean, 2013).  

When analysing MBS spectra, different minerals' site geometries can be the same and require 

further analyses using complementary technique(s) (Jilbert et al., 2018). Despite the advantages 

of only iron being detected, this feature also restricts the analyses to only iron which (in some 

cases) calls for complementary analyses of the sample matrix. Despite this however, we 

acknowledge that a multi-analysis approach is usually needed for iron-bearing nanoparticle 

characterisation. Conventional Mössbauer spectroscopy (MBS) provides feasible options for 

determining definitive iron mineralogy in some natural samples (soil, rock and sediment), 

however the dilute nature of iron bearing nanoparticles and small colloids in natural water 

environments poses a significant issue regarding sample iron content, achievable sample volumes 

and particle amorphicity (Schröder et al., 2016). In conventional Mössbauer spectroscopy the 

ideal absorber contains 10 mg Fe per cm2. Reasonable Mössbauer spectra can still be obtained 

from samples containing one order of magnitude less iron, but only if long measurement times 

are allowed for. The dilute nature of the iron-bearing particulate fraction in seawater demands 

filtration of up to 1000 litres of natural waters to gain enough material for a conventional 

Mössbauer measurement. In river systems with a high iron load, initial sample volumes are still in 

the range of 10s to 100s of litres. Collecting such large volumes of water destroys temporal and 

spatial relationships through uncontrolled mixing and condensing the particulate fraction onto a 

single filter, otherwise mm-sized sample volumes are not operationally feasible. 
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2.4.8.1 The 57Fe Synchrotron Mössbauer Source (SMS) 

The 57Fe Synchrotron Mössbauer Source at the ESRF (European Synchrotron Radiation Facility, 

Grenoble, France) provides energy-domain Mössbauer spectroscopy using synchrotron radiation 

(Potapkin et al., 2012, Smirnov et al., 1997). The beam of filtered γ radiation required for the 

Mössbauer experiment is of high brilliance, can be focused to a 10 µm × 5 µm spot size, (and is 

fully resonant and fully polarized. In contrast to conventional Mössbauer spectroscopy, the 

micron-sized diameter beam of the SMS allows investigation of microscopic sample volumes that 

can be extracted from a few litres of water (2 to 10 L), ideal for dilute environmental samples. This 

ensures that spatial and temporal sample integrity are maintained. In addition, the high 

luminosity of the synchrotron beam and the absence of non-resonant photons in the SMS set-up 

provides a high data quality output achieved in a significantly shorter amount of time than 

possible with any conventional Mössbauer set up (Schröder et al., 2016, Cini et al., 2018, Potapkin 

et al., 2012). However, success of this method is dependent upon removal of most of the sample 

waters. The sample matrix must be in a solid state, which requires freezing of suspensions.    

2.5 Discussion and conclusions 

As previously discussed, characterisation of both naturally occurring and synthesized iron bearing 

nanoparticles is imperative if we are to understand their physical and chemical behaviour in their 

environments. Studies of both natural and manufactured nanoparticles are well documented and, 

have advanced our understanding of these properties regarding their transport and fate in 

differing environments. However, a better mechanistic understanding of nanoparticle iron 

transport is needed to inform models within the diverse array of systems in which these 

nanoparticles exist, interact with and influence their environments, including: atmospheric, soil, 

fluvial, lacustrine, ocean biogeochemical and climate processes, environmental hazards and 

toxicology, biomedical interactions, space and deep earth processes. 
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Mineralogical determination of iron(bearing) nanoparticles often requires pre-concentration and 

isolation steps. Prior to mineralogical characterisation, it is also necessary to determine the 

success of these methods and resolve the size fraction of interest. The defined ‘size’ of a 

nanoparticle covers an array of different measurements that can be applied to nanoparticles and 

can be correlated to a range of inherent and often interrelating properties. Nanoparticles are 

often defined as being <100 nm in one dimension but can also include aggregates and 

agglomerates (colloids) (Raiswell and Canfield, 2012). The most appropriate choice of technique 

and instrumentation must be considered when deciding which size boundaries i.e. internal or 

external, are important to measure to be able to determine size correlated properties to enhance 

engineered iron-bearing nanoparticle application, and to successfully investigate the properties of 

natural nanoparticles and colloids. Iron mineralogy is key to investigating the behaviour of iron 

bearing nanoparticles in a range of environments. Successfully modelling potential changes, 

transport and fate of natural and engineered particles is dependent upon the development of 

methods to provide constrained characterisation of these particles at the nanoscale.  

Many of the size determination techniques described above do not allow for physical size 

fractionation of these particles to enable onward analysis of the mineralogy in each defined size 

fraction. However, DLS is shown to be useful for confirming the particles sizes eluted from AF4 or 

from other filtration techniques to confirm separation success by further defining the separated 

size fractions based on hydrodynamic diameter. As discussed, the DLS technique is subject to an 

array of assumptions and can pose some extra difficulties when samples are polydisperse or 

prone to aggregation, as most natural nanoparticles and colloids in water samples are. By 

coupling DLS to AF4 this can be somewhat mitigated. The advantage of AF4 for particle size 

fractionation is that it mitigates some of the over, or under -estimation of particle (size) 

concentration, inherent with other methods of size fractionation discussed above e.g. filtration. 

Although microscopy i.e. SEM (3 dimensional sample surface information with ~0.5 nm resolution) 

and TEM (2 dimensional inner sample structure with greater resolution than SEM) techniques 
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better cope with polydispersity in samples and give direct (visualization) measurements, these 

techniques come with their own limitations. TEM analysis for particle sizing has a trade-off when 

statistical accuracy in sample populations is needed (Pyrz and Buttrey, 2008), and sample 

preparation can be extensive and destructive. TEM often requires a very thin sample. AFM offers 

an advantage over DLS in that it can cope better with non-monodisperse (bimodal or 

polydisperse) samples in aqueous solution. However, calculation of the ratio of sizes in a sample 

population from AFM scans is not always accurate, so estimation of the distribution of particles 

sizes might present an element of error. The benefit of DLS over AFM is that it can be adapted to 

cope with polydispersity. AFM analysis, however is not influenced by particle shape, making it a 

useful precursor to screen samples prior to full DLS analysis (Hoo et al., 2008).     

Mineralogical investigation of engineered iron(-bearing) nanoparticles is well documented and 

synthesis is well constrained as discussed in section 2.3.2. However, obtaining definitive 

mineralogy of natural iron-bearing nanoparticles, or of released particles (engineered or 

incidental) presents a difficult task for the reasons discussed previously including, particle size and 

morphology (e.g. amorphous phases), dilute systems (e.g. natural water environments, 

particularly as salinity increases) or matrix interferences. Studies employing XAS (XANES and 

EXAFS) have demonstrated an inability to successfully resolve iron mineralogy of natural 

nanoparticles in natural water environments and in sea ice melt (Von Der Heyden et al., 2019).  

Conventional Mössbauer Spectroscopy, although ideal for iron bearing nanoparticle mineralogy, 

becomes unfeasible due to sample volume constraints and iron concentrations found in more 

dilute systems such as the operationally defined dissolved fraction in natural water environments. 

However, SMS (synchrotron based Mössbauer techniques) have the potential to overcome these 

limitations by needing only microscopic volumes of sample material for a successful 

measurement. Some of the particle sizing techniques discussed in this review can potentially be 

combined with successful isolation and concentration techniques. For example, AF4 coupled to 
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DLS and ICP-MS, for size and element analysis are shown to be successful techniques for natural 

nanoparticle characterisation. Success of these methods is optimal when using small sample 

volumes. It, therefore, appears feasible that a multi-analytical approach could provide a means 

for separation of size fractions for onward mineralogical analysis. Exploring the development of 

AF4 to provide successful collection of particles, and optimising methods for effective water 

removal, might be a way to facilitate Mössbauer analysis of iron dilute water samples and 

optimisation of SMS sample preparation and techniques to provide definitive mineralogy in dilute 

systems such as rivers, sea ice and even open oceans.  
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3. The behaviour of iron-bearing particles along a salinity gradient: 

Loch Etive  

3.1 Introduction  

In the oceans inputs such as dissolved organic matter, major nutrients and trace elements such as 

iron are involved in key biogeochemical processes and can exert controls on primary productivity 

(Mori et al., 2019, Hendy, 2015). Over the last decade, studies have reported an increase of iron 

delivery to coastal waters in northern Europe evidenced by increasing iron concentrations in 

surface waters and estuaries (Ekström et al., 2016, Kritzberg and Ekström, 2012). It is suggested 

that this increase in exports also indicates increases of iron exported from soils, through rivers to 

the coastal oceans (Herzog et al., 2017). Despite these known increases in iron delivery there is 

marked variation in the iron transport capacity of different rivers (Krachler et al., 2016, Kritzberg 

et al., 2014). Estuarine systems connect rivers to the sea and play an important role in the delivery 

of organic and inorganic inputs to coastal waters (Abualhaija et al., 2015, Herzog et al., 2020).  

It is generally accepted that most of the iron-organic matter particles within the operationally 

defined dissolved fraction of natural waters will aggregate and flocculate (sediment out) as 

salinity increases (Hunter et al., 1997, Keller et al., 2010, Yang et al., 2017). Studies have shown 

non-conservative behaviour of iron in estuarine systems (Daneshvar, 2015), and it is estimated 

that most of the riverine iron removal in estuaries (up to 95%) takes place at low salinities (~5 

psu) (Sholkovitz et al., 1978, Sholkovitz, 1978). However, there is evidence to demonstrate that 

associations between iron and organic matter in rivers allow some submicron iron-bearing 

particles to transcend the salinity gradient and reach the coastal ocean (Batchelli et al., 2010, Jirsa 

et al., 2013, Oleinikova et al., 2018). Despite this, many of these biogeochemical interactions are 

still poorly understood and investigation is ongoing to elucidate which particles behave in this 

way, and why (Muller, 2018).  
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Estuaries are biogeochemically complex systems involving external inputs (e.g. from rivers or 

groundwater) and internal cycling (e.g. remineralisation, nutrient cycling) (Mori et al., 2019, 

Oldham et al., 2017). Recent research addresses a diversity of these biogeochemical processes 

and includes laboratory mixing experiments to achieve salinity values to investigate, for example, 

iron in algal growth measurements (Krachler et al., 2015, Krachler et al., 2016), iron speciation 

(Herzog et al., 2017, Kritzberg et al., 2014), ligand complexation (Hopwood et al., 2015) and iron 

mineralogy particle size effects (Hirst et al., 2017, Von Der Heyden et al., 2019). Despite the 

advances in our knowledge surrounding the connections between iron and organic matter, 

including the developing understanding of the ability for some particles to remain in suspension 

at higher salinities, definitive mineralogical characterisation of the iron phases in the Fe-OM 

particles is lacking. Von der Heyden et al. (2019) highlight the diverse iron speciation and 

mineralogy found in natural aquatic environments and urge ongoing investigation of iron 

speciation and biogechemical behaviour as being crucial to our interpretation of environmental 

change. Additionally, despite demonstrating that Fe-OM particles are more stable than iron 

(oxy)hydroxides at increased salinities, Herzog et al. (2017, 2020) found Fe-OM complexes in 

salinity induced aggregates and iron (oxy)hydroxide nanoparticles surviving in higher salinity 

waters. They suggest that alongside the influence of salinity, organic matter and the iron phase on 

the transport of these particles, there are other complexities such as particle size and 

chemical/organic matter composition variables influencing the way these particles behave. As 

discussed, characterising river-borne Fe-OM particles and transport capabilities is at the forefront 

of understanding their fate and potential interactions.  

Study Area: Loch Etive 

Sea lochs on the west coast of Scotland drain predominantly from peatland and organo-mineral 

catchments thus the rivers and streams entering the sea lochs likely carry a high load of organic 

matter (Smeaton et al., 2017). The short distance between many of these catchments and the 
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coastal ocean facilitates source-to-sea research, therefore, these catchments should provide a 

good analogue for high latitude fjordic systems for the investigation of the transport, fate, and 

mineralogy of iron-bearing nanoparticles and colloids. The study area of Loch Etive and two of its 

main tributaries: River Awe and River Etive was chosen for its potential to provide insight into an 

extended gradient of salinity for iron-organic matter (Fe-OM) delivery to the coastal ocean. Loch 

Etive is a fjordic sea loch and as such it differs from some other coastal water inputs, for example, 

the short distance for Fe-OM transport found in the peat draining creeks and rivers of the Flow 

Country (Krachler et al., 2016), or sea ice or glacial systems (Raiswell et al., 2018).  

Loch Etive has a large organo-mineral/peat dominated catchment, the largest catchment of all the 

sea lochs in Scotland, with high freshwater runoff which is rich in organic matter. The runoff 

provides a flux of terrestrial organic carbon into and through the loch. Organic matter fluxes into 

and out of the loch from the coastal ocean, interacting with the loch itself, its sediments, and with 

the coastal marine area (McKee et al., 2002).  

The study was conducted to inform the initial stages for the development of methods to employ 

synchrotron Mössbauer techniques to investigate iron mineralogy in water borne particles. The 

main aim of this study was to gain insight into iron concentrations within physically defined size 

fractions within the dissolved fraction of water at different salinities. Iron concentration data was 

used to investigate associations between particle size and iron concentration to inform size 

ranges where these particles reside. Understanding the particle size ranges in which iron is 

partitioned in a range of water environments formed the initial stage of investigation into 

characterising these particles.   
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3.2 Materials and Methods  

3.2.1 Study area and sampling sites 

The selection of Loch Etive and its catchment was made for the reasons outlined above:  and 

included: consideration of the high runoff, rich in organic matter to the loch, Fe-OM associations, 

access to a salinity transect, ease of access to SAMS research vessels, laboratories and equipment 

for sample storage and processing. Figure 3.1 shows the site of Loch Etive on the west coast of  

Scotland.  

Figure 3.1. Loch Etive sampling sites are within the red boxed area.  

Loch Etive catchment properties  

Loch Etive was formed during the retreat of glaciers from Scotland and is categorised as a glacially 

over-deepened trough. It has a larger rainwater catchment than any other Scottish fjord, with a 

total catchment area of  approximately 1350 km2 (Audsley et al., 2016). Three main rivers directly 
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discharge into the loch: River Etive, River Kinglass and River Awe. The River Awe drains into Loch 

Etive from Loch Awe, providing an estimated 60% of the total freshwater input. A hydro-electric 

scheme regulates the River Awe flow with the potential to significantly modify salinity at Bonawe 

(Figure 3.2, sampling point 3). The land cover in the Loch Etive upper catchment consists bog 

(~5%) and montane (~11 %) and in the lower catchment consists broadleaved woodland (~2%), 

coniferous woodland (~25 %), rough grassland (~ %), improved grassland (53%) (Morton et al., 

2011).  

Figure 3.2. Loch Etive sampling sites (stations). 

The topsoil organic carbon content for both the River Etive and River Awe is predominantly in the 

organo-mineral to the organic category, dominated by >35% organic soils in the mid to upper 

reaches of the catchments (Lilly and Donnelly, 2012). The most dominant soil types are podzols, 

which compose approximately 70% with some peats (21 %), brown earths (8 %) and gleys (1 %).  

(Soil Survey of Scotland, 1981). The following catchment geology associated with Loch Etive is 
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described based on BGS Geology. River Etive catchment geology comprises mainly felsic and mafic 

igneous intrusions with River Awe catchment geology comprising Argyll Group psammite, 

semipelite and pelite, extrusive mafic lava and tuff, Appin group quartzite, smaller felsic 

intrusions, Appin group graphitic pelite, calcareous pelite, calcsilicate rock and psammite. 

Superficial deposits are mainly (Diamacton) till, some sand and gravels and peat (from 

DiGMapGB-625, with the permission of the British Geological Survey ©UKRI. All rights Reserved).  

3.2.2 Field sampling 

3.2.2.1 Loch Etive sampling  

Water samples were collected on a one day cruise in January 2016. The sampling and onsite 

measurements were conducted from the afterdeck of the Seòl Mara, The Scottish Association for 

Marine Science (SAMS) research vessel by winching a Seabird conductivity, temperature, and 

depth (CTD) profiler and rosette sampler loaded with Niskin bottles. This was set to sample and 

take measurements of a vertical profile of the water column at pre-specified depths of 1 m, 6 m 

and 10 m (station 1 also included the variables at 4m). Collected sample water was then 

transferred from the Niskin bottles directly to pre-cleaned Low-density polyethylene (LDPE) 

bottles. These were thrice rinsed using sample water from the Niskin bottle, filled (with no void 

space), capped, double bagged and placed in a cool box until being move to cold storage (at a 

temperature of 4°C) until initial processing the following day.  

3.2.2.2 River sampling 

River sampling and onsite measurements were also conducted in January 2016. Surface water 

samples were collected from each site. The sample container was held ~5 to 10cm below the 

water surface, upstream from the sampler whilst taking care to minimise disturbing the 

underlying sediment. Collection vessels were preconditioned with sample water (in triplicate) 

then fully filled, with no void space, closed, sealed with parafilm, double bagged and sealed with 
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cable ties. All samples were transported in a cooled and steady environment i.e. sample time of 

temperatures were maintained (without freezing) below the measured water temperatures at the 

sampling and then stored at 4 ⁰C on arrival at the laboratory. Initial sample processing (filtration 

at 0.4 µm) was performed on return to the laboratory.   

3.2.2.3 Onsite measurements: Loch Etive 

Sampling positions were recorded using a handheld GPS and corroborated using the Seòl Mara’s 

onboard navigation system. Salinity was initially checked using a Castaway mini CTD to test the 

approximate salinity of each proposed sample site. It was used to attain a suitable sampling 

position on the loch to provide a suitable salinity gradient, ensuring a range of salinities were 

sampled. The salinity measurements were taken using a salinity logger mounted to the CTD. 

Temperature and depth were also recorded using the logger attached to the CTD. Data was then 

downloaded once back onshore, using the logger’s software. The pH was measured for each 

sample collected in the Niskin bottles by collecting the first litre of the sample in an acid clean, 

then thrice sample preconditioned LDPE bottle and calibrated portable pH probe was then used 

to record triplicate measurements. 

3.2.2.4 Onsite measurements: Rivers Awe and Etive     

For the Rivers Etive and Awe pH was measured using a HI-98127 pocket pH tester (Hanna 

Instruments Ltd, UK). Salinity was not measured as these are fresh water influxes, temperature 

(this was not recorded at sampling time) and bottom depth was not observed as only surface 

water sampling was conducted. 
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Figure 3.3. The Seòl Mara SAMS research vessel (top left photograph credit: SAMS). 

Photographs of after deck with CTD being winched into the loch (bottom left) and CTD loaded 

with Niskin bottles ready for deployment (right) (photograph credits: Deborah Wood, January 

2016).       

3.2.3 Sample processing  

3.2.3.1 Physical size fractionation  

Physical size parameters 

To achieve consistency for data analysis, a conversion from kDa to nm was adopted for the 

purposes of this PhD project. The conversion is after Erickson (2009) and assumes particles are 

spherical: 0.66 nm ≈ 1 kDa. The assumption that the particles investigated in this study are likely 

spherical was adopted based on a study by Muller & Cuscov (2017), who demonstrated that the 

Fe-OM particles found in 0 PSU waters in the north east of Scotland, were in a size range between 

200 nm and 1000 nm and were spherical in shape. This conversion in line with other recent 
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studies such as the data parameters that have been used for asymmetric flow field flow 

fractionation (AF4) presented by Gottselig (2014) and Nischwitz (2016). There is no definite 

consensus in the available data over a number of aquatic colloid studies (Guo and Santschi, 2007). 

Particles sizes and their operationally defined size fractions used throughout this thesis are 

presented in Appendices for Chapter 3 (Figures 7.1 and 7.2).  

Physical size fractionation 

All samples were collected on the January 2016 cruise. The 400 nm filtration of the samples to 

isolate the 400 nm size fraction was processed by myself and the iron concentration for both the 

<400 nm and <3 nm fractions and the dissolved organic carbon (<700 nm) were measured at 

SAMS.   

400 nm vacuum filtration (TFF) 

Samples were vacuum filtered to remove the greater than 400 nm particulate fraction using 0.4 

µm track-etched polycarbonate membranes.  

• Aliquots of each unfiltered sample were stored (4oC) for later analysis  

• Aliquots of 400 nm filtrate were stored (4oC) for later iron analysis 

The remaining filtrate (<400 nm) was transferred to cleaned LDPE 2 L bottles and stored at 4oC 

until further processing.  

66 nm tangential flow filtration 

2 L of the 400 nm filtrate for each sample was passed through a tangential flow filtration system, 

housing a 100 kDa (66 nm) hydrophilic ceramic cassette. The TFF system was run until 200 mL of 

retentate was achieved. The retentate and permeate were stored (4oC), clean, for later analysis, 

including aliquots for iron and other element concentration measurements.  

Iron and carbon concentration in water samples (SAMS)  
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Total iron concentration was measured using ICP-MS for acid digested water samples at SAMS. 

Acid digest protocols are in the Appendices for Chapter 3 (section 7.3.1). DOC measurements 

(<700 nm) were analysed and provided by SAMS. These data were presented at MASTS: Annual 

Science Meeting 31 October – 2 November 2018: Do peat organics facilitate estuarine dissolved Fe 

transport? A case study from Loch Etive, presented by Crocket et al., 2018, and are intended for 

future publication on which I am a co- author.  

Freeze drying: Aliquots of the water samples from all size fractions were pre-frozen and freeze 

dried for subsequent analysis (iron concentration and determination of Fe(II) and Fe(III)) to 

investigate this process for SMS techniques development as a water removal method.   

Iron concentrations (Stirling)   

The acid digested water samples were analysed for total iron using a XSERIES 2 ICP-MS (Thermo 

Scientific, Germany) using collision cell technology (CCT) to mitigate potential polyatomic 

interferences. Multi element standards (Merck, Germany) certified by the National Institute of 

Standards and Technology (NIST), internal standards (scandium (Sc) and rhodium (Rh)) and total 

procedural and laboratory blanks were included in each run. ICP-MS (Thermo Fisher series 2) 

analysis was performed on microwave HNO3 digested and resolubilised aliquots (MARS 6 

Microwave Digestion System). This analysis was undertaken to quality check the filtration and 

concentration procedures and to provide a suite of iron concentrations by physical size fraction. 

Standards, all sample dilutions and reagent blanks for ICP-MS were prepared using sample 

protocols, with ultrapure HNO3 and Milli-Q water in a 2% matrix for freshwater samples, with a 

dilution factor of 20 for saline samples. When not being processed or analysed, all samples and 

aliquots were stored, double bagged, in clean lock-tight plastic boxes at 4 °C in the dark prior to 

processing and analysis. 

Ferrozine assay 
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Spectrophotometric determination of Fe(II) and Fe(III) (Stookey, 1970) was conducted on freeze 

dried material. The resulting retentate (>66 nm <400 nm) was initially freeze dried then 

resolubilised using 18 ΩM (milli-Q) water prior to the ferrozine assay. Calibration curves are in  

Appendices for chapter 3 (section 3.7.3). 

3.2.1 Statistical analysis and treatment of data 

Normality of data was tested using the Anderson-Darling method. Variance analysis of data (one-

way ANOVA) and post-hoc Tukey tests (for were performed to determine if there were 

differences in the means of the measured variables for pH, iron, carbon. Where normal 

distributions of data were not present, a Kruskal-Wallis test was used to determine whether the 

medians of the groups differed and post-hoc Mann-Whitney tests were used to determine 

whether the population means of paired groups differed. Regression (Fitted Line Plot) analysis 

was used to investigate relationships between sets of variables. All statistical tests were 

performed using Minitab 19 Statistical Software. 

3.3 Results  

3.3.1 Field measurements 

Table 3.1 shows each station location (grid reference: OS) and the measured variables 

(temperature, salinity and pH) at sampling depths from the Loch Etive cruise.  

Loch Etive salinity  

During the sampling it was not possible to cover a full salinity transect (i.e. up to ~35 psu) as 

anticipated, however, a narrower salinity transect was achieved which Loch Etive salinities 

ranging from 8.32 psu to 24.30 psu (Table 3.1). Station locations are given in Table 3.1 and shown 

on the map in Figure 3.2. Salinity was measured by sampling depth (m) at each sampling station 

for Loch Etive.   
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Table 3.1. Loch Etive sampling campaign, January 2016. Site variables: temperature (°C), pH and 

salinity (psu); station coordinates (grid reference: OS), sampling depth (m), bottom depth (m) of 

loch (ascertained from the research vessel’s onboard navigation system).  

Sampling 

station 

(designated 

number) 

Sampling 

depth (m) 

Grid reference 

(OS) 

Bottom 

depth of 

loch (m) 

Temperature 

(°C) 

pH Salinity 

(psu) 

 

1  4 NN1063944097 21.0  9.42 7.70 15.45 

1  1 NN1063944097 21.0 n/d n/d  8.32 

1  6 NN1063944097 21.0  9.79 7.67 16.65 

1 10 NN1063944097 21.0 10.27 7.63 17.85 

2  1 NN0927641483 25.0  6.71 7.69  9.74 

2  6 NN0927641483 25.0  9.67 7.70 16.92 

2 10 NN0927641483 25.0 10.07 7.72 18.51 

3  1 NN0184833060 24.5  7.37 7.76 13.54 

3  6 NN0184833060 24.5  8.00 7.93 18.13 

3 10 NN0184833060 24.5  8.30 7.93 19.37 

4  1 NM9526334972 22.7  7.35 n/d 17.10 

4  6 NM9526334972 22.7  7.74 n/d 20.96 

4 10 NM9526334972 22.7  7.98 7.97 24.03 

5  1 NM9262234417 20.2  7.47 7.91 19.43 

5  6 NM9262234417 20.2  7.54 7.95 20.02 

5 10 NM9262234417 20.2  7.48 7.97 19.47 

6  1 NM9147034535 21.3  7.43 7.95 19.17 

6  6 NM9147034535 21.3  7.46 7.92 19.32 

6 10 NM9147034535 21.3  7.51 7.97 19.80 

7  1 NM9012234443 34.5  7.58 7.95 20.68 

7  6 NM9012234443 34.5  7.61 8.00 20.99 

7 10 NM9012234443 34.5  7.61 7.99 20.99 

River Etive n/a NN1219845852 n/a n/d 7.24 n/d 

River Awe n/a NN0109332337 n/a n/d 6.75 n/d 

 

Salinity measurements (Table 3.1) for Loch Etive are plotted by station number at sampling depth 

(Figure 3.4) show a distinct stratification of the upper basin with denser (more saline) water found 

with increasing depth in the upper basin. West of the Falls of Lora (Figure 3.2) beyond station 

number 4, an observed accumulation of denser (saltier) water is found at depth, after which this 

distinct stratification is no longer observed.  
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Figure 3.4. Loch Etive salinity (January 2016 sampling). Relationships between salinity (psu) and 

depth (m) by sampling station numbers: 1 (head of loch) to 7 (mouth of loch), situated within 

Loch Etive. Depth (m) is shown beside each closed circle symbol (red=10 m, blue=6 m and 

green=1 m) for each station (x-axis). Where x and y both equal 0, this is representative of the 

freshwater rivers Etive and Awe. 

pH and salinity  

As salinity increased, pH increased. A simple linear regression was calculated to predict pH based 

on salinity (Figure 3.5). A significant regression equation was found (F(1,18)=86.67, p=0.000, 

R2=0.83). A Pearson’s correlation was run to assess the relationship between pH and salinity. 

There was a strong positive correlation (r(18)=0.910, p=0.000).  
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Figure 3.5. Loch Etive stations, River Etive and River Awe: regression analysis for pH as a 

response to salinity (R2=0.83, p=0.000). Data labels are sampling station numbers (for individual 

measurements), CI = 95% confidence interval and PI = prediction interval i.e. 95% prediction 

bands.    

Removal of the river sites (River Etive and River Awe) from the dataset presented above (Figure 

3.5) produced the following results: a significant regression equation was found (F(1,16)=15.46, 

p=0.001, R2 =0.83). A Pearson’s correlation was run to assess the relationship between pH and 

salinity. There was a strong positive correlation (r(16)=0.701, p=0.001). 

 

 

3.3.2 Iron and dissolved organic carbon concentrations   

Iron concentration  
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This section presents the iron and carbon concentration (measurements) conducted at the 

Scottish Association for Marine Science (SAMS).  

 

Figure 3.6. Iron concentrations from Etive sampling, 2016. Loch Etive iron concentrations (nM) 

for each sampling station: average iron concentrations of combined depths (1 m, 6 m and 10 m); 

<3 nm (pink) and >3 nm <400 nm (grey) physical size fractions (where n=3 the error bars 

represent 1x standard deviation). River Etive and the numbered stations represent the sampling 

sites along the length of Loch Etive with station 1 being at the head of the loch and 7 at the 

mouth.     

River Etive iron concentration data was omitted from the following statistical analyses as there 

was only one recorded measurement in the <3 nm and <400 nm physical size fraction.  

Table 3.2. Descriptive statistics for iron concentration (nM) for the less than 3 nm physical size 

fraction by station number for Loch Etive, 2018. Kruskal-Wallis test: H=7.10, 6 d.f., p=0.132 (the 

P value was calculated in Minitab 19 accounting for data constraints and the critical value for 

n=1
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H).  

Station number N Median Mean Rank Z-Value 

station 1 3 44.5640 16.7 1.71 

station 2 3 36.0692 13.3 0.70 

station 3 3 30.0146 9.0   -0.60 

station 4 3 32.5528 10.0 -0.30 

station 5 3 30.8825 8.0 -0.90 

station 6 3 38.2994 14.3 1.01 

station 7 3 26.6690 5.7 -1.61 

Overall 21  11.0  

 

Iron concentration medians in the less than 3 nm physical size fraction for Loch Etive samples at 

each station (station numbers 1 to 7 in Figure 3.6) are not statistically different (Kruskal-Wallis 

test: H=7.10, 6 d.f., p=0.312). To compare the unique pairs of station data and to sense check the 

Kruskal-Wallis result, post hoc 2-sample Mann Whitney tests were conducted for all station pairs. 

These tests confirmed that there was no significant difference between each paired station 

median (p>0.05). Table 3.3 shows the summarised results.   

 

 

 

 

 

 

 

Table 3.3. 2-sample Mann Whitney test: Fe (less than 3 nm physical size fraction) versus station. 

P values and achieved confidence (targeted confidence level = 95%). 
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Station number 

(n1) 

Station 

number (n2) 

P value Achieved 

confidence 

(%) 

1 2 0.663 91.91 

1 3 0.190 91.91 

1 4 0.190 91.91 

1 5 0.081 91.91 

1 6 0.386 85.11 

1 7 0.190 91.91 

2 3 0.663 91.91 

2 4 0.663 91.91 

2 5 0.383 91.91 

2 6 0.773 85.11 

2 7 0.190 91.91 

3 4 1.000 91.91 

3 5 1.000 91.91 

3 6 1.000 91.91 

3 7 0.663 91.91 

4 5 0.663 91.91 

4 6 0.773 85.11 

4 7 0.383 91.91 

5 6 0.773 91.91 

5 7 0.663 91.91 

6 7 0.386 85.11 

 

There are differences in the iron concentration in the <400 nm size fraction (Figure 3.5) amongst 

the Loch Etive sampling stations 1 to 7 (one-way ANOVA: (F(6, 14)=4.95, p=0.06, R2=0.68). Tukey 

pairwise comparisons (Table 3.4) show the mean groupings for the sites.  

 

 

 

 

Table 3.4. Iron concentrations (nM) for the less than 400 nm physical size fraction by station 

number for Loch Etive, 2016. Tukey grouping information with 99.58% individual confidence 
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levels to obtain a 95% joint confidence level. 

Station 
number 

N Mean Fe 
(nM) 

Grouping 

station 4 3 1283.6 A 

station 5 3 1151 A  B 

station 6 3 1090.7 A  B 

station 7 3 949.5 A  B 

station 3 3 903.6 A  B 

station 1 3 619 A  B 

station 2 3 601 A  B 

Note: Means that do not share a letter are significantly different. 

There are significant differences in the mean iron concentration between station 1 and station 4 

and, between station 2 and station 4. There are no significant differences found between mean 

iron concentrations for all other paired stations (p>0.05) (Table 3.4).  

Dissolved organic carbon  

There are differences in the organic carbon concentration in the <700 nm size fraction amongst 

the Loch Etive sampling stations 1 to 7 (one-way ANOVA: (F(6, 14)=9.28, p=0.00, R2=0.80). Tukey 

pairwise comparisons (Table 3.5) show the mean groupings for the sites.  

Table 3.5. Carbon concentrations (nM) for the less than 700 nm physical size fraction by station 

number for Loch Etive, 2016. Tukey grouping information with 99.58% individual confidence 

levels to obtain a 95% joint confidence level.  

Station 
(number) 

N Mean 
(nM) 

Grouping 

1 3 197202 A 

2 3 182313 AB 

3 3 165795   BC 

5 3 156361   BC 

6 3 152906   BC 

7 3 146548     C 

4 3 146029     C 

There are significant differences in the mean carbon (less than 700 nm) (Table 3.5). Station 1, at 

the head of the loch, fed by the River Etive, has significantly higher carbon concentrations than 
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stations numbered 3 through to 4. Station 2 shares a grouping with station 1 but also a grouping 

with stations 3 to 6. However, both stations 7 and 4 (sharing a grouping) have significantly lower 

iron concentrations than stations 1 and 2 although the do share a grouping with stations 3 to 6. 

Carbon concentrations decrease from the head of the loch to the mouth.  

Dissolved organic carbon and iron 

Dissolved (less than 700 nm filtered particle size fraction) organic carbon concentrations were 

measured for sampling stations 1 to 7 (Figure 3.2).   

  

Figure 3.7. Loch Etive regression analysis for iron concentration in the less than 3 nm particle 

size fraction as a response to carbon concentration in the less than 700 nm particle size fraction 

(R2=0.56, p=0.00). Data labels are sampling station numbers (for individual measurements), CI = 

95% confidence interval and PI = prediction interval i.e. 95% prediction bands.    
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A simple linear regression was calculated to predict iron concentration in the less than 3 nm 

particle size fraction based on carbon concentration in the less than 700 nm particle size fraction 

(Figure 3.7). A significant regression equation was found (F(1,18)=23.08, p=0.00, R2=0.56). A 

Pearson’s correlation was run to assess the relationship between iron (<3 nm) and carbon (<700 

nm). There was a strong positive correlation between iron and carbon (r(18)=0.750, p=0.00).  

    

 

Figure 3.8. Loch Etive regression analysis for iron concentration in the less than 400 nm particle 

size fraction as a response to carbon concentration in the less than 700 nm particle size fraction 

(R2=0.21, p=0.04). Data labels are sampling station numbers (for individual measurements), CI = 

95% confidence interval and PI = prediction interval i.e. 95% prediction bands.    

 

A simple linear regression was calculated to predict iron concentration in the less than 400 nm 

particle size fraction in response to carbon concentration in the less than 700 nm particle size 

fraction (Figure 3.8). A significant regression equation was found (F(1,18)=4.90, p=0.04, R2=0.21). 
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A Pearson’s correlation was run to assess the relationship between iron (<400 nm) and carbon 

(<700 nm). Iron shows a moderately weak negative correlation with carbon (in the less than 700 

nm size fraction) (r(18)= -0.463, p=0.04). 

 

Figure 3.9. Loch Etive regression analysis for iron concentration in the greater than 3 nm, less 

than 400 nm particle size fraction as a response to carbon concentration in the less than 700 nm 

particle size fraction (R2=0.23, p=0.03). Data labels are sampling station numbers (for individual 

measurements), CI = 95% confidence interval and PI = prediction interval i.e. 95% prediction 

bands.    

A simple linear regression was calculated to predict iron concentration in the less than 3 nm, 

greater than 400 nm particle size fraction based on carbon concentration in the less than 700 nm 

particle size fraction (Figure 3.9). A significant regression equation was found (F(1,18)=5.44, 

p=0.03, R2=0.23). A Pearson’s correlation was run to assess the relationship between iron (>3 
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nm<400 nm) and carbon (<700 nm). There was a moderately weak negative correlation between 

iron and carbon (r(18)= -0.482, p=0.03). 

Salinity and dissolved organic carbon  

A simple linear regression was run to predict dissolved organic carbon concentration in the less 

than 700 nm particle size fraction based on salinity (Figure 3.10). A significant regression equation 

was found (F(1,18)=62.03, p=0.00, R2=0.78). A Pearson’s correlation was run to assess the 

relationship between dissolved organic carbon (<700 nm) and salinity. There was a strong 

negative correlation between dissolved organic carbon in the less than 700 nm size fraction and 

salinity (r(18)= -0.880, p=0.00). Organic carbon concentrations in the less than 700 nm physical 

size fraction decrease with increasing salinity. 

Figure 3.10. Loch Etive regression analysis for dissolved organic carbon concentration in the less 

than 700 nm particle size fraction as a response to salinity (R2=0.76, p=0.00). Data labels are 

sampling station numbers (for individual measurements), CI = 95% confidence interval and PI = 

prediction interval i.e. 95% prediction bands.    



82 

 

Iron concentration and salinity 

  

Figure 3.11. Loch Etive regression analysis for iron concentration in the less than 3 nm particle 

size fraction as a response to salinity (R2=0.70, p=0.00). Data labels are sampling station 

numbers (for individual measurements), CI = 95% confidence interval and PI = prediction 

interval i.e. 95% prediction bands.    

A simple linear regression was calculated to predict iron concentration in the less than 3 nm 

particle size fraction as a response to salinity (Figure 3.11). A significant regression equation was 

found (F(1,18)=40.93, p=0.00, R2=0.70). A Pearson’s correlation was run to assess the relationship 

between iron concentration (<3 nm) and salinity. There was a strong negative correlation 

between iron in the less than 3 nm size fraction and salinity (r(18)= -0.830, p=0.00). As salinity 

increases the iron concentration in the less than 3 nm physical size fraction decreases. 
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Figure 3.12. Loch Etive regression analysis for iron concentration in the less than 400 nm particle 

size fraction as a response to salinity (R2=0.04, p=0.00). Data labels are sampling station 

numbers (for individual measurements), CI = 95% confidence interval and PI = prediction 

interval i.e. 95% prediction bands.    

A simple linear regression was calculated to predict iron concentration in the less than 400 nm 

particle size fraction as a response to salinity (Figure 3.12). There was no significant relationship 

found (F(1,18)=0.82, p=0.378, R2 of 0.04). A Pearson’s correlation was run to assess the 

relationship between iron concentration (<400 nm) and salinity. There was no significant 

correlation between iron in the less than 400 nm size fraction and salinity (r(18)= 0.208, p=0.38). 
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Figure 3.13. Loch Etive regression analysis for iron concentration in the less than 3 nm, greater 

than 400 nm particle size fraction as a response to salinity (R2=0.05, p=0.33). Data labels are 

sampling station numbers (for individual measurements), CI = 95% confidence interval and PI = 

prediction interval i.e. 95% prediction bands.    

A simple linear regression was calculated to predict iron concentration in the less than 3 nm 

greater than 400 nm particle size fraction as a response to salinity (Figure 3.13). There was no 

significant relationship found (F(1,18)=1.01, p=0.33, R2=0.05). A Pearson’s correlation was run to 

assess the relationship between iron concentration (>3 nm<400 nm) and salinity. There was no 

significant correlation between iron in the less than 3 nm, greater than 400 nm size fraction and 

salinity (r(18)= 0.231, p=0.33). 
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Iron concentrations (Stirling measurements) 

 

Figure 3.14. Iron concentrations, Etive, 2016 (by physical size fraction): 

One-way ANOVAs were performed on the iron concentrations in the paired samples of the same 

physical size fraction for 1) River Etive and River Awe (Unfiltered), 2) River Awe and station 7 (less 

than 400 nm), 3) River Awe and station 7 (greater than 66 nm less than 400 nm) and 4) River Awe 

and station 7 (less than 66 nm) (Figure 3.14).  

1) Iron concentration was different with a significantly higher concentration of iron in the 

unfiltered River Awe sample compared to River Etive (F(1,4)=14.59, p=0.019, R2=0.78). A Tukey 

pairwise comparison confirmed the difference in groupings of means (p=0.019, CI = 95%). 

2) Iron concentration in River Awe (less than 400 nm) and sampling station 7 (<400 nm) were 

different with a significantly higher concentration of iron in the River Awe (F(1,4)=98.23, p=0.001, 

R2=0.96). A Tukey pairwise comparison confirmed the difference in groupings of means (p=0.001, 

CI = 95%). 
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3) Iron concentration in River Awe and sampling station 7 (greater than 66 nm less than 400 nm) 

were different with a significantly higher concentration of iron in the River Awe (F(1,4)=171.18, 

p=0.000, R2=0.98). A Tukey pairwise comparison confirmed the difference in groupings of means 

(p=0.000, CI = 95%). 

4) The iron concentration in River Awe and sampling station 7 (less than 66 nm) were not 

significantly different (F(1,4)=0.66, p=0.463, R2=0.14). A Tukey pairwise comparison confirmed 

there was no difference in the grouping of means (p=463, CI = 95%). 

SAMS iron concentrations versus Stirling iron concentrations  

A difference was found when comparing the results from the SAMS iron concentration 

measurements with the Stirling university measurements for the less than 400 nm physically size 

fractioned samples from station 7 (F(1,4)=14.25, p=0.020, R2=0.78 at 95% confidence level).  

Iron concentrations (Stirling measurements): percentage iron concentration in physical size 

fractions 

 

Figure 3.15. River Awe, January 2016: total iron in each physical size fraction as a percentage of 

the total iron in the unfiltered fraction (Stirling measurements). 
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Figure 3.15 shows the total iron in each physical size fraction as a percentage of the total iron in 

the unfiltered fraction for the River Awe. Most of the iron is found in the less than 400 nm 

physical size fraction (88%), with the majority of the iron found within this fraction being in the 

colloidal fraction i.e. greater than 66 nm (77%). 

 

Figure 3.16. River Awe percentage iron in the total dissolved (<400 nm) fraction by size fraction: 

<66 nm and >66 nm<400 nm. 

 

Figure 3.17. Station 7 percentage iron in the total dissolved (<400 nm) fraction by size fraction: 

<66 nm and >66 nm<400 nm. 
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Most of the iron in the dissolved (<400 nm) physical size fraction is held within the colloidal 

fraction (>66 nm<400 nm) for both Loch Etive station 7 and the River Awe, however, the 

distribution of the iron in the dissolved (<400 nm) fraction differs. River Awe has a higher 

percentage of iron held in the 66 to 400 nm physical size fraction (88%) compared to station 7 

(62%). 

3.3.3 Fe(II) and Fe(III) determination: ferrozine assay  

 

Figure 3.18. Ferrozine assay (Fe(II)/Fe(III) speciation) in the less than 400 nm resolubilised freeze 

dried physical size fraction from Loch Etive stations 1, 4, 5 and 7.  
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Table 3.6. Ferrozine assay percentages of Fe(II)/Fe(III) speciation in the less than 400 nm 

resolubilised freeze dried physical size fraction from Loch Etive stations 1, 4, 5 and 7. 

station number Fe(III)  
(%) 

Fe(II)  
(%) 

1 99.92 0.08 

4 99.92 0.08 

5 99.92 0.08 

7 99.93 0.07 

 

Spectrophotometric determination of Fe(II) and Fe(III)The ferrozine assay (Figure 3.18) were 

conducted on resolubilised freeze dried material. There were losses of material during the freeze-

drying process. The majority of iron is fully oxidised in all samples as the percentage of Fe(II) is 

0.08 in each case (Table 3.6). 

3.4 Discussion   

As stated in the introduction the aim of this study was to gain insight into iron concentrations 

within physically defined size fractions of the operationally defined dissolved fraction of water at 

different salinities. Iron concentration data was gathered to investigate associations between iron 

concentration and the particle size ranges where these particles reside. This study also informed 

the initial development of methods to employ synchrotron Mössbauer techniques to investigate 

iron mineralogy in water borne particles. 

Salinity  

Salinity measurements for Loch Etive plotted by station number at sampling depths (Figure 3.4) 

show a distinct stratification of the upper basin with denser (more saline) water found with 

increasing depth in the upper basin. West of the Falls of Lora (Figure 3.2) beyond station number 

4, an observed accumulation of denser (saltier) water is found at depth, after which this distinct 

stratification is no longer observed. During the sampling it was not possible to cover a full salinity 

transect (i.e. up to ~35 psu) as anticipated. This is likely attributed to tidal influences on the 
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freshwater outflow (Boyd et al., 2010), Loch Etive’s large annual fresh water inputs (from 12 

rivers) and its topographically-restricted exchange which, causes stratifications in density in its 

upper basin leading to periods of hypoxia. Exchange events (flushing) in Loch Etive occur 

approximately every 16 months as a result of reduced freshwater inputs enabling the influx of 

denser coastal sea water to enter the upper basin, and displacement of its bottom waters. Partial 

flushing events also occur. The sequence of events described, massive freshwater inputs and 

flushing, affect the chemistry of Loch Etive including its salinity. Because of this, despite the large 

amount of research done in and around the Loch, there are still uncertainties surrounding the iron 

and carbon (and other element) cycling in and through the loch (Overnell et al., 2002, Loh et al., 

2008). The uncertainties of the chemical investigations highlight difficulties that might be 

encountered if presenting Loch Etive as a proxy for other estuarine systems. 

pH and salinity 

pH increased as salinity increased (Table 3.1)  (p=0.000, R2=0.83) (Figure 3.5). Removal of the river 

sites from the regression analysis resulted in a weaker relationship between pH and salinity in the 

loch itself (p=0.001, R2=0.49). 

Iron concentrations (SAMS and University of Stirling)  

Iron concentration in the less than 3 nm physical size fraction (Tables 3.2 & 3.3) for Loch Etive 

samples at each station are not significantly different (p=0.312). This suggests that the iron 

concentration in the less than 3 nm physical size fraction is sustained along the salinity gradient, 

from the lowest recorded salinity at station 1 (14.56 ± 4.28 psu) to the highest recorded at station 

4 (20.70 ± 3.47 psu). However, the iron concentration in the less than 3 nm size fraction does 

decreases as salinity increases (Figure 3.11). The less than 3 nm (truly dissolved) fraction is not the 

main focus of this study. A complementary study to investigate this fraction from the data 

presented here is ongoing (see section 3.3.2).  
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The colloidal fraction (greater than 3nm, less than 400 nm) is the focus of my study. The data 

presented here demonstrate the ability of this fraction to carry more iron across the salinity 

gradient than the less than 3 nm size fraction. This is in agreement with a previous study by 

Muller and Cuscov (2017). It is also expected that there will be some transformation of iron from 

the colloidal to the truly dissolved fraction as salinity increases, possibly sustaining the truly 

dissolved fraction. The role of humic substances in iron transport is the subject of extensive 

ongoing research (Muller and Cuscov, 2017, Oldham et al., 2017, Oleinikova et al., 2018), 

however, in sea water it has proven difficult to select the terrestrial  humic substances for 

investigation due to analytical constraints (Muller, 2018). Once this is possible, the determination 

of the iron mineralogy associated with these particles should prove revealing.   

Unlike the 3 nm size fraction, significant differences in iron concentrations were found in the less 

than 400 nm size fraction. There was also no significant relationship (p=0.378) found with salinity 

(Figure 3.12). The less than 3 nm, greater than 4 nm iron concentrations behaved similarly to the 

less than 400 nm size fraction as a response to salinity (p=0.330). Iron concentrations at station 4 

were significantly higher than the concentrations measured at stations 1 and 2, however, stations 

3 to 5 are similar (Table 3.4). The only significant difference in iron concentration is found at 

station 4 when compared to both stations 1 and 2. This might be explained by a number of factors 

including the location of two of the main tributaries, River Awe and River Kinglass (Figure 3.19, 

adapted from Figure 3..4), and the influence of the Bonawe Sill which forms a topographically-

restricted exchange between upper and lower loch basins (Audsley et al., 2016). Overall iron 

concentrations (<400 nm size fraction) at station 4 are the highest measured, reducing again from 

station 5 to 7. West of the Falls of Lora (Figure 3.4) beyond station number 4, an observed 

accumulation of denser (saltier) water is found at depth, after which, this distinct stratification is 

no longer observed. Station 5 iron concentrations show greater variability than station 4, possibly 

due to increased mixing, external inputs and internal cycling (Rijkenberg et al., 2014).     
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Figure 3.19. Loch Etive sampling stations (red marker pins). Red arrows denote the 3 main river 

inputs to the upper basin, east of the Bonawe Sill (green and yellow star): River Etive, River 

Kinglass and River Awe.  

Iron concentrations (University of Stirling) 

As stated in the methods (section 3.2.3), I produced a different suite of iron concentration data to 

facilitate research into the methods that might be employed for the development of synchrotron 

Mössbauer techniques. Only one comparison was made during this study and a significant 

difference in iron concentration was found for the less than 400 nm physically size fractioned 

samples from station 7 (p=0.020). On reflection, replicating the sample processes and 

measurements for the same physical size fractions on the collected samples would have provided 

useful data for a more thorough investigation of physical size fractionation methods. It is 

recommended that future studies include a more thorough investigation of the success of a range 
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of size fractionation methods in order to highlight any potential processing issues. Processing 

artefacts and contamination issues become increasingly critical as iron concentration decreases, 

for example in more dilute systems (as salinity increases) as discussed in Chapter1. 

Iron concentration in the unfiltered samples from the River Etive was significantly lower than the 

River Awe (p=0.019), suggesting a higher initial iron load delivered to the loch from the River Awe 

compared to the River Etive. A significantly higher iron concentration was also found in the less 

than 400 nm River Awe sample compared to the same size fraction for sampling station 7 

(p=0.001). In the greater than 66 nm, less than 400 nm size fraction, comparisons were made 

between the River Awe and station 7 where the River Awe had a significantly higher iron 

concentration (p=0.000). This result was not unexpected as station 7 was likely subject to salinity 

effects, and the processes of aggregation and flocculation, effectively removing larger particles 

from the water column as discussed in Chapter 1 (Sholkovitz, 1978). However, in the less than 66 

nm size fraction, when again comparing the River Awe iron concentration with that of station 7 

(Figure 3.14), there was no significant difference found (p=0.463).  

Although overall iron concentrations in all measured size fractions decrease with increasing 

salinity and pH as is expected, the distribution of iron within the less than 400 nm filtered fraction 

shifts. The percentage iron in the smaller size fraction below 66 nm increases and iron 

concentration in the greater than 66 nm, below 400 nm decreases (Figures 3.15 to 3.16). There 

may be a number of explanations for this, indeed colloidal stability and aggregation kinetics of 

submicron particles associated with increased salinity are likely involved, for example, larger 

particles may be more prone to aggregation, and as they become greater in size the probability of 

collision and further aggregation is increased. (Hunter et al., 1997). However, this study has 

shown that nanoparticles and colloids, greater than the truly dissolved (<3 nm) fraction also 

persist. This is likely attributed to size properties (physical, thermal and chemical), and associated 

effects of Brownian, hydrodynamic and colloidal forces (Kovalchuk and Starov, 2012, Hunter et al., 
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1997), although these are not yet fully understood in natural water environments. It is apparent 

that better understanding of the iron mineralogy (associated with solubility) and organic matter 

type (e.g. functional groups), or specific associations with other elements is needed.  

This study has demonstrated that here are differences in the way iron bearing particles within 

different physical sizes behave throughout the operationally defined dissolved fraction, and at 

different salinities. The less than 400 nm physical size fraction behaves differently to its size 

fractioned components (e.g. nanoparticles, colloids, fine colloids) and confirms that assumptions 

made about the biogeochemistry of the operationally defined dissolved fraction might lead to 

under or over estimations in model predictions. Future studies into iron biogeochemistry in 

natural waters should continue strive to partition the operationally defined dissolved fraction in 

order to focus of specific particles of interest. Chapter 2 (section 2.4.2) describes AF4 coupled to 

other analytical instrumentation which, is capable of informing the components of the dissolved 

fraction of water. This data can then be used in conjunction with other observed variables such as 

element concentrations and speciation, mineralogy, organic matter characteristics, salinity, pH, 

temperature etc. to better quantify transport processes and interactions within spatially and 

temporally defined systems.  

Iron concentration and dissolved organic carbon  

As was expected, as salinity increases, organic carbon in the less than 700 nm physical size 

fraction decreases (Figure 3.10). I investigated the response of iron in the different size fractions 

over the dissolved carbon (<700 nm) transect. This data was provided by SAMS from the January 

Loch Etive sampling cruise. As there were no carbon concentration measurements equivalent to 

the iron size fractions, the results presented here are limited as they do not fully describe the 

relationships between iron and carbon from the same size fraction. As discussed above, this 

would have provided greater insight into the relationship between iron and carbon for this study 

and is recommended for future studies. 
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A moderately strong positive relationship (p=0.00) with dissolved organic carbon concentrations 

was found for iron concentrations in the less than 3 nm filtered fraction (Figure 3.7). However, in 

the less than 400 nm filtered fraction (Figure 3.8) and in the greater than 3 nm, less than 400 nm 

fraction (Figure 3.9) the relationship was not well described by the regression analysis and there 

appeared to be a weak association between carbon and iron (p=0.04 and p=0.03 respectively). 

The data analysis on the samples processed at SAMS (Figure 3.6) show that the majority of the 

iron is held in the colloidal fraction (>3 nm <400 nm), and those processed at the University of 

Stirling show that the majority of the iron is held in the narrower colloidal fraction (>66 nm <400 

nm) (Figures 3.15 to 3.17). However, the Stirling sample results show that iron-bearing particles in 

the less than 66 nm size fraction also persist at higher salinities (Figures 3.16 & 3.17), confirming 

the benefits of  further define particle size fractions if we are to better understand their behaviour 

in natural water systems. 

Ferrozine assay 

Spectrophotometric determination of Fe(II) and Fe(III) (Figure 3.18) was conducted on 

resolubilised freeze dried material. The majority of iron is fully oxidised in all samples; Fe(II) is 

0.08% or below, in each case (Table 3.6). It should be acknowledged that there were observed 

losses of material during the freeze-drying process, however, this loss is not expected to have 

affected the iron speciation ratio. It also possible that the freeze drying process would likely have 

had an effect on the iron speciation (Zhang et al., 2001). For this reason, it is suggested that freeze 

drying should be avoided for the SMS techniques. Despite these limitations, there is a significant 

difference between the Fe(II) and Fe(III) concentrations which cannot reasonably be explained by 

sample material losses. This result agrees with the expected levels of Fe(II) & (III) in our present 

oxygenated hydrosphere i.e. high levels of Fe(III) (fully oxidised) compared to Fe(II) (Emerson et 

al., 2012). It is advised that future spectrophotometric determination of Fe(II) and Fe(III) should 

be performed on unfiltered and filtered water samples, omitting the freeze drying process. 
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3.5 Conclusions 

This study has demonstrated that majority of the iron in the waters of Loch Etive, reaching higher 

salinities (up to 20 psu), is associated with particles in the colloidal fraction. The colloidal fraction 

being broadly defined as the greater than 3 nm, less than 400 nm physical size fraction. There is 

general acknowledgment that the physical size fraction of Fe-OM particles transcending the 

salinity zone are submicron. This study has demonstrated that particles in the nanoparticle and 

colloidal size range persist in waters of increased salinity. Furthermore, it has distinguished a shift 

in particle size distribution as salinity increases when comparing iron concentrations held within 

the <66 nm size fraction compared to the <400 nm size fraction. Further studies should be carried 

out to ascertain the validity of these results in other estuarine and coastal settings. 

Characterisation of the nanoparticle and colloidal size fractions should also be pursued to give a 

better understanding of the mechanisms involved in their transport. When we consider the Fe-

OM associations shown in this study, we only demonstrate the relationship of iron concentration 

in different size fractions, with dissolved carbon less than 700 nm size fraction only. It is suggested 

that to better understand this relationship, both iron and carbon concentrations should be 

measured in a range of physical size fractions below 400 nm. Ideally, this should be explored 

throughout a range of salinities and pH values i.e. from terrestrial source to sea.  
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4. Distribution of iron between particulate size fractions in iron-rich 

rivers in the Flow Country  

4.1 Introduction  

Rivers, were previously thought to be an insignificant source of iron to the oceans compared to 

atmospheric dust inputs (De Baar, 2001). Iron concentrations, in the less than 10 kDa  

(approximately 6.6 nm using the calculation described in Appendices for Chapter 3, section 7.3.1) 

size fraction, in the ‘average world river’, as defined by Hunter et al. (1997), were reported to be 

40 nM (Dai and Martin, 1995). Based on this, de Baar and de Jong (2001) calculated the ‘global 

riverine iron input’ to be 1.5 x 109 mol y-1. However, rivers in some regions of the globe have now 

been shown to provide relatively large fluxes of potentially bioavailable iron, and it is likely that 

the global iron flux from rivers to the ocean is underestimated. For example, Krachler et al. (2010) 

calculated the delivery of ‘truly dissolved’ iron (Fe-OM) from a peat draining creek to coastal 

waters, based on sampling in summer 2008 of the Rhian Burn, Kinloch River tributary, NE 

Scotland, to be 3300 nM. This is almost two orders of magnitude greater than the ‘average world 

river calculations’ reported by Dai and Martin (1995). Additionally, Kritzberg et al. (2014) reviewed 

studies on iron transport in boreal rivers and found that there was an increasing trend in iron 

concentrations over recent decades in some Swedish rivers of between 20% and 470% (i.e. 

increases of between 1 and 28 nM). The review also found that there was a variation in the ability 

of different boreal rivers to maintain iron in suspension at salinity and suggested a link to the 

characteristics of the associated organic matter and the iron phase (Kritzberg and Ekström, 2012). 

The authors called for future research to investigate these components including their source, 

transport and fate (Kritzberg et al., 2014).  

As discussed in Chapter 1, although it was previously widely acknowledged that most of the iron 

transported by rivers is removed from the water column by aggregation and flocculation 
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(Sholkovitz et al., 1978), a number of studies have shown that some particles or colloids within 

the operationally defined dissolved fraction (the physical size fraction below 450 nm) successfully 

transcend this salinity ‘barrier’ reaching the coastal ocean (Krachler et al., 2016, Muller, 2018, 

Batchelli et al., 2010). Some studies have hypothesised, and begun to demonstrate, that the iron 

transported by rivers, surviving the mixing zone, is held within the ‘truly dissolved’ fraction and it 

appears that there is some assumption that this ‘truly dissolved’ fraction is temporally and 

spatially sustained (Batchelli et al., 2010, Krachler et al., 2015, Yang et al., 2017). However, as 

previously discussed, there are acknowledged, although not as yet fully understood, relationships 

between iron concentrations and particle size within Fe-OM bearing nanoparticles and colloids as 

they are transported by rivers and creeks from terrestrial source sites to coastal sites with 

increased salinity i.e. into and through mixing zones (Kritzberg et al., 2014, Pokrovsky et al., 2014, 

Muller and Cuscov, 2017).      

Study Area: The Flow Country                                                                                                                                                          

The Flow Country in the north east of Scotland is subject to a range of recent research involving 

peatland processes and the influence of climate on peatland hydrology (Andersen et al., 2018, 

Gaffney et al., 2020). Although research in this region includes the source to sea iron-organic 

matter (Fe-OM) carrying capacity and potential iron bioavailability of the humic-rich river systems 

(Krachler et al., 2016, Muller and Cuscov, 2017), it has not as yet investigated the iron phases 

present in nanoparticles and colloids, and their source to sea transport. It is suggested that 

research in this geographical region will serve as a proxy for higher latitudes in the wake of global 

climate change. The NE of Scotland provides known iron-rich natural waters and Fe-OM 

associations ideal for the investigation of Fe-OM transport from source to sea, and as such was a 

driver for choosing this area for this study. The known high concentrations of iron in nanoparticles 

and colloids provided by the sample waters was also advantageous for the initial development of 



99 

 

synchrotron techniques to investigate the mineralogy of these submicron particles and colloids 

using the Synchrotron Mössbauer Source and supporting my PhD project aims.  

The purpose of this study was to better understand how iron concentration is partitioned in 

defined physical size fractions of waters sampled from river source, the river itself and the 

receiving coastal waters. Additionally, this study investigates Fe-OM transport and whether 

carbon is similarly enriched in the same physical size fractions as the iron. In order to achieve this, 

several physical size fractionation methods were explored. Alongside the particle size 

fractionation, element specific (iron and carbon) concentration data were collected and analysed. 

This not only served to examine the success of the physical size fractionation, using mass balance 

calculations, it also provided iron and carbon concentrations by physical size fraction, and 

provided better understanding for the development of the SMS methods. 

4.2 Materials and Methods 

4.2.1 Field sampling 

The study measured iron and carbon concentrations in defined particle size fractions of river 

waters, their sources and coastal sites in Spring 2017 and 2018 and was limited to a restricted 

sampling period. The main aim of my PhD being was to develop methods to employ synchrotron 

based Mössbauer techniques for the investigation of iron mineralogy in environmental iron 

bearing particles, therefore, sampling was also constrained by the PhD project time and by 

funding limits.  

4.2.1.1 Sample sites 

Sampling took place in April 2017 and March 2018 in the Flow Country. Water samples (10 L 

volume for each sample) were collected from two river catchments in the Caithness and 

Sutherland regions of the north east of Scotland: River Thurso and River Halladale (Table 4.1, 

Figures 4.1 and 4.2). The Flow Country covers an area of approximately 4,000 km2 and is the 
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largest blanket bog in Europe (Lindsay et al., 1988, Andersen et al., 2018). The River Thurso has a 

catchment area of 412.8 km2 and River Halladale catchment area is 204.6 km2 (Kay et al., 2011). 

The sites sampled included surface waters from terrestrial source, riverine flows and coastal 

plumes.  

Figure 4.1. Sampling area 2017 and 2018: Caithness and Sutherland, north east Scotland.  

Table 4.1. Sampling sites (2017 and 2018): catchment, site name, month and year sampled and 

Ordnance Survey (OS) grid reference. 

 

 

  

Catchment Site name Month & year Grid reference (OS) 

Thurso Loch More (peat bog water) March 2018 ND0837446081 

 River Thurso April 2017 ND1312359561 

 River Thurso March 2018 ND1312359585 

 Thurso estuary March 2018 ND1223768803 

Halladale Halladale feeder stream March 2018 NC9008460623 

 River Halladale April 2017 NC8912556081 

 River Halladale March 2018 NC8913756082 

 Melvich Bay (coastal plume) April 2017 NC8911965094 

 Melvich Bay (coastal plume) March 2018 NC8912065044 
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Figure 4.2. Sampling sites: Thurso and Halladale catchments, Scotland. Site markers: 2017 

(orange diamonds) and 2018 (red pins). 

4.2.1.2 Sample Collection  

Samples were collected from locations shown in Table 4.2. Water samples were collected in pre-

cleaned 10 L low-density polyethylene containers (LDPE), excepting the ones specifically for 

organic carbon analysis which were collected in pre-cleaned glass bottles. All LDPE sampling 

equipment was acid washed and rinsed with Milli-Q® (18.2 MΩ) water as per protocols adapted 

from the GEOTRACES Cookbook (Cutter et al., 2010). After cleaning the containers were filled with 

Milli-Q® water (no void space), double bagged and cable tied until their moment of use. A total 

procedural blank (TPB) was transported with the equipment to the sampling sites and returned 

unopened ready for processing using the same procedures as the collected water samples.  
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Surface water samples (from 5 to 10cm below the water surface) were collected from each site 

(Table 4.2). Each sample was collected upstream from the sampler taking care to cause minimal 

disruption to the underlying sediment. Collection vessels were preconditioned with sample 

waters (in triplicate) then fully filled, with no void space, closed, sealed with parafilm, double 

bagged and closed with cable ties. All samples were transported in a cooled and steady 

environment i.e. sample temperatures were maintained (without freezing) below the measured 

water temperatures at the time of sampling, and then stored at 4 ⁰C on arrival at the laboratory. 

Initial sample processing of vacuum filtration (to isolate the operationally defined dissolved 

fraction) commenced within 24 hours of returning to the laboratory.  

4.2.2 Onsite measurements 

Measurements of water pH, temperature and specific electrical conductance were collected in 

situ using HI98130 pH/EC Combo pH Tester (Hanna Instruments Ltd, UK). 

4.2.3 Sample processing  

Blanks and standards  

Total procedural blanks (TPB) were transported to and from the sampling sites and left unopened.  

Aliquots from the TBPs and fresh Milli-Q® (18.2 MΩ) blanks were processed and analysed, 

following the same procedures as the collected water samples. Iron concentration were measured 

using Inductively coupled plasma mass spectrometry (ICP-MS).  

4.2.4 Physical size fractionation  

450 nm (2017) & 400 nm (2018) : vacuum filtration 

Physical size fractionation was performed on the water samples to achieve a suite of physical sizes 

that were relatable to the definitions of particle sizes within the operationally defined dissolved 

fraction. For the initial processing stage, isolating the operationally dissolved fraction, vacuum 

filtration was used. Due to existing laboratory stock availability of filter membranes and funding 
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constraints at the time, the 2017 filter membranes were pore size 450 nm. The reason for the 

change to 400 nm pore size in 2018 was that study received a donation of a number of 400 nm 

polycarbonate track-etched membrane filters. These were deemed to be suitable for purpose.  

For the less than 66 nm physical fractionation  

The methods employed were as follows: 2017 tangential flow filtration for 2017 samples and 

Jumbosep™ centrifugal devices for 2018 samples. 2 nm Amicon Ultra-15 centrifugal filter unit 

were used in 2018 to filter the <66 nm size fraction, effectively removing the truly dissolved 

fraction. Samples collected in 2018 were also used to test Asymmetrical flow field-flow 

fractionation coupled ICP-MS (AF4- ICP-MS). AF4 fractionation parameters were: ~1.2 to 20 nm, 20 

to 60 nm and >60 nm (2018) after Gottselig et al. (2017). 

The suspended particulate physical size fractions of the sampled surface water were isolated 

using a combination of different methods which were developed over sampling campaigns 

presented in Chapter 3 and in this chapter. On return to the laboratory the water samples were 

processed through pre-cleaned track-etched polycarbonate membranes in Nalgene vacuum 

filtration units (Figure 4.3). This process of filtration removed the larger particulates, isolating the 

defined dissolved fraction as described in Figure 4.3 ready for further processing and analysis.  

• Aliquots of unfiltered sample were stored (4oC) for later analysis  

• Aliquots of the filtrate were stored at 4oC for later analysis 

• The filter membranes were stored at 4oC in individual petri dishes, sealed with 

parafilm and double bagged for later analysis 

• The remaining filtrate (the dissolved fraction) was transferred to pre-cleaned LDPE 2 L 

bottles and stored at 4oC until processing through the further physical size 
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fractionation process steps as detailed below 

 

Figure 4.3. Isolation of the defined dissolved fraction for the 2018 water samples using Nalgene 

vacuum filtration units (photograph: D. Wood).  

Isolation of colloids  

Further physical size fractionation of the defined dissolved fraction (Figure 4.3) was undertaken 

using different systems for 2017 and 2018. For the 2017 samples a tangential flow filtration (TFF) 

in concentration mode (Scottish Association for Marine Science (SAMS), Oban) was employed, 

and for the 2018 samples Jumbosep Centrifugal Devices (Pall Corporation) were used. The 

Jumbosep devices were purchased for the 2018 sample processing as previous iron concentration 

analysis revealed issues with the iron mass balance calculation for TFF.  

Tangential flow filtration 

TFF for the 2017 water samples was performed in concentration mode using a 100 kDa (66 nm) 

hydrophilic ceramic cassette. The TFF system was operated until 200 mL of retentate (less than 

450 nm and greater than 66 nm) was achieved. The retentate was clean stored  at 4oC for later 

analysis. The permeate (less than 66 nm) was also clean stored at 4oC for further physical size 

fractionation and aliquots were reserved for further analysis.  
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Jumbosep™ Centrifugal Devices  

For the 2018 water samples the 400 nm filtrate from the vacuum filtration process was further 

physically size fractioned using acid clean Jumbosep™ centrifugal devices with clean low protein-

binding Omega™ membranes with polysulfone housing (MWCO of 100 kDa) yielding a filtrate with 

particle size of approximately 66 nm. The retentate collected equated to the condensed and 

isolated size fraction of less than 400 nm and greater than 66 nm and the filtrate produced was 

below 66 nm.  

Separation of the truly dissolved fraction 

The less than 66 nm filtrate was then processed through a 2 nm (3 kDa MWCO) physical size 

fractionation using Amicon Ultra-15 units (3 kDa MWCO). Aliquots of the retentate (greater than 2 

nm and less than 66 nm) and of the truly dissolved fraction (less than 2 nm) were reserved and 

stored in acid clean Thermo Scientific Nalgene Round-bottom tubes for later analysis.   

4.2.5 Bulk acid digestion for total iron extraction  

A total acid digest was performed in acid clean Polytetrafluoroethylene (PTFE or Teflon) vials. All 

work was conducted in a combined laminar flow hood/fume cupboard. All hydrofluoric acid (HF) 

work was undertaken with the addition of fume scrubbers. Hydrochloric acid (HCl) digestion: 

hydrochloric acid dissolves many carbonates, oxides, hydroxides, phosphates, borates, and 

sulphides. Pre-weighed samples were transferred into acid-cleaned (10% HCl, rinsed thrice with 

deionised water) PTFE beakers and dried down. The initial sample vessel was rinsed 2 times with 3 

mL concentrated hydrochloric acid into the PTFE beaker using a disposable LDPE Pasteur pipette.  

Samples were placed onto a hotplate and left overnight to flux at ~70 °C (thermostat T). The 

samples (open) were then left on the hotplate until it had dried completely (hotplate temperature 

was increased at this point). Once dry, each sample was removed from the hotplate and placed in 

a tray, covered and left to cool (~ 1 hour). Aqua regia digestion (3:1, concentrated hydrochloric 
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acid (HCl):concentrated nitric acid (HNO3) by volume): aqua regia dissolves sulfides, phosphates, 

organic matter and many metals and alloys including gold, platinum, and palladium: 3 mL 

concentrated hydrochloric acid and 1 mL concentrated nitric acid were added to each sample, in 

the spillage tray, using disposable LDPE Pasteur pipettes. Samples were placed from the tray onto 

a hotplate and left overnight to flux at ~70 °C (thermostat T). The samples were then left on the 

hotplate (open) until they had dried completely (hotplate temperature was increased at this 

point). Once dry, the samples were removed from the hotplate into a tray and allow to cool, as 

per the above HCl digest. Hydrofluoric acid digestion (HF) digest: removal of silicon and 

destruction of silicates; dissolves oxides of Nb, Ta, Ti, and Zr also, Nb, and Ta ores: In a spill tray, 2 

mL of hydrofluoric acid was added to each sample using a disposable LDPE Pasteur pipette. The 

samples were the transferred to a hotplate and left for 24 hours to specifically target the silicates 

(thermostat was set at ~70 °C). After this period the samples were left on the hotplate until dried 

completely, removed from hotplate and left to cool. Nitric acid digestion: Oxidises many metals 

and alloys to soluble nitrates; organic material oxidized slowly: Samples were re-dissolved, in the 

PTFE beakers with HNO3 and digested as per the HCL and aqua regia stages. This process, 

including fluxing and drying on the hotplate was repeated twice for any samples that had been HF 

digested to ensure any remaining HF in the dried sample was removed by evaporation to fumes in 

a low-volatility acid (i.e. HNO3). After this 3 mL of 2% HNO3 was added to each sample and 

transferred to a LDPE bottle (with a LDPE closure).  Residue from the PTFE beaker was then rinsed 

into the LDPE bottle with 2 mL concentrated nitric acid using a disposable LDPE Pasteur pipette. 

The HNO3 digest also prepares samples for ICP-MS analysis (matrix is instrument/laboratory 

dependent). Further heating was not needed for this stage.  

Stand-alone inductively coupled plasma mass spectrometry (ICP-MS)  

The acid digested water samples were analysed for total Fe using a XSERIES 2 ICP-MS (Thermo 

Scientific, Germany) using collision cell technology (CCT) to mitigate potential polyatomic 
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interferences. Multi element standards (Merck, Germany) certified by the National Institute of 

Standards and Technology (NIST), internal standards (scandium (Sc) and rhodium (Rh)) and total 

procedural and laboratory blanks were included in each run. ICP-MS (Thermo Fisher series 2) 

analysis was performed on the digested and resolubilised aliquots. This analysis was undertaken 

to quality check the filtration and concentration procedures and to provide a suite of iron 

concentrations by physical size fraction. Standards, all sample dilutions (including nanoparticle 

standards) and reagent blanks for ICP-MS were prepared using sample protocols, with ultrapure 

HNO3 and Milli-Q water in a 2% matrix for freshwater samples, with a dilution factor of 20 for 

saline samples. When not being processed or analysed, all samples and aliquots were stored, 

double bagged, in clean lock-tight plastic boxes at 4 °C in the dark prior to processing and analysis. 

4.2.6 Asymmetric Flow Field Flow Fractionation (AF4) and Inductively Coupled Plasma- 

Mass Spectrometry (ICP-MS) 

Asymmetric Flow Field Flow Fractionation (AF4) and Inductively Coupled Plasma-Mass 

Spectrometry (ICP-MS) - Institute of Bio- and Geosciences Agrosphere (IBG-3), Forschungszentrum 

Jülich, Germany. This hyphenated technique provided size resolved detection of colloidal Al, Si, P, 

Ca, Mn and Fe in undigested water samples. The instrumentation comprises a quadrupole ICP-MS 

with collision cell technology (Agilent 7500, Agilent Technologies, Japan) coupled online to the 

AF4. To gain total sample elemental concentrations prior to fractionation, offline ICP-MS 

measurements were performed on 5000 nm (MWCO) filtered samples. The samples were shaken 

to homogenise the particles and then filtered through a 5000 nm (5 µm) cellulose nitrate 

membrane to ensure there were no larger particles present that could potentially clog the 

instrument filter or the AF4 tubing. The ICP-MS was attuned to the specialized low concentration 

measurements using a MicroMist nebulizer with helium (He) as collision gas. Integration times 

were adjusted per element phase as described in Nischwitz et al. (2016). 
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AF4 size separation theory is based on the diffusion coefficient of the single particles, related to 

the mobility of a particle. At a low Reynolds-coefficient the mobility is the reciprocal drag-

coefficient, described for spherical particles by the Stokes-equation. For non-spherical particles 

the drag-coefficient is related to the surface area of a particle due to its power of resistance. The 

diffusion of non-spherical particles is affected by their shape and surface size. The particle 

fractions and elution times are shown in Appendices for Chapter 4 (7.4.1). Particle fractions of 

environmental samples separated by AF4 relate to the particle size and shape and are assumed as 

being spherical in this study (Gottselig et al., 2017). Calibration data regression parameters for AF4 

data are presented in Appendix 7.4.1. 

4.2.7 Dynamic Light Scattering  

Maximum particle sizes were also measured using DLS this study are reported in the results 

section using a Zetasizer Nano, Malvern, UK. 

The samples where AF4 was applied were analysed using dynamic light scattering (DLS) to measure 

the maximum hydrodynamic diameter (d.nm) of the included particles in the unfiltered samples 

(all samples were pre-filtered to 5 µm, excepting the River Thurso which, had been pre-filtered to 

<400 nm prior to analysis). 

4.2.8 Carbon analysis 

Organic carbon (total carbon: organic and inorganic carbon) were determined using an elemental 

micro-analyser (EA1108 CHNS-O, Carlo Erba Instruments, Milano, Italy) and PC-based Eager 300 

software system. The 2017 analysis was performed on the less than 450 nm fraction only. The 

2018 sample preparation extended the analysis to better complement the iron analysis of each 

physical size fraction described in Figure 4.3.  

 

4.2.9 Statistical analysis 
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ANOVA and Welsh ANOVA with Tukey and Games-Howell comparisons were conducted to find 

any differences between samples. Pearson product-moment correlation conducted for correlation 

analysis between iron and carbon. All statistical analyses were performed using Minitab (19).   

4.3 Results  

4.3.1 In-stream measurements 

In-stream measurements 2017 

Table 4.2. in-stream pH measurements, 2017 

site name pH 

River Thurso 8.4 

River Halladale 8.3 

Melvich Bay 8.6 

 

In-stream measurements 2018 

Table 4.3. Flow Country, 2018 sampling: in-stream measured variables: temperature, electrical 

conductivity and pH of waters at time of sampling. 

site name 
T (°C) 

(x) 
sample T (°C) 

(σ)  
EC (µs) 

(x) 
EC (µs) 

(σ) 
pH  
(x) 

pH  
(σ) 

Loch More (peat bog) 9.20 0.55 179.00 18.36 6.74 0.35 

River Thurso 6.60 0.10 97.00 15.59 8.03 0.05 

Thurso estuary 6.90 0.10 nd nd 8.12 0.39 

Halladale feeder stream 5.90 0.10 129.67 0.58 5.56 0.16 

River Halladale 6.50 0.10 76.33 11.93 8.15 0.04 

Melvich Bay (coastal plume) 6.78 0.10 942.50 65.00 8.03 0.25 

Key: nd = not determined due to instrument detection limits, T = temperature, EC = electrical 
conductivity. 

 

 

 

 

 

 

Electrical Conductivity 2018  
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A Welch ANOVA was conducted. Electrical conductivity (EC) amongst the sampled sites was found 

to be significantly different (F(4,4.37)=123.58, p=0.000). Table 4.3 presents the post-hoc Games-

Howell pairwise comparisons. EC for the Thurso estuary site was not measured because the 

combined pH/EC meter was limited to maximum a conductivity of 3999 µS cm-1 (Table 4.4). 

Table 4.4. Electrical conductivity (µS) by site (2018 sampling): grouping Information using the 

Games-Howell Method and 95% confidence.  

Site name N Mean Grouping 

Melvich Bay (coastal plume) 4 942.50 A 

Loch More peat bog 3 179.00    B 

Halladale feeder stream 3 129.67    B  C 

River Thurso 3   97.00        C  D 

River Halladale 3   76.33            D 

Means that do not share a letter are significantly different. 
 

The measured Thurso catchment sites (2018) had significantly different EC results. The peat bog 

site EC was significantly higher than the River Thurso; EC for the River Thurso estuarine site was 

not successfully measured. The Halladale catchment sites were all significantly different. The 

Halladale feeder stream had a higher EC than the River Halladale and the EC for the Melvich Bay 

coastal site was significantly higher than all the other sites. Both catchments displayed the same 

patterns of EC where measurements were highest in the coastal sites followed by the source sites 

and the lowest measurements were recorded in the rivers.      

 

 

 

 

 

pH 2017 and 2018 
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A one-way ANOVA showed significant differences in pH for the 2017 sampled sites (F(2,8)=28.00, 

p=0.001). A Tukey pairwise grouping confirmed that the River Thurso and River Halladale were 

not significantly different, however, Melvich Bay coastal site had a significantly higher pH.  

pH values for the 2018 sampled sites had significant differences (F(5,6.14)=113.04, p=0.001). 

Table 4.5 presents the post-hoc Games-Howell pairwise comparisons for pH.  

Table 4.5. pH by site (2018 sampling): Grouping Information Using the Games-Howell Method 

and 95% confidence. 

Site name N Mean Grouping 

R. Halladale 3 8.15 A 

Thurso estuary 3 8.10 A 

Melvich Bay (coastal plume) 4 8.03 A 

River Thurso 3 8.03 A 

Loch More peat bog 4 6.74     B 

Halladale feeder stream 3 5.56        C 

Means that do not share a letter are significantly different. 

 

In-stream measurements for 2017 and 2018 show an increase in pH from source sites to coastal 

sites. This is particularly evident for the River Thurso (2018). However, unlike the results, the pH 

for the Halladale coastal site at Melvich Bay does not differ significantly from the River Halladale 

for the 2018 results. 
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4.3.2 Iron and Carbon  

Figure 4.4. Iron (nM) and carbon (mg L-1) concentrations, 2017.  
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Carbon 2017  

Organic carbon (OC) and inorganic carbon (IC) in the less than 450 nm filtered operationally 

defined dissolved fraction (Figure 4.4).  

DOC 2017 

A Welch ANOVA was conducted. DOC amongst sampled sites were significantly different 

(F(2,2.71)=17.43, p=0.028).  

Table 4.6. 2017 sampling. Grouping Information Using the Games-Howell Method and 95% 

confidence (equal variances were not assumed for analysis). 

Site name N Mean (mg L-1) Grouping 

River Thurso 3 10.98 A 

River Halladale 3 9.26    B 

Melvich Bay (coastal plume) 3 8.92    B 

Means that do not share a letter are significantly different. 

There was no significant difference between the two Halladale catchment sites, however, River 

Thurso is significantly different to the Halladale catchment DOC (Figure 4.4 and Table 4.6).  

DIC 2017 

A Welch ANOVA was conducted. DIC at was significantly different for each site (F(2,3.24), 

p=0.000). 

Table 4.7. 2017 sampling. Grouping Information Using the Games-Howell Method and 95% 

confidence (based on equal variances were not assumed for analysis).  

Site name N Mean (mg L-1) Grouping 

Melvich Bay (coastal plume) 3 7.48   A 

River Halladale 3 2.49      B 

River Thurso 3 1.77         C 

Means that do not share a letter are significantly different. 
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The Melvich Bay coastal site had a significantly higher DIC concentration than the River Halladale. 

The River Thurso site had significantly lower DIC concentration than both Halladale catchment 

sites (Figure 4.4 and Table 4.7).  

Iron 2017 

Less than 66 nm: River Halladale, River Thurso and Melvich, 2017 (Figure 4.4)  

Descriptive statistics for iron concentration (nM) for the less than 66 nm physical size fraction by 

site, 2017. A Kruskal-Wallis test was conducted (H=5.60, 2 d.f., p=0.061). 2-sample Mann Whitney 

tests confirmed medians did not differ significantly (p>0.05). 

 Greater than 66 nm, less than 450nm: River Halladale, River Thurso and Melvich, 2017 (Figure 

4.4) 

Descriptive statistics for iron concentration (nM) for the greater than 66 nm, less than 450 nm 

physical size fraction by site, 2017. Kruskal-Wallis test was conducted (H=5.60, 2 d.f., p=0.061).    

2-sample Mann Whitney tests confirmed medians did not differ significantly (p>0.05). 

Less 450nm (Figure 4.5): River Halladale, River Thurso and Melvich, 2017 (Figure 4.4) 

Descriptive statistics for iron concentration (nM) for the less than 450 nm physical size fraction by 

site, 2017. A Kruskal-Wallis test was conducted (H=5.60, 2 d.f., p=0.061). 2-sample Mann Whitney 

tests confirmed medians did not differ significantly (p>0.05). 

Unfiltered (Figure 4.5): River Halladale, River Thurso and Melvich, 2017 (Figure 4.4) 

A one-way ANOVA was conducted. There were significant differences iron concentration in the 

unfiltered samples (F(2, 6)=168.90, p=0.000). Tukey pairwise comparisons (Table 4.8) show the 

mean groupings for the sites.   

 



115 

 

Table 4.8. Iron concentrations (nM) unfiltered sites, 2017. Tukey grouping information with 

97.80% individual confidence levels to obtain a 95% joint confidence level. 

Sample site (unfiltered) N Mean Grouping 

River Halladale 3 8614.7 A 

River Thurso 3 7891.2   B 

Melvich Bay 3 7260.9     C 

Note: Means that do not share a letter are significantly different. 

All sites (Table 4.8) have significantly different iron concentrations. The highest iron concentration 

was found in the River Halladale. Melvich Bay coastal plume had the lowest iron concentration. 

Iron concentrations in the Halladale catchment reduced from the river to the coast. 

Carbon concentrations 2018 

2018 carbon concentrations (Figure 4.5) were measured on the physically isolated size fractions: 

less than 400 nm and less than 66 nm.   

Table 4.9. Carbon concentrations in the measured fractions blanks and standards.  

Sample Name TOC TC IC 

Blank 0.213 0.4431 0.2299 

TC 10 9.798 9.989 0.1914 

Blank 0.091 0.3293 0.2387 

TC 10 9.696 9.898 0.2026 

IC 5 0.151 5.556 5.404 

Blank 0.090 0.3438 0.2533 

TC 10 9.567 9.76 0.1938 

IC 5 0.0133 5.066 5.053 

Blank 0.1374 0.3825 0.2451 

TC 10 9.666 9.843 0.1768 

IC 5 0.0613 4.981 4.92 
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Figure 4.5. Inorganic and organic carbon (mg L-1) for 2018: less than 400 nm and less than 66 nm 

physical size fractions. Error bars represent 1 x standard deviation. Total carbon for total 

procedural blank (TPB) = 0.78 (±0.21) mg L-1 and for Milli-Q® (18 MΩ) blank = 0.24 (±0.23) mg L-1. 

DOC 2018 

A one-way ANOVA was conducted. DOC <400 nm concentrations for each site were significantly 

different (F(5,12)=761.12, p=0.000). Tukey Pairwise comparisons are shown in Table 4.10.  

Table 4.10. DOC (2018) in the less than 400 nm physical size fraction. Tukey pairwise 

comparison table for all sites.  

Factor N Mean Grouping 

Halladale stream OC  <400 nm 3 11.0667 A 

peat bog OC<400 nm 3 10.343   B 

River Halladale OC <400 nm 3 8.4660     C 

Melvich Bay OC <400 nm 3 7.621       D 

River Thurso OC <400 m 3 5.7993         E 

Thurso estuary OC< 400 nm 3 0.6625           F 
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DOC was highest in the source sites with the lowest concentrations being found in the coastal 

sites. DOC concentrations in the sample waters decreased from source to sea in both catchments  

(Figure 4.5 and Table 4.11).  

DIC 2018 

A one-way ANOVA was conducted. DIC <400 nm concentrations for each site were significantly 

different amongst all sites (F(5,12)=2045.34, p=0.000). Tukey Pairwise comparisons are shown in 

Table 4.11.  

Table 4.11. DIC (2018) in the less than 400 nm physical size fraction. Tukey pairwise comparison 

table for all sites.  

Factor N Mean Grouping 

peat bog IC<400 nm 3 3.9347 A 

River Thurso IC<400 nm 3 3.41267    B 

Melvich Bay IC <400 nm 3 2.1837      C 

Thurso estuary IC <400 nm 3 2.0260        D 

River Halladale IC <400 nm 3 1.6313          E 

Halladale stream IC <400 nm 3 0.33173            F 

 

DIC in the Thurso catchment was highest in the Peat bog source site, followed by the River Thurso 

and the Thurso estuarine site had the lowest concentration. In the Halladale catchment, the 

estuarine site (Melvich Bay) had the highest DIC concentration followed by the River Halladale; 

the Halladale stream source site had the lowest DIC concentration. The Thurso catchment was 

higher DIC concentrations in both the source and river sites when compared to the Halladale 

catchment equivalent sites, however, the coastal site in the Halladale catchment (Melvich Bay) 

has a higher DIC concentration than the Thurso estuary (Figure 4.5 and Table 4.11). 
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A one-way ANOVA conducted was conducted. Organic carbon (OC) concentrations in the less than 

66 nm fraction were significantly different amongst all sites (F(5,12)=6565.66, p=0.000). Tukey 

Pairwise comparisons are shown in Table 4.12.  

Table 4.12. OC (2018) in the less than 66 nm physical size fraction. Tukey pairwise comparison 

table for all sites.  

Factor N Mean Grouping 

peat bog OC<66 nm 3 10.92 A 

Halladale stream OC <66 nm 3 9.69    B 

Melvich Bay OC <66 nm 3 5.55      C 

River Halladale OC <66 nm 3 4.63        D 

River Thurso OC <66 nm 3 4.40          E 

Thurso estuary OC <66 nm 3 0.63            F 

  

In the Thurso site OC concentrations in the less than 66 nm size fraction were highest in the peat 

bog site and the lowest are in the Thurso estuary. In the Halladale catchment the highest OC 

concentration is found in the Halladale stream source site. The coastal site at Melvich Bay had the 

lowest OC in the Halladale catchment. The Thurso catchment presents reducing OC 

concentrations from source to sea. The Halladale catchment followed the same initial trend, with 

a reduction in OC in the river compared to the source site, however, there was increased iron 

concentration from the river to the coastal site.  
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A one-way ANOVA conducted was conducted. There were significant differences in the inorganic 

carbon (IC) concentrations in the less than 66 nm fraction were significantly different amongst the 

sites (F(5,12)=2325.32, p=0.000). Tukey Pairwise comparisons are shown in Table 4.13.  

Table 4.13. IC (2018) in the less than 66 nm physical size fraction. Tukey pairwise comparison 

table for all sites.  

Factor N Mean Grouping 

peat bog IC <66 nm 3 4.02 A 

River Thurso IC <66 nm 3 3.60    B  

Thurso estuary IC <66 nm 3 2.14       C 

Melvich Bay IC < 66 nm 3 2.07       C 

River Halladale IC < 66 nm 3 0.75          D 

Halladale stream < 66 nm 3 0.33             E 

 

IC concentrations throughout the Thurso catchment were higher than those found in the 

Halladale catchment. In the Thurso catchment the highest IC is found was the peat bog source site 

and the lowest in the estuary, presenting a reducing trend from source to sea. In the Halladale 

catchment, the highest IC concentration was found in the Melvich Bay coastal site, and the lowest 

in the Halladale feeder source stream. The Halladale catchment presented increasing IC 

concentrations from the coastal site to the source site.  
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Iron concentrations 2018 

 

Figure 4.6. Iron concentrations (2018): Fe (nM) in River Halladale and River Thurso catchment by 

physical size fraction (ICP-MS). Physical size fractionation: 400 nm, 66 nm, 2 nm. Source sites are 

Halladale stream and peat bog, river sites are River Halladale and River Thurso, and coastal sites 

are Melvich Bay and Thurso estuary.   
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Iron in the less than 2 nm physical size fraction 

A one-way ANOVA conducted was conducted. Iron concentrations in the less than 2 nm physical 

size fractions have significant differences (F(4,10)=19.67, p=0.000). Table 4.14 presents the Tukey 

groupings.  

Table 4.14. Iron concentrations in the less than 2 nm size fraction: Tukey grouping Information 

99.18% individual confidence levels to achieve a joint 95% confidence level.  

Site N Mean Grouping 

Peat bog <2 nm 3 2551.00 A 

Melvich Bay <2 nm 3 1326.00  AB 

R. Thurso <2 nm 3 1170.00  ABC 

R. Halladale <2 nm 3 104.68  ABCD 

Thurso estuary <2 nm 3 66.11  ABCD 

Means that do not share a letter are significantly different. 

Thurso catchment sites for the less than 2 nm fraction iron concentrations significantly differ from 

each other. Decreasing concentrations were observed from the source site to the coastal site. In 

the Halladale catchment, the available data are limited to the river and coastal sites. The coastal 

site was significantly higher in iron concentration compared to the river (Figure 4.6 and Table 

4.14).  

Iron in the less than 66 nm physical size fraction 

A Welch ANOVA was conducted. Iron concentrations in the less than 66 nm physical size fractions 

are significantly different (F(5,5.03)=5517.40, p=0.000). Table 4.15 presents the post-hoc Games-

Howell pairwise comparisons.  
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Table 4.15. Iron concentrations in the less than 66 nm size fraction: grouping Information using 

the Games-Howell Method and 95% confidence.  

Site N Mean Grouping 

Peat bog <66 nm 3 4023.00 A 

Halladale stream <66 nm 3 3054.50   B 

Melvich Bay <66 nm 3 1887.14     C 

R. Halladale <66 nm 3 761.20       D 

R. Thurso <66 nm 3 409.37    E 

Thurso estuary <66 nm 3 67.70         F 

Means that do not share a letter are significantly different. 

All sites across the two catchments had significantly different iron concentrations in the less than 

66 nm fraction. The iron concentration decreased from source to sea in the River Thurso 

catchment. The source site (Halladale stream) had the highest iron concentration in the Halladale 

catchment, and the Halladale river presents the lowest iron concentration (Figure 4.6 and Table 

4.15).  

Iron in the less than 400 nm physical size fraction 

A Welch ANOVA was conducted. Iron concentrations in the less than 400 nm size fractions are 

significantly different (F(5, 5.47), p=0.000). Table 4.16 presents the post-hoc Games-Howell 

pairwise comparisons.  

Table 4.16. Iron concentrations in the less than 400 nm size fraction: grouping Information using 

the Games-Howell Method and 95% confidence.  

Site N Mean Grouping 

Peat bog <400 nm 3 15317.00 A 

Halladale stream <400 nm 3 3096.70    B 

R. Halladale <400 nm 3 2712.50      C 

Melvich Bay <400 nm 3 1935.40        D 

R. Thurso <400 nm 3 1919.40        D 

Thurso estuary <400 nm 3 139.30          E 

Means that do not share a letter are significantly different. 

In the less than 400 nm size fraction, iron concentrations in the River Thurso catchment decreased 

from source to sea. The Halladale catchment displayed the same decreases from source site to 
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coastal site. The coastal site for the Halladale catchment had similar iron concentration to the 

Thurso river. All other sites had significantly different iron concentrations.    

 

Iron in the unfiltered samples 

A Welch ANOVA was conducted. Iron concentrations in the unfiltered samples have significant 

differences (F(5,4.67)=467.22, p=0.000). Table 4.17 presents the post-hoc Games-Howell pairwise 

comparisons.  

Table 4.17. Iron concentrations in the unfiltered samples: grouping Information using the 

Games-Howell Method and 95% confidence.  

Site N Mean Grouping 

Peat bog 3 136388.00 A 

R. Thurso  3 5733.00   B 

Halladale stream  3 3252.00   B C 

R. Halladale  3 2805.40   B C 

Melvich Bay 3 2706.00      C  

Thurso estuary 3 524.69      C D 

Means that do not share a letter are significantly different. 

In the unfiltered samples, the Thurso catchment unfiltered iron concentrations were significantly 

different to each other and reduced from source site to coastal site. The Halladale catchment 

followed the same trend and there was no significant difference in the concentrations found 

between the source site and the river.  
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Iron and carbon relationships 2018 

 

Figure 4.7. Matrix plot for iron and carbon in the <66 nm size fractions by sampled site, 2018.  

Table 4.18. Pearson product-moment correlation coefficients were computed to assess the 

relationships between concentrations of iron and OC, iron and IC, and OC and IC in the <66 nm 

size fraction. 

 Fe<66 nm (nM) OC <66 nm (mg L-1)   

OC <66 nm (mg L-1)   r=0.954, p=0.000   

IC <66 nm (mg L-1) r=0.113, p=0.656 r=0.077, p=0.760 

 

The results indicate that there is a positive correlation between iron and OC in the <66 nm size 

fraction. There was no correlation between iron and IC or IC and OC in the same size fraction 

(Figure 4.7 and Table 4.18). 
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Figure 4.8 Matrix plot for iron and carbon (OC and IC) in the <400 nm size fractions by sampled 

site, 2018. 

Table 4.19. Pearson product-moment correlation coefficients were computed to assess the 

relationships between concentrations of iron and OC, iron and IC, and OC and IC in the <400 nm 

size fraction. 

 Fe<400 nm (nM) OC <400 nm (mg L-1)  

OC <400 nm (mg L-1)   r=0.550, p=0.018   

IC < 400 nm (mg L-1) r=0.562, p=0.015 r= -0.126, p=0.619 

 

The results indicate there is a positive correlation between iron and OC, and between iron and IC 

in the <400 nm size fraction. There was no significant correlation between iron IC and OC in the 

same size fraction (Figure 4.8 and Table 4.19). 
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 Iron concentrations 2018: AF4-ICP-MS  

ICP-MS element screening prior to AF4-ICP-MS 

 

Figure 4.9. Total sample iron concentrations from element screening prior to AF4-ICP-MS 

analysis. ICP-MS measured total iron concentrations in samples: Peat bog (<5000 nm), River 

Thurso (<400 nm), Halladale feeder stream (<5000 nm), R. Halladale (<5000 nm), Thurso coastal 

plume (<5000 nm) and Melvich Bay (<5000 nm). 

Total iron concentrations on samples filtered to < 5000 nm (River Thurso <400 nm) are shown in 

Figure 4.9. The peat bog had the highest iron concentration and there was a reduction, by three 

orders of magnitude in the Thurso estuary concentration. In the River Halladale catchment, there 
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was a reduction in iron concentration from the feeder stream to the river, and then an increase 

again in the coastal plume.    

A Welch ANOVA was conducted. Iron concentrations in samples filtered to <5000 nm (River 

Thurso has been excluded as there was no available unfiltered sample) are significantly different 

(F(5,5.36)=1464.08, p=0.000). Table 4.20 presents the post-hoc Games-Howell pairwise 

comparisons.  

Table 4.20. Iron concentrations in samples filtered to <5000 nm: grouping Information using the 

Games-Howell Method and 95% confidence.  

site N Mean Grouping 

Peat bog <5000 nm 3 146835.00 A 

Halladale stream <5000 nm 3 3384.40    B 

Melvich Bay <5000 nm 3 3294.80    B 

River Halladale <5000 nm 3 2256.20       C 

Thurso estuary <5000 nm 3 583.80          D 

Means that do not share a letter are significantly different. 

The iron concentration in the Thurso catchment samples decreased significantly from the Peat 

bog source site to the Thurso estuary. The iron concentration for the <400 nm fraction for River 

Thurso, measured during the screening, was 1754.86 (± 53.72) nM. The Halladale catchment had 

similar iron concentrations in both the Halladale source stream and the coastal site. The 

concentration in the Halladale River was lower than in the other two sites (Figure 4.9 and Table 

4.20).  
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Measurements using Dynamic Light Scattering (DLS) 

Particle size distribution was measured using dynamic light scattering (DLS) for samples shown in 

Figure 4.9. The mean hydrodynamic diameter (d.nm) of the included particles for the maximum 

zeta (ζ) average (Z-Average.) are presented in Table 4.21 . 

Table 4.21. DLS analysis samples (<5000 nm filtered/River Thurso prefiltration was 400 nm): 

maximum Z-Average (zeta (ζ) average) d.nm (standard deviations for the <5000 nm prefiltered 

samples (River Thurso prefiltration was 400 nm). percentage of iron in each eluted fraction with 

Site 1st fraction  
(% Fe) 

2nd fraction  
(% Fe) 

3rd fraction = 60 nm to DLS max.   
average (d.nm) ± standard 
deviation  
(% Fe) 

Peat bog Approximately 1.2 nm 
to 20 nm (1%) 

20 nm to 60 nm 
(48%) 

1150.27 ± 2206.02 
(51%) 

River 
Thurso 

Approximately 1.2 nm 
to 20 nm (23%) 

20 nm to 60 nm 
(43%) 

327.91 ± 1090.47 
(34%) 

Thurso 
estuary 

Approximately 1.2 nm 
to 20 nm (31%) 

20 nm to 60 nm 
(36%) 

682.97 ± 99.20 
(33 %) 

Halladale 
stream 

Approximately 1.2 nm 
to 20 nm (60%) 

20 nm to 60 nm 
(26%) 

2664.12 ± 2834.10 
(14%) 

River 
Halladale 

Approximately 1.2 nm 
to 20 nm 

20 nm to 60 nm 
(48%) 

1447.84 ± 2074.29 
(25%) 

Melvich Bay  Approximately 1.2 nm 
to 20 nm (20%) 

20 nm to 60 nm 
(40%) 

212.15 ± 458.46 
(40%) 
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Fractograms: AF4-ICP-MS 

 A

 

B      
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E

 

F 

Figure 4.10. AF4-ICP-MS fractograms: 56Fe and 57Fe mass flow in μg/min. A) Peat Bog, B) River 

Thurso, C) Thurso estuary D) Halladale stream E) River Halladale and F) Melvich Bay. Maximum 

particle size by intensity (Z-average) for each sample hydrodynamic diameter (d.nm). 
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Maximum particle size by intensity (Z-average) for each sample hydrodynamic diameter (d.nm) is 

shown in the DLS data in Table 4.21. The Thurso catchment fractograms show that most of the 

iron in the peat bog found in particles that are >20 nm, peaking at ~60 nm. However, there is a 

small peak evident on the >1.2<20 nm sized fraction. Although this is a small peak relative to the 

second peak (60 nm), iron concentrations are still elevated compared to the River Thurso and 

coastal sample. The River Thurso sample is composed of iron bearing particles which are found 

throughout the eluted size fractions, with peaks at ~2 nm and over the larger 60 nm range. As the 

river meets the coastal sea, the > 20 nm fraction is significantly depleted as iron is lost, however, 

there are detectable particles containing iron in the smaller 1.2 and 20 nm sized fractions.  

In the Halladale catchment, there is a significant iron spike at ~1.2 nm in the feeder stream 

sample where most of the iron appears to be found in <20 nm fraction. The larger particulate 

fraction (>60 nm) holds the least iron concentration in this sample. The River Halladale sustains 

iron between the 1.2 and 20 nm fraction, however, unlike the feeder stream, there is still 

evidence of iron-bearing particles over the larger particulate fractions and this sample appears to 

be fairly polydisperse. The coastal site at Melvich Bay then displays a bimodal distribution of iron 

containing particles with peaks evident at both ~2 nm and 60 nm. Iron concentrations appear to 

increase over this catchment compared to the Thurso catchment which decreases from source to 

sea.           
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AF4-ICP-MS iron concentration 

            

Figure 4.11. Iron concentrations, AF4 size fractionation (2018). Fe (nM) for AF4-ICP-MS physical 

size fractionation where: 1st fraction is approximately 1.2 nm to 20 nm; 2nd fraction is >20 nm to 

60 nm and 3rd fraction is >60 nm to maximum size detected with Dynamic Light Scattering (DLS)  
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Fe (nM) for AF4-ICP-MS 1st fraction: approximately 1.2 nm to 20 nm  

A Welch ANOVA was conducted. Significant differences were found in the iron concentrations in 

the 1st fraction (F(5,4.96)=58581.38, p=0.000). Table 4.22 presents the post-hoc Games-Howell 

pairwise comparisons.  

Table 4.22. AF4-ICP-MS iron concentrations in 1st fraction (approximately 1.2 nm to 20 nm): 

grouping Information using the Games-Howell Method and 95% confidence. 

Site 1st fraction AF4-ICP-MS N Mean Grouping 

Peat bog  3 2607.55 A 

Halladale feeder stream  3 590.00   B  

Melvich Bay  3 442.12     C  

R. Halladale  3 366.35       D  

R. Thurso  3 125.75         E  

Thurso estuary 3 18.72           F  

Means that do not share a letter are significantly different. 

Fe (nM) for AF4-ICP-MS 2nd fraction: 20 nm to 60 nm  

A Welch ANOVA was conducted. Significant differences were found in the iron concentrations in 

the 2nd fraction (F(5,4.69)=25028.77, p=0.000). Table 4.26 presents the post-hoc Games-Howell 

pairwise comparisons.  

Table 4.23. AF4-ICP-MS iron concentrations in 2nd fraction (approximately 1.2 nm to 20 nm): 

grouping Information using the Games-Howell Method and 95% confidence. 

Site 2nd fraction AF4-ICP-MS N Mean Grouping 

Peat bog  3 92448.00 A 

Melvich Bay 3 885.37   B  

R. Halladale 3 667.24     C  

Halladale stream 3 247.99       D  

R. Thurso  3 233.21         E  

Thurso estuary 3 21.9986           F  

Means that do not share a letter are significantly different. 
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Fe (nM) for AF4-ICP-MS 3rd fraction: greater than 60 nm  

A Welch ANOVA was conducted. Significant differences were found in the iron concentrations in 

the 3rd fraction (F(5,4.75)=27592.36, p=0.000). Table 4.24 presents the post-hoc Games-Howell 

pairwise comparisons.  

Table 4.24. AF4-ICP-MS iron concentrations in 3rd fraction (greater than 60 nm): grouping 

Information using the Games-Howell Method and 95% confidence. 

Site 3rd fraction AF4-ICP-MS N Mean Grouping 

Peat bog  3 98621.00 A 

Melvich Bay 3 871.75   B  

R. Halladale 3 345.81     C  

R. Thurso 3 183.22       D  

Halladale stream 3 128.81         E  

Thurso estuary 3 20.36           F  

Means that do not share a letter are significantly different. 
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4.3.3 Physical size fractionation comparison tables 

Iron concentration in the measured fractions versus mass balance calculation for the greater than 

66 nm, less than 450 nm physical size fraction for 2017 where TFF was employed is shown in Table 

4.25. 

Table 4.25. Iron concentration in the measured fractions versus mass balance calculation for the 

greater than 66 nm, less than 450 nm physical size fraction for 2017 samples: Tangential flow 

filtration. 

Sampling 
site 

(A)   
measured <450 nm minus 
measured <66 nm  
(mean ± sd) 
Fe(nM) 

 
 

(B)   
measured >66 nm<450 nm 
(mean ± sd) 
Fe(nM) 

(A minus B)  
difference in 
means  
Fe(nM)  

River 
Halladale  

6949.65 ± 117.65 minus  
662.83 ± 40.43 
= 6286.82 

6475.06 ± 41.18 
 
-188.24 
 

Melvich Bay  
6920.99 ± 15.15 minus  
644.79 ± 9.31 
= 6276.20 

4606.86 ± 472.73 
 
1669.34 
 

River 
Thurso  

6063.26 ± 18.37 minus  
934.12 ± 2.90 
= 5129.14 

4393.05 ± 464.32 
 
736.09 
 

 

There was a difference in the iron concentration between the two methods for all samples 

measured (Table 4.25). River Halladale had a lower iron concentration in the measured fraction 

(A) than was calculated from the two separately measured fractions (A minus B). Higher 

concentrations were found in the calculated fractions (A minus BB) than in the measured fraction 

(B) for the other two sampled sites.  
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Iron concentration in the measured fractions versus mass balance calculation for the greater than 

66 nm, less than 450 nm physical size fraction for 2018 where Jumbosep centrifugal devices were 

employed is shown in Table 4.26. 

Table 4.26. Iron concentration in the measured fractions versus mass balance calculation for the 

greater than 66 nm, less than 400 nm physical size fraction for 2018 samples: Jumbosep 

centrifugal devices. 

Sampling site (A)  
measured <400 nm minus 
<66 nm  
(mean ± sd)  
Fe(nM) 

(B)  
measured >400 nm<66 nm  
(mean ± sd)  
Fe(nM) 

Difference in 
means  
(A minus B)  
Fe(nM) 

Peat bog 
15317.01 ± 1689.60 minus 
4023.39 ± 177.48 
=11294.00 

10478.34  
± 45.58 

815.66  

River Thurso  
1919.37 ± 35.77 minus  
409.37 ± 16.88 
=1510.03 

1361.25  
± 59.89 

148.78  

Thurso estuary  
139.30 ± 27.19 minus  
67.71 ± 39.89 
=456.99 

550.34  
± 56.62 

-93.35  

Halladale 
stream  

3096.67 ± 22.67 minus  
3054.49 ±18.32 
=2490.80 

2667.60  
± 183.73 

-176.80  

River Halladale  
2712.47 ± 20.62 minus  
761.22 ± 2.25 
=92.90 

85.41  
± 12.69 

7.49  

Melvich Bay  
1935.40 ± 62.97 minus  
1887.14 ± 221.76 
=197.50 

174.64  
± 59.10 

22.86  

 

There was a difference in mean Fe for all samples measured for the Jumbosep (2018) size 

fractionation methods. All samples from sites, excepting Thurso estuary and Halladale stream, 

had higher iron concentrations in the measured fraction (B) compared to the calculated 

concentration from the separately measured fractions (A) (Table 4.26). 
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AF4- ICP-MS: total sample iron concentrations comparison with iron in the eluted fractions.  

Table 4.27. AF4-ICP-MS Fe (nM): comparisons between <5000 nm (<400 nm for River Thurso 

sample) filtered total sample iron concentration and AF4 fractioned iron concentrations. 

Fractions: 1st (approx. 1.2 nm to 20 nm), 2nd (20 nm to 60 nm) and 3rd (greater than 60 nm).  

site AF4 
fraction 

(A)  
<5000 nm 
filtered   
Fe(nM)  

(A) 
standard 
deviation     
Fe(nM)  

(B)  
AF4 fraction  
Fe(nM)  

(B) 
standard 
deviation  
Fe(nM) 

Difference 
(A-B)  
Fe(nM) 

Peat bog  
sum of  
fractions 

146834.99 5372.01 193676.70 n/a -46841.71 

  1st  n/a n/a 2607.55 84.12 n/a 

  2nd n/a n/a 92448.49 7063.45 n/a 

  3rd n/a n/a 98620.66 7377.53 n/a 

River 
Thurso 

sum of all 
fractions 

1754.86 53.72 
542.18 
(<400 nm 
fraction) 

n/a 1212.67 

<400 nm 
filtered 

1st  n/a n/a 125.75 11.08 n/a 

  2nd n/a n/a 233.21 21.38 n/a 

  3rd n/a n/a 183.22 17.82 n/a 

Thurso 
estuary  

sum of all 
fractions 

583.76 28.65 61.08 n/a 522.68 

  1st  n/a n/a 18.72 4.36 n/a 

  2nd n/a n/a 22.00 1.62 n/a 

  3rd n/a n/a 20.36 2.05 n/a 

Halladale 
stream 

sum of all 
fractions 

3384.37 71.63 845.94 n/a 2538.43 

  1st  n/a n/a 504.11 30.85 n/a 

  2nd n/a n/a 222.42 19.88 n/a 

  3rd n/a n/a 119.41 8.96 n/a 

River 
Halladale  

sum of all 
fractions 

2256.24 89.53 1379.40 n/a 876.85 

  1st  n/a n/a 366.35 32.14 n/a 

  2nd n/a n/a 667.24 54.01 n/a 

  3rd n/a n/a 345.81 28.89 n/a 

Melvich 
Bay  

sum of all 
fractions 

3294.83 53.72 2199.24 n/a 1095.59 

  1st  n/a n/a 442.12 39.60 n/a 

  2nd n/a n/a 885.37 75.26 n/a 

  3rd n/a n/a 871.75 52.33 n/a 



139 

 

There were differences in the iron concentration for the <5000 nm (total) samples compared to 

the sum of the AF4-ICP-MS fractions. The mean values had higher iron concentrations in the total 

samples for all sites excepting Peat bog where there was a lower concentration in the <5000 

sample compared to the summed fractions. It should be noted that the calculation in Table 4.27 

(‘Difference (A-B)’ column) considers only the mean values for the summed fractions.   

4.4 Discussion  

The main aim of the study was to facilitate the development of methods to explore the potential 

to employ synchrotron Mössbauer (SMS) techniques for the investigation of iron mineralogy in 

water-borne nanoparticles and colloids in natural waters. The main objectives were to i) quantify 

iron concentrations in size defined nanoparticle/colloidal fractions ii) determine which particle 

size fractions iron is associated with for both catchments studied: from source waters, through 

the rivers to the coastal plume iii) investigate relationships between organic and inorganic carbon 

concentrations in the nanoparticle/colloidal fractions were quantified and compared to the iron 

concentration results in the same size fractions and vi) investigate available isolation and 

concentration techniques for their effectiveness and applicability to SMS sample preparation.  

4.4.1 Particle fractionation 

As discussed in Chapter 1 (section 1.2), it is increasingly recognised that the operationally defined 

dissolved fraction is not composed of only aqueous phase but also contains nanoparticles and 

colloids. To better understand biogeochemical cycling and transport of elements it is apparent 

that the components of the dissolved fraction are identified (Gottselig et al., 2017). For this study, 

further defining nanoparticle and colloidal containing physical size fractions enabled investigation 

of iron concentration distribution within the dissolved fraction from terrestrial source waters, 

rivers and their estuaries. 
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 A variety of particle size fractionation methods were used over this study. This included exploring 

the use of AF4-ICP-MS at IBG-3 (Forschungszentrum Jülich) analysis, with a view to its applicability 

for future iron mineralogical studies on water-borne Fe-OM nanoparticles. The 2018 collected 

samples were used for this The AF4-ICP-MS, therefore, effects of long term storage should be 

considered when analysing the results presented in section 4.3.   

Particle size isolation for onward analysis 

Vacuum filtration (with filter membranes) was used to isolate the dissolved fraction (operationally 

defined as less than 450 nm) for samples in both 2017 and 2018. There are known issues with 

membrane filtration such as the underestimation of particulate matter in the filtrate (Gimbert et 

al., 2005). Alternative methods to physically isolate the dissolved fraction prior to further 

fractionation and onward (uncoupled) analyses were explored, however, when consideration was 

given to the availability of the equipment, and relatively low cost of the filter membranes, the 

decision was taken to continue with this accepted method.  

Two different techniques were used to isolate the less than 66 nm fraction: TFF and Jumbosep 

centrifugal devices. There were observed losses and gains in iron concentration for the TFF (Table 

4.25). One benefit of the TFF is that it has the capacity to deal with relatively large sample 

volumes as was the case in this study (in excess of 2 L) (Martin et al., 2018, Shah et al., 2020). 

However, in more dilute waters such as the ocean, the loss or gain of particles could have a 

significantly impact upon the reliability of iron and other element concentration results. As a 

result of these observations the decision to use Jumbosep centrifugal devices was made. There 

were also observed losses and gains in iron concentration when using the Jumbosep devices 

(Table 4.26). These are likely due to particulate material forming a particle cake on the 

membrane, resulting in clogging of the membrane pores (Zirkler et al., 2012). This can cause the 

unintended retention of smaller particles (Gimbert et al., 2005). Amicon Ultra-15 units were used 

to isolate the less than 2 nm size fraction in the 2018 study. The losses and gains were not 
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analysed for this study, however, it is expected that there are similar issues with membrane 

caking and pore clogging as visible accumulation of material on the membrane was observed 

during processing. It became apparent that alternative size fractionation methods should be 

investigated for future studies.      

Asymmetric flow field flow fractionation (AF4) 

Field flow fractionation (FFF) has been shown to be more successful in terms of particle recovery, 

than conventional methods, when investigating the distribution of colloids in aquatic 

environments (Gimbert et al., 2005, Baalousha et al., 2011). In a recent aquatic colloid study, 

Gottselig et al. (2020) concluded that, despite the potential for membrane interactions, there 

were no major losses of particles when employing AF4 coupled to ICP-MS. Similar studies have 

also shown AF4 recoveries to be between 70 and 99.5% (Gottselig et al., 2017, Baken et al., 2016).  

In this study, the measured <5000 nm (total sample) iron concentrations were greater than the 

summed fractions measured using AF4-ICP-MS fractions in all of the samples except for the Peat 

bog sample which was lower (Table 4.27). The truly dissolved fraction (<1.2 nm in this case) is 

accepted as the difference between the total sample iron concentration and the iron 

concentration in sum of the eluted fractions (Gottselig et al., 2020). The Peat bog results appear 

to be anomalous with the reported recovery data discussed above, however, there are a number 

of potential explanations. The lower concentration in the total sample measurement could be 

attributed to sedimentation of larger particles in the sample vial prior to AF4-ICP-MS for the size 

fractioned analysis, or possibly a block in the stand alone ICP-MS nebulizer during the total Peat 

bog sample measurement.  

As discussed in Chapter 2 (section 2.4.2), AF4 can be coupled to a variety of analytical instruments. 

In addition to this, Hu et al. (2020) have demonstrated the capability to collect the eluted size 

fractioned particles for onward analyses using stand-alone instrumentation. This reveals the 
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potential to use AF4 to collect nanoparticles and colloids from environmental water samples for 

onward iron mineralogy studies using SMS.    

4.4.2 Iron and carbon  

The first part of this study (2017 sampling) investigated the iron and carbon concentrations in two 

rivers and one coastal site: River Thurso, River Halladale and its coastal plume at Melvich Bay. The 

second part of the study, in 2018, extended the sampling to include the River Thurso estuary and 

two source water sites providing source, river and coastal sites for both river catchments. In the 

second study, carbon concentrations were measured in equivalent physical size fractions as the 

colloidal iron concentrations (<400 nm and <66 nm) to facilitate investigation of any relationships 

between OC, IC and iron concentrations. The results from the two sampling periods revealed 

differences in the carbon concentrations of both OC and IC. Carbon concentration data in the 

2017 study was limited to two river sites and once coastal site and only included one physical size 

fraction (Figure 4.4).  

When interpreting the results from this study it should be acknowledged that the sampling was 

conducted over two short time periods during 2017 and 2018. This was intentional, allowing time 

to be spent exploring methods for SMS technique development. To better understand the iron 

and organic matter dynamics, future studies using these methods should be more extensive and 

include seasonal studies to investigate fluxes of iron and carbon under different environmental 

conditions. An example of this can be seen in Muller and Cuscov (2017) and, as discussed in 

Chapter 1, should ideally also include iron mineralogy.  

Iron and carbon, 2017  

The 2017 concentrations of OC (<450 nm) were higher in the Thurso River than in the Halladale 

catchment sites (Table 4.6), and IC (<450 nm) concentrations were higher in the Halladale 

catchment sites compared to the River Thurso (Table 4.7). There were no significant differences 
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found in the iron concentration in the less than 450 nm size fraction for the 2017 sites sampled 

(section 4.3.2, Table 4.4). Two further iron fractions were isolated and measured; the less than 66 

nm fraction and the unfiltered samples. There was no significant difference in iron concentration 

across the sampled sites in the less than 66 nm fraction, however, the unfiltered iron 

concentrations were significantly different across the three sites (Table 4.8).  

Carbon and iron, 2018 

Iron concentration data for 2018 is shown in Figure 4.6. Iron was found to be positively correlated 

with both OC (p=0.018) and IC (p=0.015) in the <400 nm size fraction. There was no significant 

correlation between IC and OC (p>0.05) (Figure 4.8 and Table 4.8). Both iron and OC 

concentrations (<400 nm) decreased from source site to coastal site in both catchments (Figures 

4.5 and 4.6), consistent with previous studies in this area (Muller and Cuscov, 2017, Muller, 2018). 

Contrary to the 2017 results, OC was consistently higher in the Halladale catchment sites 

compared to the equivalent sites in the Thurso catchment. Furthermore, IC concentrations (<400 

nm) were higher in the Thurso catchments sites compared to the equivalent Halladale sites. 

Interestingly, a decrease in IC from source to coast was only observed in the Thurso catchment. 

The highest IC concentration in the Halladale catchment was found in the coastal site and the 

lowest in the source (Figure 4.5 and Table 4.11).  

Iron and OC were found to be positively correlated (p=0.000) in the less than 66 nm size fraction. 

There was no correlation between iron and IC nor between IC and OC (p>0.05) (Figure 4.7). The 

less than 66 nm iron (Table 4.15) and OC (Table 4.11) concentrations followed a similar source to 

coast reduction in concentration as the less than 400 nm fraction in the Thurso catchment. The 

same trend was not observed in the Halladale catchment. IC concentrations (<66 nm) in the 

Halladale catchment were highest in Melvich Bay and lowest in the source site, however, the 

Thurso catchment IC reduced in concentration from source to sea similar to the less than 400 nm 

fraction (Table 4.11). Iron in the truly dissolved fraction (<2 nm) reduced from source to sea in the 
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Thurso catchment, consistent with the other size fractions (<66 nm and <400 nm). The iron 

concentration in the coastal site for the Halladale catchment was higher than the river which, is 

consistent with the trend observed in the less than 66 nm fraction but not the less than 400 nm 

fraction. It should be acknowledged that there were no available data for the Halladale stream 

source site. Iron concentrations in the unfiltered samples followed the same trend of reducing 

iron concentration from source sites to coastal sites, however the concentrations in the Halladale 

source and river sites were not significantly different (Table 4.17). The trend in iron concentration 

in the unfiltered samples, over both catchments, was also observed in the data from the less than 

5000 nm fraction prior to AF4-ICP-MS (Table 4.20). Further research is needed understand the 

reasons for this. It is likely that the differences in geology, land cover, use and practices within the 

catchments will have an influence (Krachler et al., 2016) as will associated fluvial processes.  

The fractograms in Figure 4.10 show iron concentration associated with the particle size 

distribution for the 2018 samples. AF4 reveals a more detailed insight onto the components of the 

operationally dissolved fraction and can also be used to analyse samples containing larger colloids 

as is shown in Table 4.24. The DLS measurements revealed particle sizes in excess of 2000 nm for 

the samples analysed using AF4- ICP-MS (section 4.2.6), possibly due to aggregation during 

storage.    

4.4.3 Conclusion  

This study contributed to the development of SMS methods, informing sample preparation. In 

addition to this the iron concentration studies have investigated concentrations in physically 

defined nanoparticle and colloidal size fractions, contributing to understanding of iron and carbon 

transport through fluvial networks to the coastal ocean. However, both sampling campaigns were 

conducted over short time periods (2 days) during the Springtime (March and April). The limited 

sampling was intentional, allowing time to be spent exploring methods for SMS technique 

development. To better understand the iron and organic matter dynamics, future studies should 
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be more extensive and cover a longer time period to investigate the effects of seasonality, similar 

to the research presented by Muller and Cuscov (2017) or Gottselig (2020). As discussed in 

Chapters 1 and 2, the investigation of environmental iron-bearing nanoparticles and colloids 

should ideally include iron mineralogy.  
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5. Investigation of environmental iron nanoparticles and colloids with 

the 57Fe Synchrotron Mössbauer Source – a proof-of-concept study 

5.1 Introduction  

This chapter presents the development and success of a novel method to collect energy domain 

Mössbauer spectra of waterborne environmental iron-bearing nanoparticles and colloids using 

the Synchrotron Mössbauer Source (SMS), Nuclear Resonance Beamline at the European 

Synchrotron Radiation Facility, France. The mineralogy of nanoparticles and colloids in the 

operationally defined dissolved size fraction, greater than 60 nm and below 400 nm, is described. 

This study presents the capability, and potential employment of these SMS methods to 

investigate water-borne iron-bearing nanoparticles in a diversity of environments. 

As discussed in Chapter 1, iron plays a key role in global biogeochemical cycles. In aquatic 

systems, interactions tend to involve iron-bearing nanoparticles (<100 nm) and fine colloids (<450 

nm) which, are often amorphous (Hochella, 2008, Caraballo et al., 2015). There are repeated calls 

for physically size fractioned iron measurements to be accompanied by investigation of iron 

speciation and mineralogy, and other associated characteristics, which might influence iron 

transport, delivery to oceans and behaviour in water environments (Hawkings et al., 2014, Bagard 

et al., 2011, von der Heyden et al., 2012, Von Der Heyden and Roychoudhury, 2015, Von Der 

Heyden et al., 2019). These particles are often difficult to characterise mineralogically using 

conventional geochemical techniques (Schröder et al., 2016). Studies have examined the success 

of a variety of these analytical methods, however, even with the latest techniques available in X-

ray absorption spectroscopy (XAS), they have been unable to fully define the associated 

mineralogy (Von Der Heyden et al., 2019, Hawkings et al., 2014). Hawkings et al. (2014) 

investigated the export of glacial (meltwater) iron in three defined size fractions they described as 

suspended sediment bound iron (particles greater than 450 nm), colloidal/nanoparticulate iron 
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(less than 0.45 µm, greater than 20 nm) and ‘truly dissolved’ iron (less than 20 nm). They found 

that the fluxes of suspended sediment iron to the ocean were significantly higher than previously 

estimated, higher than aeolian dust, and also had the potential to be more bioavailable. 

Additionally, they suggested that the colloidal/nanoparticulate iron in glacial melt was likely to 

contribute increasing fluxes of potentially bioavailable iron to the oceans as climate warms, 

however, were unable to fully describe the iron speciation and mineralogy (Hawkings et al., 2014, 

Hawkings, 2016). In a more recent study involving the investigation of mineralogy of aquatic iron 

nanoparticles, Von Der Heyden et al. (2019) review of some of the analytical methodologies 

currently employed and offer an overview of their success using Fe L-Edge X-ray Absorption 

Spectroscopy. Despite the significance of this paper in the contribution to research in this field, 

the mineralogy is still not fully defined and is presented as broad groupings of ferrous, ferric and 

magnetite classes of iron(bearing) nanoparticles (10–100 nm). The authors conclude that, because 

of the diverse mineralogy and speciation of aquatic nanoparticles, further work should continue 

to focus on the iron-bearing nanoparticle speciation, biogeochemical behaviour and 

ecotoxicological impacts. Von Der Heyden et al. (2019)  present a useful, albeit brief, review of a 

selection of methods, however, have not addressed the success of Mössbauer spectroscopy 

(MBS) for iron mineralogical determination or explored the potential of Synchrotron Mössbauer 

Source (SMS).  

Mössbauer spectroscopy is a valuable technique for the investigation of mineralogy in iron 

bearing nanoparticles and colloids. It is successful in resolving the mineralogy in particles, even 

those in non-crystalline phases and in the superparamagnetic size range (<30 nm) (Gütlich et al., 

2010, Gütlich et al., 2012, Hepburn et al., 2020). By employing low temperature measurements, 

taking superparamagnetic materials below their blocking temperature, MBS is able to 

characterise them in a magnetically ordered state (Novak et al.). Despite its ongoing value and 

successful use to investigate a variety of materials, conventional Mössbauer spectroscopy (MBS) 

does not prove the most suitable of techniques for investigating some environmental samples, 
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particularly those in a water environment. This is often due to the dilute nature of the iron 

content within the sample matrix. Indeed, there are a number of variables that should be given 

consideration prior to embarking on MBS measurements, including: sample size, particle size, iron 

concentration, amorphicity/crystallinity of particles and sample matrix composition and structure 

e.g. solid or liquid. It should also be noted that MB only measures 57Fe and that the 57Fe isotope is 

present at only 2.20% in natural abundance (Poitrasson, 2007). Prepared conventional MB 

samples with diameters of less than 100 µm present difficulties as focussing radiation from 

radioactive sources and can often be coupled with small concentrations of iron in a sample; the 

time to obtain a good quality spectrum as the measurement time is directly proportional to the 

amount of Fe in a sample. This means that measurement success is sample dependent and is 

often intrinsically linked to sample preparation methods (Potapkin et al., 2012, Schröder et al., 

2016). Therefore, although conventional Mössbauer spectroscopy is well suited for the 

mineralogical characterization of nanoparticles, the dilute nature of the <400 nm fraction in 

natural waters likely pose issues in sample preparation and measurement success due to the 

dilute nature of iron in natural waters. In some cases, particularly in saline waters, sample 

preparation requires filtration exceeding 100s, or indeed 1000 litres of seawater, to gain enough 

material for a conventional MBS measurement. This is because the dilute nature of these 

nanoparticles and (fine)colloids in natural water environments constrains the resultant sample 

volume by yielding a mass of material to achieve only microscopic sample volumes and MB 

requires an optimal amount of 10 mg Fe cm2  in a given sample (Schröder et al., 2016). Even in 

river systems with a high iron load, initial sample volumes still require filtration of water volumes 

in the range of 10s to 100s of litres. Collecting large sample volumes is simply not viable if we are 

to successfully define iron mineralogy and its spatial and temporal interactions, understand 

transport mechanisms, and influences upon biogeochemical cycles and environmental processes.  

To demonstrate the challenges to optimise Fe concentrations in samples initial calculations of the 

volume of water needed to achieve this based on known iron concentrations, a worked example 
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from an existing study follows:  Fe concentrations in the <0.2 µm (described as ‘dissolved’) 

physical size fraction, from a creek in the north east of Scotland where iron is 2.64 mg L-1 (47274 

nM) (Krachler et al., 2016) would mean potentially filtering at least 4 to 5 L of creek water. In 

more iron dilute systems such as those with higher salinity, for example Loch Etive with ~20 psu 

(Chapter 3), where the 400 nm has an iron concentration of 0.05 mg L-1 (<900 nM), means filtering 

~200 L of water. In addition to this, Muller (2018) presented a table of measured iron 

concentration data of total dissolved iron (shown in the table as FeT) in marine waters. In this 

table, the studies presented are from waters where the speciation of iron is likely controlled by 

humic ligands, as is also expected of the sample waters in this present study (note that two of the 

entries in the table are from the River Thurso coastal plume which was also a sample site for the 

study presented in this thesis).  

 The data presented in Table 5.1 from Muller (2018) demonstrates the dilute nature of iron in the 

operationally defined ‘dissolved’ fraction from a selection of studies, over a range of salinities. 

These data show the total iron concentrations in some sample higher salinity waters as being less 

than 1 nM in the total defined dissolved fraction (as defined in the Table 5.1). It should be noted 

that this is the total dissolved fraction and, therefore, to begin to then probe iron speciation and 

mineralogy within further physically constrained nanoparticle and colloidal size ranges adds a 

further diluting factor to the process. However, as was explained in the introduction to this 

chapter, characterising the iron in particles over colloidal size ranges is paramount if we are to 

better understand the influences on or from biogeochemical interactions, and demonstrates the 

need to further develop methods to facilitate these investigations (Raiswell and Canfield, 2012).  
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Table 5.1. Iron concentrations from marine waters: Total Fe in marine waters, where humic 

ligands are expected to control iron speciation (adapted from Muller (2018)). 

region depth filter salinity *FeT reference 

 (m) (µm) (PSU) (nM)  
Transpolar Drift, 
Arctic Ocean 0-200 0.2 34.0-34.5 0.7 - 4.4 (Slagter et al., 2017) 

Nansen & 
Amundsen Basins, 
Arctic Ocean 500-4000 0.2 34.8-35.0 0.4 - 0.7 (Slagter et al., 2017) 

Thurso River 
plume, NE Atlantic 
(November) 1 0.4 29.4-34.9 86 - 573 (Batchelli et al., 2010) 

Thurso River 
plume, NE Atlantic 
(4 seasons) 1 0.4 4.8-34.8 82 - 5824 

(Muller and Cuscov, 
2017) 

Mersey River 
outflow, Irish Sea 15 0.2 30.0-34.0 2 - 9 

(Laglera and van den 
Berg, 2009) 

Mersey estuary, 
Irish Sea surface 0.2 18.8-32.2 5 - 85 

(Abualhaija et al., 
2015) 

Mediterranean Sea 0-100 0.2 37.5-38.9 0.3 - 3.0 (Gerringa et al., 2017) 

Mediterranean Sea 100-3000 0.2 38.3-39.2 0.2 - 1.4 (Gerringa et al., 2017) 

*FeT is total Fe, below the stated filter size in table, from published values in the cited 
articles. 

 

In contrast to the capabilities described above for conventional Mössbauer spectroscopy which, 

can only collimate i.e. filter out non-parallel gamma rays, the 57Fe Synchrotron Mössbauer Source 

(SMS) has a micron-sized diameter beam which, can be focussed to a spot size of 10 µm x 5 µm 

with high luminosity (without beam loss), provides a high data quality output, fundamental to 

investigate microscopic samples (Potapkin et al., 2012, Rüffer and Chumakov, 1996). The benefit 

of the SMS over conventional MB for this study is that microscopic sample volumes can be 

measured, thereby opening up the field of Mössbauer spectroscopy to investigate iron mineralogy 

and speciation in fairly iron dilute, but biogeochemically relevant systems, such as the oceans. 
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Additionally, SMS measurements are considerably faster than conventional MBS. The 57Fe 

Synchrotron Mössbauer Source (SMS) at ID18, ESRF has been previously used to determine iron 

speciation and mineralogy in environmental samples (Schröder et al., 2016) and in microscopic 

sample volumes (Potapkin et al., 2012, Smirnov et al., 1997). However, until this study, SMS had 

not been employed to investigate water borne iron bearing environmental nanoparticles and 

nanoparticles within the operationally defined dissolved fraction.   

In a pilot study, Schröder et al. (2016) demonstrated measuring river-borne environmental 

particles using the Synchrotron Mössbauer Source (SMS) for a larger particle physical size fraction 

i.e. larger than the operationally defined dissolved fraction. The pilot study by Schröder et al. 

(2016) obtained spectra from quartz fibre (nominal pore size of 0.7 µm) filter membrane ‘cakes’ 

which had been prefiltered using vacuum filtration on 100 µm nylon mesh. These results shown 

by Schröder et al. (2016) (shown in figure 5.1) helped to confirm the potential to employ SMS for 

the mineralogical investigation of nanoparticles and fine colloids in riverine and coastal 

environments. By measuring a larger particle size fraction (>700 nm<100000 nm) they provided 

the motivation for this current work; to develop methods that would facilitate investigation of 

smaller sized water-borne environmental colloids and nanoparticles within a physically size 

defined range. 
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Figure 5.1. Figure (adapted) from Schröder et al. (2016): SMS spectra on the > 700 nm 

particulate size fraction: ‘Map showing the northern coastline of Scotland, North is to the top. 

Arrows indicate sampling locations. The filters from the peat-draining Halladale and Thurso rivers 

are covered in dark material representing their high organic matter load. The coastal seawater 

filtrate is pale in comparison. Mossbauer spectra for the Halladale and Thurso rivers are identical 

and represent ferric iron (green doublet), most likely superparamagnetic iron (oxyhydr)oxides. The 

coastal seawater sample (Brough) contained 40 % of ferrous iron (purple and light blue doublets), 

most of it in the calcium-iron carbonate ankerite (purple doublet)’.  

Recent research has shown the ability of terrestrially derived, naturally occurring, organic-matter 

associated iron-bearing nanoparticles and (fine)colloids, within the operationally defined 

dissolved fraction (<450 nm), to transcend the salinity zone and be delivered by rivers and creeks 

to the coastal ocean (Krachler et al., 2010, Krachler et al., 2016, Batchelli et al., 2010, Muller and 

Cuscov, 2017, Muller, 2018). The studies in this thesis (Chapters 3 and 4) demonstrate that the 

majority of iron in the operationally defined dissolved fraction, carried by rivers to the coastal sea, 
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is found in the nanoparticle/colloidal size fraction, and is above the ‘truly dissolved’ cut off of 2 

nm. It was therefore necessary to develop a successful isolation and particle enrichment process 

to investigate the nanoparticulate and colloidal fractions using SMS techniques. It was deemed 

important to constrain initial sample volumes to a few litres of river water. Small volumes allowed 

for spatial and temporal variation to be maintained which, be lost with large sample volumes. 

Additionally, it is not practicable to collect large volumes of water in the relatively small-scale 

rivers and streams of interest which are a feature of the Flow Country in the North East of 

Scotland. Initial water sample volumes had to be sufficient to accumulate a mass of material, 

accommodated in a small volume vessel whilst remaining feasible in terms of iron concentration 

for a potentially successful SMS measurement. Therefore, iron concentration measurements by 

physical size fraction were paramount to inform the planning stages of the SMS sample 

preparation (Chapter 3 and 4) to inform initial water sample volumes.  

SMS Measurements were carried out at the Nuclear Resonance beamline ID18, European 

Synchrotron Radiation Facility. Development of sample preparation method for the measurement 

of water borne nanoparticles and colloids using the Synchrotron Mössbauer Source required 

method development and technique selection in to achieve the following: particle physical size 

fractionation, enrichment of the isolated particles, development of a sample holder and cryostat 

mount for SMS measurement and methods for optimal sample preparation.  

5.2 Methods 

5.2.1 Sampling sites 

The Flow Country sample waters explored in this study (Chapter 4) provide a starting point to 

begin to investigate the mineralogy of iron in natural water environments using SMS, adding to 

the understanding of biogeochemical cycling for climate vulnerable high latitude systems such as 

boreal peatlands and potentially sea ice and glacial melt inputs to the oceans. The initial 

development of the SMS method was performed on waters known to be rich in iron in the 
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operationally defined dissolved fraction. A known high iron content was expected to increase the 

possibility of encountering iron bearing nanoparticles and colloids than there would be in a more 

iron dilute matrix such as sea water, with the intention to later fine tune the methods to 

encompass such environments. This strategy was adopted to enable a proof-of-concept of the 

methods to be developed, and to provide a starting point for optimising them to investigate more 

dilute systems. Other advantages of selecting the sampling sites were for the reasons described in 

the introduction to this chapter, including: (i) the development could be performed on relatively 

small sample volumes of water and (ii) any resultant data produced could add to the existing and 

ongoing iron related research in this geographical area.  

Successful SMS measurements were obtained for two samples isolated from the greater than 2 

nm and smaller than 400 nm physical size fraction: Loch More peat bog (waters) and River Thurso 

water, within the River Thurso catchment, North East Scotland. It is in this size fraction, above the 

truly dissolved fraction where most of the iron is held in these samples (see results in Chapter 4). 

The sample sites were selected because they are shown to be significant sources of iron and 

organic matter to the coastal ocean (Krachler et al., 2010, Krachler et al., 2016, Muller and 

Tankéré-Muller, 2012, Muller and Cuscov, 2017, Batchelli et al., 2010, Schröder et al., 2016). River 

Thurso catchment data, iron and carbon concentrations are described in more detail in Chapter 4.  

5.2.2 Sample collection  

In the summer of 2017, the Scientists at the Nuclear Resonance Beamline, ID18 (ESRF) hosted me 

for an internship (6 weeks) which, was also financially assisted by a Marine Alliance for Science 

and Technology Scotland (MASTS) Postdoctoral and Early Career Researcher Exchanges (PECRE) 

award. This provided an opportunity to discuss the intention of the project with them and to test 

the first samples. To prepare for this opportunity the first sampling campaign was undertaken in 

April 2017. The samples were used for the development of the isolation and concentration steps 

as described in Chapter 4 and the first tests using SMS were undertaken. The initial testing and 
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development steps are described below. Based on the results of the initial testing at ID18 in June 

2017, beamtime was awarded for July 2018.  Sampling for the awarded beamtime (experiment 

EV-310) was then conducted over the dates 21 to 23 March 2018. It should be noted that this 

study was conducted in early spring. Muller and Tankéré-Muller (2012) conducted a series of 

sample collections over the period of a year and found that the water chemical parameters were 

affected by season. Despite this knowledge, it was proposed that for the purposes of this study 

i.e. to test the suitability of these methods for investigation of iron phases using synchrotron 

based Mössbauer techniques, it was acceptable to limit the sampling to a short window of time. 

Full sampling protocols and results are described in Chapters 3 and 4.  

5.2.3 Sample preparation for 57Fe Synchrotron Mössbauer technique: enrichment of 

nanoparticles and colloids  

The methods for physical size fractionation are described fully in Chapter 4, as are the results for 

the iron concentration within each physically sized fraction. The iron concentration results 

presented in Chapter 4 informed the development of the SMS methods presented here. Samples 

were processed through a 3-stage filtration and concentration procedure, as described. In 

addition, further concentration to enrich the nanoparticle/colloidal fractions was needed to 

prepare the samples for SMS measurement. These added steps effectively reduced the water 

content of the sample, optimizing the success of the SMS measurement. This further 

concentration step is described below.      

5.2.4 Isolation and concentration of physical size fractions  

The centrifugal devices, Jumbosep (66 nm filter membrane) and Amicon (2 nm filter membrane) 

used for the SMS beamtime preparation provided reasonably efficient concentration and particle 

recovery (see Chapter 4, section 4.3.3). Additionally, their components, and the ability to clean 

them to a high standard to allow for trace metal analysis were the reasons for their selection on 

this occasion. This selection also allowed for processing of aliquots for iron concentration 
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measurements, whilst retaining an identical system for water removal from the samples for SMS 

measurements. In this way the iron concentrations in the enriched fractions could also be 

measured without introducing further contamination or physical alteration to the processed 

samples. Isolation and concentration of two physical size fractions were processed: greater than 2 

nm, less than 66 nm and greater than 66 nm, less than 400 nm. The SMS preparation process 

steps are described bin Figures 5.1 and 2.    

Stage 1: vacuum filtration to isolate the 400 nm physical size fraction using (trace metal clean)  

0.4 µm track-etched polycarbonate membrane filters. 

Stage 2: the 400 nm filtrate from stage 1 was further physically size fractionated to concentrate 

the 66 nm to 400 nm fraction. This was achieved by feeding the 400 nm filtrate into acid clean 

Jumbosep™ Centrifugal Devices with clean, preconditioned (with sample water) low protein-

binding Omega™ membranes with polysulfone housing (molecular weight cut off (MWCO) 66 

nm).  

Stage 3: The final stage of processing, to isolate the greater than 2 nm less than 66 nm physical 

size fraction, was achieved by further centrifugation using acid clean, preconditioned (with 

sample water)  2 nm Amicon units (regenerated cellulose membrane with a 15 mL starting sample 

volume).  

At each processing stage an aliquot of each sample was retained and stored in acid clean Thermo 

Scientific Nalgene Round-bottom tubes for complete digestion and elemental analysis using 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). 

Stage 4: To enrich (effectively, further water removal) the nanoparticle/colloidal slurry for SMS 

measurement, the Amicon units were subject to a series of feeds, each being 12-15 mL in volume. 

Both the 2 nm to 66 nm (from step 3 above) and the 66 nm to 400 nm retentate from the 

Jumbosep units (stage 2) were centrifuged in the Amicon units. 
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Stage 5: The retentate ‘’slurry’’ from stage 4 was then drawn up into a borosilicate glass capillary 

(by capillary action) and frozen ready for SMS measurement. 
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Figure 5.1. Isolation and enrichment of nanoparticles/fine colloids for iron concentration 

measurements using ICP-MS and in preparation for SMS measurement.  

Stage 1: 400 nm vacuum filtration 

filtrate 

less than 66 nm 

filtrate 
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less than 66 nm 

filtrate 



159 

 

Stage 1: vacuum filtration to isolate the 400 nm physical size fraction. Stage 2: concentration of 

the 66 nm to 400 nm fraction. Stage 3: isolation of the greater than 2 nm less than 66 nm physical 

size fraction. The physical size schematic is adapted from Raiswell and Canfield (2012). 

                                                        

Figure 5.2. Enrichment of nanoparticle/colloidal fractions for SMS measurement.  
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Enrichment of the nanoparticle/colloidal slurry for SMS measurement: Amicon units (middle 

bottom photograph) were subject to a series of feeds for physical size fractions (A) and (B). Each 

retentate (A &B) was drawn up into a borosilicate glass capillary (by capillary action) and frozen 

ready for SMS measurement (Figure 5.2). The capillaries were then loaded into the OFHC copper 

sample holder cryostat mount (bottom photographs: left and right). The physical size schematic is 

adapted from Raiswell and Canfield (2012). 

5.2.5  Sample holder and cryostat mount development  

When considering the sample holder for SMS measurement there were some immediate 

considerations. These included: using a material that would tolerate temperatures down to 4.2 K, 

the ability to load the sample into the vessel, a route for the beam to reach the sample with 

minimal attenuation by the vessel, capability to retain the sample within the vessel before and 

during SMS measurement and the ease of alteration to the length of the vessel to accommodate 

different sample lengths based on relative, pre-measured element (particularly iron) 

concentrations. The cost limitations were also considered as manufacturing a prototype sample 

vessel could be costly, and it was decided to employ a readily available, inexpensive option for the 

initial tests. For these reasons borosilicate glass capillaries were chosen. Borosilicate glass has low 

coefficients of thermal expansion, which suggested it would be ideal for the low temperature 

measurements needed for successful SMS measurements (Bouras et al., 2009). In addition, a 

range of borosilicate glass capillaries is readily available, they are easy to clean, the constituents 

and capabilities are well documented and they are relatively inexpensive. The dimensions of the 

capillaries purchased for this experiment were: internal bore diameter 1.36 mm; diameter 

(external) 1.8 to 2 mm; wall thickness 0.28 to 0.32 mm; maximum internal volume ~145.27 mm3. 

It is possible to shorten these to better match the sample length (i.e. the sample thickness if the 

beam is directed through the internal bore), or indeed to select off the shelf or bespoke capillaries 

with a range of different dimensions.        
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SMS experiments should consider the following sample preparation: i) the beam should pass 

through the inner bore of the capillary; ii) the sample container should be long enough to reach 

the calculated optimum sample thickness; iii) as much water as possible should be removed . Also, 

because the samples are in suspension and need be frozen for SMS, a cryostat is needed during 

measurements. The cryostat is also needed to facilitate measurements down to liquid helium 

temperature (4.2K) as the samples are nanoparticulate and amorphous and therefore expected to 

display superparamagnetic behaviour. Measurements at 4.2 K take place below the 

superparamagnetic blocking temperature to gain full mineralogical information.  

5.2.6  Cryostat Mount Design 

The cryostat mount design was developed in conjunction with the ESRF, ID18 beamline scientists 

(Dr A. Chumakov and Dr D. Bessas) who then produced the technical drawings (Appendices for 

Chapter 5) that were used to produce the cryostat mount to specification using oxygen-free high 

thermal conductivity (OFHC) copper (Figure 5.3) by Dunblane Light Engineering (DLE) Limited 

Company, Fallin, Scotland.  

 

Figure 5.3. Photograph of completed OHFC copper cryostat mount prepared for introduction to 

the beam, ID18, ESRF, July 2018 (photograph credit: D. Wood). 
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SMS samples are shown photograph in Figure 5.3 (7 samples), loaded into borosilicate glass 

capillaries and housed in the oxygen-free high thermal conductivity (OFHC) copper cryostat 

sample holder and mount ready for SMS measurement. 

5.3 SMS measurement 

SMS spectra were collected at the Nuclear Resonance beamline ID18 using the nuclear 

monochromator as described by Potapkin et al. (2012) at the European Synchrotron Radiation 

Facility (Rüffer and Chumakov, 1996). The nuclear resonant monochromator employs pure 

nuclear reflections of an iron borate (57 FeBO 3) crystal. This provides 57Fe resonant radiation at 

14.4 keV within a bandwidth of ~6 neV, which is tunable in energy over a range of about ±0.6 μeV. 

In contrast to radioactive sources, the beam emitted by the SMS is fully resonant, up to 99% 

polarized, has high brilliance and can be focused to a 10 μm × 5 μm minimum spot size (Potapkin 

et al., 2012). Measurements were at low temperatures by employing a cryostat. The benefit of 

measuring at low temperature for these samples is two-fold. Firstly, although the samples had 

been condensed, removing much of the water, the particles remained in suspension and needed 

to be frozen to create a solid matrix, essential for Mössbauer measurement (Long and Grandjean, 

2003). Furthermore, because the samples contained iron-bearing amorphous nanoparticles and 

colloids, which display superparamagnetic behaviour, measurements at 4.2 K, below the 

superparamagnetic blocking temperature allows the acquisition of full mineralogical information.  

5.3.1 Introduction of sample to beam during EV-10, ID18, ESRF  

The SMS set up for experiment EV-310, July 2018 is shown below (Figure 5.4). This is the 

full optical scheme for SMS (adapted from Potapkin et al. (2012)), however, the figure has been 

adapted to include the sample introduction for this experiment (beam direction is right to left in 

this example).   
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Figure 5.4. Example set up of beamline ID18,ESRF adapted from Potapkin et al. (2012) with 

example sample construction (photograph B, credit: D Wood).  

Figure 5.4 presents the optical scheme for the Synchrotron Mössbauer Source : HHLM is the high-

heat-load monochromator; CRL is the compound refractive lens; HRM is the high-resolution 

monochromator; deflector (the deflector for the (111) reflection can be obtained using two 

reflections: Si(422) and Si(531)); 57FeBO3, high-quality single-crystal platelet (photograph A from 

Potapkin et al. (2012)); SL absorber is the single line absorber; KBM are the Kirkpatrick–Baez 

mirrors; sample represents the sample within the cryostat; Det. is the detector. The samples are 

housed in a borosilicate glass capillary, secured in a custom made OFHC (oxygen-free high thermal 

conductivity) mount (photograph B) within the cryostat in the beamline hutch. 
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5.3.2 Introduction of samples for measurement 

The nanoparticle/colloidal fractions shown in Figure 5.2 were collected as retentate in the Amicon 

Ultra 15 units and transferred to capillary tubes (acid clean borosilicate glass, cut to appropriate 

length for estimated sample thickness) for SMS measurement. The prepared samples were then 

frozen and housed within the cryostat mount, ready for introduction to the cryostat within the 

beamline’s experimental cabin (Figure 5.5).  

 

Figure 5.5. Samples prepared for SMS measurement. Photographs: A) pre-loaded borosilicate 

glass capillaries housed in OFHC cryostat mount & B) pre-frozen loaded capillaries in OFHC 

cryostat mount attached to sample mount holder (custom produced by DLE (Dunblane Light 

Engineering Limited Company, Fallin, Scotland) oxygen-free high thermal conductivity (OFHC) 

copper mount based on design produced by ID18 in collaboration, photograph C) loading the 

samples into the cryostat for introduction to the beam (ID18, ESRF, Grenoble, July 2018). 

(Photographs by D Wood, ID18, ESRF, 2018). 

Firstly, the sample holder was measured to locate the sample holder slots then samples were 

loaded and each sample was preliminarily measured to locate its centre for SMS measurement. 
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SMS linewidth was controlled between each sample measurement with the collection of a single 

line spectrum of K2Mg57Fe(CN)6 and the velocity scale was calibrated using natural iron foil.  

5.3.3 SMS spectral analysis 

Mössbauer spectra were calibrated using natural iron foil data provided by ID18, ESRF and 

evaluated with Recoil (University of Ottawa, Canada) using the Voigt-based fitting routine 

(Rancourt and Ping, 1991). Mössbauer parameters were compared to published literature values 

for Fe (oxyhydr)oxides taken from Cornell and Schwertmann (2003) and Murad and Schwertmann 

(1984). 

5.4 Results  

5.4.1 SMS sample variables 

As described in the methods section, the samples underwent water removal for SMS 

measurement. Table 7.5.1 shows the mass fractions and absorption coefficients for the River 

Thurso (2018 sampling)  and using ICP-MS data for total Fe and other element concentrations. 

Ideal absorber (sample) thickness was determined following the examples and calculations shown 

in Gütlich (2010) where the mass absorption coefficient (µe) can be calculated using the following 

equation:   

 µe = Σ ciµi 

Mass absorption coefficients (cm2 g-1) were calculated using methods described in Gütlich (2010) 

and Long et al. (1983). Mass absorption coefficients table can be found in Appendices for Chapter 

5 (section 7.5.1).  

Example: River Thurso water physical size fraction >66 nm<400 nm (57Fe (Energy 14.41 keV), EV-

310, ID18, ESRF, 2018). Using µe for H2O = 1.7 cm2 g-1 from Gütlich (2010). The total mass 

absorption coefficient (based on concentrations of known elements only) for this sample is found 
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to be µe = 1.699 cm2 g-1. The ideal absorber thickness is given by t’opt = 2/µe (for low nonresonant 

background, Nb<<N∞) as described by Gütlich et al. (2010), giving an ideal absorber thickness of 

(t’opt = 2/1.699 cm2 g-1) or 1.18 g cm-2, and the natural Fe in the sample is 0.21 mg Fe cm2. This iron 

concentration is less than the recommended ideal absorber, which is uniform with a thickness of 

∼10 mg/cm2 of natural Fe (Klingelhoefer et al., 2003). 

5.4.2 SMS spectra (March 2018 sampling) 

Preliminary sample scans were performed at the beginning of the experiment to make an initial 

assessment on which samples to target, thereby maximising the success of achieving successful 

measurement in the amount of beamtime that was available. The measurements allow the 

location of each sample (capillary) to be logged making it easier to locate them for measurement. 

In figure 5.6, the shape of the cryostat mount is visible where the peaks represent the X-ray 

passing through the sample slots.    

     

Figure 5.6. Preliminary measurements (scans) SMS, EV-310, ID18, ESRF, July 2018: focal spots for 

each sample within the cryostat mount (x-axis is the motor (units = mm); y-axis are counts (pf is 

the counter name). #1 to #7 are the positions of the 7 samples.  

#1         #2           #3         #4           #5         #6           #7 
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Table 5.2. Mössbauer fitting parameters for peat bog and River Thurso: A is T=77 K and B is 

T=4.2 K.  

 
A: Measurements at 77 K 
  

sample  
  

phase 
  

δ 
(mm s-1) 

ΔEQ 
(mm s-1) 

peat bog (1) Be 0.25 0.41 

peat bog (2) Fe3+ 0.48 0.78 

River Thurso (1) Be 0.25 0.41 

River Thurso (2) Fe3+ 0.55 1.13 

 
B: Measurements at 4.2 K   

Sample phase 
δ 

(mm s-1) 
ΔEQ 

(mm s-1) 
Bhf 
(T) 

Area 
(%) 

peat bog (1) Be 0.25 0.41 - 22 

peat bog (2) Fe3+ 0.61 0.10 45.69 22 

River Thurso (1) Be 0.25 0.41 - 28 

River Thurso (2) Fe3+ 0.47 1.37 - 27 

River Thurso (3) Fe3+ 0.57 0.04 46.63 34 
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Figures 5.7 to 5.10 show the fitted SMS spectra collected for the two samples: River Thurso and 

Loch More peat bog water in the isolated size fraction at controlled temperatures of T=77 K and 

T= 4.2 K.  

 

Figure 5.7. Ev-310, ID18, ESRF SMS Mössbauer spectrum for Loch More peat bog surface water 

and filtered particles sizes  >100 kDa (66 nm) <0.4 µm (400 nm) at T=77 K. The blue line shows 

the measured spectrum; the grey line is background signal from Fe in the Be lenses of the SMS 

setup; the yellow line represents Fe3+ in a superparamagnetic Fe (oxyhydr)oxide. Measurement 

time was 3 hrs 47 minutes. 
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Figure 5.8. Ev-310, ID18, ESRF SMS Mössbauer  spectrum for Loch More peat bog surface water 

and filtered particles sizes of >100 kDa (66 nm)<0.4 µm (400 nm) at T=4.2 K. The blue line shows 

the measured spectrum; the grey line is background signal from Fe in the Be lenses of the SMS 

setup; the yellow sextet represents Fe3+ in a magnetically ordered Fe (oxyhydr)oxide, most 

consistent with lepidocrocite. Measurement time was 5 hrs 7 minutes. 
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Figure 5.9. Ev-310, ID18, ESRF SMS Mössbauer spectrum for River Thurso water and filtered 

particle sizes of >100 kDa (66 nm)<0.4 µm (400 nm) at T=77 K. The blue line shows the 

measured spectrum; the grey line is background signal from Fe in the Be lenses of the SMS 

setup; the yellow line represents Fe3+ in a superparamagnetic Fe (oxyhydr)oxide. Measurement 

time was 3 hrs 55 minutes. 
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Figure 5.10. Ev-310, ID18, ESRF SMS Mössbauer spectrum for River Thurso water filtered 

particles sizes of >100 kDa (66 nm)<0.4 µm (400 nm) at T=4.2 K. The blue line shows the 

measured spectrum; the grey line is background signal from Fe in the Be lenses of the SMS 

setup; the yellow doublet represents remaining (super)paramagnetic Fe3+  and the orange sextet 

is Fe3+ in a magnetically ordered Fe (oxyhydr)oxide, most consistent with lepidocrocite.  

Measurement time was less than 6 hours.  

5.5 Discussion   

This study investigated the ability to employ the SMS at ID18, ESRF for the mineralogical 

characterisation of iron in water-borne environmental nanoparticles and colloids and has shown 

that SMS has been successful in the determination of the speciation and mineralogy of 

waterborne environmental iron nanoparticles and colloids. Previous thesis chapters explored the 

techniques and methods used to isolate and concentrate these particles from natural water 

samples. Here the methods employed are discussed in relationship to the outcomes of the SMS  
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experiment to better inform any future SMS studies on these environmental particles.  

5.6 Iron speciation and mineralogy  

Lepidocrocite has been assigned to the magnetically ordered components of the samples 

measured at 4.2 K i.e. the 2nd component of peat bog ((2) Fe3+) and the 3rd component of River 

Thurso ((3) Fe3+) as these data are consistent with the Mössbauer measurements presented by 

Murad and Schwertmann (1984). Lepidocrocite has a low Néel temperature of around 77 K 

(Murad and Schwertmann, 1984), Hirt (2002) suggests 52 K. At room temperature (RT) it shown to 

be is paramagnetic (Cornell and Schwertmann, 2003, Murad and Schwertmann, 1984). This study 

has not incorporated RT measurements due to the environmental nature of the samples, as 

discussed in the method development. However, despite the lack of data at RT, the 77 K 

measurements for the samples do not display fully magnetically ordered components. It is 

suggested that this might be due to the small particle sizes in the sample matrix, and the 

expectancy that naturally occurring iron (hydr)oxides are poorly crystalline as these can hinder full 

mineralogical determination. Additionally the influence of organic components upon mineral 

phase transformation has been shown to influence crystal morphology (Larese-Casanova et al., 

2010). It might be expected that the samples in this study present a higher quadrupole splitting 

compared to more crystalline samples measured in other studies (Cornell and Schwertmann, 

2003, Murad and Schwertmann, 1984). It should also be considered that, at around Néel 

temperature, atypical Mössbauer spectra might be produced, therefore, measurement well below 

this is recommended (Murad and Schwertmann, 1984).  
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Table 5.3. Comparison of the measured peat bog and River Thurso magnetically ordered 

Mössbauer parameters for Fe3+ (Lepidocrocite) in this study, alongside published (Lepidocrocite) 

data from Cornell and Schwertmann (2003) and references therein:   

Cornell and 

Schwertmann 

(2003) 

measuring 

temperature 

= 4.2 K 

isomer shift 

= 0.47 mm s-1 

quadrupole splitting 

= 0.02 mm s-1 

hyperfine field        

= 45.8 T 

Cornell and 

Schwertmann 

(2003) 

measuring 

temperature 

= 4.2 K 

isomer shift 

= 0.25 mm s-1 

quadrupole splitting 

= 0.02 mm s-1 

hyperfine field        

= 45.4 T (‘well 

crystalline natural 

sample’) 

This study - 

River Thurso 

Fe3+  

(3) 

measuring 

temperature 

= 4.2 K 

isomer shift 

= 0.57 mm s-1 

quadrupole splitting 

= 0.04 mm s-1 

hyperfine field        

= 46.63 T 

This study – 

peat bog Fe3+ 

(2) 

measuring 

temperature 

=  4.2 K 

isomer shift 

= 0.61 mm s-1 

quadrupole splitting 

= 0.01 mm s-1 

hyperfine field        

= 45.69 T 

 

The parameters presented in Table 5.3 show a higher quadrupole splitting for the peat bog waters 

compared to the River Thurso, an indication that the peat bog comprises particles possibly 

displaying a higher amorphicity than the river particles. However, additional techniques to 

investigate morphology, for example Transmission Electron Microscopy (as discussed in Chapter 

2, section 2.4.5), should be applied to better understand if these assumptions are indeed 

founded.  

The analysis and fitting parameters of the obtained data provided SMS spectra for the 

oxyhydroxide lepidocrocite (γ-FeO(OH) within both the peat bog waters and River Thurso in the 

nanoparticle/colloidal (66 to 400 nm) physical size fraction. Lepidocrocite is an iron mineral which 

was found to be a significant component of ochres that precipitated from low-pH (<5) waters in 

mine drainage (Bowell and Bruce, 1995). Loch More peat bog water pH value was recorded at 

6.74 (± 0.35) (Chapter 4, section 4.3). Peat bogs (sphagnum-dominated) are naturally acidic 
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(Clymo, 1984). Lepidocrocite is most commonly encountered in primary iron mineral weathering 

and is also found in iron ore deposits. It is present in hydrological environments, for example it 

can form in the presence of water in steel pipes and tanks, hence it’s alternative name 

hydrohematite. This mineral can be formed where there are distinct changes in redox potential 

which, favours free Fe2+ release from the lattice of iron containing silicates with a (near) ~neutral 

soil reaction (i.e. slow oxidation) (Raiswell, 2011). An example of this would be an environment 

with high soil organic matter (Alekseev and Alekseeva, 2000), as is found in peat bogs. This 

information about the formation of lepidocrocite aligns well with its presence in the peat bog and 

river water samples investigated in this study.  

Particle size 

There are observed differences between the peat bog and River Thurso samples Mössbauer data. 

There are also other differences amongst the other results for these samples such as particle size 

range. It should be noted that the particle size measurements were done using AF4-ICP-MS and 

dynamic light scattering after a period of cold storage. Therefore, there could have been changes 

due to aggregation and/or disaggregation within the samples and affecting the measured particle 

size. A range of other variables might also explain the differences in the results, such as microbial 

activity or location within the catchment i.e. peat bog (source) versus river. These two 

environments are recognised to often display differences including redox conditions, pH, 

biogeochemical cycling, carbon and other element concentrations and speciation (Krachler et al., 

2016, Kritzberg et al., 2014, Herzog et al., 2017, Von Der Heyden et al., 2019). 

Measured iron concentrations at the time of filtration for the two sample locations are an order 

of magnitude higher in the less than 400 nm size fraction for the peat bog sample compared to 

the River Thurso sample. In the SMS spectra for the River Thurso (Figures 5.9 and 5.10) and Peat 

Bog (Figures 5.7 and 5.8), differences in the mineralogy found between the two samples can be 

seen. Although both contain Fe3+ in lepidocrocite, the River Thurso sample still shows doublet 
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(Fe3+ ) at 4.2 K which, could be linked to the iron in the smaller particle size range found for the 

river compared to the peat bog. This might suggest the presence a more amorphous (transitional) 

Fe phase in the smaller size fraction (Li et al., 2011, Hinshaw, 2004). Further analysis is needed to 

determine why this other phase is present in the river alone, and indeed if there might be a 

relationship to particle size. It should be noted that these samples were not fully investigated 

using SMS and there is the potential for other Fe phases to be revealed that might have been 

missed in the achieved measurements.  

Proposed adaptations to optimise sample preparation and measurement might allow for more 

comprehensive datasets. Future SMS investigation might also benefit from the addition of AF4 

coupled to ICP-MS or DLS, and possible collection of collection of the eluted particles which could 

then be prepared for SMS. This was previously discussed in Chapter 4 (section 4.4.1). this method 

is yet to be fully investigated, however, there is the potential for it to provide a solution to 

mitigate any storage associated changes to particle size (aggregation/disaggregation), and to 

better align the iron mineralogy with particle size. A suite of complementary analyses should form 

part of future SMS investigation to facilitate the investigation of where the iron Fe-OM particles 

as was suggested by Von Der Heyden (2019).   

5.6.1 SMS method development 

Beamtime  

Experiment EV-310 was a proof-of-concept study. This constrained the parameters for the 

standard beamtime application made to the ESRF to facilitate test samples. Despite the time 

constraints, this experiment was successful in defining mineralogy in the samples and provided an 

opportunity to assess sample preparation to inform future studies. It is suggested that future 

beamtime application should factor estimated measurement times for each sample based on the 

measurements from this study and accounting for any future sample preparation optimisation. It 
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is expected that significant data would have been collected for some of the remaining samples if 

they had been measured for a longer time.  

Optimisation for future studies should consider alteration to the sample dimensions, increased 

enrichment of particles (water removal from the sample matrix) and adjustment of the beam 

focus. This should ensure optimal use of future beamtime awarded for sample measurement and 

include reasoned estimations of the measurement times per sample based on the observations 

made in the methods and results sections of this chapter.   

Sample preparation optimisation and SMS measurement 

There were some known reasons and some untested assumptions for data collection issues for 

these samples. Firstly, there may not have been sufficient iron in the sample (see ideal sample 

thickness calculations in results section). Additionally, as there was only one measurement per 

sample, and given the small spot size of the beam compared to the capillary bore area, it is a 

possibility that a successful attempt of measurement was missed. Furthermore, the samples may 

have been compromised in two ways: i) shattering of some capillaries was observed, possibly 

caused by sudden temperature change and compounded by overly long capillary length not being 

fully housed within the OFHC casing and, ii) it is possible that some borosilicate glass filings were 

included in the sample matrix. This is likely from the process of shortening the capillary length 

after sample loading in order to prevent the capillary damage, likely due to temperature change. 

Sample optimisation 

The results of this study suggest further optimisation of sample preparation is needed. The 

optimum (ideal) sample thickness is the thickness that will allow for measurement, using 

Mössbauer spectroscopy, to be conducted successfully in the shortest time period (Long et al., 

1983). Calculations for optimum thickness are partially dependent upon a number of known 

parameters. Samples for Mössbauer absorption measurements should contain sufficient 
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concentration of the 57Fe isotope (relative abundance in nature of 57Fe is 2.21% (Rickard, 2012)) 

and the γ-radiation must be able to penetrate the sample matrix (Gütlich et al., 2010). Mössbauer 

gamma rays are soft (energy: E0 ~14.4 keV) (Saito et al., 2019), and are therefore susceptible to 

being absorbed by nonresonant mass absorption. The decision to direct the beam along the 

internal bore of the borosilicate glass capillary negates part of this issue.  

Despite being able to overcome this issue by accessing the sample matrix alone, there is still a 

case to optimise the thickness of the sample being measured. The thickness of a sample affects 

both the strength of the Mössbauer signal and the intensity of the detected radiation due to the 

nonresonant mass absorption within the sample matrix. In the River Thurso sample the natural Fe 

in the sample is 0.21 mg Fe cm2.  An ideal absorber has ∼10 mg/cm2 of natural Fe and is uniform 

(Klingelhoefer et al., 2003). This paucity of iron demonstrates the need to further optimise sample 

preparation and sample holder construction.  

Consideration should also be given to the other components (elements) in the sample, in 

conjunction with the optimisation of “thin” absorbers, as has been described by Long et al. (1983) 

and Gütlich et al. (2010). Mössbauer absorbers (the sample) should ideally be homogenous and 

devoid of areas where the sample material is missing. Care should be taken when preparing 

samples, especially for those in this type of study sample due to the water content, additionally, 

care should be taken to ensure there are no void spaces in the capillary prior to freezing. For 

future SMS measurements, increased initial sample water volumes might provide a higher iron 

content (sample dependent), and a higher ratio of particulate matter to water in the sample could 

further enrich the particles of interest.  

Freeze drying is another option which might be considered for future SMS application, however, 

this technique introduces other limitations: small sample volumes and the ability to safely freeze 

dry with no significant loss of sample; the capillary action would be lost with no liquid matrix and 

an alternative sample vessel would need sought out and to ensure the sample was unable to 
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move during SMS measurement. As discussed, by applying the optimum sample thickness to the 

sample preparation procedure the sample holder can be constructed to accommodate both the 

beam spot size and the desired thickness of the sample, thus ensuring full measurement of the 

sample in the minimal measurement time with maximal signal to noise ratio (Gütlich et al., 2010).  

Sample preparation for SMS measurement should therefore include consideration of altering the 

dimensions of the samples i.e. capillary dimensions, removing more of the pore water and using a 

different capillary material to mitigate it shattering (possibly due to thermal expansion) which 

appeared to occur when the sample capillary was longer than the cryostat mount sample slot and 

also to prevent borosilicate glass particles from infiltrating the sample matrix when the capillary is 

cut to size. The dimensions of the sample capillary used in this study had an internal bore 

diameter of 1360 µm (r = 680 µm). Therefore, the beam had access to a sample with an area of 

1.45267×106 µm. As discussed in the introduction to this chapter, the minimum spot size the 

beam can be focused to is 10 µm x 5 µm and a sample diameter of <100 µm is possible for SMS 

measurements (Potapkin et al., 2012). Comparing the sample surface area to the beam size 

demonstrates the vast sample area available to measure as is shown in Figure 5.11. Consequently, 

much of the sample is missed by the beam, limiting data collection.  
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Figure 5.11.Sample dimensions for conventional Mössbauer spectroscopy and SMS: A) typical 

dimensions of a standard filter membrane used for conventional Mössbauer spectroscopy (at 

Mössbauer Spectroscopy laboratory for Earth and Environment at the University of Stirling), B) 

internal bore accessible area for beam for the capillaries used for this experiment (EV-310) 

(scale is 1:200) and C) enlarged area of capillary bore as in B) with beam spot size (scaled to 

relative internal bore area and beam spot size). 

Capillaries with a smaller internal bore are available. Figure 5.12 shows an example of how 

adjusting the capillary internal bore to be similar to that of the beam spot size might 

accommodate optimised SMS measurements. This capillary dimension change would provide the 

possibility to collect data for a full sample area. This would mean that the majority the sample 

could be accessed by the beam thereby avoiding the situation described in Figure 5.11. 

 

area of capillary internal bore: 

0.0145 cm2  

spot size of beam = 5x10-7 cm2 

(i.e. 10 µm x 5 µm) 

 

 

 

 

Typical area of 1.3273 x10-9 

cm2 used for Mössbauer 

spectroscopy  

A 

C 
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Figure 5.12. Optimisation of sample dimensions to allow full sample access of the beam. 

Proposed capillary options for future SMS measurements showing end view of capillary bore 

(blue) and beam spot size (red).    

Although changing to a capillary with a smaller internal bore (diameter) might appear an ideal 

option for this application, another possible challenge is then presented. When sufficient water 

has been removed from the sample to achieve an optimised measurement, the ability to 

successfully load the sample into the internal bore of the capillary might be compromised. This 

sample optimisation is planned for testing prior to further beamtime application.  

There are possible options for filling the capillary, if capillary action is compromised. These 

include, pre-loading a filling needle with the sample, or employing a glass cannula attached to a 

micro-syringe. The smallest possible inner diameter of capillaries accessed online ranges at 4- 5 

μm with differing wall thicknesses and standard manufacturing lengths of 1060 and 1500 mm. 

However, there are manufacturers who will make capillaries to specified dimensions. By using this 

approach (custom designed), it should be possible to obtain capillaries with inner diameter and 

wall thickness to fit the existing cryostat mount sample slots and avoiding extra costs. This should 

allow for testing of the optimal internal bore dimensions for SMS measurement whilst retaining 

the capability to load the sample into the existing cryostat mount.     

Any change to the capillary material should consider ease of alteration to the capillary length, and 

also the associated thermal properties i.e. the ability for the material to withstand low 

temperatures down to 4.2 K in order to gain full mineralogical information. It is also suggested 

there may be a possibility to alter the beam size so that it is not as focussed. This option should be 

Possible example: borosilicate glass capillary with an internal bore 

diameter similar to the spot size of the beam. The outer circle or 

rectangle represents the capillary and the inner red shape, the beam.  
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explored in the first instance as it could facilitate measurement of a larger sample area and 

negate capillary dimension alterations. It should be acknowledged, however, that any alteration 

to the beam focus should be investigated alongside any possible trade off for data acquisition and 

time constraints.  

As has been discussed over Chapters 3 and 4, future studies sampling campaigns would benefit 

from encompassing seasonality and changes through environmental boundaries e.g. salinity 

transects in river plumes and glacial or sea ice melt. This will help to elucidate the role these 

particles might play in biogeochemical cycling in source to sea transport. Here it is expected that 

Fe-OM particles might be delivering a pool of potentially bioavailable (through photochemical 

reduction, (siderophore) dissolution and/or protozoan grazing) iron to the coastal oceans or the 

sea shelf (Krachler et al., 2015, Krachler et al., 2016). Optimisation of the method could enhance 

SMS capabilities to include more iron dilute systems such as glaciers and glacial melt, sea ice, 

deep oceans and hydrothermal vents where definitive mineralogy has been shown to be lacking.  

5.7 Conclusions 

The experiment EV-310 at ID18, ESRF successfully demonstrated the ability to employ SMS to 

investigate iron speciation and mineralogy in water-borne environmental nanoparticles and 

colloids within the operationally defined dissolved size fraction of natural waters. These water-

borne, often amorphous, particles are shown in the literature to be complicated to characterise 

and defining iron mineralogy is particularly difficult (Chapters 1 and 2). SMS has the potential to 

contribute to our understanding of Fe-OM influences, and iron interactions with biogeochemical 

cycles, as these are expected to differ from the behaviour of mineral standards observed in 

existing experimental models (Von Der Heyden et al., 2019).  

Despite the need to optimise the sample preparation, the success of the method has been 

demonstrated for the first time during this experiment. The data obtained has given insight into 
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preparing for future SMS measurement of iron-bearing water borne nanoparticles and colloids 

and has hopefully given impetus to future SMS beamtime application success. This study presents 

the ability of the SMS to provide iron mineralogy data without the requirements of reference 

standards which, are often needed for other methods (Chapter 2, section 2.4.7).   

The results presented in this chapter are from beamtime experiment EV-310 at the European 

Synchrotron Radiation Facility (ESRF). The potential for future employment of SMS to further 

elucidate iron mineralogy associated with (natural) environmental nanoparticles and fine colloids 

has now been established, however, optimisation of the methods is needed. Ongoing 

development of this technique should provide insight into the role of iron in biogeochemical 

systems. SMS has the potential to define iron mineralogy in a diversity of environments where 

achieving only microscopic sample volumes is achievable, for example surface and deep oceans, 

returned samples from extraterrestrial locations, hydrothermal vents, sea ice and glacial melt.  
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6. Summary, conclusions and outlook  

The research has shown the success of the developed Synchrotron Mössbauer techniques to 

provide definitive mineralogy in water-borne environmental nanoparticles and colloids. The 

process of the method development provided insight into the effectiveness of particle size 

fractionation methods over a range of particles size fractions, and explored isolation and 

concentration techniques, investigating sample loss and providing recommendations for future 

studies. The studies also presented iron and carbon data and explored relationships, over 

catchments and particle size ranges.   

Iron and carbon  

The studies in Chapters 3 and 4 focused on iron concentrations from terrestrials sources to coastal 

sites. The initial purpose of these iron concentration investigations was to determine where, 

within the operationally dissolved physical size fraction, iron was associated with natural 

nanoparticles and colloids. The initial study was not as successful as anticipated in covering a full 

salinity transect, however, it was informative and highlighted limitations to the development of 

the SMS method. These included: limitations of physical size fractionation and concentration of 

particles, trace iron concentrations and the need for clean laboratory space, contamination issues 

for iron dilute samples, and storage versus processing capabilities. 

 As a result of the Loch Etive study, a decision to develop the methods in a more iron rich 

environment was made. This decision was taken to mitigate the low iron concentration issues with 

regard to sample processing times and volumes and also took account of contamination issues. 

Despite not having a clean laboratory facility, trace metal cleaning and clean lab practices were 

adopted as far as possible. Future studies should include this to avoid contamination of dilute 

samples, particularly when, as the intention for SMS, sea water is being processed or analysed. 

This led to the decision to locate the future sampling to the Flow Country.  
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There are many existing studies on organic matter and iron here, and research is ongoing due to 

the vulnerability of peatlands in this area (Andersen et al., 2018). The existing research was 

extremely informative when planning the sampling campaigns, and the ongoing interest in this 

geographical area suggested that future studies using SMS might be a good addition to the 

growing body of knowledge.    

 Data gathered in the Chapter 3 and 4 studies was used to inform the development of the SMS 

methods described in Chapter 5. However, it has also shown that, within the operationally 

dissolved size fraction of the studied waters, most of the iron is found in nanoparticles and colloids 

and that these particles sustain through rivers to the coastal mixing zones. Further studies at 

higher salinities should be done in order to reveal the extent of the transport.  

Additionally, the Flow Country studies in Chapter 4 reveal iron associations with both organic and 

inorganic carbon, however, these relationships are shown to vary in their strength over 

catchments, and particle size ranges. It would be advantageous to add organic matter 

characterisation to the studies. In doing so, if combined with iron mineralogy there is the potential 

to elucidate the mechanisms involved in Fe-OM associations and transport in aquatic 

environments. Further studies are needed to understand these relationships and it is suggested 

that they are approached from a multi-elemental perspective. The addition of the SMS method to 

add iron mineralogy to ongoing research would close knowledge gaps that are highlighted in the 

existing research such as the association of iron and humic and fulvic substances (Muller, 2018, 

Philippe and Schaumann, 2014, Pokrovsky et al., 2016). 

The studies in this project were constrained by time and funding availability. Therefore, the 

sampling campaigns were constricted to a very narrow window of time and the data gathered only 

provides a snapshot of the catchments studied. Ideally long-term studies over paired catchments 

would allow for better insight into Fe-OM water-borne particles (Gottselig et al., 2017). Catchment 
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studies should include other variables which contribute the chemistry of rivers. However, this 

requires collaboration and funding.  

Particle isolation and concentration  

Chapter 4 provides an analysis of particle size isolation methods: TFF, Jumbosep Centrifugal 

Devices, Amicon Centrifugal units and AF4 coupled to ICP-MS. The investigation revealed that there 

were instances of both sample loss and sample gain for all of the methods, however, concluded 

that the use of AF4- ICP-MS had a number of advantages. The recovery rate has been shown to be 

in excess of 90% (Gottselig et al., 2020), and it provides sample specific data that can be used to 

identify the components in the dissolved fraction of water i.e. elemental concentrations and 

particle size data. AF4  can be coupled to other instrumentation such as DLS or carbon analysers 

(Leeman et al., 2015, Jirsa et al., 2013). There is also the capability to collect the eluted size 

fractions for onward stand-alone analyses and it is suggested that this is explored for its 

applicability to the SMS method, replacing the previously tested filtration devices which had 

greater limitations. There are questions that need addressed, however. Ideally, the sample volume 

would need to be sufficient to provide SMS suitable iron concentrations as described in Chapter 5 

(Schröder et al., 2016, Gütlich et al., 2010). Would there be a need to remove water from the 

matrix? If so, then a method for that would need to be found or developed. It is suggested that 

this option is worth exploring seriously. AF4 coupled to ICP-MS would provide iron and other 

element concentrations in the selected size fractions using an identical system for each sample, 

mitigating filtration and instrument error. It should also limit the possibility of contamination from 

excess processing. If achievable, the combined methods, including onward SMS, has improved 

potential for further development, and for successful investigation of more iron dilute systems 

such as oceans, sea ice and glacial melt waters.      
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Optimising the SMS method for introduction to the beam 

Despite the success of the developed SMS methods there is still an apparent need to further 

optimise them. This is particularly pertinent for future iron mineralogical studies in more dilute 

environments such as sea water. The direction of the development should focus on optimising 

sample preparation and beam introduction methods presented in Chapter 5 (5.6.1).  

It is recommended that to gain further insight into this development, an extended study should be 

carried out, similar to the studies presented in Chapters 3 and 4. Ideally, continuing to investigate 

source, river and coastal sites. Iron mineralogy should ideally form part of nanoparticle and colloid 

studies investigating elemental fluxes of other elements and organic matter (Hochella et al., 2008, 

Raiswell and Canfield, 2012).  

There are numerous options to consider with regard to optimising the sample holder, as discussed 

in Chapter 5. These include efforts being made to remove more water by exploring the filtration 

methods above. Once the particles are isolated, ultrafiltration units can be used as they were for 

this project, however, there are other available options such as the Rocket Evaporator, which is 

able to concentrate large sample volumes of water rapidly and without the previously discussed 

membrane filtration issues (Hirave et al., 2020).  

After water removal there are also a number of ways to optimise the sample vessel by changing its 

dimensions to ensure that the beam is focused on the full sample, or by adjusting the beam focus 

to achieve the same result. If changing the sample vessel, then consideration must be given to the 

ability to load it with the sample. This is, however, a relatively low cost option. If changing the 

beam focus then there is a risk that the measurement time will over extended (Potapkin et al., 

2012, McCammon, 1994). It is apparent that there needs to be a balance between these two 

variables.  

When considering the use of SMS in the future there is an advantage to the costs involved in the 

use of the method. If beamtime is awarded by the ESRF the costs are covered and that part of the 
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research should not need further external funding, however, the future of the SMS research 

project is dictated by whether beamtime is awarded or not. Also, the length of beam time is 

crucial and if sample preparation is not fully optimised, opportunities for data collection will likely 

be lost.     

This project has developed and shown that these novel SMS methods are capable of providing 

definitive mineralogy for water-borne Fe-OM nanoparticles and colloids, and also revealed that Fe 

(oxyhydr)oxide particles are associated with suspended particles in river waters. Going forward 

the SMS method has applicability in a variety of environmental settings where other techniques 

not yet provided definitive mineralogy (Von Der Heyden et al., 2019). There is the potential to 

develop SMS for the determination of iron mineralogy in microscopic samples that are held in an 

aqueous matrix, such as sea water, lake waters, sea ice or glacial melt. Chapter 2 considered a 

variety of techniques to investigate water-borne environmental iron-bearing nanoparticles and it 

was clear that the techniques, including other synchrotron techniques, have not yet been 

developed sufficiently to provide definitive mineralogy for these particles.  

The priorities for the future of the SMS methods are to optimise sample collection, size 

fractionation and particle concentration methods in collaboration with multi-element/OM 

investigations. Ideally, long term studies involving seasonal influences and over paired 

catchments. In the meantime, the immediate priority is to explore the optimisation options for 

sample introduction to the beam.   
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7. Appendices 

7.1 Appendices for Chapter 1 

7.2 Appendices for Chapter 2 

Table 7.1. Iron bearing nanoparticles: considerations for choice of characterisation techniques 

and instrumentation. All searches were conducted over timespan 1900 to 2020 inclusive. The 

table reflects citations to source items indexed within Web of Science Core Collection and 

limited to the top 50 cited highest times cited where returned results exceeded n=50. 

Instruments and techniques included are compiled from those cited in the discovered literature. 

Search terms by topic(s) 

 

Instrument or technique  

Mineralogy  

(mineralogy refined by: 

techniques AND bulk 

characterization) 

 

Powder X-ray diffraction (XRD), transmission electron microscopy (TEM), 

X-ray computed tomography (CT) & µCT, visible and near-infrared 

reflectance spectroscopy (VNIR), Wavelength- 

Dispersive X-ray fluorescence (WD-XRF), Fourier-transform infrared 

spectroscopy (FTIR), mineralogy mapping using Energy-Dispersive 

Scanning Electron Microscopy (EDS-SEM/SEM-EDX/SEM-EDS), X-ray 

absorption spectroscopies (XAS) e.g. X-ray Absorption Near-Edge Structure 

(XANES), EXAFS techniques, X-ray microprobe techniques, infrared Raman 

spectroscopies, nuclear and magnetic spectroscopies, low-energy electron 

diffraction, X-ray reflectivity, X-ray standing wave methods, X-ray 

photoelectron and Auger electron spectroscopies, secondary ion mass 

spectrometry, scanning tunnelling and atomic force microscopies, laser 

confocal microscopy, environmental scanning electron microscopy, 
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sequential extraction techniques, Mössbauer spectroscopy, 

Thermogravimetric Analysis. 

 

Nanoparticle mineralogy 

(mineralogy refined by: 

particles AND techniques 

AND characterization AND 

nanoparticles) 

 

 

XRD (µXRD), FTIR, SEM-EDX, Raman spectroscopy, Mössbauer 

spectroscopy, microscopy techniques, standard mineral magnetic 

techniques, XAS methods (XANES, EXAFS), TEM, Scanning transmission 

electron microscopy (STEM), Focused ion beam–scanning electron 

microscopy (FIB–SEM), micro X-ray fluorescence, High Resolution-

Transmission Electron microscopy (HR-TEM)/EDS/selected-area diffraction 

pattern (SAED), Field Emission-Scanning Electron Microscopy (FE-

SEM)/EDS) analysis, Electron probe micro-analyser (EPMA)(with WDS), 

sequential extraction techniques.   

Environmental 

nanoparticle (mineralogy) 

(environmental 

nanoparticles refined by 

mineralogy AND 

characterisation)  

 

XRD, HR-TEM, HR-TRM/EDS/SAED, Raman spectroscopy, FE-SEM, NMR, 

Mössbauer spectroscopy, synchrotron methods (including (µ-) XRD, XRF, 

XAS), infrared techniques, X-ray microprobe techniques, nuclear and 

magnetic spectroscopies Particle-induced X-ray emission (PIXE), scanning 

tunnelling and atomic force microscopies, FIB, AFM. 

Iron bearing nanoparticles 

(mineralogy) 

(nanoparticles refined by 

iron AND mineralogy) 

scanning electron microscopy (SEM), TEM/HR-TEM/STEM (mode), 

electron microprobe, X-ray diffraction (XRD including µ-), X-ray absorption 

fine structure (XAFS) spectroscopy (including XANES and EXAFS), 

sequential extraction techniques, synchrotron X-ray total scattering, low 

temperature magnetic measurements, Mössbauer spectroscopy, 

(microscopic) XRF, Electron energy-loss spectroscopy (e.g. TEM-EDS & 

EELS), XPS, NMR, AFM.  
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Iron bearing 

environmental 

nanoparticles (mineralogy) 

(environmental 

nanoparticles OR natural 

nanoparticles refined by 

iron AND mineralogy) 

Microfocused XAFS (e.g. µ-EXAFS, µ-XANES) XAS methods (EXAFS, XANES), 
(µ-)XRF, (µ-)XRD, TEM, HR-TEM, FE-SEM, NMR, Scanning Transmission X-
ray Microscopy (STXM), Mössbauer spectroscopy and Synchrotron 
Mössbauer techniques (SMS). 

Iron bearing nanoparticles 

in aquatic environments 

(mineralogy) 

(nanoparticles refined by 

iron AND aquatic AND 

environment AND natural) 

XAS and µXAS techniques, Mössbauer spectroscopy and Synchrotron 

Mössbauer techniques (SMS). 

 

7.2.1 Abbreviations list for Table 2.2 

Transmission electron microscopy (TEM), X-ray powder diffraction (µXRD), Dynamic light 

scattering (DLS), Nanoparticle tracking analysis (NTA), High resolution-Transmission electron 

microscopy (HR-TEM), Scanning electron microscopy (SEM), Atomic Force Microscopy (AFM), X-

ray Absorption Spectroscopy (XAS), Extended X-ray absorption fine structure (EXAFS), Near edge 

X-ray absorption fine structure (XANES), Ferromagnetic resonance (FMR), Differential centrifugal 

sedimentation (DCS), Inductively coupled plasma mass spectrometry (ICP-MS), Ultraviolet–visible 

spectroscopy (UV-Vis), Matrix-assisted laser desorption/ionization (MALDI), Nuclear magnetic 

resonance spectroscopy (NMR), Tunable Resistive Pulse Sensing (TRPS), Elliptically polarized light 
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scattering (EPLS), X-ray photoelectron spectroscopy (XPS), ICP- Optical Emission Spectrometry 

(ICP-OES), SEM-Energy-dispersive X-ray spectroscopy (SEM-EDX), Magnetic force microscopy 

(MFM), Low-energy ion scattering (LEIS), Scanning Transmission Electron Microscopy (STEM), 

Small-Angle X-ray Scattering (SAXS), Nanoparticle tracking analysis (NTA), Differential thermal 

analysis (DTA), Electron energy loss spectroscopy (EELS), Fourier transformation infrared 

spectroscopy (FTIR), Secondary ion mass spectrometry (SIMS), Thermogravimetric analysis (TGA), 

Magnetic small-angle neutron scattering (SANS), Brunauer, Emmett and Teller theory (BET), 

Electrophoretic mobility (EPM), Resonant Mass Measurement-Micro Electro-Mechanical Systems 

(RMM-MEMS), Particle tracking analysis (PTA), Differential centrifugal sedimentation (DCS), Sp-

ICP-MS, electron backscatter diffraction (EBSD), UV-vis-near-IR spectroscopy (UV-Vis-NIR), 

Electron energy loss spectroscopy-Scanning Transmission Electron Microscopy (EELS-STEM), 

superconducting quantum interference device (SQUID), Vibrating Sample Magnetometer (VSM), 

X-ray magnetic circular dichroism (XMCD), Asymmetrical flow field-flow fractionation (AF4). 
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7.3 Appendices for Chapter 3 

7.3.1 Physical size parameters 

 

Figure 7.1. Operationally defined physical size fractions: filterable iron diagram, adapted from 

Raiswell and Canfield (2012). Physical size fractions as defined by Raiswell and Canfield (2012) 

are shown in the bottom section of the diagram and the top two bars show the defined physical 

size fractions relative to this study. 
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Figure 7.2. Spherical particles detected and measured by Muller and Cuscov (2017): images are 

Wet scanning electron microscopy (WETSEM) showing aquatic organic colloids and are 

accompanied in each figure (labelled B to E) with the corresponding energy dispersive X-ray 

analysis (EDXA) for water samples collected from River Thurso catchment and its estuary: 0 psu 

(images C and E) and at 30 psu (images B and D) (Muller and Cuscov, 2017).    

7.3.2 Acid Digest  

Protocols provided by SAMS 

Unless otherwise indicated, hotplate temperature is 120 °C. Acid-cleaned 15 mL Teflon vials with 

6 M hydrochloric acid (HCl) were leached on the hotplate for min 30 mins, followed by rinsing in 

DI. The vials were left to dry on the outside. Samples were shaken to suspend all particles and an 

aliquot 10 ml into 15 ml Teflon vial. This was evaporated to dryness on the hotplate (~24 hours). 

High purity reagents were used throughout the following processes.  
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Removal of organics  

Organics were removed by adding concentrated hydrogen peroxide (H2O2) to the cold sample 

vials, loosely capped and left to react for approximately 30 mins, capped and fluxed for 30 mins 

(checked for gas build up) then left to flux on hotplate overnight. Samples were then evaporated 

to dryness. 

Digestion of silicates 

Concentrated hydrofluoric acid (HF) and concentrated nitric acid (HNO3) were added to the 

sample vials in a 4:1 ratio, capped tightly and fluxed for 2 days then evaporated to dryness.  

Concentrated HNO3 (0.2 mL) was added, dried down and repeated twice more. The vial was left to 

cooldown, 5 ml 2% HNO3 and indium aliquot, capped tightly and fluxed for 30 mins. Once the 

samples were checked for full digestion.  

7.3.3 Ferrozine assay calibration curves 

 

 

Figure 7.3. Ferrozine assay calibration curves.  
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7.4 Appendices for Chapter 4 

7.4.1 AF4- ICP-MS elution times. Injection volume = 0.005 L (Gottselig et al., 2014, 

Nischwitz et al., 2016).  

fraction name physical size peak name elution time (s) 

1st fraction  1 kDa (approximately 

1.2 nm) to 20 nm 

1st peak  32.0 to 39.9 

2nd fraction  greater than 20 nm, 

less than 60 nm 

2nd peak  40.0 to 59.9 

3rd fraction  greater than 60 nm 3rd peak 60.0 to 95.0 

 

Calibration data regression parameters for AF4 data: 

AF4 data (standards matrix) (Nischwitz and Goenaga-Infante, 2012). 
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7.5 Appendices for Chapter 5 

7.5.1 Mass absorption coefficients   

Table 7.2. Mass absorption coefficients from Gütlich (2010): ‘Values taken from Long, G.J., 

Cranshaw, T.E., Longworth, G.: In: Stevens, J.G., Stevens, V.E., White, R.M., Gibson, J.L. (eds.) 

Mössbauer Effect Reference and Data Journal, p. 42. Mössbauer Effect Data Center, North 

Carolina (1983)’. 
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7.5.2 Cryostat mount – technical drawings: Oxygen-free high thermal conductivity (OFHC) 

copper sample holder/mount and clamp for cryostat (drawings produced by ID18, 

ESRF, Grenoble in collaboration). 
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7.5.3 EV-310, SMS lab book. ID18, ESRF, July 2018. 
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