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ABSTRACT 

 

 The biogeochemistry and ecological function of groundwater-dependent 

ecosystems (GDEs) is fundamentally linked to surface water - groundwater 

interactions, which may be highly variable both spatially and temporally, particularly 

under Mediterranean climates. Altering the hydrology of GDEs (e.g. drainage) in 

areas impacted by acid sulfate soils (ASS) can trigger acidification and the release of 

metals into the environment. In addition, GDEs frequently display high 

concentrations of dissolved organic matter (DOM) which can interact with iron (Fe) 

cycling typically found in ASS impacted systems. In some regions, ASS systems also 

display high concentrations of aluminium (Al), which also interacts with DOM, 

creating DOM-metal complexes. The molecular configuration of the DOM-metal 

complexes often controls the bioavailability and reactivity of both the metals and the 

DOM, yet relatively little work has been done on the dynamics of these interactions. 

This PhD study aimed to quantify seasonal variability in pH, Fe, Al and DOM 

concentrations in surficial groundwater and surface waters of an ASS-impacted 

coastal wetland, to quantify the impact of groundwater – surface water interactions 

on wetland biogeochemical dynamics, and to identify the impact of the highly 

dynamic pH, Fe and Al concentrations on DOC molecular characteristics.  

This study quantified DOM as dissolved organic carbon (DOC). The reactivity and 

bioavailability of DOC can be determined by its functional groups and the 

conformational arrangement of its molecular structure. Therefore, quantifying the 

effects of changing environmental conditions on the conformational arrangement of 
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DOC molecular structure is important. Minninup Lake is a seasonally inundated, 

coastal GDE that is located near Bunbury, in Western Australia. The wetland was 

selected as the study site because of its oxidisable, pyritic sulfide-rich soils that, under 

oxic conditions, can form sulfuric acid and induce the release of dissolved metals to 

surface waters. The primary objectives of this study were: 

1. to determine the seasonal dynamics of pH, DOC, Fe, Al and physicochemical 

properties of both surface water and ground water of Minninup Lake; 

2. to identify the impact of pH and Fe concentrations on DOC molecular 

structure and conformation;  

3. to identify the impact of pH and All concentrations on DOC molecular 

structure and conformation.   

Between September 2008 and July 2011, the subsurface saturated zone was sampled 

via eight piezometers located within the wetland, and surface drainage waters were 

sampled via an agricultural drain that bounds the wetland on the western side. pH, 

electrical conductivity (EC), and oxidation reduction potential (ORP) were measured 

on-site using a TPS™ multi-meter. The DOC in the surface water and groundwater 

was characterised using multiple tools including high-pressure size-exclusion 

chromatography to understand the organic carbon molecular structure; ultra-violet 

(UV) spectrometry to determine the aromaticity and absorption ability of the organic 

carbon; total organic carbon (TOC) analysis to obtain dissolved carbon 

concentrations; and rapid fractionation to define the dominant fractions of organic 

carbon present in the wetland. The concentrations of Fe and Al were determined by 

using inductively coupled plasma atomic emission spectrometry (ICPAES). Principal 
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component analysis (PCA) was used to investigate the relationships between pH, 

DOC, Fe and Al. The high-pressure size-exclusion chromatography (HPSEC), DOC 

analyses, specific UV absorbance (SUVA) analysis, and rapid fractionation revealed 

that DOC in the Minninup Lake waters was characterised by high levels of complex 

and aromatic molecules, and a wide range of molecular weights. This range consisted 

of a few groups of compounds with lower molecular size fractions and lower degrees 

of condensed aromatic moieties.  

Laboratory experiments confirmed that both DOC and Fe concentrations were 

affected by pH conditions, and this was reflected in the wetland surface water and 

groundwater, resulting in highly variable pH, Fe and DOC concentrations across the 

3-year monitoring period. The environmental conditions in the wetland, including 

depth to water table, varied seasonally and affected Al concentrations, both spatially 

and temporally, especially when Al concentrations were relatively low compared to 

DOC concentrations. Changing pH and Fe concentrations affected DOC 

characteristics, as indicated by the HPSEC chromatograms. pH affected the DOC 

absorptive capacity (as indicated by HPSEC), but did not change the DOC molecular 

characteristics. Fe induced changes in the molecular conformation of DOC as 

evidenced by decreasing DOC molecular weight distributions with Fe additions, 

however, the magnitude of the change varied with pH. The variation in DOC 

molecular weight, in turn, can affect its ability to interact with non-polar solutes, and 

can consequently induce aggregation of the organic molecules. Reduced absorbance 

under controlled pH (pH 7) conditions and high Fe, as shown in the HPSEC 
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chromatograms, was likely due to EC-induced DOC flocculation, and the shifts in 

molecular weight distributions were likely due to specific Fe-DOC interactions. 

Complexation between Al and DOC in acidic and oxic conditions can also be 

influenced by soil solution conditions, pH, ORP, and the molar ratio of metals to 

organic carbon. The work presented in this thesis has highlighted that these variables 

were seasonally driven by hydrological conditions and interacted strongly with each 

other. Interestingly, the HPSEC spectra suggested that DOC molecular conformation 

can be affected by both Al and pH. Under circumneutral pH, with high Al 

concentrations, the chromatograms were widely distributed with a broad molecular 

weight distribution, while at basic pH, a single peak emerged with a limited molecular 

weight distribution (100 – 10k Da).  The findings also suggest that hydrological 

connectivity in the lake system will impact DOC characteristics (i.e. aromaticity), that 

influence DOC lability and binding with Al.  

Complexation between pH, Fe, Al and DOC in the Minninup Lake system were 

interrelated and seasonally driven by hydrological and hydraulic connectivity. This 

study showed that using multiple analytical tools, particularly for DOC 

characterization, is necessary to understand the dynamic changes in DOC molecular 

structure and conformation under the varying pH conditions and Fe and Al 

concentrations that would be typical of acidic GDEs. This work highlights the need for 

extreme care when generalizing wetland functional health from synoptic or grab 

sample monitoring, that is not linked to seasonal hydrological connectivity, pH or 

other geochemical conditions. 
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1 Introduction 

1.1. Motivation  

Groundwater dependent wetlands are important aquatic and terrestrial ecosystems 

(Kløve et al. 2011). Fluctuations in groundwater levels may be related to abstraction 

for agriculture, mining, mineral processing, construction, soil drainage, or dredging 

(Serrano et al. 2016), or due to changing weather conditions (Eamus and Froend 

2006). Groundwater may deteriorate in both quality and quantity with both affecting 

surface waters and terrestrial ecosystems that are dependent on the groundwater. 

Thus the management and protection of groundwater dependent ecosystems (GDEs) 

requires an understanding of the hydrological, geochemical and ecological 

relationship between the groundwater and ecosystem, and how that relationship 

varies in space and time.   

Declining groundwater tables can expose acid sulfate soils, trigger iron sulfide 

oxidation and acidification, and mobilise iron, aluminium and other trace metals into 

the soil water (Serrano et al. 2016). The acidity and geochemicals are transported to 

downsteam wetlands when water tables rise again under seasonal or event-based 

infiltration, and connect with subsurface and surface drainage pathways. The water 
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table imposes an oxic-anoxic interface onto the soil profile and controls the kinetics 

of metal precipitation, mobility and availability.  

High concentrations of dissolved organic matter (DOM), are also common in 

wetlands affected by ASS (Poch et al. 2009). DOM forms metal-organic complexes 

that are influenced by the surrounding pH and the chelating ability of the organic 

matter (Pettit 2004; Violante et al. 2002).  Of particular significance for the ecology 

of ASS impacted wetlands are Fe-DOM complexes that control the fate and transport 

of the both Fe and DOM. 

In acidic waters, interactions between Al and DOM also impact their distribution, 

solubilty and reactivity, and these complexes have been extensively investigated 

since the occurrence of acid rain in the 1980s (Nordstrom 1982; Nordstrom and Ball 

1986). However, Al-DOM complex interactions in ASS-impacted GDEs has been much 

less studied and is still poorly defined.   

The chemical and molecular properties DOM in surface waters are remarkably 

homogeneous (Repeta et al. 2002). Multiple analytical tools are needs to characterise 

the polydispersed nature and complexity of the DOM. Characterisation techniques  

include resin adsorption, gel permeation chromatography (GPC) or size exclusion 

chromatography (SEC), nuclear magnetic resonance (NMR) spectroscopy, 

fluorescence spectroscopy, UV-Vis, total organic carbon (TOC), transmission electron 

microscopy (TEM), photon correlation spectroscopy (PCS), ultrafiltration (UF) and 

specific UV absorbance (SUVA). These analytical techniques have been used with 
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varying degrees of success and often with conflicting results, which are likely due to 

the differing properties of DOM under variable environmental conditions (Chin et al. 

1994; Peuravuori and Pihlaja 1997; Piccolo 2001; Repeta et al. 2002; Marschner and 

Kalbitz 2003; Clarke et al. 2005; Chow et al. 2005; Baalousha et al. 2006; Matilainen 

et al. 2011; Pace et al. 2012; Nebbioso and Piccolo 2012; Madhavan et al. 2017).  

Given the above, we continue to have limited understanding of the controls on   

interactions between DOM, Fe and Al under the variable hydrological and pH 

conditions experienced by acidic GDEs. We also have little understanding of the 

impact these interactions have on ecological function within the GDEs.  This thesis 

aimed to address some of the knowledge gaps identified, specifically to investigate 

interactions between Fe, Al and DOC in a seasonally inundated wetland affected with 

ASS. This study quantified the impact of pH, Fe and Al concentrations on DOC 

structure in wetland surface and ground waters, using multiple techniques for the 

DOC characterisation.  

1.2. Research Overview 

Minninup Lake is an acidic groundwater-dependent wetland located south of Perth, 

Western Australia, that experiences a Mediterranean climate (cool wet winter and 

hot dry summer) and seasonal interception of the shallow water table. The wetland 

therefore provided an ideal study site to investigate the impact of pH, Fe and Al on 

DOC molecular conformation, and how these relationships varied with seasonal 

hydrology. The study was framed within the following hypotheses:  
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i. The DOC molecular structure and molecular weight distribution are impacted 

by pH conditions. 

ii. The availability of Fe also impacts the DOC molecular structure, and Fe-DOM 

complexation can be detected by analysis of DOC molecular structure and 

conformation.   

iii. In DOM-rich wetland water, Al affects the DOC molecular weight structure, 

but this interaction may vary with pH.   

iv. All of the above processes are likely impacted by seasonal and event-based 

changes in vertical (i.e. surface water – groundwater) and horizontal 

hydrological connectivity. 

1.2.2 Research Questions 

These initial hypotheses led to the following research questions: 

i. How do Fe, Al and DOC concentrations vary between surface and 

groundwater, across the wetland, and across seasons? 

ii. What are the impacts of Fe and Al on DOC molecular weight distribution 

under controlled and field pH conditions in the wetland surface and 

groundwater? 

iii. How are the redox conditions and electrical conductivity of wetland surface 

and groundwater affected by seasonal hydrological dynamics? 

iv. What is the relationship between water table level and DOC concentrations 

and molecular characteristics? 
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v. How does the DOC molecular weight distribution vary with and without 

cations, and under controlled and uncontrolled pH conditions? 

vi. How does the DOC molecular weight distribution vary with different 

concentrations of Al, under variable pH conditions? 

These research questions were clustered into three discrete objectives and work 

packages:  

1. Determine the seasonal dynamics of pH, DOC, Fe, Al and physicochemical 

properties of both surface and groundwater of Minninup Lake. 

2. Identify the impact of pH and Fe concentrations on DOC molecular structure and 

conformation. 

3. Identify the impact of pH and Al concentrations on DOC molecular structure and 

conformation. 

A conceptual model of the dynamics and interactions between DOM, Al and Fe, pH, 

electrical conductivity (EC), and oxidation reduction potential (ORP) in the wetland is 

shown in Figure 1-1. The figure highlights the focus of the different work packages.  
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Figure 1-1 A conceptual model explaining an overview of the mobility of Fe, Al and 
DOM and the chemical interactions in Minninup Lake system. 

1.2 Thesis Outline 

This thesis contains another six chapters: 

Chapter 2 presents a review of selected published literature on groundwater 

dependent ecosystems, the oxidation of pyrite in ASS affected soils, DOC, Fe and Al 

characteristics under variable pH, and current techniques for DOC molecular 

characterisation. 

Chapter 3 describes the methodology I used for my research, including monitoring 

and experimental design, chemical analytical methods and statistical tools. This 
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chapter also outlines verification and validation of DOC and Fe determinations, along 

with the use of a Standard Reference Material (SRFA) for controlled experiments. 

Chapter 4 presents the field data demonstrating the impact of seasonal hydrological 

dynamics on DOC, Fe and Al concentrations, DOC characteristics (i.e. its aromaticity 

and functional groups), and physicochemical properties (pH, ORP, and EC) in the 

wetland surface and groundwater. 

Chapter 5 presents the results from field monitoring and laboratory experiments to 

investigate the effects of Fe concentrations on DOC molecular conformation under 

both controlled and field pH conditions, and also with and without cation removal.  

Chapter 6 presents results from field monitoring to investigate the effects of Al 

concentrations and Al:DOC ratios on DOC molecular conformation, under spatially 

and temporally variable hydrological connectivity. 

Chapter 7 summarizes the thesis main conclusions with recommendations for future 

work. 

Chapter 8 provides a full list of references used throughout the thesis. 

Appendix A includes the first published journal paper arising from this work. 

Appendix B shows HPSEC results for SRFA analysis.  
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2 Literature Review 

 

There has been extensive research over the last few decades into DOM 

characteristics in aquatic systems. This chapter aims to provide, through selected 

review of the literature, a summary of our understanding of DOM characteristics in 

wetlands and groundwater, and how pH and Fe and Al concentrations can impact 

those characteristics. We also explore how these parameters affect the DOM 

molecular structure, conformation and reactivity. This thesis builds on the earlier 

work of Nath et al. (2013) that mapped, across a single season, the impact of 

changing hydrological connectivity on chemical concentrations in a groundwater 

dependent ecosystem (GDE) impacted by acid sulfate soils (ASS). Nath et al. (2013) 

quantified hydrological regime shifts across the wetland, and developed a conceptual 

model relating hydrological connectivity and wetland acidity, however did not 

explore how seasonally variable pH might impact on DOM bioavailability and the 

interactions between DOM and elements such as Fe and Al. This thesis presents a 

longer-term study of seasonal variability in the DOC, Fe and Al concentrations in the 

acidified GDE. Further this thesis examines how the DOC molecular conformation 

responded to varying pH and DOC, Fe and Al concentrations, to provide an insight 

into how DOC reactivity may change as a result of hydrological shifts. 
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Experimental observations using a range of techniques for characterising DOM are 

reviewed below. We highlight the sometimes conflicting conclusions on the ability of 

some analytical methods and techniques to characterise DOM and then the impacts 

of environmental conditions on the conformational nature of the DOM. The changing 

nature of the DOM conformation is closely related to DOC molecular characteristics 

and reactivity, particularly in wetlands with low pH, and high Fe and Al 

concentrations.  

This Chapter is divided into three major parts presenting: 1) the current 

understanding of pyrite oxidation in ASS affected wetlands and how it contributes to 

the acidity of surface and ground waters, both spatially and temporally; 2) the 

current understanding of how seasonality affects DOC and metal concentrations, and 

3) a summary of current analytical techniques used to characterise DOM and the 

impact of Fe and Al concentrations on DOC molecular structure and conformation; 

this latter topic is the heart of this thesis. The remainder of the chapter overviews 

the physicochemical variables that can impact the chemistry of surface and ground 

waters, and thus impact DOM characteristics. 

2.1 Groundwater dependent ecosystems and acid sulfate soils  

The composition, structure and function of groundwater dependent ecosystems 

(GDEs) are reliant on the supply of groundwater (Boulton 2005; Boulton and Hancock 

2006). GDEs include terrestrial, riverine, estuarine and nearshore marine 

ecosystems, and encompass aquatic, hyporheic and riparian habitats, subterranean 
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aquifer and cave ecosystems, wetlands, springs, coastal seeps and beaches. 

Groundwater inflows may be seasonal, episodic or influenced by the tide (Boulton 

2005). During the 20th century, groundwater dependent wetlands and springs have 

been threatened by the overuse of GDE services (abstraction for human use and 

irrigation), by land use practices (soil abstraction and agriculture) (Barquín and 

Scarsbrook 2008; Ilmonen et al. 2009), and by climate change (Kløve et al. 2013; 

Goldscheider et al. 2014). Changing water residence times and subsequent 

interactions between water and soil can have large impacts on biogeochemical, 

geomorphologic and ecological processes in GDEs (Hill et al. 2000; Renshaw et al. 

2003).  Artificially lowered groundwater tables e.g. from mine site dewatering, can 

trigger acidification of GDEs (Vegas-Vilarrúbia et al. 2008; Brunner et al. 2009). 

Acidification of GDEs in areas where acid sulfate soils (ASS) are prevalent has been 

reported under drying climates (Wieder 1985; Bayley 1986; Van Dam 1986). ASS are 

of environmental concern for many wetlands, whether or not they are GDEs, and 

have been highlighted as a major problem in many areas in Australia and 

internationally (Green et al. 2008). Hicks et al. (2009) estimated that ASS occupy 

approximately 6 x 106 ha in Australia (0.7% of Australian land areas), 4 x 106 ha of 

which are exposed at some point during the tidal cycle.  These ASS underlie coastal 

estuaries and floodplains near which the majority of the Australian population lives 

(Figure 2-1).  
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Figure 2-1  The distribution of acid sulfate soils along the coastal areas of Australia.  
Source: CSIRO Land and Water. 

 

Sulfidic materials were deposited in these low-lying coastal areas following ancient 

sea level rise. The inundation of coastal embayments and river valleys brought 

sulfate-rich sea water into contact with coastal organic detritus and reduced iron 

minerals; these materials combined to form iron sulfide minerals such as pyrite via 

intermediate iron monosulfides (Kao et al. 2004).  

When the previously deposited pyrite is oxidized directly by O2 an acidification 

sequence is initiated (Figure 2-2a) and produces ferrous iron; alternatively pyrite may 

be first dissolved and then oxidized (Figure 2-2a’) producing Fe(II). The Fe(II) is then 

oxidized slowly (Figure 2-2b) and produces ferric iron (soluble at low pH) or 

particulate ferric hydroxide. The resultant Fe(III) is then rapidly reduced by pyrite 

(Figure 2-2c) and produces Fe(II) again and this process releases more acidity and 
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new Fe(II) to enter another cycle. Once the sequence has been started, oxygen is 

involved only indirectly in the re-oxidation of Fe(II) and the oxygenation of FeS2 is less 

significant for the cycle (Stumm and Morgan 1981; Blodau 2006).  

 

Figure 2-2. The processes involved in the oxidation of pyrite in natural aquatic systems 
(modified from Stumm and Morgan 1981). 

The sulfuric acid produced from the oxidation of FeS2 moves through the soil, 

acidifying soil water, ground and surface water, eventually breaking down the soil 

structure and releasing Fe and Al along with other metals (Kao et al. 2015). The 

quantity of sulfidic material released from ASS is controlled by the concentration of 

dissolved sulfate, the duration of soil/sediment saturation, extent and duration of 

reducing conditions, the availability of labile carbon to fuel microbial activity, and the 

availability of Fe-containing minerals (Fitzpatrick et al. 2008).  

Poorly-buffered aquifers can be exposed to inorganic acidification processes driven 

by a lowering of water tables and the exposure of underlying ASS to oxygen  

(Fältmarsch et al. 2010; Serrano et al. 2016). Acidification of GDEs themselves can 
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also occur when the buffering capacity of the underlying soils or sediments is 

insufficient to compensate for the acidity produced during iron sulfide oxidation 

(Bassett et al. 1992; Neumann et al. 2013). Declining pH levels have been found in 

freshwater peatlands and meadows that receive sulfate-enriched groundwater 

under drying conditions and dropping water tables (Lamers et al. 2015; Serrano et al. 

2016).  

2.2 Composition and reactivity of DOM 

DOM, which is usually measured as DOC1 that passes through 0.45 µm filter (Curtis 

et al. 2011; Repeta et al. 2002; Thurman 2012), is comprised of organic molecules of 

different size and composition (Landre et al. 2009). DOM is known to be a complex 

mixture of polyfunctional organic compounds, ranging from largely aliphatic to highly 

coloured aromatic compounds (Pretsch et al. 2009), which are highly heterogeneous 

(Bazrafshan et al. 2012).  DOM has been regarded as non-living organic molecules in 

soils, predominantly acidic in nature, which can cause soil acidification by increasing 

the rates of mineral weathering (Jansen et al. 2003). The quantity and quality of DOM 

vary with its source. DOM derived within the aquatic ecosystem (autochthonous) 

consists of a large array of biomolecules including lipids, carbohydrates compounds 

such as glucose and fructose, amino sugars, organic acids, low molecular weight 

                                                      

1 Throughout this thesis, DOM and DOC are often used interchangeably. The term DOC refers 

to the carbon concentration quantified through oxidation or combustion techniques, and will 

only be used when discussing the concentration and conformation structure. 
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proteins, waxes and resins (Guggenberger et al. 1994; Kaiser et al. 2002), which are 

typically labile and bioavailable (Piccolo 2001; Bai et al. 2017).  

In contrast, terrestrially derived DOM (allochthonous) typically encompasses 

heterogeneous refractory organic substances of high molecular weight, 

polysaccharides, breakdown products of cellulose and hemicellulose, other plant 

compounds and microbially derived degradation products (Marschner and Kalbitz 

2003; Cumberland et al. 2016), which are more resistant to biological degradation 

and chemical reaction (Bertilsson and Tranvik 2000; Ylla et al. 2012; Bauer et al. 

2013).  

DOC concentrations in aquatic systems vary greatly with geochemistry, season, and 

other water characteristics (Thurman 2012). Typical DOC concentrations in 

groundwater range from 0.7 to 15 mg L-1; in seawater and lakes or rivers, DOC 

concentrations typically range from 0.3 – 2.0 mg L-1 but at times have been observed 

up to 10 mg L-1 (Kalbitz et al. 2000). DOM in surface waters may contain up to 90% 

humic substances (HS); these are highly refractory to microbial degradation and 

chemical reaction (Repeta 2015). The remaining 10% consists of carbohydrates, 

amino acids, low molecular weight organic acids and fatty acids (Repeta 2015).    

This huge variety of organic carbon molecules that make up DOM are important 

sources of energy substrate within stream ecosystems; DOM facilitates binding and 

transport of ions, nutrients, heavy metals and contaminants as well as regulating the 

system’s buffering capacity (Kawasaki et al. 2008; Thurman 2012) by mediating 
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energy flow, and acting as a proton donor and acceptor (Fischer et al. 2002; Aiken et 

al. 2011a; Aiken et al. 2011b) .  DOM also may influence the availability of nutrients 

while serving as a carbon substrate for microbially mediated reactions (Weishaar et 

al. 2003; Jaffé et al. 2008; McCauley et al. 2017). Although often present in low 

concentrations in subsurface systems, DOM can exhibit significant reactivity and can 

facilitate the transport of heavy metals (Ayangbenro and Babalola 2017) and the 

mobilization of radionuclides and hydrophobic organic species (Leenheer et al. 2007). 

Meunier et al. (2005) found that terrestrially derived DOM enhanced photoreactivity 

of Fe(II) compared to autochthonous DOM derived within the aquatic system. DOM 

also affects the mobility of colloidal particles in surface waters (Aiken et al. 2011), 

the availability of contaminants (Cabaniss 2008), and  the atmospheric chemistry via 

the carbon cycle (Alvarez-Puebla et al. 2006).  

DOM has been shown to undergo sorption and complexation reactions 

(Guggenberger and Kaiser 2003); the sorption reactions result in retardation of DOM 

and subsequent enhanced degradation; complexation results in the formation of 

both soluble and insoluble DOC-metal complexes, which also can affect the 

retardation or mobility of DOM (Guggenberger and Kaiser 2003; Jansen et al. 2005; 

Bolan et al. 2011). Metal-organic complexation, for instance, will control the metal 

reactivity, solubility, bioavailability, toxicity and transport in geochemical and 

environmental systems (Cabaniss et al. 2000) by affecting the fate of the organic and 

inorganic compounds via changes in sorption, dissolution and mineralisation 

processes (Baldock and Skjemstad 2000).  
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2.3 Molecular structure and conformation of DOM and their impact on ecological 

function 

The reactivity and bioavailability of DOM are controlled by both its molecular 

structure and its structural arrangement, or conformation (Cottrell and Kirchman 

2000; Carlson et al. 2004). DOM reactivity in turn determines its sorption ability and 

regulates the mobility of the organic matter in soils, sediments, and waters 

(Pignatello 2012). However, to understand the molecular conformation within the 

DOM’s complex mix is challenging. While there has been significant work highlighting 

the variability of DOC concentrations in freshwater ecosystems (see examples in 

Schindler and Curtis 1997; Molot and Dillon 2003; Petrone et al. 2011), a key step to 

understanding the bioavailability of freshwater DOM is to also quantify the variability 

in its molecular structure. The DOM molecular structure can provide insight into 

DOM sources, metabolic pathways and lability. Hydroxyl (OH) and carboxylic acids 

(COOH) which are triggered by humification processes under oxidative conditions, 

for example, can form reactive groups in DOM, and will cause DOM to chelate with 

heavy metals, free radicals and minerals, based on their cation exchange capability 

(Pettit 2004). 

DOM molecular weight is considered to be a control on its lability. Lower molecular 

weight (LMW) molecules (molecular distribution < 1000 Da) have smaller radii, are 

typically less hydrophobic in nature and can be more bioavailable (Laudon et al. 

2011). Higher molecular weight (HMW) molecules (molecular distribution ranging 

between 10 k – 50 k Da) tend to be more aromatic and more hydrophobic with a high 



Azra M. Daud 
PhD Thesis, The University of Western Australia 
__________________________________________________________________________________________________________________________ 
 
 

18 

electrostatic potential which can increase its absorption affinities and cause greater 

metal-binding capacity (Zhou et al. 2000).  While there is ongoing debate about the 

conformational nature of DOC (Schaumann 2006a; 2006b), it is possible to 

conceptualize DOM as a continuum of structures from supra-molecular assemblies 

of biochemical monomers (e.g. carbohydrates, amino acids, low molecular weight 

organic acids and fatty acids) to highly transformed macromolecules with polymer-

like properties (Baigorri et al. 2007; Senesi et al. 2007; Schaumann and Thiele-Bruhn, 

2011). DOM conformation is impacted by intramolecular complexation and 

intermolecular cross-linking, both of which are determined by the arrangement of 

DOM functional groups (Kunhi Mouvenchery et al. 2012). Both intramolecular 

complexation and intermolecular cross-linking coincide when metal cations undergo 

direct and indirect interactions with organic bridging groups (Stumm 1992; 

Schneckenburger et al. 2012), such as cation exchange and complex formation or 

adsorption.  

DOM molecules can also be aggregated by weakly dispersive forces (Piccolo et al. 

2005). DOM composed of hydrophobic domains are mainly held together by van der 

Waals bonding while hydrophilic domains are stabilized mainly by hydrogen bonding 

(Conte and Piccolo 1999; Piccolo 2001). The size and number of both domains 

depend on the molecular nature of the organic components that ultimately control 

organic reactivity (Piccolo 2002; Thurman 2012). The ratio between the quantity of 

the hydrophobic and hydrophilic carbons can be an indication of the capacity of the 

organic matter to interact with different polarity organic compounds. The more 

hydrophobic the organic matter, the larger the potential for interactions with low 
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polarity compounds and the smaller potential for interactions with higher polarity 

compounds (Piccolo et al. 1999). The effect of pH and Fe concentrations on the 

molecular weight (MW) characteristics is also a function of DOM polarity and will be 

further discussed in Chapter 6. The aggregation of low molecular weight DOM 

moieties to form higher molecular weight moieties (Piccolo 2001) may be triggered 

by changing environmental conditions (e.g. ionic strength, pH and the presence of 

metal ions), and may induce flocculation and settling of DOM (Baalousha et al. 2006). 

Quantifying the change in DOM molecular weight distributions under changing 

environmental conditions, can provide insight into the processes of aggregation and 

flocculation (Alvarez-Puebla et al. 2006; Baalousha et al. 2006b), and ultimately the 

cycling of DOM. 

The impact of conformation on DOM bioactivity and bioavailability has also been 

extensively studied. For example, DOC structures have been specifically manipulated 

in the design of pharmaceuticals to optimize uptake (Bock et al. 2013). However, 

DOM structural studies in the natural environment remain challenging due to the 

polydispersed properties of DOM, which are greatly dependent on their physical 

state and concentration, pH and ionic strength; Bolan et al. (2011) proposed that the 

weight-averaged molecular weight is the most useful parameter to link molecular 

structure and properties of DOM. 

The solution chemistry of natural waters, particularly divalent cation concentrations 

and pH, has a significant effects on DOM adsorption (Schlautman and Morgan 1994; 

Hong and Elimelech 1997) and biogeochemical function (Hudson et al. 2003). The 
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aquatic buffering conditions, under variable pH and DOM concentrations, were also 

found to be crucial for determining the conformation of DOM (Bolan et al. 2011). Gao 

et al. (2015) demonstrated that varying pH and ionic strength also affected the DOM 

molecular size distribution. In aquatic environments, the organic molecules are often 

negatively charged under circumneutral pH and basic conditions. This is typically 

attributed to an abundance of ionized COOC and phenolic OH functional groups, and 

varies with intramolecular electrical repulsion (Hong and Elimelech 1997). In 

contrast, under low pH conditions, these functional groups become protonated and 

neutral in charge (Green et al. 2006).   

Changes in DOM properties often reflect that the ecological function of DOM can be 

impacted by its molecular structure, size, molecular weight distribution and 

absorptivity (Bolan et al. 2011). However the effect of concentrations of common 

environmental ions such as Fe and Al on the conformation and aggregation of DOC is 

less understood, particularly under variable pH conditions. In summary, the impact 

of varying pH and redox conditions (and their biogeochemical consequences) on 

DOM molecular structure has a profound influence on organic matter cycling in 

aquatic systems, and the effect of low pH on DOM determinations can be acute in 

acidic GDEs, which are impacted by changes in groundwater quality and quantity 

(Zsolnay 2003). 
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2.4 Impacts of seasonal hydrological connectivity on DOM variability 

Seasonal hydrological dynamics can impact DOC concentrations in fresh water 

systems (Gergel et al. 1999; Broder and Biester 2015), however precise relationships 

between meteorological forcing and water chemistry are complex, and require 

further investigation (Jiang-shan et al. 2005; Chapman et al. 2008). During storm 

events, DOM is flushed from upper soil horizons and recharges the groundwater 

(Hornberger et al. 1994; Boyer et al. 1997; Hinton et al. 1997; Mladenov et al. 2005). 

Subsequently, when the groundwater discharges to wetlands, DOM inputs may be 

considerable. The frequency, intensity and duration of storms influences DOM export 

from catchments to receiving waters (Hinton et al. 1997). In terms of the quantity, 

Golladay and Battle (2002) recorded higher DOC concentrations in a coastal plain 

stream draining a wetland, during flood periods than during dry periods. In terms of 

quality, evidence by Mladenov et al. (2005) and McKnight et al. (2001) has 

demonstrated that once the DOM has been mobilized from upland sub-catchments, 

more labile DOM components are preferentially processed through microbially 

mediated photo-degradation reactions, and more recalcitrant DOM left behind. 

Retention processes in catchments influence the transport of DOM from hill slope 

soils to the water table, and hence into groundwater dependent ecosystems. DOM 

transport is inversely related to the length of flow path and residence time in the soils 

(Asano et al. 2006; Fellman et al. 2010). The dynamics of DOC transport mechanisms 

to the stream particularly in response to storm flows, have been explored 

(Hornberger et al. 1994). McGlynn and McDonnell (2003) explored the hydrological 
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connectivity of riparian areas over the course of storms. Once the DOM was 

mobilized from source areas, the transport of DOM was affected by biogeochemical 

and photochemical processes that occurred within the wetland or watershed 

(McGlynn and McDonnell 2003, Mladenov et al. 2005). Previous work has 

demonstrated that seasonal hydrological connectivity affects DOM export from 

terrestrial to aquatic ecosystems, by impacting redox conditions, biogeochemistry 

and water flow path through DOM-rich soils horizons which are typical DOC sources  

(Hinton et al. 1997; Kawasaki et al. 2008).  

2.5 Interactions between DOM, iron and aluminium  

Both Fe and Al are critical elements in natural aquatic environments system due to 

their ability to react and form complexes with oxyhydroxides even under 

circurmneutral pH conditions (i.e. pH 6 – 8) (Jones et al. 2009). Organic matter 

interacts with common groundwater constituents Fe and Al to influence the fate and 

transport of both the cations (Bolan et al. 2011) and if groundwater is discharging to 

wetland ecosystems, the Fe– and Al–DOM interactions may impact on the wetland 

ecology. These cation-DOM interactions may trigger the formation of insoluble 

compounds and the flocculation of organic molecules, complexation of organic 

molecules through cation bridging, and alter the hydrophobic and hydrophilic 

fractions of DOM (Bolan et al. 2011).  

The impact of metal-organic interactions on the molecular structure of DOM has 

been extensively studied over the past few decades (Conte and Piccolo 1999; Piccolo 
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2002; Dudal and Gérard 2004; Kalinichev and Kirkpatrick 2007; Schaumann et al. 

2010; Santos et al. 2011; Kunhi Mouvenchery et al. 2012; Schneckenburger et al. 

2012; Serrano et al. 2016; Karak et al. 2017). Schmitt and Frimmel (2003) explored 

differences between Fe-DOM and Al-DOM aggregation and disaggregation dynamics, 

and their impact on colloidal transport. They found that Fe-DOM complexes showed 

a stronger separation of the two molecular weight peaks compared to Al-DOM 

complexes. They suggested that Fe has a tendency to complex to higher molecular 

weight fractions, while Al is more homogeneously complexed over the full size range 

of DOM.  

Understanding the biochemical and physicochemical interactions between Fe and 

DOM as well as their impact on Fe precipitation-dissolution, adsorption-desorption, 

oxidation-reduction, complexation and photochemistry, continues to be challenging 

(Pan et al. 2010). Fe and DOM form complexes and affect absorptivity, bioavailability 

and binding capacity of organic matter (Tipping et al. 2002), particularly under low 

pH and variable oxidation-reduction conditions (Jansen et al. 2003; Parazols et al. 

2007). A substantial number of acidic GDEs have high Fe concentrations, and the 

extent of DOM oxidation in these systems can be affected by Fe-DOM complexation 

and interaction (McKnight and Duren 2004; Hakala et al. 2007; Hakala et al. 2009).  

Acidic conditions impact the inorganic chemistry of Fe and Al, as well as the 

functionality of DOM. Earlier studies have revealed that acidification of surface water 

increases Fe and Al concentrations (Dillon et al. 1988; Wällstedt et al. 2008). Bolan et 

al. (2011) found that at pH > 4, DOM may co-precipitate with Fe(OH)3 . Their study 
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demonstrated that there is a change in the surface charge of DOM functional groups 

that can induce coagulation of DOM under low pH conditions, and lowering DOM 

concentrations.   When DOM percolates through acidic soils, Fe and Al can form 

stable complexes with DOM, which can enhance solubility and transport (Jansen et 

al. 2005), and also microbial activity by sequestering the toxic effects from metalloids 

ions activity (Marschner and Kalbitz 2003; Bolan et al. 2011). The specific impact of 

pH and metalloid ions, such as Fe and Al, on DOM conformation, is yet to be 

determined. Given the above, it is suggested that acidic groundwater dependent 

wetlands with high Fe and Al concentrations, present an opportunity for investigating 

the impact of pH, Fe and Al on DOC conformation structure.  

 Complexation of Fe and organic matter 

The earlier part of this Chapter presented the oxidation process of pyrite (Section 

2.1, Figure 2.2). Figure 2.2 depicted the overall processes of the oxidation of pyrite in 

aquatic systems, however this section explains in detail the reactions across the 

process. It is important to understand the detailed reactions to better appreciate the 

different steps of acidification in the oxidation process. The first step of pyrite (FeS2) 

oxidation to Fe(II) and sulfate (SO ) is written as (Stumm and Morgan 1981) : 

𝑭𝒆𝑺𝟐 +  
𝟕

𝟐
𝑶𝟐 + 𝑯𝟐𝑶 = 𝑭𝒆𝟐+ + 𝟐𝑺𝑶𝟒

𝟐− + 𝟐𝑯+        (Equation 2-1) 

       
The pyritic-sulfide is oxidised to sulfate, releasing dissolved Fe(II) and acidity into the 

water. Subsequently, Fe(II) is oxidised to Fe(III), which hydrolyses to insoluble ferric 

2

4
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hydroxide, releasing more acidity to the stream, thus coating the streambed. Fe(III) 

can also be reduced by FeS2 itself, where sulfide is again oxidised and acidity is 

released along with additional Fe(II). There are two overall reactions for Fe(II) 

oxidation below pH 3.5 (Voelker et al. 1997). These reactions can be abiotic or 

microbially mediated. Pyrite can also be oxidized by aqueous ferric as (Stumm and 

Morgan 1981):  

𝑭𝒆𝑺𝟐 + 𝟏𝟒𝑭𝒆𝟑+ + 𝟖𝑯𝟐𝑶 = 𝟏𝟓𝑭𝒆𝟐+ + 𝟐𝑺𝑶𝟒
𝟐− + 𝟏𝟔𝑯+             (Equation 2-2) 

This reaction is 2 to 3 orders of magnitude faster than the reaction with oxygen. This 

process generates more acidity per mole of pyrite oxidized but it is limited to 

conditions with which significant concentrations of dissolved ferric iron (Stumm and 

Morgan 1981). Therefore, pyrite oxidation is generally initiated through reaction 

Equation 2-1 at circumneutral or higher pH, followed by reaction Equation 2-2 when 

conditions have become sufficiently acidic (approximately pH 4.5 and lower). A third 

reaction is required to generate and replenish ferric iron, through oxidation of 

ferrous iron by oxygen as: 

𝑭𝒆𝟐+ +  
𝟏

𝟒
𝑶𝟐 + 𝑯+ = 𝑭𝒆𝟑+ +

𝟏

𝟐
𝑯𝟐𝑶                (Equation 2-3) 

Equation 2-3 suggests that oxygen is required to generate ferric iron from ferrous 

iron. Bacteria also may catalyze this reaction, primarily members of 

the Acidithiobacillus genus, that are obligate aerobes as they require oxygen for 

aerobic cellular respiration (Stumm and Morgan 1981). Therefore, oxygen is needed 

for this process to be effective even through bacterial mediation. Nevertheless, the 

oxygen requirement is less than for abiotic oxidation (Stumm and Morgan 1981). 
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A process of environmental importance related to pyrite oxidation pertains to the 

fate of ferrous iron generated through Equation 2-1. Ferrous iron can be removed 

from solution under slightly acidic to alkaline conditions through oxidation and 

subsequent hydrolysis and this forms a relatively insoluble iron (hydr)oxide (Stumm 

and Morgan 1981; Voelker et al. 1997). Assuming the nominal composition of 

ferrihydrite [Fe(OH)3] for the latter phase, this reaction can be summarized as 

(Stumm and Morgan 1981): 

𝑭𝒆𝟐+ +
𝟏

𝟒
𝑶𝟐 + 𝟐

𝟏

𝟐
𝑯𝟐𝑶 = 𝑭𝒆(𝑶𝑯)𝟑 + 𝟐𝑯+            (Equation 2-4) 

When Equation 2-1 and Equation 2-4 are combined, as is generally the case at pH > 

4.5, it can be seen that oxidation of pyrite generates double the amount of acidity 

relative to Equation 2-1 as: 

𝑭𝒆𝑺𝟐 +
𝟏𝟓

𝟒
𝑶𝟐 +

𝟕

𝟐
𝑯𝟐𝑶 = 𝑭𝒆(𝑶𝑯)𝟑 + 𝟐𝑺𝑶𝟒

𝟐− + 𝟒𝑯+                      (Equation 2-5) 

As suggested above, A. ferrooxidans and A. thiooxidans microbes play an important 

role in sulfide oxidation (Stumm and Morgan 1981). Due to microbial mediation, 

many thermodynamically unfavourable geochemical reactions take place as the 

bacteria can couple the unfavourable reaction with a reaction that yields energy 

(Stumm and Morgan 1981; Blodau 2006). Rates of reactions, such as iron oxidation, 

which in turn affects the rate of pyrite oxidation, may be increased by many orders 

of magnitude relative to the corresponding abiotic rates (Nordstrom 2003). For 

example, the oxidation rate of ferrous iron to ferric iron (Figure 2-2) can be increased 

by 5 to 6 orders of magnitude in the presence of iron-oxidizing bacteria (Stumm and 

Morgan 1981; Voelker et al. 1997).   
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Fe is also one of the elements in aquatic ecosystems with a variety of geochemical 

and environmental roles (Violante et al. 2010). In the dissolved and particulate 

phases of freshwater, sediments and soils, Fe undergoes significant interactions with 

DOM (Lofts et al. 2008). These dissolved Fe-organic complexes are important in the 

transport and fate of the element in natural environments (Pokrovsky and Schott 

2002). Adsorption of DOM alters the surface chemistry and colloid stability of Fe 

oxides (Lofts et al. 2008). Furthermore, Fe exists in freshwater in various 

physicochemical forms, which include simple hydrated ions, hydroxo-complexes, 

inorganic and organic complexes, and colloidal particles (Hiraide 1992; Zhao et al. 

2015). These different forms exhibit different geochemical behaviours (interaction, 

transport and fate) and biological effects (bioavailability, accumulation and toxicity) 

(Hiraide 1992).  

Many acidic GDEs contain high concentrations of Fe and DOM, coincident with high 

photosynthetic activity (Chipman 2011, Kritzberg and Ekström 2012). Thus, the 

photo-oxidation of Fe(II) occurs in the presence of naturally occurring ligands 

(Pullin and Cabaniss 2003). Equation 2-1 to Equation 2-4 however, suggest that either 

reaction could control the rate of Fe(II) oxidation, depending on the pH and redox 

conditions in the surrounding water (Voelker et al. 1997; Blodau 2006). Fe in 

oxygenated water is mainly carried by dissolved humic substances. In peatland and 

lake waters, Fe is preferentially associated with high molecular weight DOM and It 

has been suggested that Fe promotes the generation of the high molecular weight 

fraction, probably reflecting bridging of organic molecules (Kritzberg and Ekström 

2012).  
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Such photochemical processes involving Fe and natural organic matter, lead to DOM 

decomposition, production of reactive species (superoxide anion, hydrogen 

peroxide, and hydroxyl radical), and generation of dissolved, bioavailable Fe(II) 

(Voelker et al. 1997). Rose and Waite (2003) showed that under these circumstances 

a large proportion of Fe may still be present in an organically complexed form. This 

has prompted many researchers to explore the controls on Fe complexation with 

DOM (humic and fulvic acids), employing various chemical analyses such as 

fluorescence injection analysis, permeation gel method, spectrophotometry analysis, 

and imaging techniques.   

 Complexation of Al and organic matter 

Al occurs ubiquitously in the terrestrial environment. It is the most abundant metal 

in the lithosphere, comprising about 8% of the Earth’s crust (Bi et al. 2001). Due to 

its reactivity, Al never occurs as a free metal in nature, rather it is present 

predominantly as sparingly soluble oxides and aluminosilicates. Understanding Al 

behaviour in the environment therefore requires knowledge of Al speciation in 

aquatic ecosystems.  

Al solubility and chemistry depends strongly on pH (Gensemer and Playle 1998). 

Landscape acidification may therefore significantly mobilise Al, releasing it into the 

soil and also underground and into surface waters. There are various Al mineral 

species that can control the solubility of Al in acidic waters (Bigham and Nordstrom 

2000).  The most common Al hydroxysulfate minerals  (alunite, basaluminite and 
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jurbanite) are predicted to form in both acid mine drainage (AMD) and ASS 

environments (Bigham and Nordstrom 2000), especially below pH 4.5 where Al 

shows conservative behaviour (Jones et al. 2011).  

High concentrations of aluminium have frequently been observed in atmospherically 

acidified waters (Tipping 2005), acid mine lakes (Bigham and Nordstrom, 2000), in 

acid mine drainage (AMD) (España and Trevor, 2007; Salmon, et al., 2008), and in 

waters impacted by ASS (Sammut and Lines-Kelly 2000). Acid-enhanced weathering 

of minerals such as aluminosilicates, contributes to acidity in these waters, with the 

resulting low pH typically leading to greater mobility and bioavailability of metals. 

The chemistry of Al at low pH is often dominated by interactions with silicates 

(Browne and Driscoll, 1992) and phosphates (Gensemer 1989), and much of the work 

on acidified systems has historically focused on inorganic Al chemistry and 

complexation.   

However, acidity-impacted stream waters and wetlands often experience high 

concentrations of DOC (Cawley et al. 2014), which affect the acid-base chemistry of 

the freshwaters, thus modifying Al mobility (Gergel et al. 1999).   The Al-DOM binding 

capacity is determined by the content of oxygen-containing DOM functional groups 

such as carboxyl and phenolic groups (Gensemer and Playle 1998) and Al-DOM 

complexation is an important process controlling Al dissolution and kinetics, 

solubility and mobility in natural waters (Gensemer and Playle 1998).  Bendell-Young 

and Pick (1995) demonstrated that at pH < 4.5 and DOC concentrations ~50 mg L-1, 

80 to 90% of the total dissolved Al complexed with the DOM. Al tends to precipitate 
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more when complexed with high molecular weight humic acids compared with lower 

molecular weight fulvic acid complexes (Vance et al. 1996), however Al can also 

trigger coagulation under low pH conditions.  Gensemer and Playle (1998) suggested 

that Al-DOM binding capacity is reduced in high ionic strength waters due to the 

increased competition for ligand binding.  

Al-DOM complexes can impact Al mineral stability constants and saturation in natural 

waters, especially under varying pH (Gensemer and Playle 1998). Nordstrom and Ball 

(1986) noted that frequently used geochemical models may not accurately reflect 

the occurrence of Al-DOM complexes or the effects of pH and ionic strength due to 

large uncertainties in stability constants and activity coefficients under low pH and 

high DOC conditions.  In addition, the crystallinity of Al mineral has a significant effect 

on remobilization, and in ASS environments with high DOC concentrations, Al 

hydroxysulfates are poorly crystalline due to the rapid formation of metastable 

colloids (Jones et al. 2011). Thus, it is seen that there are strong interactions between 

Al-DOM complexation and inorganic Al behaviour.  

Peuravuori and Pihlaja (2004) argued that quantification of DOC molecular weight-

size distributions was needed for better understanding of DOM complexation with 

inorganic species; a similar understanding can be applied to Al. As for other metals, 

we expect the interaction between DOM molecular structure and Al complexation to 

play a key role in Al-DOM transport and bioavailability, yet there is a paucity of recent 

literature on these interactions. Recently improved DOM characterization methods 

could provide additional insight into these processes.  
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2.6 Overview of molecular characterisation methods  

As discussed above, the characterization of the physical and chemical properties of 

DOM and organic-rich waters is crucial to understand their role in the fate, reactivity, 

and transport of both organic and inorganic pollutants (Chin et al. 1994). There has 

long been a strong research focus on the genesis, composition and bioavailability of 

DOM, however its molecular characterization under the range of common 

environmental conditions has been less studied (Nebbioso and Piccolo 2013). The 

polydispersed nature and complexity of organic matter has prompted researchers to 

explore a range analytical techniques for its molecular characterisation.  

Operationally, DOM is measured as dissolved organic carbon (DOC) passing through 

a 0.45 µm filter assuming DOM is 40-50% organic carbon by mass (McDonald et al. 

2004;  Hӧll et al. 2009; Chen et al. 2013; Romera-Castillo et al. 2014). Finer 0.2 µm 

filters have also been used to better capture colloidal material in the particulate 

fraction (Zsolnay 2003; Strack et al. 2008; Bolan et al. 2011), however, 0.45 µm pore 

size filter is standardly used (Buffle et al. 1982).  

Over the past few decades, many DOC determinations in aquatic systems have relied 

on wet oxidation or high temperature catalytic oxidation (Sharp et al. 1995; Peltzer 

et al. 1996), however the accuracy of these methods is related to the extent of 

oxidation or the reactivity of DOC. This in turn is affected by pH (Kaplan 1992) and 

the presence of organic and inorganic compounds (Peyton 1993; Findlay et al. 2010). 

Some differences in reported DOC concentrations are likely due to incomplete 
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oxidation which can lead to an underestimation of DOC (Kaplan 1992), and Bisutti et 

al. (2004) highlighted that specific DOC determination methods are not necessarily 

suitable for all types of water. Despite these early warnings, there has been little 

validation of the completeness of oxidation under acidic conditions. Inter-

comparison and inter-calibration of organic carbon analyses with recognized 

standards, such as Suwannee River Fulvic Acid (SRFA), have been recommended 

(Wangersky 2000; Findlay et al. 2010).  

The traditional and emerging techniques used for characterising DOM and DOC 

include resin adsorption, gel permeation chromatography (GPC) or size exclusion 

chromatography (SEC) (Yau et al. 1979), nuclear magnetic resonance (NMR) 

spectroscopy (Conte et al. 2002; Cardoza et al. 2004), fluorescence spectroscopy 

(Elkins and Nelson 2001; Zhou et al. 2017), UV-Vis (He et al. 2016), total organic 

carbon (TOC) (Kaplan 1992; Gadmar et al. 2002; Gundersen and Steinnes 2003; Kao 

et al. 2004; Madhavan et al. 2017), transmission electron microscopy (TEM) (Jung et 

al. 2005; Siéliéchi et al. 2008), photon correlation spectroscopy (PCS) (Baalousha et 

al. 2006a), ultrafiltration (UF) (Aiken 1984; Aoustin et al. 2001; Schwede-Thomas et 

al. 2005; Lee et al. 2005; Lofts and Tipping 2008; Wei et al. 2008; Hill et al. 2009; 

Pédrot et al. 2010; Santos et al. 2011; Nebbioso and Piccolo 2013) and specific UV 

absorbance (SUVA) (Karanfil et al. 2002; Weishaar et al. 2003; Mladenov et al. 2005; 

Nguyen and Hur 2011; Hur et al. 2006; Kikuchi et al. 2017). These techniques have 

been utilised with varying success, sometimes with apparently conflicting results; this 

has been attributed to the different properties of DOM under variable environmental 

conditions (Chin et al. 1994; Peuravuori and Pihlaja 1997; Piccolo 2001; Repeta et al. 
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2002; Marschner and Kalbitz 2003; Clarke et al. 2005; Chow et al. 2005; Baalousha et 

al. 2006; Matilainen et al. 2011; Pace et al. 2012; Nebbioso and Piccolo 2013; 

Madhavan et al. 2017).  

Specific ultra-violet absorbance (SUVA), at 254 nm wavelength, has frequently used 

to characterise DOM reactivity. SUVA indicates the relative proportion of 

hydrophobic and hydropihilic humic fractions and provide insights into potential 

interactions with other compounds (Zazouli et al. 2007). High SUVA  DOM (e.g. > 4 L 

mg-1 m-1) typically contain a relatively high content of hydrophobic aromatics with a 

high MW, whereas DOM with SUVA of < 3 Lmg-1 m-1 contain largely non-humic, 

hydrophilic, and low MW materials (Karanfil et al. 2002) and/or a low degree of 

condensed aromatic moieties (Świetlik and Sikorska 2005).  

 Size exclusion chromatography (SEC) or gel permeation chromatography (GPC) is a 

well-established separation technique and has been used extensively for 

characterizing organic matter (Yau et al. 1979; Chin et al. 1994; Piccolo et al. 1996; 

Conte and Piccolo 1999) particularly to quantify molecular weight distribution (Chin 

et al. 1994; McDonald et al. 2004). However, a number of methodological challenges 

arose: 1) the molecular weights determined by other methods were different by up 

to two orders of magnitude from those determined by SEC (Chin et al. 1994); 2) there 

was a lack of adequate standards to calibrate the column (Piccolo 2001); 3) the 

chromatographic separation of the organic compounds was poor, eluting from the 

column as a broad, monomodal distribution with subtle shoulders and small sub-

peaks (Chin et al. 1994); and 4) the traditional technique relied on soft gels that 
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required long separation times (Hongve et al. 1996; Piccolo et al. 1999). Moreover, 

averaged molecular weight values varied depending upon which standards were 

used to calibrate the column (Peuravuori and Pihlaja 1997; McDonald et al. 2004). 

Chin and Gschwend (1991) solved a number of these challenges using high-pressure 

size exclusion chromatography (HPSEC) that could reliably measure the molecular 

weight of humic and fulvic acids by the addition of an indifferent electrolyte (e.g. 

NaCl or KCl) to the mobile phase, and by using random coil non-proteinaceous 

polymers to calibrate the column (Chin et al. 1994; Peuravuori and Pihlaja 1997). 

HPSEC remains the most frequently used method to determine not only the 

molecular size distribution of the organic carbon, but also their number- (MN) and 

weight-averaged (MW) molecular weights. An additional advantage of the method is 

the ability to carry out analysis without prior isolation of humic substances. The 

molecular weight and size distribution determined via HPSEC correspond closely to 

values verified by other techniques (Chin et al. 1994; Peuravuori and Pihlaja 1997). 

Thus carefully designed and executed molecular weight measurements using HPSEC 

can simultaneously provide reliable weight- and number-averaged distribution, and 

polydispersity, are relatively fast, non-destructive analyses that requires no sample 

pre-treatment, and include baseline construction and baseline recovery (Chin and 

Gschwend 1991; Chin et al. 1994; Zhou et al. 2000).  
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3 Methodology 

 

This chapter outlines all methodologies used in this research, including sample collection, 

instrument calibration, QA/QC, as well as verification and validation of method. The overall 

approach taken for the study is provided in Table 3-1 and is related to each research objective. 
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Table 3-1 An overview of the research approach used for each research objective. 

 
Research objective 

 

 
Method or approach 

Sampling period 

Sep 2008 –
Mar 2009 

Apr 2009 –
Jul 2011 

Aug 2011 –
Feb 2012 

Objective 1  
 
Determine the seasonal dynamics of pH, DOC, Fe, Al 
and physicochemical properties of both surface and 
ground waters of Minninup Lake. 
 
 
Results discussed in Chapter 4 
 

 
DOC concentration: wet oxidation, high 
temperature combustion oxidation (Section 
3.3.1) 
 
DOC characteristics: Rapid fractionation, SUVA 
(Section 3.3.2 and 3.3.3) 
 
Fe concentration:  Phenanthroline, ICP-AES, AAS 
(Section 3.4) 
 
Al concentration:  ICP-AES (Section 3.4) 
 
Correlations: Principal component analysis 
(Section 3.5) 
 
 

 
 

√ 
 

√ 
 
 

√ 
 
 
 
 
 

 
 

√ 
 

√ 
 
 

√ 
 
 

√ 
 

√ 

 
 

 
 
 
 
 
 
 
 
 
 

√ 

Objective 2 
 
Identify the impact of pH and Fe on DOC molecular 
structure and conformation. 
 
Results discussed in Chapter 5 

 
 
DOC molecular properties: HPSEC (Section 3.3.2) 
 
Fe concentration: ICP-AES (Section 3.4) 
 

 
 

√ 
 
 
 

 
 

√ 
 

√ 
 

 
 

√ 
 

√ 
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Cation removal (Section 3.3.2) 
 
 pH manipulation (Section 3.3.1) 
 
Fe manipulation (Section 3.4) 
 
Correlations: Principal component analysis 
(Section 3.5) 
 

 √ 
 

√ 
 

√ 
 

√ 

√ 
 

√ 
 

√ 
 

√ 

Objective 3 
 
Identify the impact of pH and Al concentrations on 
DOC molecular structure and conformation. 
 
Results discussed in Chapter 6 
 

 
 
DOC molecular properties: HPSEC (Section 3.3.2) 
 
Al concentrations: ICP-AES (Section 3.4) 
 

 
 
 
 
 

 

 
 

√ 
 

√ 
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3.1 Site description 

Historical agricultural drainage in the southwest of Western Australia has caused 

extensive oxidation of acid sulfate soils (ASS) and the release of acidity to 

groundwater and surface waters. The Minninup Lake wetland chain sits within an 

area severely impacted by ASS, and acidity was reported there as early as 1937. In 

area surrounding Minninup Lake, ASS are continually activated by the seasonal 

hydrology, experiencing drying in summer and wetting in winter, and producing 

ongoing acidity during the winter months. As a groundwater-dependent ecosystem, 

Minninup Lake was selected as a suitable site to more deeply explore the connections 

between seasonal surface water – groundwater interactions, wetland geochemistry 

and acidity, and their impacts on DOM characteristics. 

Minninup Lake is a 30 ha shallow wetland located on the Swan Coastal Plain in the 

south west of Western Australia (WA) at 33ᵒ 26’ 30” S 155ᵒ 35’ 28” E  (Figure 3-1). 

The area experiences a Mediterranean climate characterized by cool, wet winters (7 

to 17ᵒC) and hot, dry summers (16 to 30ᵒC). ). The mean annual rainfall over the last 

14 years is ~700 mm, the majority of which occurs between May and September, 

while the mean annual potential evaporation is ~1500 mm (Australian Bureau of 

Meteorology).  

Minninup Lake sits between Aeolian sand dune deposits of Pliocene to Holocene age 

(Hirschberg 1987), which may act as an important source of alkalinity to buffer acidity 

generated by the surrounding ASS. Most notable of these is Tamala limestone, an 
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aeolian calcarenite that formed elongated dunes parallel to the present coastline 

(Hirschberg 1987; Nath et al. 2013). The dunes to the west of Minninup Lake are fine, 

wind-blown Safety Bay Sands with calcified root channels. A belt of alluvial swamp 

sediments underlie Minninup Lake; these sediment were laid down 10,000 years ago 

and pyrite accumulated during the last sea-level rise (Hirschberg 1987). 

 

Figure 3-1. Map of the wetland study area showing location of the eight groundwater bores 
(Bores #1 to #8, stars) and two gauging stations (SWN and SWS, red triangles). The elevations 

determined from LiDAR DEM are shown. Surface run-off and groundwater discharge to the 
major drain (flowing north to south) which flows to another wetland whose levels are 

controlled by flood gates to the Indian Ocean. 
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The area around Minningup Lake was drained prior to the 1930s for agricultural 

development. A main drain still runs along the western margin of the wetland and is 

fed by surface flows, groundwater and farm drains; it discharges to the Indian Ocean 

via a flood-gate, about 3 km south of the wetland outlet. The wetland and 

surrounding area was acquired by the Western Australian Planning Commission, and 

gazetted as a conservation category wetland with aims for future restoration. It is 

listed in the Lakes Environmental Protection Policy as part of the Western Australian 

Environmental Protection Act. The land surrounding the site is currently used mostly 

for horse and cattle agistment (Nath et al. 2013). Apart from barren acid scalds, the 

wetland vegetation has been disturbed by introduced kikuyu grass Pennisetum 

clandestinum and in the margins by the salt and acid tolerant, native couch grasses 

Paspalum vaginatum and Cynodon dactylon. Despite its degraded state, the wetland 

retains high ecological value, sustaining a threatened ecological community 

(Quinalup Dune damplands) and providing habitat for three Australian, nationally-

listed, endangered species: Western Ringtail Possum (Pseudocheirus occidentalis), 

Quokka (Setonix brachyurus), and Baudin’s Black Cockatoo (Calyptorhynchus 

baudinii) (Nath et al. 2013).   

Minninup Lake and the surrounding wetland chain are seasonally inundated, 

becoming wet in late autumn when the major drain starts to flow (Figure 3-2). 

Standing water appears in low-lying areas by the end of winter, or during periods of 

prolonged rainfall, promoting hydrological connectivity across the landscape. There 

is also a seasonally inundated pond and waterlogged area on the eastern boundary 

of the wetland. An unconfined shallow aquifer flows westwards and also discharges 
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to the Indian Ocean. The depth to water table varies seasonally; by the end of winter 

there is vertical connectivity between the water table and the standing water in the 

low lying areas (Nath et al. 2013). The seasonal surface and sub-surface hydrology 

therefore creates a dynamic of connection and disconnection, both horizontally and 

vertically, that has profound impacts on the wetland geochemistry. 

 

Figure 3-2. Minninup Lake showing North (left) and South gauging stations (right) 
during winter (August 2009). 

The study area was surveyed in 2009, piezometers installed and future surface water 

sampling sites marked (Figure 3-1). The boreholes were cased in 50 mm Class 18 PVC 

pipes, and were constructed to different depths depending on soil stability. The 

lowest 2 m of each borehole was screened with 50 mm Class 18 slotted PVC pipes. 

The screens were covered with a geotextile filter sock to prevent ingress of fines. The 

screens were packed with clean sand and a bentonite seal was placed above the 

screen. The rest of the borehole was backfilled with cuttings and grouted at the 

surface. During the construction of the boreholes, subsurface litho-stratigraphy was 

recorded. At each borehole, pronounced stratigraphic layering was observed in the 
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first 50 – 100 cm, however the borehole slots were positioned below this layering 

within relatively homogenous fine to medium sands.   

A preliminary study on the groundwater quality in summer 2008 revealed that pH 

levels ranged from 2.5 - 7.9 across 250 m. Dissolved Fe and Al concentrations in the 

groundwater ranged from 0.01 - 610 mg L-1 and 0.04 - 110 mg L-1 respectively. The 

groundwater flowed into the western drain and acidity was discharged off the site 

from May to December (Nath et al. 2013). 

3.2 Sample collection 

The eight piezometers and the drain were monitored for water quality over four 

years: monthly in the first two years, and less regularly in the third and fourth year, 

but timed to capture the lowest water table (around May) and the highest water 

table (around September) (Table 3-2).  

Groundwater was collected from the piezometers using a cylindrical bailer, and prior 

to sampling, three bore casing volumes of water were removed. Depth to 

groundwater was measured prior to sample collection. On the same dates, a water 

sample (500 mL, low density polyethylene bottle) was collected at the two surface 

water sites. Groundwater and surface water samples were filtered (0.45 m nylon 

membrane, 25 mm Pall Acrodisc®), and the filtered samples divided into two. One 

split sample was acidified with a few drops of concentrated HNO3 for subsequent 

analysis of Fe and Al, non-acidified samples were used for DOC analysis. All samples 

were stored on ice, transferred to the laboratory and then stored in the dark at 4ºC 
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until analysis. The pH, electrical conductivity (EC), temperature and oxidation-

reduction potential (ORP) were measured at each site using a TPS™ multiparameter 

probe (TPS 90-FLMV). 

Table 3-2. Sampling dates (2008 – 2011). 

Year 1 - 2008 Year 2 – 2009 Year 3 - 2010 Year 4 - 2011 

11 September 14 January 17 February 12 February 
1 October 28 February 27 May 28  May 

24 October 27 March 24 September 23 July 
13 November 16 April 12 December  
4 December 23 May   

22 December 15 June   
 11 July   
 1 August   
 22 August   
 11 September   

 

3.3 Characterisation of dissolved organic carbon 

Two DOC analyses were conducted routinely throughout the study: the 

quantification of its concentration by standard analytical techniques and the 

characterization of its molecular structure through more advanced analyses. A 

detailed description of each method used for these analyses, as well a details of 

method optimization and validation, are provided below. 

3.3.1 Quantification of DOC concentrations 

For quantification of DOC concentrations, water samples were oxidized and then 

analysed for TOC. Two different oxidation methods (prior to TOC analysis) were 

compared to explore ease of DOC oxidation under the range of environmental 
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conditions found at Minninup Lake (Wangersky 2000; Bisutti et al. 2004; Findlay et 

al. 2010). Replicate samples were oxidised by either wet oxidation (APHA 5310-D) or 

high temperature combustion oxidation (APHA 5310-B).  

For high temperature combustion oxidation, water samples (20 mL) were acidified 

with 400 µL of 2 N HCl, purged for 4 minutes at a flow rate of 150 mL min-1, heated 

to 680oC in the presence of the Pt catalyst, and then measured as CO2 with a 

nondispersive IR detector (NDIR). For QA/QC, internal standards were analysed every 

run. 

In the wet oxidation method, sodium persulfate was used to oxidise the organic 

carbon, and phosphoric acid was used to eliminate inorganic carbon. Acidified and 

purged samples (10-40 µL) were introduced by direct aqueous injection into a quartz 

reaction tube for analysis by a Shimadzu Total Organic Carbon Analyser (TOC-Vws, 

detection limit of 0.2 ppm) using a 5-minute sparging time. Baseline correction was 

done using Milli-Q® water as a blank sample. The TOC analyzer was calibrated with 

potassium hydrogen phthalate (KHP) standards ranging from 1 - 8 mg C L-1.  For 

quality assurance and quality control (QA/QC), solutions of Suwannee River Fulvic 

Acid (SRFA, IHSS, Standard FA 1S101F) were used as internal standards (50 and 10 

mg C L-1) intermittently through sample runs.  

Initial analysis of Minninup Lake waters using both oxidation methods highlighted 

some discrepancies in DOC concentrations (Table 3-3), as would be expected from a 

site with high variability in concentrations, geochemistry and pH conditions. For 
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example, DOC concentrations in Bore #1 waters (pH 8.09) determined by high 

temperature combustion oxidation was almost half the concentrations determined 

by wet oxidation.  It was desirable to use a single method for DOC analysis during the 

multi-season study, and therefore an attempt was made to optimise the wet 

oxidation method.  

Table 3-3. Comparison of results from standard wet oxidation and high temperature 
catalytic oxidation methods for DOC determinations. Triplicate water samples from 
Bores #1, #3, #5 and #7, collected in September 2009, were used for both methods. 

Sample name 

DOCAve mg L-1   

N 
Wet oxidation 

High temperature 

combustion 

pH 

Bore #1 13.9 8.0 8.1 3 

Bore #3 36.9 31.0 7.9 3 

Bore #5 3.5 3.4 3.2 3 

Bore #7 19.1 16.0 2.9 3 

 

The optimisation was attempted using samples from Bore #1, #3, #5 and #7 that 

encompassed widely ranging pH conditions. The volumes of sodium persulfate (1.5, 

3.0 and 5.0 mL in 40 mL of water sample) and concentrations of phosphoric acid were 

adjusted (3% – 4%) to promote oxidation of DOC. The use of 3.0 mL of sodium 

persulfate and 4% phosphoric acid appeared optimal across a range of sites and pH 

values (Figure 3-3, Table 3-4). Triplicate water samples were used to test the 

optimized wet oxidation method and the average standard deviation across pH 

values was 1.5 mg L-1. 
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Figure 3-3 A comparison of DOC concentrations determined by wet oxidation, using 
different volumes of persulfate and acid, and high temperature combustion 

oxidation (HTC). Water samples from four groundwater bores were tested. Error 
bars indicate the standard deviations for triplicate samples using 3.0 mL persulfate. 

 

Table 3-4 Results for Minninup Lake waters from wet oxidation after method 
optimization, using triplicate samples. 

Sample pH DOCAve Std. Dev. N  
 (mg L–1) (mg L-1)  

Bore #1 8.1 11.9 1.97 3 

Bore #3 7.9 33.7 2.59 3 

Bore #5 3.2 3.1 0.32 3 

Bore #7 2.9 16.4 1.14 3 

 

To further test the effect of pH on the optimised wet oxidation method, two SRFA 

standards (10 and 50 mg C L-1) were manipulated from pH 2 - 8 using sodium 

hydroxide (NaOH, 0.1M) and hydrochloric acid (HCl), 0.1M, and again the volumes of 

persulfate and phosphoric acid concentrations were adjusted. The results from the 

wet oxidation method, with varying reagents, were again compared with high-

temperature combustion oxidation.  While 3.0 mL of persulfate and 4% phosphoric 

acid was not optimal for 50 mg C L-1 SRFA at pH 8 (Figure 3-4), this combination 

worked well when pH < 8 and at the lower SRFA concentration (conditions more 
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similar to Minninup Lake samples); these volumes were therefore chosen for 

subsequent analysis of Minninup Lake water.  

 

Figure 3-4. Comparison of wet oxidation (1.5, 3.0 and 5.0 mL persulfate) and high 
temperature combustion oxidation results for (a) SRFA at ~50 mg C L-1, and (b) SRFA 

at ~10 mg C L-1 at adjusted pH 2, 4, 4.5, 6 and 8. Error bars indicate the standard 
deviations for triplicate samples using 3.0 mL persulfate. 

3.3.2 Characterisation of DOC molecular structure 

Fractionation 

The dominant DOC fraction at the wetland outlet (site SWS) was determined via rapid 

fractionation (Leenheer and Croué 2003). This analysis determined the DOC 

concentration within four pre-defined organic fractions: 1) very hydrophobic acids 

(VHA), which are adsorbed onto a DAX-8 resin, are highly coloured, and generally 

have a high molecular weight; 2) slightly hydrophobic acids (SHA), which are 

adsorbed onto a XAD-4 resin, have moderate molecular weight, and are less 
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coloured; 3) hydrophilic charged (HCA), which are adsorbed onto a IRA-958 resin, 

have higher specific charge, and high SUVA; and 4) hydrophilic neutral (NEU), which 

are not adsorbed, have lower molecular weight, are uncoloured, and have low SUVA. 

The DAX-8, XAD-4 and IRA-958 resins were supplied by Supelco™. Sodium hydroxide, 

hydrochloric acid and sodium chloride solutions used for pH adjustment, cleaning or 

regeneration of resins were prepared from AR (ACS) grade chemicals. 

Cation removal 

Prior to fractionation, a Dowex MSC-1 CH cation exchange resin was used to remove 

cations. The resin was cleaned with 0.1 M NaOH, stored in methanol to prevent 

bacterial growth, packed into a column, and rinsed with 1-2 L of deionised water.  A 

5 L sample of Minninup Lake water was filtered (0.45 µm), acidified to pH 2 with HCl, 

and run through the column at 15 mL min-1. The effluent was stored at 4ºC for 

subsequent rapid fractionation analysis; a subsample was collected, adjusted to pH 

7 and analysed for TOC and molecular characterisation using HPSEC (Leenheer 1981). 

This cation free Minninup Lake DOM solution was used for the experiments that 

investigated the impact of pH and Fe on DOC.   

Molecular characteristics 

High pressure size exclusion chromatography (HPSEC) was used to characterize and 

determine the molecular weight distribution of the Minninup Lake DOC, and the 

SRFA standards. The HPSEC (Agilent 1200 Series) analysis used a Phenomenex 

analytical column (BioSep-SEC-S3000: 300 x 7.80 mm 5 µm pore size 290 Å, exclusion 

limit of 7 x 105 g mol-1) and a Phenomenex guard column (BioSep-SEC-S3000: 35 x 
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7.80 mm 5 μm) with detection at 254 nm. The flow rate was 1.0 mL min-1. The void 

and total volumes were determined by dextran blue (Rt = 6.371 s) and acetone (Rt = 

13.018 s) respectively, which is equivalent to 100 Da < apparent molecular weight < 

10 000 Da.  

Phosphate buffer (10 mM, 1.36 g L-1 KH2PO4, and 10 mM, 3.58 g L-1 Na2HPO4) at pH 7 

was used as the mobile phase (eluent) to ensure the same pH for all samples, to 

reduce interactions between DOC and the column packing material, and to improve 

reproducibility in determining organic matter characteristics (Allpike et al. 2007; Her 

et al. 2003; Peuravuori and Pihlaja, 2004). We note that Peuravuori et al. (2005) used 

10 mM sodium acetate at pH 7 as the eluent and showed that humic solutes 

permeated into the stationary phase pores and suggested that interactions occurred 

between small molecular size constituents and the gel matrix, however the impact 

of pH on this interference has not been investigated. Given our environment had 

highly variable pH conditions, we used the standard concentrations and pH for our 

analyses. The analysis time of each sample was 30 minutes with the injection volume 

of 100 µL and polystyrene sulfonates (PSS) was used a standard. All analyses were 

performed at 39 bar of back-pressure. 

A semi-log linear standard calibration curve of polystyrene sulfonate (PSS) was used 

to calculate the molecular weights (MW) of samples (Figure 3-5). The number-

averaged molecular weight (MN) and weight-averaged molecular weight (MW) were 

determined using the equations from Zhou et al. (2000) to indicate the molecular 

weight distribution: 
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where hi is the height (detection response after baseline correction) of the HPSEC  

curve eluted at volume i or at retention time Rt (determined from the standard 

calibration curve), Mi is the molecular weight at eluted volume i and ρ is the 

polydispersity index. 

 

Figure 3-5. Calibration of HPSEC column with PSS standards. 
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The baseline correction for humic substances can be calculated by either 2% of the 

maximum chromatogram height or MW = 50 as the LMW cutoff, whichever is the 

higher value, and 1% of the maximum chromatogram height as the HMW cutoff 

(Zhou et al. 2000). It is possible that interferences or interactions may occur between 

samples and column material, however these would occur beyond the exclusion limit 

and therefore the affected data would not be used in the calculation of DOC size and 

distribution. A pure substance will have MN = MW, however a mixture of molecules 

will have MN < MW and polydispersity, ρ > 1. Typically, the polydispersity of aquatic 

fulvic acids ranges from ~1 to ~3 (McDonald et al. 2004). The analysis time of each 

sample was 30 minutes with an injection volume of 100 µL. Polystyrene sulfonates 

(PSS) were used as a standard to calibrate the column and the molecular weight 

parameters were determined from the chromatographs within the exclusion limit 

(Yau et al. 1979; Zhou et al. 2000). SRFA solutions were used to confirm the ‘clean’ 

chromatographic peak of a pure (cation-free) DOC. (Figure 3-6).  

 

Figure 3-6. HPSEC chromatographic curve of 50 mg C L-1 SRFA standard reference 
material. 
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3.3.3 UV absorbance 

UV visible spectrophotometry was used to characterize aromaticity, calculated as 

specific UV absorbance or SUVA (Karanfil et al. 2002; Li et al. 2006). SUVA (ε) can be 

defined as a quantitative measure of aromatic content per unit concentration of 

organic carbon, as indicated by its absorbance at wavelength of 254 nm, expressed 

in metres. The UV absorbance in the samples was measured by Shimadzu UV-Vis 

1700 in a 1-cm quartz cell. Milli-Q water was used as a blank sample for the baseline 

correction. The detection limit ranged from 190 - 1100 nm. The molar absorptivity 

(ε) was determined using this equation: 

))((
254

lDOC

UV


        (Equation 3.4) 

where 254UV  is the specific absorbance at 254 nm, DOC  is the organic carbon 

concentration in mgL-1 and l  is the path length through the sample (1 cm). 

3.4 Determination of iron and aluminium concentrations 

Total iron concentrations were determined via a) the phenanthroline method (APHA 

3500-Fe-D), b) inductive couple plasma atomic emission spectroscopy (ICP-AES, 

APHA 3500-Fe-C), and c) atomic absorption spectrometry (AAS, APHA 3500-Fe-B). 

Initial inter-comparisons of the three methods were undertaken, as Minninup Lake 

waters exhibited a wide range of pH and ORP conditions and DOC concentrations, all 

of which affect Fe determination.   
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Comparison of analytical results using inductively-coupled plasma (ICP-AES, APHA 

3500-Fe-C) and the phenanthroline method (APHA 3500-Fe-D) showed a 10% (N = 

49) difference in Fe concentrations in circumneutral and basic waters. In acidic 

waters, there was a difference of approximately 70% (N = 28) between the two 

methods. Two effects were observed in the phenanthroline analysis: 1) the addition 

of the standard volume of phenanthroline solution was not sufficient for complete 

reaction and did not allow accurate determination of Fe; and 2) the standard 

digestion process resulted in zero detected total Fe in all samples. Phenanthroline 

method optimisation was attempted by increasing the phenanthroline volume 

relative to the sample volume (2 mL) and using a 1:10 dilution of the samples without 

prior digestion. However these modifications did not result in sufficiently improved 

Fe determinations as compared to results obtained from ICP-AES and AAS (Table 3-

5). 

Table 3-5 Comparison of Fe concentrations in Minninup Lake water samples 
determined by phenanthroline, ICP-AES and AAS. 

Sample name pH Phenanthroline ICP-AES AAS 

Bore #1 8.1 4.92 0.1 0.11 

Bore #5 3.2 62.14 9.6 14.33 

Bore #7 3.9 16.07 100.0 105.71 

SWS 2.8 2.14 150.0 154.70 

 

Previous studies have suggested two possible causes of differences between the 

phenanthroline colorimetric and ICP-AES methods for Fe analysis: the 

phenanthroline method may overestimate Fe concentrations due to the complete 
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dissolution of Fe minerals (Anastácio et al. 2008); or the phenanthroline method 

often leads to reduction or destruction of Fe-chromophore complex which is the 

main factor contributing to error through this colorimetric approach (Amonette and 

Templeton 1998). Moreover, the phenanthroline method needs an adjustment (i.e. 

addition of potassium persulfate) to determine solutions containing Fe(II) and Fe(III) 

ions, providing limited total iron is measured (less than 150 mg L-1) (Govender et al. 

2012). Braunschweig et al. (2012) showed that the two methods tend to agree when: 

1) Fe(II) is the only Fe species in the aqueous solution; 2) pyritic iron is determined in 

strong acid at 60ᵒC; or 3) ferrous iron is part of the crystal lattice and cannot react 

with the phenanthroline. None of these conditions would be expected in low pH 

waters. Results showed that the phenanthroline method was not suitable for 

determining Fe at our study site, most likely due to the highly variable physico-

chemical characteristics of Minninup Lake waters, and especially under the extremely 

low pH conditions measured at Bore #3 and Bore #7.  Results from ICP-AES were 

therefore used for Fe analysis of Minninup Lake waters.  To further test the effect of 

Fe on two SRFA standards (10 and 50 mg C L-1) and Minninup Lake waters, Fe 

concentrations were manipulated from 20 to 1000 mg L-1 of ferrous ammonium 

sulfate anhydrate, and again the concentrations of Fe were measured using ICP-AES. 

3.5 Statistical analysis 

Principal component analysis (PCA) is widely used to explore patterns in large 

complex datasets (Smith 2002), and to reduce the multivariate dimensions (Petersen 

et al. 2001). PCA obtains a small number of uncorrelated linear combinations of N 
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variables to explain the covariance structure in a data set (Petersen et al.2001, Ayeni 

and Soneye 2013). Parinet et al. (2004) recommended the use of PCA to evaluating 

water quality and to check the values of all analytical variables aligned with 

conceptual understanding.  

Temporal and spatial patterns in the Minninup Lake data were investigated by PCA 

using Aabel™ statistical software. The Minninup Lake data correlation matrix (N=68) 

was reduced into two smaller matrices: principal component loadings, and principal 

component scores. All data were standardised (the mean was subtracted from each 

value and then the result divided by the standard deviation) prior to analysis. The 

principal component (PC) scores provided the degree of variability within the original 

data explained by each component, and the PC loadings indicated the relative 

contribution of each component to the PC scores. PCA scatter plots were used to 

explore relationships firstly between Fe, DOC, pH and ORP, and secondly between 

Fe, ORP, pH and HPSEC parameters.  

3.6 Main findings 

The key findings from the body of work outlined in this Chapter are: 

1. Wet oxidation method for DOC quantification need to be verified prior to 

analysis, to avoid under- or over-estimation of DOC concentration. Specific 

modification is needed if the dosage given in the Standard Method is not 

suitable for such water characteristics. 
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2. An optimized wet oxidation method with a combination of 3.0 mL of 

persulfate was applied in this study as it worked well for lake water with pH 

< 8 and over the expected range of DOC concentrations.  

3. The phenanthroline method was not suitable for determining Fe at our study 

site, due to the highly variable physico-chemical characteristics of lake 

waters, and especially under the extremely low pH conditions. 
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4 Seasonal variability in pH, and dissolved organic carbon, iron and 

aluminium concentrations. 

 

4.1 Introduction  

The critical role of hydrological connectivity in altering DOM inputs to a watershed or 

wetland has long been recognised (McKnight and Bencala 1990; Hinton et al. 1997; 

Lambert et al. 2016). Hydrological events such as storms and floods, can deliver large 

pulses of terrestrial DOM into streams and rivers (Rohlfs 2016). During a storm event, 

precipitation can flush the DOM across soil horizons into streams (Hinton et al. 1997), 

however the amount of DOM delivered depends on the intensity, frequency and 

duration of the storms (Hinton et al. 1998).  In groundwater dependent ecosystems 

(GDE) hydrological connectivity is more complex, with temporal variability in both 

vertical and horizontal directions (Nath et al. 2013). As surface waters become 

connected horizontally and the water table intersects the surface waters, DOM pulses 

can occur across the GDE (McKnight and Bencala 1990). These variable spatial and 

temporal scales of DOM loading influence redox potential and geochemical processes 

in both surface and ground waters (Hinton et al. 1997; Kawasaki et al. 2008).  
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When acidification processes are intimately linked to hydrological dynamics, as occurs 

in ASS-impacted GDEs, the DOM molecular size, its polymerisation and optical 

characteristics can also vary seasonally, modified by the wetland acidity (Chin et al. 

1994; Pace et al. 2011; Sulzberger and Durisch-Kaiser 2009). Low pH conditions can 

cause changes in the surface charge of DOM functional groups which can induce 

coagulation of DOM and lower the measured DOM concentrations (Bolan et al. 2011). 

The increased surface water acidity also typically results in increased Fe and Al 

concentrations (Dillon et al. 1988; Wällstedt et al. 2008; Bolan et al. 2011).   

DOM cycling is impacted by high Fe concentrations, photosynthetic activity, microbial 

mediation and the presence of oxygen (Pullin and Cabaniss 2003; Chipman 2011; 

Kritzberg & Ekström 2012) and Fe speciation is influenced sunlight, organic monomers 

and ligands, acidification, and the presence of soil sulfates (Barbeau et al. 2003; 

Meunier et al. 2005; Parazols et al. 2006). Fe and DOM cycling are thus intimately 

connected (Voelker et al. 1997) with Fe-DOM complexes directly affecting DOM 

molecular structure, conformation and reactivity.   

In water with pH > pH 4.5, dissolved Al species are produced via the hydrolysis of Al 

minerals (Bigham and Nordstrom 2000). In acidic waters with pH < 4.5, solubility of Al 

is most commonly controlled by Al hydroxysulfate minerals (Bigham and Nordstrom 

2000; Jones et al. 2011). In DOM-rich water, Al also forms organic complexes that 

control the dissolution, kinetics and mobility of Al (Gensemer and Playle 1999). Under 

acidic conditions the DOM carboxyl and phenolic groups determine the binding 

capacity between Al and DOM (Robert and Richard 1999), and Al-DOM complexes 
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promote precipitation and coagulation of Al (Vance et al. 1996). These interactions 

highlight the challenges in understanding the fate of Al in DOM-rich natural waters. 

This Chapter presents results of a seasonal investigation into the pH conditions, redox 

potential, and DOC, Al and Fe concentrations in an acidic, DOM-enriched GDE over a 

three-year period (September 2008 – July 2011). This investigation of biogeochemical 

conditions mapped the spatiotemporal dynamics in the wetland, prior to the DOC 

molecular characterisation (presented in Chapter 5).  All methodologies used in this 

work have been described in Chapter 3. 

4.2 Results  

4.2.1 Background study (2008-2009) 

Preliminary monitoring of Minninup Lake (2008-2009, Nath et al. 2013) highlighted 

the seasonality of key characteristics affecting connectivity, particularly the water 

levels of both surface and ground waters (Figure 4-1). The seasonal trends in water 

levels highlighted that the northern transect (Bore #8 and Bore #7) was dominated by 

surface waters over winter months with groundwater being recharged. The middle 

transect (Bore #2, #1 and #3) showed essentially flat groundwater gradients by mid-

winter. The groundwater across the southern transect (Bore #4, #5 and #6) drained to 

the west. Nath et al. (2013) highlighted that the groundwater-surface water 

interactions were dynamic, with the groundwater quality reflecting seasonal changes 

in redox status. 
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Figure 4-1. Seasonal variability in groundwater levels across Minninup Lake sites, 
2008 -2009 (Nath et al. 2013). 

4.2.2 Water table dynamics 

Based on this earlier work, further monitoring was conducted for this thesis 

(September 2009 until February 2011) and demonstrated the continuing co-variance 

of water levels, pH, DOC, Fe and Al concentrations, EC and ORP (Table 4-1). It is 

important to note that 2010 experienced very unusual rainfall, with only 50% of typical 

annual cumulative rainfall, with very little rain falling from August through to 

November, and then major storm activity in November (Figure 4-2). Both of these 

2010 patterns had profound impacts on water levels across the wetland, and water 

quality. 
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Table 4-1. Depth to groundwater and the chemistry of Minninup Lake ground and 
surface waters (September 2009 - February 2011). 

*ND – No data 
*For B1-B8, Depth – Depth to groundwater 
 

 
 
 
 

Parameter Date B1 B2 B3 B4 B5 B6 B7 B8 SWN SWS 

Depth  

(m) 

Sep 09 

Feb 10 

May 10 

Sep 10 

Dec 10 

Feb 11 

  0.96 

1.68 

0.57 

0.44 

0.65 

1.01 

2.74 

3.37 

2.27 

1.86 

2.33 

2.60 

1.54 

2.15 

1.33 

1.10 

1.38 

1.61 

2.31 

2.82 

2.42 

1.84 

2.16 

2.40 

1.08 

2.03 

0.93 

0.82 

1.12 

1.39 

0.96 

1.77 

1.03 

0.80 

1.05 

1.25 

0.88 

1.56 

0.55 

0.46 

0.71 

0.91 

1.12 

3.14 

2.11 

1.92 

2.16 

2.84 

0.59 

-0.30 

0.45 

0.20 

1.28 

-0.30 

0.31 

ND 

0.26 

0.23 

1.70 

ND 

pH 

Sep 09 

Feb 10 

May 10 

Sep 10 

Dec 10 

Feb 11 

8.1 

7.1 

6.7 

7.0 

7.2 

6.9 

8.4 

7.2 

6.9 

7.0 

7.2 

7.0 

7.9 

5.5 

4.3 

3.8 

4.0 

3.8 

8.3 

7.2 

6.9 

7.2 

7.1 

7.0 

3.2 

6.8 

6.7 

6.7 

7.1 

6.8 

8.5 

6.7 

6.4 

6.6 

6.5 

6.3 

2.9 

3.8 

3.9 

4.1 

3.8 

3.5 

8.2 

7.3 

7.1 

7.0 

7.3 

7.1 

2.7 

2.2 

3.2 

3.4 

4.7 

6.5 

2.8 

ND 

2.6 

2.8 

6.6 

ND 

DOC  

(mg L-1) 

Sep 09 

Feb 10 

May 10 

Sep 10 

Dec 10 

Feb 11 

19.78 

2.95 

1.72 

12.44 

2.85 

2.46 

6.83 

2.71 

1.05 

1.28 

1.78 

1.67 

37.19 

12.16 

7.54 

12.90 

12.61 

9.96 

8.24 

5.13 

2.25 

3.44 

3.48 

4.44 

2.56 

6.17 

2.27 

8.29 

2.88 

4.30 

8.46 

5.39 

3.53 

8.93 

6.52 

4.78 

17.95 

7.57 

6.36 

7.95 

6.10 

6.12 

3.80 

3.79 

2.38 

5.90 

3.99 

3.73 

10.94 

11.76 

6.32 

4.03 

47.06 

31.46 

10.02 

ND 

10.42 

9.42 

79.75 

ND 

Fe  

(mg L-1) 

Sep 09 

Feb 10 

May 10 

Sep 10 

Dec 10 

Feb 11 

4.92 

0.19 

14.59 

0.39 

5.70 

2.00 

0.47 

0.47 

4.96 

0.94 

1.26 

4.96 

0.19 

37.14 

7.93 

12.06 

294.59 

0.07 

2.42 

0.75 

0.52 

0.39 

0.52 

4.96 

62.14 

2.42 

1.26 

0.39 

20.52 

13.85 

0.19 

0.19 

20.52 

1.50 

5.70 

1.26 

19.92 

45.19 

16.07 

11.50 

35.33 

13.85 

0.47 

6.86 

0.04 

0.47 

1.26 

8.78 

2.69 

1049.2 

8.00 

0.15 

14.83 

39.04 

2.14 

ND 

2.74 

39.92 

159.04 

ND 

Al  

(mgL-1) 

Sep 09 

Feb 10 

May 10 

Sep 10 

Dec 10 

Feb 11 

0.07 

0.09 

0.04 

0.10 

0.07 

0.08 

ND 

0.06 

0.07 

0.06 

0.09 

0.04 

0.09 

56.04 

21.02 

220.06 

110.33 

57.12 

0.03 

0.05 

0.11 

0.10 

0.09 

0.12 

39.30 

ND 

ND 

ND 

ND 

ND 

0.11 

0.02 

0.03 

0.04 

0.10 

0.05 

200.10 

69.02 

35.31 

22.14 

25.04 

32.08 

1.70 

0.06 

0.05 

0.08 

0.23 

0.039 

0.73 

13.00 

0.66 

0.41 

0.16 

0.47 

5.02 

ND 

1.30 

2.00 

0.33 

ND 

SUVA 

 (L mg-1 

m-1) 

Sep 09 

Feb 10 

May 10 

Sep 10 

Dec 10 

Feb 11 

1.11 

8.93 

3.79 

1.82 

2.84 

1.46 

1.02 

1.07 

5.15 

1.87 

1.35 

1.14 

3.86 

5.62 

10.31 

15.50 

9.72 

3.13 

1.37 

1.75 

2.53 

1.95 

1.84 

1.71 

6.67 

1.07 

2.96 

0.48 

3.33 

2.51 

2.90 

2.52 

5.86 

1.09 

4.29 

2.74 

11.36 

3.75 

3.21 

13.24 

14.61 

2.16 

1.42 

1.03 

1.98 

1.10 

1.43 

1.34 

8.60 

3.54 

8.84 

2.31 

1.35 

7.10 

20.71 

ND 

13.70 

16.88 

0.55 

ND 

ORP 

(mV) 

Sep 09 

Feb 10 

May 10 

Sep 10 

Dec 10 

Feb 11 

-47 

ND 

-97 

-90 

-83 

-68 

-14 

ND 

-90 

-87 

-131 

-84 

51 

ND 

214 

277 

207 

204 

105 

ND 

152 
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Figure 4-2. Annual cumulative rainfall 2008-2011. Data from Bureau of Meteorology 

Bunbury station. 

 

The water table (2009 – 2011) showed similar dynamics to that measured in 2008. For 

example, the depth to water table at Bore #6 fluctuated over the year, decreasing 

from early spring (September) and increasing again from early autumn (March). Note 

that after October 2009, the water table was always more than 2 m below surface, 

except in December.  The water table at Bore #3 also fluctuated between the wet and 

dry seasons, with the water table typically at its lowest by mid-autumn (April) and at 

its maximum by early spring (Figure 4-3). Throughout this Chapter, three sites were 

selected (Bore #3, Bore #6 and SWN) to represent three different characteristics of 

Minninup Lake hydrology. 
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Figure 4-3. Groundwater levels measured at (a) Bore #3, (b) Bore #6 and (c) surface 
water levels at SWN, between September 2008 and July 2011. 

For both Bore #6 and #3, there was a lag of almost 3 months between the winter 

rainfall ceasing in July and the maximum water table observed in September 2008. 

Similarly, there was a 3-month lag between maximum evaporative demand in 

February and the minimum water levels observed in May. This dynamic was typically 

also seen at SWN (Figure 4-3), except across 2010 when water levels dropped below 

ground level in May 2010, high standing water was observed in December 2010 (after 

the November storm) and low water levels were again observed in May 2011.  

4.2.3 Electrical conductivity 

The seasonal variability in electrical conductivity (EC) in the surface waters at SWN and 

SWS reflected changing water levels and subsequent dilution or evapo-concentration 

(Table 4-1).  The EC of surface waters (SWN) fluctuated more than the EC of 

groundwater (Bore #3 and #6, Figure 4-4). Maximum EC in surface waters was 

recorded in December 2009 and January 2011 when the water levels were decreasing 

under low inflows and high evaporative demand (Figure 4-4). 
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Figure 4-4. Water levels and electrical conductivity measured (a) Bore #3, (b) Bore #6 and (c) 
SWN between September 2008 and July 2011. Note there was a malfunction of the EC probe 

in June 2011, so no data is shown. 

4.2.4 Redox conditions 

The variability in groundwater levels across sites and seasons resulted in a range of 

redox conditions (Table 4-1, Figure 4-5). In general, a redox front existed between 

Bore #7 and Bore #4, with an oxidising zone to the west and reducing zone to the east 

(Table 4-1).  Oxidation-reduction potential (ORP) values became slightly positive when 

the depth to water table was at least 1 – 2 m below ground level (e.g. early winter 

2011). Similar trends occurred in surface waters (SWN); highest ORP values were 

recorded during the lowest depth of water (Figure 4-5).  
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Figure 4-5. Water levels and ORP measured at a) Bore #3, b) Bore #6 and c) SWN between 
September 2008 and July 2011. 

As the ORP values increased toward the end of wet season, high DOC and low Fe 

concentrations were observed from October 2009 to May 2010 (Table 4-1). However, 

when the water level increased in the following wet season, the ORP values dropped; 

under these reducing conditions Fe concentrations were observed to increase (Table 

4-1). 

4.2.5 pH conditions 

Changes in pH were negatively correlated with redox conditions (r = -0.87, p = 0.02), 

however they showed minimal correlation with electrical conductivity (Table 4-1). 

Neutral pH conditions were observed at Bore #6 and the pH conditions remained 

relatively constant over the three years of sampling. Lower pH conditions (< pH 4) 

were observed at Bore #3 when water levels dropped (Table 4-1, Figure 4-6). Higher 

pH (~pH 8) conditions were observed when water levels rose closer to the surface. In 
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the surface water (SWN), the pH increased to around circumneutral pH in March 2009 

and again in February 2011 and this appeared to be unrelated to the surface water 

level (Figure 4-6). Other than these two periods, the surface waters remained acidic 

over the three-year sampling period. 

 

Figure 4-6. Groundwater levels and pH measured (a) Bore #3, (b) Bore #6 and (c) surface water levels 
and pH measured at SWN between September 2008 and July 2011. 

4.2.6 DOC concentrations and SUVA 

DOC concentrations ranged from less than 5 mg L-1 to up to 40 mg L-1 in groundwater 

and up to 50 mg L-1 surface waters. The maximum DOC concentrations measured at 

SWN coincided with high water levels in both surface water and groundwater (Figure 

4-7). SUVA values of the Minninup Lake organic matter varied between 1.02 and 20.71 

L mg-1 m-1 along an east-west transect (Table 4-1). Minninup Lake organic matter in 

both surface water and groundwater had high absorbance capacity (i.e. high 
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aromaticity) when the water table was low, regardless of the DOC concentrations 

(Figure 4-7). This DOC-SUVA relationship will be further discussed in Chapter 6. 

 

Figure 4-7. Water levels, SUVA and DOC concentrations measured (a) Bore #3, (b) Bore #6 and (c) 
SWN between September 2008 and July 2011. 

4.2.7 Organic fractions 

Rapid fractionation of water samples collected from the wetland outlet (SWS) in May 

and September 2010, showed that DOC was ~30% hydrophobic and ~70% hydrophilic 

carbon (Table 4-2). The high ratio of hydrophilic to hydrophobic components of the 

Minninup Lake organic carbon (as indicated by both SUVA and rapid fractionation 

analysis) suggests higher stability DOC and a decreased ease of oxidation.  The ratio of 

hydrophilic to hydrophobic DOC controls micelle formation (Šmejkalová and Piccolo 

2007), molecular structure, the organic carbon reactivity and the capacity to interact 
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with different organic and inorganic moieties. Piccolo (2002) reported that the more 

hydrophilic the organic carbon, the higher the potential for interaction with high 

polarity compounds (e.g. dissolved iron). Furthermore, the ability of the organic 

carbon to act as proton donor and acceptor to other compounds will also be affected 

by its molecular structure. We might therefore expect some relationship between 

molecular weight distribution and the interactions with Fe and Al; this will be 

investigated further in Chapter 5 and 6. 

Table 4-2. Results of rapid fractionation for Minninup Lake water samples collected in May 2010 and 
September 2010. VHA - Very Hydrophobic Acids; SHA - Slightly Hydrophobic Acids; CHA -Charged 

Hydrophilics; NEU - Neutral Hydrophilics. 

Sample Fraction (%) 

VHA SHA CHA NEU 

 
May 2010 

 
21 

 
12 

 
8 

 
58 

 
Sep 2010 

 
24 

 
7 

 
11 

 
58 

     

4.2.8 Fe and Al concentrations 

Fe concentrations 

Throughout the three years of sampling, Fe concentrations were highly variable in 

Bore #3, yet remained < 50 mg L-1 in Bore #6 regardless of the water levels (Table 4-1, 

Figure 4-8). In contrast, very high Fe concentrations were measured at SWS, ranging 

between 200 – 400 mg L-1 (Figure 4-8). Note that after the unusual major rainfall event 

in November 2010, there was a sharp increase in water levels at SWS that coincided 

with pH increase to ~7, decline in ORP to -150 mV, an increase in Fe concentration to 
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nearly 400 mg L-1, and in DOC concentration to 50 mg L-1. However at Bore #6, Fe and 

DOC concentrations remained low at < 100 mg L-1 and < 10 mg L-1, respectively.  

The relationships between EC, Fe and DOC concentrations were also impacted by pH 

effects (Table 4-1). EC-DOC and EC-Fe relationships altered with pH, with similar 

trends around a threshold pH value of 6, plus some outliers. Waters with pH < 6, from 

sites 3, 9 and 10 were the outliers in EC-DOC relationship, when the DOC 

concentrations were greater than 30 mg L-1, and waters with pH > 6 from sites 2, 7 and 

9 were the outliers in EC-Fe relationship, when the Fe concentrations were greater 

than 70 mg L-1 (Figure 4-9). Correlations between these four variables are further 

discussed in Chapter 5.  

 
Figure 4-8. Water levels, pH and Fe concentrations measured (a) Bore #3, (b) Bore #6 and (c) SWN 

between September 2008 and July 2011. 
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Figure 4-9. Relationship between (a) electrical conductivity and DOC concentrations, and (b) electrical conductivity and Fe concentrations for water under 
pH < 6, (opened square) and pH > 6 (crosses) conditions. 
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Al concentrations 

The Minninup Lake groundwater exhibited highly variable Al concentrations ranging 

from 21 – 220 mg L-1, while DOC concentrations ranged from 6 – 37 mg L-1, and pH 

3.5 – 7.5 (Table 4-1, Figure 4-10). In contrast, Minninup Lake surface waters (SWN 

and SWS) exhibited a similar range of DOC concentrations, but low Al (0.3 – 24 mg L-

1), and pH varied with season (low pH during the wet season and high pH during the 

dry season) (Figure 4-10). These unexpectedly low Al concentrations in Minninup 

Lake surface waters will be further discussed in Chapter 6. 

 
Figure 4-10. Water levels, pH, Al and DOC concentrations measured (a) Bore #3, (b) 

Bore #6 and (c) SWN between September 2008 and July 2011. 
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4.3 Discussion 

The geochemical dynamics of acidic DOM-rich Minninup Lake water allowed 

exploration of interactions between pH, metals (Fe and Al) and DOM concentrations, 

the other physicochemical variables (ORP and EC) and the fluctuating water table. 

This exploration will provide the baseline conditions against which to assess the 

variability in DOC molecular structure characteristics that will be discussed in 

Chapters 5 and 6. 

4.3.1 Interactions between pH conditions, ORP, Fe and DOC concentrations  

The fluctuations between positive and negative redox potential at SWN and SWS 

across the sampling period (Table 4-1) were most likely driven by seasonal variability 

in sources water to the drain, both above the wetland (therefore affecting SWN) and 

within the wetland (therefore affecting SWS). Redox conditions also fluctuated in the 

groundwater bores across the wetland (Table 4-1, Figure 4-2); we expected oxidizing 

conditions to occur when groundwater levels were low and reducing conditions 

would occur when water levels were high. However we note that Bore #3 and Bore 

#7 exhibited the opposite behaviour, experiencing high groundwater with oxidizing 

conditions (Table 4-1, Figure 4-2) nearly all the time.  

Despite the anomalous behaviour of Bores #3 and #7, most groundwater remained 

highly reducing. Kritzberg and Ekström (2012) showed that when a sustained 

negative redox potential in sub-surface waters (possibly due to a supply of wetland-

sourced organic carbon) coincided with low pH conditions, high concentrations of 
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soluble Fe can result; such high Fe and low pH sub-surface discharge into the wetland 

was observed at SWN during the summer of 2011.  

Du Laing et al. (2009) suggested that under such reducing conditions, sulfate 

reduction would be initiated followed by sequestration of metals through the 

formation of insoluble sulfides. McKnight and Bencala (1990) showed that under 

acidic conditions there are tight feedbacks between redox conditions and metal 

concentrations. In turn, changing redox conditions can alter the adsorption capacity 

of organic matter and Fe oxy-hydroxides (Du Laing et al. 2009). We expect that under 

oxic conditions, wetland organic matter would be rapidly broken down, releasing 

DOC, along with any metals sorbed to the solid organic phase. On the other hand, 

sediment-bound organic matter may also be released under reducing conditions, due 

to electrostatic repulsion between electronegative organic matter and deprotonated 

mineral surfaces, which become less electropositive as reducing conditions develop 

(Grybos et al. 2007; Du Laing et al. 2009).  

Apart from redox potential, DOC and Fe concentrations are also fundamentally 

affected by pH conditions, and we would expect this to be reflected in Minninup Lake 

groundwater and surface water; Fe and DOC concentrations and pH were all highly 

variable across the monitoring period (Figure 4-6 and Figure 4-8). In waters of pH 8 

(e.g. Bore #3), minimal Fe and high DOC concentrations were detected after winter 

(September 2009). During summer (February 2011), the pH declined to 4; DOC 

decreased to 10 mg L-1; and Fe concentration increased to 200 – 250 mg L-1. In 

Minninup Lake surface waters (SWN) during winter (August 2009), the pH remained 
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low at 3; Fe concentration was high (150 - 200 mg L-1) and DOC concentration was 

low at 10 mgL-1. During summer (February 2011), Fe was mostly below detection and 

only moderate DOC concentrations were measured (~32 mg L-1).  Due to this high 

variability across most parameters, two Principal Component Analyses (PCAs) were 

used to assess the relationships between the parameters. 

The first PCA was used to analyse our data (September 2009 to July 2011) and to 

explore patterns in the distribution of Fe, pH and DOC in the Minninup Lake 

groundwater and surface waters. Table 4-3 summarizes the descriptive statistics of 

each environmental parameter (Fe, pH and DOC), correlations between the 

parameters and the Principal Components, and the Principal Component loadings, 

eigenvalues and cumulative contributions to the variance. The first two Principal 

Components, PC1 and PC2, explained ~80% of the total variance (Figure 4-11), 

indicating that waters high in DOC clustered either with pH 4.5 – 7 or pH > 7.  Waters 

with low DOC concentrations clustered with pH 3, pH 3 – 6 or pH > 6. The PCA results 

supported the typical finding that Fe concentrations are correlated with pH (Jansen 

et al. 2003; Cravotta 2006; Szabo and Tuhkanen 2010). Earlier geochemical 

observations however, suggested a connection between the Fe-pH relationship, 

redox potential and DOC concentrations, and this prompted another PCA 

investigation. 
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Table 4-3. Principal component analysis of Fe, pH and DOC (N = 68): a) correlation between 
parameters, and b) loadings, eigenvalues and cumulative total of PC1 and PC2. 

Parameters Fe (mg L-1) pH DOC (mg L-1) 

Fe (mg L-1) 1.00 -0.448 -0.261 
pH -0.448 1.00 0.238 

DOC (mg L-1) -0.261 0.288 1.00 

 

Parameters PC 1 PC 2 

Fe 
pH 

DOC 

0.80 
-0.78 
-0.62 

0.27 
-0.34 
0.79 

Eigenvalues 
Variance (%) 

Variance (Cum. %) 

1.64 
54.72 
54.72 

0.81 
25.61 
80.33 

 

 

Figure 4-11. Graphical presentation of the PCA distribution of data (pH, Fe and DOC 
concentrations) against the first two Principal Components. Plots depict that Minninup Lake 

waters (neutral and acidic) were correlated with Fe (PC1), except for waters with pH 4.5 were 
lying on y-axis and not correlated with Fe (N=68). 
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The second PCA analysed the geochemical data described above, but included redox 

potential. Table 4-4 summarizes the descriptive statistics of each environmental 

parameter (pH, ORP, and Fe and DOC concentrations), correlations between the 

parameters and the Principal Components, and the Principal Component loadings, 

eigenvalues and cumulative contributions to the variance. The PCA showed that Fe 

concentration, pH and ORP conditions all contributed significantly to the variance 

along Principal Component 1 (PC1) (Table 4-4), while DOC concentrations 

contributed to the variance along Principal Component 2 (PC2). PC1 and PC2 could 

explain over 80% of the total variance in the data. Along the PC1 axis, pH was found 

to be negatively correlated with Fe and ORP. Analysis of the PC1 vs PC2 scatter plot 

highlighted that, while clustering occurred across the sites (Figure 4-12), no clustering 

was observed that related to pH, ORP or Fe concentrations. Data from sites 1, 2, 4, 6 

and 8 were clustered into a single quadrant, suggesting similar water sources and 

characteristics that did not vary substantially with time. Data from sites 3 and 7 were 

less tightly clustered, spreading across two quadrants, and data from sites 9 and 10 

were spread across two different quadrants, suggesting that the four sites might be 

impacted by different water sources and chemical conditions at different times of 

the year. Findings from both principal component analyses led us to assess the 

impact of Fe on structural characteristics of DOC, in the first instance using the 

international standard SRFA (as presented in Chapter 6). 
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Table 4-4. Principal component analysis of pH, ORP, Fe and DOC (N=68). 

Parameters Correlations between parameters Loadings, 
eigenvalues and 
cumulative variance 
of PC1 and PC2 
 

 pH ORP 
(mV) 

DOC 
(mg L-1) 

Fe 
(mg L-1) 

 

PC1 PC2 

pH 1.00 –0.77 –0.10 –0.49 0.60 0.19 
ORP –0.77 1.00 0.04 0.45 –0.59 –0.27 
DOC (mg L–1) –0.10 0.04 1.00 0.24 –0.17 0.92 
Fe (mg L–1) –0.49 0.45 0.24 1.00 –0.51 0.22 

Eigenvalues     2.19 1.03 
Variance (%)     54.73 25.65 
Variance (Cumulative %)     54.73 80.38 

 

 

 

Figure 4-12. Graphical representation of the distribution of data (Fe, ORP, pH and DOC) 
against the first two Principal Components. All data were standardized before PCA analysis 
(mean subtracted and then divided by standard deviation). The data have been divided into 

four quadrants and labeled with site codes (N=68). 
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4.3.2 Interactions between pH, water table and Al concentrations 

The environmental variables in Minninup Lake, including depth to water table, varied 

seasonally. These conditions affected Al concentrations, both spatially and 

temporally, especially when Al concentrations were relatively low compared to DOC 

concentrations; this condition has been shown to promote the binding of Al to 

organic matter (Jansen et al. 2003). Complexation between Al and DOC under acidic 

conditions can also be influenced by soil solution variables, such as pH, organic 

matter characteristics, and the molar ratio of metals to organic carbon, which are 

seasonally driven and interrelated to each other. The pH, for example, may vary 

depending on the DOC production (Shultz et al. 1993), and the distribution of DOC is 

determined by the ecosystem’s water cycle and stream water level (Strack et al. 

2008), while the increasing water level will in turn impact the variability of redox 

reactions. The measured changes in pH across the study would impact the 

monomeric Al species. All of these interactions can be evidenced by the occurrence 

of the wide range of Al concentrations measured across the wetland, in both ground 

and surface waters, spatially and temporally. These findings prompted further 

investigations into the relationship between pH, SUVA, DOC and Al concentrations 

(discussed in Chapter 6). 
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4.4 Main findings 

1. The Minninup Lake DOC is made of both non-humic, hydrophilic, aliphatic 

complexes with low molecular weight components, and high molecular 

weight, hydrophobic, aromatic complexes. 

2. Fluctuations between positive and negative redox potential at SWN and SWS 

across the sampling period are driven by seasonal variability in sources water 

to the drain, both above the wetland and within the wetland, and therefore 

affecting drainage water (upstream and downstream).  

3. DOC and Fe concentrations are fundamentally affected by pH conditions, and   

reflected in the groundwater and surface water; this resulted in highly 

variables of pH, Fe and DOC concentrations across the monitoring period. 

4. Environmental variables in the wetland system, including depth to water 

table, varied seasonally, and affected Al concentrations, both spatially and 

temporally, especially when Al concentrations were relatively low compared 

to DOC concentrations. 
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5 Impacts of iron and pH on dissolved organic carbon conformation 

 

5.1 Introduction 

In Chapter 4, the significance of hydrological connectivity for Minninup Lake water 

chemistry was outlined. Those findings suggested the need for further exploration of 

the interactions between pH, Fe and DOM, through determination of DOM molecular 

structure and conformational arrangement. While there is ongoing debate about the 

structural nature of DOM (Schaumann 2006a; Schaumann 2006b), we can 

conceptualize it as a continuum of structures from supra-molecular assemblies of 

biochemical monomers (e.g. carbohydrates, amino acids, low molecular weight 

organic acids and fatty acids) to highly transformed macromolecules with polymer-

like properties (Baigorri et al. 2007; Senesi et al. 2007; Schaumann and Thiele-Bruhn 

2011).  

The conformation of DOM is dependent on both intra-molecular complexation and 

inter-molecular cross-linking (Kunhi Mouvenchery et al. 2012) and metal cations 

interact with organic bridging groups both directly and indirectly to impact DOM 

conformation (Schneckenburger et al. 2012). These organometallic complexes, the 

most common of which is the Fe-DOM complex, affect the fate of both the organic 

and inorganic constituent molecules via changes in sorption, dissolution and 

mineralization processes (Baldock and Skjemstad 2000) and consequently can 
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control metal reactivity, solubility, bioavailability, toxicity and transport (Cabaniss 

2008, Bolan et al. 2011). A key step in understanding DOM cycling in wetlands is to 

quantify the variability in its chemical structure.  

While we assume that many of the ecological functions of DOM are impacted by its 

molecular structure, size, molecular weight distribution and absorptivity, the effect 

of environmental conditions on the conformation and aggregation of DOM are still 

not clearly understood, particularly under the low pH conditions and typically high 

iron (Fe) concentrations found in ASS-impacted groundwater-dependent wetlands 

(Zsolnay 2003).  

Multiple tools have been used to investigate DOC structure including 13C and 15N 

nuclear magnetic resonance (NMR) and fourier transform infrared spectroscopy 

(FTIR) for analysing functional groups (Peuravuori et al. 2002; Lankes et al. 2008) and 

specific UV absorbance (SUVA) for investigating aromaticity (Karanfil et al. 2002). 

Molecular weight fractions have been investigated using analytical ultrafiltration 

(Buffle et al. 1978), field flow fractionation (Giddings et al. 1987), vapour pressure 

osmometry  (Marx‐Figini and Figini 1980) and size exclusion chromatography (Zhou 

et al. 2000).   

High pressure size exclusion chromatography (HPSEC) has been increasingly used to 

provide qualitative and quantitative information on DOC structural parameters 

(Allpike et al. 2005; Świetlik & Sikorska 2005; Szabo & Tuhkanen 2010) including 

molecular weight distribution, the number-averaged molecular weight (MN), the 
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weight-averaged molecular weight (MW) and the polydispersity (ρ). HPSEC provides 

an attractive option for characterizing DOC structure, requiring minimal sample 

preparation and sample volume.  

This Chapter discusses experiments undertaken using HPSEC and UV absorbance (at 

254 nm), to assess how the molecular weight characteristics of DOM change with pH 

and Fe concentrations, both in the field and under controlled laboratory conditions. 

The experiments to capture the impact of pH included a) the determination of DOC 

molecular characteristics of natural Minninup Lake water with variable pH; b) the 

determination of DOC molecular characteristics in buffered (pH 7) Minninup Lake 

water; and c) the determination of DOC molecular characteristics in Minninup Lake 

water under manipulated pH conditions (Figure 5-1). The experiments to capture the 

impact of Fe included a) the determination of DOC molecular characteristics in 

natural Minninup Lake waters with variable Fe concentrations; b) the determination 

of DOC molecular characteristics in buffered (pH 7) SRFA solutions under 

manipulated Fe concentrations; and c) the determination of DOC molecular 

characteristics in buffered (pH 7) Minninup Lake waters under manipulated Fe 

concentrations (Figure 5-1).  Readers are referred to Chapter 3 for sampling 

methodology, chemical analysis methods and their optimisation.  
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Figure 5-1. HPSEC methodological flow chart for the investigation of pH and Fe effects on 

Minninup Lake water and SRFA solution. 

5.2 Results 

5.2.1 Minninup Lake DOC molecular background 

Four HPSEC parameters were used to analyse DOM molecular characteristics: 

molecular weight distribution, the number-averaged molecular weight (MN), the 

weight-averaged molecular weight (MW) and the polydispersity (ρ). The HPSEC 

analysis of natural Minninup Lake waters showed a broad range of molecular weight 

distributions between 300 – 10 k Da, with multiple chromatographic peaks (Figure 5-

2). The detailed changes in HPSEC parameters and the pH of the Minninup Lake 

waters are shown in Table 5-1. The Minninup Lake DOM weight-averaged molecular 

weight, MW, of high pH (> 7.5) waters was > 2000 Da while MW of the acidic (pH < 3.5) 

water samples was less than 2000 Da (Table 5-1). The high weight-averaged to 

number-averaged (MW: MN) ratios or polydispersity (ρ) found in acidic waters 

indicated a broader molecular weight distribution and a more diverse mix of 
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molecules. The molecular weight distribution from the HPSEC analysis also revealed 

distinctly different spectra between low pH and circumneutral waters (Figure 5-2). 

Allpike et al. (2005) hypothesized that both pH and changing Fe concentrations could 

cause changes in molecular structure, which would be detected as changing 

molecular weight distributions. Further investigation was required to separate the 

effects of pH and Fe concentration. 

 

 

Figure 5-2. HPSEC chromatograms of Minninup Lake surface and ground waters at field pH. 
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Table 5-1. HPSEC parameters for surface and groundwater samples at field (ambient) pH, 
collected during September 2009. 

Sample ID pH 
MW 
(Da) 

MN 
(Da) 

ρ 

Bore #1 
Bore #2 
Bore #3 
Bore #4 
Bore #5 
Bore #6 
Bore #7 
Bore #8 

SWN 
SWS 

8.10 
8.40 
7.90 
8.30 
3.20 
8.50 
2.90 
8.20 
2.70 
2.80 

2634 
2499 
3137 
2467 
1939 
2474 
1803 
2226 
1379 
1549 

2092 
1727 
2762 
1776 
561 

1876 
590 

1712 
491 
644 

1.26 
1.45 
1.13 
1.39 
3.46 
1.32 
3.06 
1.30 
2.81 
2.41 

  

5.2.2 pH experiments 

Additional information on DOC characteristics of the water samples was added 

through SUVA analysis. Combination of MW, ORP and pH (from in-situ 

measurements), DOC and Fe concentrations, coupled with SUVA values, revealed 

that the Minninup Lake water samples clustered into three major groups with much 

of the cluster separation determined by Fe concentrations (Figure 5-3). This finding 

led us to further investigate the effects of pH and Fe on the Minninup Lake DOC 

conformation structure as determined by HPSEC (Figure 5-1).  
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Figure 5-3. Minninup Lake DOC characteristics as a function of MW and SUVA. 

After the apparent molecular weight and inverted retention time were transformed 

into a semi log linear calibration curve (Cabaniss et al. 2000) and the pH of the 

samples was buffered to pH 7, similar chromatographic peaks with the same range 

of molecular weight distribution appeared, however the magnitude of the peaks 

reduced (likely reflecting a decreased absorbance), and low molecular weight organic 

compounds (< 1000 Da) appeared in bore waters #1 and #5 (Figure 5-4).  
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Figure 5-4. HPSEC chromatograms of Minninup Lake waters buffered at pH 7. 

The same lake water samples were then used for further analysis by removing the 

cations from the waters. Subsequent adjustment to pH 4, pH 6 and pH 8, created an 

alignment of chromatogram peaks in all samples except the Minninup Lake water 

with original pH 2.3 (Figure 5-5).  This work prompted further investigation of the 

impact of Fe concentrations on the Minninup Lake DOM molecular characteristics.  

 
Figure 5-5.  HPSEC chromatograms of Minninup Lake waters at manipulated pH 2, 4, 6 and 8, 

after cation removal. 
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5.2.3 Fe experiments 

In order to assess how Fe affected DOC conformation as determined by HPSEC, 

varying concentrations of Fe were added to the international standard SRFA. As Fe 

concentrations increased, a decrease in the predominant HPSEC peak was observed 

(Figure 5-6).  Weight-averaged (MW) and number-averaged (MN) molecular weight, 

and the polydispersity (ρ) increased until the Fe concentration was double the DOC 

concentration, and subsequently declined with further Fe additions (Table 5-2).  

 
Figure 5-6. The impact of changing Fe concentrations (0, 20, 40, 60, 80, 100, 200 and and 1000 mg 

L-1, under controlled pH 7) on SRFA characteristics. 
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Table 5-2. HPSEC parameters MW, MN and ρ of standard SRFA solutions after additions of Fe under 
buffered pH. 

 
DOC 

(mg L-1) 
 

pH 
Fe 

(mg L-1) 
MW 
(Da) 

MN 
(Da) 

ρ 

50.0 

7.0 0 3191 2471 1.29 

7.0 20 3872 2550 1.52 
7.0 40 6392 2630 2.43 
7.0 60 9431 2569 3.67 
7.0 80 9068 1803 5.03 
7.0 100 14687 3112 4.72 
7.0 200 13521 2815 4.80 
7.0 1000 2646 2226 1.19 

 

Results from the study led us to further explore the effects of Fe on Minninup Lake 

waters under controlled pH conditions (Figure 5-7). After the removal of cations, and 

under buffered pH-neutral conditions, eight major chromatographic peaks were 

observed. With increasing Fe concentrations, the eight peaks shifted to the left to 

form lower apparent molecular weight species and the absorbance signal at 254 nm 

decreased, most likely due to decreasing DOC concentrations (Table 5-3).   
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Figure 5-7.  HPSEC of Minninup Lake DOC with additional of known Fe concentrations (200, 
400, 600 and 800 mg L-1), buffered at pH 7, after cation removal. 

 

Table 5-3. DOC concentrations and HPSEC parameters MW, MN and ρ in Minninup 
Lake samples, showing the effect of cation removal and subsequent additions of Fe 

under buffered pH. 

 

Under acidic conditions (field pH 2.34), the molecular weight distribution of 

Minninup Lake DOM remained between 1 – 10k Da, and only five major 

chromatographic peaks were visible, regardless of the Fe concentration (Figure 5-8). 

As excess Fe was added, the water became more acidic. The molecular weight 

distribution also remained in the same range even though higher concentrations of 

DOC  
(mg L-1) 

pH Fe  
(mg L-1) 

Mw (Da) 
 

MN (Da) 
 

ρ 

5.62 7.0 0 2192 655 3.2 

5.28 7.0 200 7439 211 40.6 

4.96 7.0 400 9469 174 50.6 

4.73 
 

7.0 600 10678 108 54.6 

4.57 7.0 800 26570 690 69.1 
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Fe (up to 800 mg L-1) were added. At the highest Fe concentration, the pH remained 

acidic (pH 1.64). These results suggest that dissolved Fe contributed more acidity to 

the water. Only higher apparent molecular weight species were affected by the 

changes in Fe concentrations. This could be due to the protonation of DOM under 

acidic conditions resulting in reduced Fe binding and therefore reduced impact of Fe 

on DOC conformation. Results also revealed that DOC concentrations, as determined 

by high catalytic thermal combustion, in the (initially) cation-free Minninup Lake 

waters decreased with the addition of Fe (Table 5-4). 

 

Figure 5-8. HPSEC chromatograms of Minninup Lake waters, with manipulated Fe 
concentrations (0, 200, 400, 600 and 800 mg L-1), and ambient pH. 
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Table 5-4. DOC concentrations and HPSEC parameters Mw, MN and ρ of Minninup Lake 
waters, showing the effect of cation removal and subsequent additions of Fe under  

ambient pH conditions. 

 

5.2.4 PCA analysis 

In Chapter 4, we used Principal Component Analysis (PCA) to analyse the 

relationships between geochemical conditions, seasonality and pH, and to gain 

insights into geochemical cycling and hydrological connectivity. HPSEC data was now 

included in the PCA to explore the relationships between pH, ORP, Fe and the HPSEC 

parameters MW and MN. The first two components PC1 and PC2 explained over 74% 

of the total variance (N = 68, Table 5-5).  

The PC1 vs PC2 scatter plot was used to assess clustering according to pH (Figure 5-

9a), MW (Figure 5-9b), Fe concentrations (Figure 5-9c) and finally the sampling 

locations, i.e. sites (Figure 5-9d). PCA data with pH > 5 tended to lie along the B-axis 

(with a couple of outliers). PCA data with pH ≤ 3 and data with pH 4 – 5 were each 

clustered, but both clusters tended to lie along the A-axis. Data with higher MW values 

lie along the B-axis and data with moderate to low MW values lie along A-axis (Figure 

DOC 
(mg L-1) 

pH Fe 
(mg L-1) 

MW 
(Da) 

MN 
(Da) 

ρ 

      

6.41 2.29 0 33894 2111 16.1 

5.64 1.79 200 27293 1435 19.0 

5.23 
4.84 
4.42 

1.72 
1.67 
1.64 

400 
600 
800 

23531 
24873 
24246 

1558 
1460 
1355 

15.1 
17.0 
17.9 
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5-9b). It is interesting to note that pH outliers (as indicated by Figure 5-9a, and by the 

colour-coding) were not MW outliers. PCA data with low Fe concentrations lie along 

the B-axis, data with moderate to high Fe concentrations lie along the A-axis (Figure 

5-9c). Note that pH outliers were also Fe outliers. Sites 1, 2, 4, 5 and 6 all lie along the 

B-axis with a few outliers (see green site 4) and sites 7, 9 and 10 mostly lie along the 

A-axis.  Note also that the anomalous data point from Site 10 (red) is also a pH 

anomaly. The detailed variance eigenvalues of PC1 and PC2 are shown in Table 5-5. 

Table 5-5. Principal component analysis of pH, ORP, Fe and HPSEC parameters. 

Parameters  Correlations between  parameters Loadings, eigenvalues 
and cumulative variance 

of PC1 and PC2 

 MW 
(Da) 

MN 
(Da) 

pH 
 

ORP 
(mV) 

Fe 
(mg L-1) 

 

PC1 PC2 

MW 1.00 0.51 0.13 –0.16 –0.14 0. 28 0.70 
MN 0.51 1.00 0.41 –0.19 –0.32 0.40 0.53 
pH 0.13 0.41 1.00 –0.78 –0.49 0.55 –0.27 
ORP –0.16 –0.19 –0.78 1.00 0.47 –0.51 0.36 
Fe –0.14 –0.32 –0.49 0.47 1.00 –0.45 0.17 

Eigenvalues      2.50 1.22 
Variance (%)      49.95 24.41 
Variance (Cumulative %)    49.95 74.36 

 



Impact of iron and pH on dissolved organic carbon conformation 

 

_________________________________________________________________________________ 

 

 

95 

 
Figure 5-9. Graphical representation of the distribution of data (Fe, ORP, pH and HPSEC 

parameters MN and MW) against the first two Principal Components. All data were standardised 
before PCA analysis (mean subtracted and divided by standard deviation). PCA data have been 

labelled with values of (a) pH, (b) MW, (c) Fe concentrations and (d) sites (i.e. locations). The data 
have also been colour coded: pH ≤ 3: red diamonds; pH 4 and 5: green squares; pH > 5: blue 

squares. These pH colour codes are maintained across the four tiles.  The A and B dotted lines 
indicate two axes of data. 

 
 

5.3 Discussion  

5.3.1 Effects of pH on DOC conformation structure 

The weight-averaged, Mw, of high pH waters was > 2000 Da while the Mw of the acidic 

waters were less than 2000 Da (Table 5-1). The high Mw:MN ratios exhibited in acidic 

waters indicates a broad molecular weight distribution, less purity of the organic 

compounds and high levels of complexation. The HPSEC analysis suggested that 

increasing the pH from 2.3 to 7 reduced the absorptive ability of organic carbon 
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(Figure 5-2, Figure 5-4) and reduced the weight- and number-average molecular 

weight of the organic carbon (Table 5-1, Table 5-2). Changes in absorptive ability and 

weight- and number-average molecular weight of the DOC support the conceptual 

model that organic carbon supra-molecules change size under varying pH conditions, 

due to induced changes in inter-molecular bonding rather than changes in the 

covalent bonding of a DOC polymer (Piccolo 2002). This suggests that in Minninup 

Lake, pH has a large impact on both van der Waals and hydrogen bonds which in turn 

changes the apparent molecular size of the organic carbon, and its reactivity. 

Wang et al. (2001) demonstrated in neutral to high pH waters, that the surfaces of 

the organic matter are more negatively charged due to incomplete dissociation of 

the functional groups and the ionization of COOH and phenolic OH groups. Increased 

ionic strength impacts on this process and results in higher molecular weight DOM 

and changes to the diffusivity of the molecules (Baalousha et al. 2006b).  As solutions 

become more basic, DOM becomes de-protonated, the carboxylic and phenolic 

compounds become negatively charged, and there are potentially more reaction 

sites available for the metal (Peuravuori and Pihlaja 2004). Thus the Minninup Lake 

HPSEC analysis suggests that the DOC molecular weight distribution reflected the 

effects of pH on the DOC conformation structure.    

5.3.2 Effects of Fe on DOC conformation structure 

The HPSEC characteristics of cation-free Minninup Lake water shown in Table 5-3 and 

Table 5-4 are evidence of the modification of DOC molecular structure under 
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changing pH conditions and varying Fe concentrations.  The SRFA results revealed 

that the concentrations of the DOC, as indicated in TOC analysis, decreased with 

addition of Fe. Under pH neutral conditions, increased Fe concentrations decreased 

the molecular weight distribution. However, under ambient (actual) pH condition, 

the Minninup Lake DOC molecular weight distribution remained in the same range, 

and was not affected by Fe additions. These findings provide a hint that Fe induced 

changes in the molecular conformation of DOC; however, the magnitude of the 

change varied with pH.  

When a range of Fe standard solutions were added to a constant concentration of 

SRFA a decrease in polydispersity (ρ), weight- (MW) and number-averaged (MN) 

molecular weight of SRFA was observed as the Fe:C ratio approached 2, indicating a 

limit in direct Fe-DOC interactions. These results suggest that increasing Fe 

concentrations induced greater complexation between organic carbon molecules, i.e 

an increase in the supra-molecular size was detected as an increase in MW, MN and 

ρ.  We note that these results allow analysis only of direct Fe-DOC (fulvic acid) 

interactions; in a real environment, complexation would also occur between the DOC 

and other metal cations, organic and inorganic compounds. 

These results support previous findings that an addition of small concentrations of 

metal ions to DOM solutions decreased the size of the organic molecules (Palmer and 

Von Wandruszka, 2001). However, further addition of metal cations resulted in the 

compaction of the individual organic molecules and an increase in the aggregate size 
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of the organic matter, due to the intramolecular contraction through surface charge 

neutralization and cross-linking of the organic matter (Baalousha et al. 2006b; Aquino 

et al. 2010). Cations also affect the interfacial configuration of the organic matter, 

altering the size of the hydrophobic domain on the organic molecules, and creating 

larger hydrophobic area (Murphy et al. 1990). The data presented above supports 

this complex dynamic between metal ion, pH and the organic molecular structure. 

These processes likely caused the observed conformational changes (as indicated by 

HPSEC) at higher pH.  We note that Pullin et al. (2007) suggested that properties other 

than the molecular weight (the focus of HPSEC) are also affected by the addition of 

Fe. 

The extent of DOC oxidation (as indicated through DOC concentrations after addition 

of Fe) is also an indicator of the stability of the molecular bonding, whether intra-

molecular (in the case of polymeric DOC) or inter-molecular (in the case of supra-

molecular DOC). Piccolo (2001) demonstrated that different strengths of inter-

molecular bonding (for example stronger hydrogen bonds or weaker hydrophobic, or 

van der Waals, forces) determined the stability of the organic carbon supra-molecule. 

Hydrogen bonding and the resulting hydrophilic carbon created greater stability, 

while van der Waals forces resulted in more hydrophobic carbon with lesser stability.  

Indeed, our findings had shown changes in the size of the organic molecules upon 

additional Fe that implies the molecular conformational changes of DOC due to the 

effects of its molecular bonding.  
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pH and redox conditions (ORP), Fe concentrations and molecular characteristics (as 

indicated by MW and SUVA) interacted to form clustering of water samples (Figure). 

The variability in SUVA values (1.02 and 20.71 L mg-1 m-1) from the east to west, 

suggested changes in DOC characteristics (Table 4-1). Higher SUVA was consistently 

found in acidic waters and lower SUVA in alkaline waters. Low SUVA values (i.e. low 

aromaticity) were found in all circumneutral samples, irrespective of concentrations 

of iron or redox conditions. However, within these low SUVA samples, positive ORP 

and low Fe concentrations coincided with higher DOC molecular weights. Negative 

ORP, and the subsequent higher Fe concentrations, coincided with significantly lower 

DOC molecular weights.  Interestingly all samples at pH < 4 and high Fe 

concentrations exhibited higher SUVA values, indicating higher levels of aromaticity, 

and moderate DOC molecular weights. We expect that the three regimes illustrated 

in Figure 5-3 will determine the reactivity of DOC and therefore its impact on 

ecosystem function; understanding the relationships between these three regimes 

and environmental conditions, including hydrological regimes, is the next challenge. 

PCA analysis highlighted that Fe concentrations, pH and ORP were interrelated, and 

inspection of the data clustering from groundwater water samples (Figure 5-3) 

highlighted the need for more careful analysis of the impacts of pH and Fe 

concentrations on DOC structural characteristics. Varying the pH of cation-free 

Minninup Lake water did not change the DOC molecular structure, as indicated by 

HPSEC (Figure 5-3). These findings contrast with Piccolo (2002) who showed that 

organic carbon supra-molecules changed size under varying pH conditions, and 
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suggested that buffering conditions (indicated by pH) have an impact on both van 

der Waals and hydrogen bonds, which in turn changes the apparent molecular size 

of the organic carbon. In contrast, our analyses showed that altering pH conditions 

changed the DOC absorbance capacity, while maintaining molecular weight peaks 

(Figure 5-2, Figure 5-4).  The processes that allow this dynamic without 

accompanying structural change, require further investigation.  

5.3.3 Correlations between pH, electrical conductivity, Fe and DOC conformation 

structure  

Identifying correlations between Fe and DOC concentrations and characteristics 

under variable pH, is crucial for our understanding of wetland geochemistry. The 

Minninup Lake geochemistry between September 2008 and July 2011 revealed a 

complex dynamic between Fe and DOC concentrations (Chapter 4). For example, 

when a sustained negative redox potential in sub-surface waters coincided with low 

pH conditions, high concentrations of soluble Fe were observed, during summer of 

2011. 

Physicochemical parameters, Fe concentrations site, seasons and HPSEC data 

displayed a clustering into regimes (Figure 5-10, Table 5-6).  This regime plot (Figure 

5-10) provided insight into how Minninup Lake water characteristics can be grouped. 

From the regimes, we learn that groundwater Bore #3 and Bore #7 (labelled as 3 and 

7) were dominated by high acidity, and both surface waters (SWN and SWS, labelled 

as 9 and 10) were also in acidic nature, especially in September (i.e. after wet 

seasons). The EC of the acidic surface water (labelled as 9 and 10) and groundwater 
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(labelled as 5 and 7) were high (2.5 < EC < 4.5 mS cm-1) after winter rainfall, due to 

connectivity during high water table and accumulate cations and anions from upland. 

Surface water from SWN (labelled by 9, and cross) in regime R2a can be the evidence 

of extreme high Fe concentration (> 300 mg L-1) that contribute to high EC. Regimes 

R2b and R2c indicate that Minninup Lake waters with low Fe (< 1 mg L-1) were more 

neutral (pH 6 – 7, opened diamonds) across sampling periods (February, May, July, 

September and December), and this applies to surface water (SWN and SWS, labelled 

by 9 and 10) and groundwater (Bore #1, #2, #4, #5 and #8, labelled by 1, 2, 4, 5 and 

8) (see Figure 5-10). Weight-averaged molecular weight, MW, number-averaged 

molecular weight, MN, and MW:MN ratios, ρ, measured in the different regimes are 

shown in Table 5-6. Comparing Table 5-6 with Figure 5-10 highlights interactions 

between the geochemistry (EC, pH, Fe and DOC concentrations) and the DOC 

molecular conformation. For instance, under circumneutral pH (pH 6 – 8) (Regime 

R2b, Table 5-6), with very low Fe concentrations (0 – 5 mg L-1), the DOC had a single 

chromatographic peak (MW:MN ratios ranged between 1.0 -2.0), and EC was < 3 mS 

cm-1.  



Azra M. Daud 
PhD Thesis, The University of Western Australia 
__________________________________________________________________________________________________________________________ 
 
 

102 

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,mmmmmmmmmm…………………..mmmmmmmmmmmmmm

…. 

 
Figure 5-10. Five regimes (R1a, R1b, R2a, R2b and R2c) of Minninup Lake ground and surface 

waters as a function of the electrical conductivity and pH a) across sampling dates, and b) across 
sampling locations, between September 2009 and July 2011. Open diamonds represent Fe < 1 mg 

L-1 and DOC < 10  mg L-1, crosses represent Fe > 300 mg L-1 and DOC > 30 mg L-1, open triangles 
represent Fe and DOC < 15 mg L-1, and open squares represent Fe < 1 mg L-1 and 15 mg L-1 < DOC < 

40 mg L-1. See Table 5-6 for details of HPSEC parameters under each regime.  
Cnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnncccc………………………… 
………………………………….. 

 



Impact of iron and pH on dissolved organic carbon conformation 

 

_________________________________________________________________________________ 

 

 

103 

 
Table 5-6. The pH, HPSEC parameters MW, MN and ρ, Fe and DOC concentrations across the 

identified five regimes of Minninup Lake groundwater and surface waters. 

 
Regimes 

 
pH 

 
MW 
(Da) 

 
MN 
(Da) 

 
ρ 

 
Fe 

(mg L-1) 

 
DOC 

(mg L-1) 

 
EC 

(mS cm-1) 

R1a 2 – 3.5 900 –2000 300 – 700 2.0 - 3.0 10 – 225 < 15 >  2.5 

R1b 2 -6 ~ 5000 ~ 500 ~ 10.0 0 - 40 
< 15 <  2.5 

R2a 6 – 7 1300 – 3000 700 – 1200 2.0 – 3.0 > 300 > 30 > 4.0 

R2b 6 – 8 2000 – 3000 1300 - 2500 1.0 – 2.0 0 – 5 < 40 < 3.0 

R2c 8 – 9 ~ 3000 ~ 500 ~ 7.0 < 1 ~ 30 < 3.0 

 

There is ongoing debate around the relationships between EC, pH and DOC 

characteristics. EC reflects ionic concentrations and is impacted by the availability of 

ions, solubilisation and precipitation processes, and hydrogen ion concentrations 

(Siingh et al. 2005). High EC values are found when organic matter has a high capacity 

to retain ions (do Carmo et al. 2016). Cunha-Santino and Bianchini-Jr (2004) showed 

that EC varied when biological assimilation of nutrients exceeded nutrient release, 

when OH- and H+ were cycled through the system, when inorganic ion pairs were 

formed, and in the presence of carboxyl (COOH) and other negatively charged 

functional groups in the organic matter structure. Clarke et al. (2005) suggested that 

DOC actually controlled pH and EC, rather than the pH and EC controlling DOC 

structure. The DOC correlation with EC can be explained by the organic matter 

contributed to the total anionic concentration and decreases in DOC concentrations 

would therefore decrease EC (Clarke et al. 2005). ……………………………………………   

In geochemically complex waters typical of ASS-impacted wetlands like Minninup 

Lake, the relative impacts of EC, pH and Fe on DOC conformation is difficult to pick 
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apart. Nuzzo et al. (2013) showed that when organic matter is complexed with Fe, 

the original DOC conformation was altered, as the DOC functional groups interacted 

with metal ions. Their study found with increasing Fe additions, the highly hydrated 

and poorly associated organic molecules became larger molecular sizes due to the 

formation of Fe-DOC complexes. Piccolo (2001) had earlier reported that formation 

of Fe complexes with acidic functional groups forced organic molecules to restrain 

the weakly-held conformations and re-aggregate into smaller and more 

thermodynamically stable associations. HPSEC results from Minninup Lake samples, 

showed a broad range of weight- and number-averaged molecular weight, varying 

spatially and temporally (Figure 5-10, Table 5-6), but intimately dependent on Fe 

concentrations, pH and EC. 

5.3.4 Impact of Fe-DOM interactions on molecular aggregation and flocculation  

In addition to the effects of pH and Fe concentrations on DOC conformation structure 

(as discussed in Section 5.3.1 and 5.3.2), aggregation processes also play an 

important role in determining the stability and structural variability of organic 

carbon.  Cations can impact the conformation of the DOM by creating a stronger 

salting-out (i.e. aggregation and precipitation) effect. Divalent cations have a greater 

effect than monovalent cations (Lee et al. 2003) and therefore have greater ability to 

modify DOM molecular size (Manning et al. 2000; Palmer and Von Wandruszka 2001; 

Baalousha et al. 2006b). Variation in DOM molecular size can affect its ability to 

interact with non-polar solutes, and therefore its solubility. Consequently, the 

aggregation of the organic molecules can transform the dissolved organic material (< 
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0.45 µm) into particulate matter (> 0.45 µm); such particulates would have been 

eliminated via the filtration prior to HPSEC analysis. We suggest that this process of 

cation-induced aggregation and subsequent filtering is the cause of the observed 

decreasing DOC concentrations with increasing Fe concentration in our experiments; 

the aggregation process would also occur in the Minninup Lake wetland under high 

concentrations of Fe and DOC. 

The aggregation of dissolved organic molecules is dynamic and can be influenced by 

pH as well as cation concentrations. DOM molecular size has been shown to decrease 

under low pH conditions (Piccolo 2001). Our study revealed the molecular size 

distribution of the DOM remained unchanged with addition of excess Fe under 

ambient (mostly acidic) pH, however decreased with increasing Fe concentrations at 

pH 7. It appears that the organic solutions adjusted pH with the addition of Fe; and 

the ionic strength increased with increasing Fe concentrations. The decreasing DOC 

concentrations with increasing Fe concentrations, under both controlled and 

uncontrolled pH, suggest increased DOM aggregation and flocculation, and exclusion 

by the 0.45 µm filter. Such pH-induced DOM aggregation has previously been shown 

to increase via hydrogen bonds, metal bridging, charge interactions and a complex 

combination of hydrophobic associations (Pinheiro et al. 1996).  

These pH and Fe-induced aggregation processes likely occur in the field as well as the 

laboratory, and could take place rapidly (Manning et al. 2000) or may take weeks. 

The aggregation process followed by settling of the larger aggregates will in turn 
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affect the pool of dissolved organic carbon in solution.  Further field-based research 

is required on the impacts of Fe (and other cations) on DOM molecular 

characteristics, the timescales of these effects and their controls on DOM 

characteristics. Minninup Lake waters clustered into different regimes according to 

pH, electrical conductivity, Fe and DOC concentrations and HPSEC DOC 

characteristics (Figure 5-10, Table 5-6). Within this clustering, reduced absorbance 

was likely due to EC-induced DOM flocculation and settling, while the shifts in 

molecular weight distributions were likely due to specific Fe-DOM interactions.mm 

Consistently high concentrations of Fe were often seen in the most acidic ground 

waters (Bore #3 and #7) and surface water (SWN and SWS) across seasons. With the 

summer decrease in water levels, we expect increased oxidation and precipitation of 

Fe to the sediments again impacted on DOC concentrations and conformation. Thus 

the dynamic of Fe in the wetland, which is a function of both hydrological 

connectivity and pH, will have significant impacts on DOM dynamics and availability.  

5.4 Main findings 

Key findings from the whole body of work outlined in this Chapter are: 

1. Fe additions caused changes in the DOC molecular conformation that were 

likely due to impact of Fe on inter- and intra-molecular bonding. 

2. The decreasing DOC concentrations with increasing Fe concentrations, under 

both controlled and uncontrolled pH, suggest increased DOM aggregation 

and flocculation. 
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3. Reduced absorbance (shown in the HPSEC chromatograms) is likely due to EC-

induced DOM flocculation and settling, while the shifts in molecular weight 

distributions are likely due to specific Fe-DOM interactions. 
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6 Impacts of aluminium and pH on dissolved organic carbon 

conformation 

 

6.1 Introduction   

The dissolution of Al minerals and the cycling of dissolved Al determine its chemical 

and biological availability in aquatic systems (Driscoll and Schecher 1986) and pH 

affects both processes. Fältmarsch et al. (2008) showed that in waters of pH 2.5 – 4.5 

aluminosilicate weathering and Al-hydroxide dissolution is promoted, and Al 

solubility and transport enhanced. This acidity-enhanced weathering of Al minerals 

itself contributes to acidity, with the resulting lower pH typically leading to greater 

mobility and bioavailability of metals. Al in solution forms species Al+, AlOH2+, 

Al(OH)2
+ and Al(OH)4

−; the balance between these species being a function of pH 

(Driscoll et al. 1984; Driscoll and Schecher 1986; Gensemer and Playle 1998). Al 

mobility varies across these species and is therefore sensitive to pH changes. 

High concentrations of dissolved Al have frequently been observed in 

atmospherically acidified waters (Tipping 2005), acid mine lakes (Bigham and 

Nordstrom 2000), in acid mine drainage (España and Trevor 2007; Salmon et al. 

2008), and in waters impacted by acid sulfate soils (Sammut and Kelly-Lines 2000). 

Salmon et al. (2008) also demonstrated that phosphorus was removed from the 

water column through flocculation with Al species and sedimentation, and modelled 
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this effect on ecosystem function. The ecological impact of Al is therefore expected 

to increase under acidic (pH < 6) or alkaline (pH > 8) conditions when the solubility of 

Al minerals is enhanced, increasing its ability to associate with variety of inorganic 

species (e.g. 𝑆O4
2−, PO3

3−, and SiO4
2−) (Driscoll and Schecher 1986). 

Dissolved Al species may also be bound with organic matter through biological 

mediation (i.e. microbial or plant transformation) or through precipitation with 

organic solutes in soil solution (Driscoll and Schecher 1986). In wetland waters rich in 

organic matter, Al-DOM complexes form and their binding capacity is determined by 

the number of oxygen-containing functional groups (Robert and Richard 1999). 

Gensemer and Playle (1999) showed that the Al-DOM complexation controls Al 

dissolution and kinetics, solubility and mobility. Peuravuori and Pihlaja (2004) argued 

that quantification of DOC molecular weight-size distributions was needed for better 

understanding of DOM complexation with inorganic species, including Al. Given the 

sensitivity of Al-DOM complexes to environmental conditions that may exhibit high 

seasonal variability (DOC concentrations, and pH) we expect Al to impact DOM 

molecular structure and confirmation.   

Schmitt and Frimmel (2003) suggested that Al is homogeneously complexed over the 

full size range of DOC.  Earlier, Vance et al. (1996) demonstrated that under low pH 

conditions, when Al complexed with high molecular weight organic matter, it 

inducted coagulation and precipitation of the complex. Salmon et al. (2008) used 

field and modelling results to suggest that coagulation affects both Al and DOC in acid 

mine lakes, which would enhance organic carbon input to sediments. Despite the 
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growing awareness of the important role of DOM-metal complexes in ecosystem 

function, most of the work on acidified systems has historically focused on inorganic 

Al chemistry and complexation.  There is to date very little literature on Al-DOM 

interactions, their role in the ecosystem functionality, and their impact on DOC 

conformation. 

Chapter 4 demonstrated that in Minninup Lake, Al concentrations varied across sites 

and seasons, in a manner that reflected seasonal hydrological connectivity, both 

horizontally and vertically, as well as varying pH conditions. This chapter now 

presents an exploration of the impact of pH and Al concentrations on DOC molecular 

characteristics, in an attempt to gain insights into the variable nature of Al-DOM 

complexes. For details of the sampling and analytical methods used in this Chapter, 

refer to Chapter 3.  

6.2 Results 

6.2.1 Variability of Al and pH in Minninup Lake waters   

Over the sampling period 2009 – 2011, Minninup Lake groundwater exhibited highly 

variable geochemistry with Al concentrations ranging from 21.0 – 220.0 mg L-1, DOC 

concentrations ranging from 6.0 – 37.0 mg L-1 and pH 3.5 – 7.5. Figure 6-1 depicts the 

seasonality of water levels, pH, Al and DOC concentrations in Bore #3, Bore #6 and 

SWN. In terms of Al:DOC ratio, two clear patterns emerged. Bore #3 water had higher 

Al:DOC ratios throughout the sampling periods, compared to Bore #6 and SWN 
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waters (Figure 6-1). Further impacts of Al:DOC ratios will be discussed below (Section 

6.2.2 and Section 6.3.1). In contrast, Minninup Lake surface waters (SWN and SWS) 

exhibited a similar range of DOC concentrations but low Al (0.3 – 24.0 mg L-1) and the 

pH varied with season (low pH during the wet season and high pH over dry season) 

(Table 4-1).  Furthermore, earlier work reported that groundwater from Bore #3, #5 

and #7 had high concentration of sulfate, ranging from 400 and 2100 mg L-1 (Nath et 

al. 2013).   

 
Figure 6-1. Water levels, pH, Al concentrations, SUVA and DOC concentrations measured (a) 

Bore #3, (b) Bore #6 and (c) SWN between September 2008 and July 2011. 
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6.2.2 Correlations between Al, pH and DOC characteristics and conformation 

structure 

Principal component analysis (PCA) was applied to establish relationships between 

the highly variable dataset, in particular to explore relationships between Al, pH, and 

HPSEC parameters MW and MN. Table 6-1 presents the descriptive statistics of each 

environmental parameter (Al as principal component 1, pH, MW and MN as principal 

component 2), correlations between the parameters and the principal components, 

and the principal component loadings, eigenvalues and cumulative contributions to 

the variance.  The first two Principal Components explained ~75% of the total 

variance.  

The PCA showed distinct clustering of data (Figure 6-2). Data from waters at pH < 5 

with high Al concentrations (filled triangles) displayed a positive relationship 

between PC1 and PC2. In contrast, data from near-neutral and basic waters (pH > 5, 

open circles) and Al concentrations below the detection limit, displayed a strong 

negative correlation between PC1 and PC2. Interestingly, two of these data points 

were plotted in the top left of the plot (-4.0, 4.7 and -2.6, 2.4) and resulted from 

water samples with high MW to MN ratios (8.6 and 6.4), while the rest of the open 

circle data came from samples with polydispersity indices around 1.0 – 3.0. This 

distinct clustering suggests that further exploration of Al-DOC interactions was 

warranted.  

Classical geochemical understanding would expect high concentrations of Al under 

low pH conditions (Driscoll and Schecher 1986), however our results do not always 
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align with this dynamic. The PCA analysis shows that pH does impact Al 

concentrations (Figure 6-2), but at times there are low Al concentrations under low 

pH conditions, and high Al concentrations under high pH conditions; also Al 

concentrations and pH together affect DOC characteristics. This result highlights that 

across a small wetland, there is considerable temporal variability in pH and therefore 

Al solubility.  The variability of pH and how it impacted Al concentrations and DOC 

characteristics (via MW and MN) in space and time, prompted us to further investigate 

interactions between DOC concentrations and conformation structure, and Al 

concentrations. 

Table 6-1. Principal component analysis Al, pH, MW and MN (N = 68): a) correlation between 
parameters and b) loadings, eigenvalues and cumulative total of PC1 and PC2. 

Parameters Al (mg L-1) pH MW MN 

Al (mg L-1) 1.00 -0.41 -0.12 -0.29 

pH -0.41 1.00 0.18 0.58 

MW -0.12 0.18 1.00 0.41 

MN -0.29 0.58 0.41 1.00 

 

Parameters PC1 PC2 

Fe 0.62 0.53 
DOC -0.81 -0.28 
pH -0.54 0.75 

ORP -0.84 -0.17 

Eigenvalues 2.03 0.94 
Variance (%) 50.83 23.59 

Variance 
(Cum.%) 

50.83 74.42 
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Figure 6-2. Graphical representation of the distribution of data (keyed according to Al 
concentrations and pH) against the first two Principal Components (N=68). Circles show 

positive (with pH < 5) and negative correlations (with pH > 5) between pH and HPSEC 
parameters with regards to Al concentrations (PC1).   

The clusters identified by PCA (shown using the same symbols as in Figure 6-2), 

showed distinctly different DOC molecular structures, as indicated by MW spectra and 

MW : MN ratios (Figure 6-3). The samples depicted by filled triangles had high Al:DOC 

ratios and low pH (Figure 6-a). The samples depicted by filled circles had moderate 

dissolved Al and high DOC, low pH and high absorbance (Figure 6-3b). The data from 

Bore#3 and #7 (open squares, Figure 6-3c) are transition from acidic to neutral. The 

MW spectra clearly showed the changes in the organic molecular characteristics 

during the transition from acidic to near-neutral conditions and with Al:DOC ratios 

ranging from 8.4 to 14.1. 
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Figure 6-3. The distribution of organic carbon molecular weight under broad range of 
dissolved Al as a function of pH; (a) high Al under low pH, (b) moderate Al under low pH, (c) 
high Al at above pH 5, (d) high pH and zero Al, (e) circumneutral pH and zero Al, and (f) low 

pH with near zero Al. 

Under basic conditions (pH ~8), Al concentrations were very low compared to DOC 

concentrations and the MW:MN ratios were close to 1.0 (Figure 6-3d). Under 

circumneutral pHs, the solutions consisted low Al and low DOC concentrations, and 

the MW spectra indicated low absorptivity with unidentified peaks (Figure 6-3e).  

While high Al concentrations were expected under low pH conditions, at three sites 

a low Al concentrations (0.2 – 13.0 mgL-1) was detected even with pH < 5 (Figure 6-

3f).  These data showed distinctly different DOC structural characteristics, suggesting 

that Al may be complexed to organic matter resulting in reduced detection of Al. The 

Al dynamics in DOC-rich acidic aquatic ecosystems is geochemically complex. We 
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have used HPSEC parameters (specifically Mw) to demonstrate interactions between 

Al concentrations and DOC structure (see Figure 6-3, Table 6-2) which are strongly 

linked to changing pH conditions (see Figure 6-2, Table 6-1). Most interestingly, the 

evidence exhibited in the HPSEC spectra suggests both organically bound and free Al 

can exist under acidic and basic conditions, in ground and surface waters.  

Table 6-2. Average and standard deviation of Mw, MN and ρ for spectra in Figure 3a-f. 
 

HPSEC 

Spectra 

MW MN Ρ 

Average Std. Dev. Average Std. Dev. Average Std. Dev. 

Figure 6-3a 1330.00 217.03 643.00 94.06 2.11 0.53 

Figure 6-3b 1621.62 1136.3 589.92 165.17 2.92 2.08 

Figure 6-3c 769.50 77.07 283.00 18.38 2.72 0.10 

Figure 6-3d 2503.50 305.83 1789.00 430.22 1.43 0.20 

Figure 6-3e 2271.83 2422.10 972.31 339.66 2.23 1.43 

Figure 6-3f 1635.67 414.01 736.17 135.34 2.30 0.77 

 

6.3 Discussion 

6.3.1 Al-DOM complexation under varying pH conditions 

The data from Bore #3 and #7 solutions have shown that the precipitation process 

could happen in not only neutral and basic waters, but also in acidic waters. In highly 

acidic environment, mostly affected by acid sulfate soils, the presence of dissolved 

Al, especially the metastable monomeric Al species can induce the formation of 

complexes (Wright 1989). Metastable monomeric Al species can easily bind to 

organic matter, form colloids and precipitate (Haynes and Mokolobate 2001). These 
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monomeric Al-organic complexes will result in detection of high molecular 

compounds in natural waters (Kluczka et al. 2012).  

Complexation between Al and DOC under acidic conditions can also be influenced by 

soil solution pH and redox potential, which determine Al speciation, and the molar 

ratio of Al to organic carbon; all of these variables are seasonally driven and 

interrelated to each other (Shultz et al. 1993; Struck et al. 2008). For example, the pH 

may vary depending on the DOC production (Shultz et al. 1993), the distribution of 

DOC is determined by the ecological water cycle (Strack et al. 2008), and increasing 

water levels will in turn impact redox conditions. Evidence for these impacts can be 

seen through the occurrence of a wide range of Al concentrations across the wetland, 

in both ground and surface waters, spatially and temporally. 

Organic ligand concentrations, represented by DOC concentrations, would also likely 

affect Al complex formations. The organic matter present in the system can form 

large conglomerates to which dissolved Al absorbs. For example, at pH ~5, dissolved 

Al can form mixed complexes with both inorganic and organic ligands present, both 

of which are common in ASS affected waters (Namiesnik and Rabajczyk 2010). In 

Minninup Lake waters, evidence of these Al-DOC complexes were presented by both 

HPSEC and principal component analyses. However, an improved understanding is 

ultimately required of, the impact of variable Al solution chemistry on interactions 

between Al and DOC and the subsequent controls on organic carbon reactivity and 

ecosystem functions; an improved understanding of the effect of the seasonal 

hydrological cycle on Al-DOC interactions is also required  
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6.3.2 Impacts of seasonal hydrological connectivity on Al-DOM complexation  

Across the study period (September 2009 and July 2011) hydrological connectivity 

across the wetland varied with season. A vertical connectivity-disconnectivity 

dynamic was evident from the changes in groundwater levels across the site (Figure 

6-1), and a horizontal connectivity dynamic was evident from estimation of surface 

pooling (Figure 6-4).  For surface flow wetlands, maximum horizontal connectivity 

typically occurs during the peak rainfall season, as catchment waters flow through 

the wetland bringing, with them catchment water quality. In GDEs, maximum vertical 

connectivity occurs when groundwater levels intersect ground surface levels; on the 

Perth Coastal Plan, this occurs three months after the peak rain season, typically in 

September. In GDEs, the vertical connectivity (i.e. high water tables) in turn 

influences horizontal connectivity, due to the strong impact of waterlogged soils on 

infiltration and surface pooling. Figure 6-4 shows that at Minninup Lake, maximum 

surface ponding and horizontal connectivity occurred at the time of maximum 

vertical connectivity, i.e. around September each year. At this time, we expect 

wetland biogeochemical conditions to be strongly influenced by the rising 

groundwater levels, and the outlet water quality to be influenced by these 

biogeochemical conditions, as well as the groundwater itself. Because of this 

temporal dynamic between horizontal and vertical connectivity, groundwater 

dependent wetland would exhibit highly variable geochemistry; this variability is 

expected to be particularly pronounced in ASS wetlands, where the groundwater 

may impart a very distinctive influence, once connected to the surface soils and 

waters. 
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Comparing Figure 6-1 and Figure 6-4, a distinct trend in Minninup Lake Al 

concentrations can be seen in groundwater (Bore #3 and Bore #6) and surface water 

(SWN), i.e. Al increased as pH decreased. The change in water levels in Minninup Lake 

affected Al concentrations, especially when Al concentrations were relatively low 

compared to DOC concentrations;  this condition encourages Al to complex with the 

organic matter (Jansen et al. 2003). These trends are consistent with work by Nadeau 

and Rains (2007) who suggested that seasonal hydrological connectivity reflects the 

seasonal water cycle, and mediates transfer of mass, energy and organisms across 

the system.  

Figure 6-1 also shows that both SUVA, DOC concentrations varied across seasons in 

the surface water (SWN). Rapid fractionation analysis of SWN water showed that 

Minninup Lake organic matter was dominated by neutral hydrophilics (58% during 

May and September 2010), followed by very hydrophobic acids (21 and 28%, 

respectively) (see Table 4-2). Through SUVA analysis, we learn that Bore #3 organic 

matter are highly aromatic in May 2010 (10.31 L mg-1 m-1) and September 2010 

(15.50 L mg-1 m-1) compared to Bore #6 and SWN organic matter, which were less 

aromatic (1.09 – 5.86 L mg-1 m-1 and 2.31 – 8.86 L mg-1 m-1, respectively during the 

same sampling periods (Table 4-2, Figure 6-1). Hribljan et al. (2014) showed that DOC 

quality was impacted by changing water tables, as evidenced by significant 

differences in aromaticity, composition of the organic matter, and its molecular size. 

They found that lower SUVA values were indicative of DOC influenced primarily by 

an autochthonous (microbial and/or algal) sources (Hribljan et al. 2014). 
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Furthermore, algal-produced DOC is generally more labile than plant-derived DOC 

(Klug 2005). In contrast, higher SUVA is likely caused by organic matter 

decomposition and the accumulation of resulting soluble aromatic compounds 

(Aiken et al. 1992; Potvin et al. 2014).  

When these SUVA results are related to the horizontal connectivity (Figure 6-4), it 

become evident that Bore #3 experienced more connectivity in May and September 

2010. In contrast Bore #6 experienced stronger connectivity from July to October 

2009.  In 2010, Bore #6 remained disconnected from the rest of the wetland. It is 

therefore suggested that higher SUVA values occurred at sites connected to water 

logged soils, with high DOC concentrations and high decomposition rates. This 

aromaticity dynamic, as indicated by SUVA, will impact on Al-DOM complexation. 

Weishaar et al. (2003) showed that SUVA measurements were good predictors of 

general chemical characteristics of the pool of molecules that comprise DOC, and 

were important indicators of DOC reactivity.  Similarly, Inamdar et al. (2011) 

suggested that the hydrophobic, hydrophilic, aromatic and non-aromatic fractions of 

DOM differ with respect to mobility, degradability, and bioavailability, and therefore 

would affect the complexation, solubility and mobility of metals such as Al. Given the 

above, it is suggested that the dynamic connectivity in Minninup Lake (Figure 6-4) 

will impact DOC characteristics, including aromaticity, that influence DOC lability and 

binding with Al (as well as other inorganic species). However, there remains a paucity 

of published research on the effects of the DOC aromaticity on its Al-binding capacity.   
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Interestingly, low concentrations of Al were sometimes found in the presence of high 

concentrations of DOC (Figure 6-1). These unexpectedly low Al concentrations were 

detected in pH < 4.5 surface waters (SWN) when DOC concentrations ranged 

between 5 – 45 mg L-1 (Figure 6-1). Further exploration of Al-DOM complexation 

using HPSEC (Figure 6-3a-f) suggested coagulation and flocculation of Al-DOC 

complexes. The presence of Al-DOC complexes during flocculation and precipitation 

(common in acidic wetlands) can increase the amorphous nature of other 

precipitated inorganic materials (Jones et al. 2011), which in turn impact the 

dissolution kinetics of clay minerals and limit the release of Al (Bigham and 

Nordstrom 2000).  

The HPSEC analysis (Figure 6-3a-f) also exhibits clear differences in chromatographic 

peaks across different pH and Al concentrations. The chromatograms indicate DOC 

structure conformation is affected by both Al and pH. For example, under 

circumneutral pH, with high Al concentrations, the chromatograms were widely 

distributed with a broad range of molecular weight distribution (Figure 6-3c). In 

contrast, at high pH and low Al concentrations, a single peak emerged with a limited 

molecular weight distribution (100 – 10k Da, Figure 6-3d). These findings agree with 

Hernandez-Soriano and Maria (2012) who concluded that structural changes to 

organic molecules occurred with metal complexation and altered their capacity for 

biological transformation. Such changes in the organic conformation lead to 

aggregations of organic matter (Hernandez-Soriano and Maria 2012) and therefore 

can control organic carbon dynamics (Kaiser and Guggengerger 2007).  
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Figure 6-4. Surface coverage of ponded surface waters (shaded blue) across Minninup Lake, 
from October 2008 – Feb 2011. Red dots indicate sites SWN and SWS used for surface water 

sampling, and yellow dots indicate piezometers used for groundwater sampling. A digital 
elevation model (DEM) was developed using LiDAR, with a horizontal resolution of 1 m x 1 m 
and a vertical accuracy of 0.15 m Australian Height Datum (AHD). The horizontal positional 
accuracy was 0.6 m. The DEM was used to obtain AHD elevations of the boreholes and then 

groundwater and drain surface water height data were converted to AHD. The monthly 
water elevation data was converted to a raster grid (water elevation grid) via kriging 

interpolation using a variable search radius and a spherical semi-variogram model. For 
increased accuracy no limit was set on the maximum data points and z tolerance was set to 

0.01.  The Raster Calculator in the ArcGIS Spatial Analyst Tools was used to subtract the DEM 
grid from the water elevation grid; all values greater than zero represented expression of 
surface water. The elevation grid; all values greater than zero represented expression of 

surface water. The ArcGIS 3D Analyst tool then allowed calculation of surface water volumes. 
(Updated from Nath et al. 2013) 



Azra M. Daud 
PhD Thesis, The University of Western Australia 

____________________________________________________________________ 

 
 

124 

6.4 Main findings  

The key findings from the body of work outlined in this Chapter are: 

1. Higher SUVA values occurred at sites connected to water logged soils and high 

DOC concentrations, and the expected high decomposition rates under this 

condition will affect Al-DOM complexation. 

2. The HPSEC analysis suggested coagulation and flocculation of Al-DOM 

complexes in the acidic lake system. 

3. The HPSEC chromatograms indicate DOC structure conformation is affected 

by Al and pH. 

4. Hydrological connectivity in the lake system will impact DOC characteristics, 

including aromaticity, that influence DOC lability and binding with Al (as well 

as other inorganic species). 
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7 Conclusions and recommendations 

 

The overarching aim of this thesis was to quantify seasonal dynamics of metal-

organic complexes and explore the interactions between Al, Fe and DOC in surface 

water and groundwater impacted by acid sulfate soils. This aim was achieved through 

field monitoring and experimental analyses, and this chapter summarises the major 

outcomes of my PhD research and provides recommendations for future studies. 

Chapter 4 highlighted the variability in DOC concentrations and characteristics in the 

acidic wetland across space, time and water sources, using UV visible 

spectrophotometry, a range of digestion methods and subsequent TOC analysis, and 

rapid fractionation techniques. This multi-method analysis revealed that DOC in the 

Minninup Lake acidic waters was characterized by high proportions of complex DOC 

compounds, made up of hydrophilic, aliphatic complexes, and hydrophobic, aromatic 

complexes. 

The fluctuations between positive and negative redox potential at the wetland inlet 

and outlet were driven by seasonal variability in sources water to the drain, both 

above the wetland and within the wetland. In turn, these sources were controlled to 

a large extent by seasonal hydrological connectivity. Our findings also revealed that 

DOC, Fe and Al concentrations were fundamentally affected by pH conditions, as 
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seen in the groundwater and surface water. The three-year monitoring program 

provided the baseline environmental and geochemical conditions as context for 

more detailed investigation of DOC molecular structure. 

In Chapter 5, principal component analysis (PCA) was used to investigate the impact 

of Fe concentrations and pH on DOC molecular structure.  The results showed that 

Fe had a more direct impact on DOC structure than pH, however pH, Fe 

concentrations, and DOC molecular characteristics were highly dynamic and spatially 

variable, and were linked to surface water-groundwater connectivity, as well as 

horizontal connectivity of surface ponding. Under buffered pH-neutral conditions, 

with increasing Fe concentrations, the major eight peaks (described by the HPSEC 

spectra of Minninup Lake DOC), shifted to the left to form lower molecular weight 

species, and the absorbance decreased due to decreasing DOC concentrations. The 

molecular weight distribution of the ambient pH Minninup Lake DOC however, 

remained between 1 – 10k Da, with only five major chromatographic peaks, 

regardless of the Fe concentration. The changes in size of the DOC molecules (as 

shown by the range of molecular weight distribution in the HPSEC spectra) with 

respect to Fe additions suggested intramolecular contraction through the surface 

charge neutralization and cross-linking of the DOC. This suggests the observed DOC 

molecular changes were due to altered molecular bonding. Variation in the DOC 

molecular size limited the ability of DOC to interact with non-polar solutes, caused 

aggregation of the organic molecules, and consequently reduced DOC 

concentrations.  
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Data of pH, Fe and DOC concentration and structure were utilised to cluster the 

Minninup Lake waters into six distinct regimes depending on their HPSEC 

characteristics. The findings from Chapter 5 allowed us to identify the regimes, and 

transition between the regimes is likely to be controlled by EC-induced DOM 

flocculation and settling (controls the absorbance capacity of the DOM), and specific 

Fe-DOC interactions that determine the DOC species (through shifting of the 

molecular weight of DOC).  

Chapter 6 explored the interactions between Al and DOM by investigating the  

impacts of pH and Al concentrations on DOC molecular characteristics under variable 

pH conditions. Our findings do not always align with the classical geochemical 

understanding which emphasized high concentrations of Al under low pH conditions. 

The PCA analysis demonstrates that, at times, there are low Al concentrations under 

acidic conditions, and high Al concentrations under basic conditions. Further 

exploration using HPSEC provided an indication of pH effects on the molecular 

characteristics with a minimum effect of Al concentrations; MW:MN ratios were high 

under all pH conditions except at pH ~8 where the solutions were DOC-rich and near 

zero Al concentrations.   

Six data clusters were also identified, each with distinct relationships between HPSEC 

characteristics, pH, and DOC and Al concentrations, and clustering appeared to be a 

function of Al:DOC ratios. Our findings revealed that higher SUVA values occurred at 

sites connected to water logged soils and high DOC concentrations. When the lake 

was highly connected, the hydrological connectivity across the system impacted DOC 
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characteristics, including aromaticity, which will influence DOC lability and binding 

with Al. Differences in the chromatographic peaks across different pH and Al 

concentrations, suggested conformation changes to the organic molecules that led 

to aggregations of the organic matter and controlled the organic carbon dynamics. 

Unexpectedly low Al concentrations were detected in acidic surface water (pH < 4.5) 

with moderate DOC concentrations (ranged between 5 – 45 mg L-1) suggesting 

coagulation, flocculation and precipitation of Al-DOC complexes, processes which are 

common in acidic wetlands. This complexation can increase the amorphous nature 

of other precipitated inorganic materials, and in turn impact on the dissolution 

kinetics of clay minerals and limit the release of Al in an acidic environment.   

Overall, the research presented in this thesis has demonstrated in the intimate 

relationship between hydrological dynamics (changing vertical and horizontal 

connectivity with time), geochemical heterogeneity and DOC characteristics in an 

acidic groundwater dependent wetland. Specifically, the work has used a novel multi-

analysis approach to explore the relationship between Fe and Al in DOC-rich natural 

waters, under acidic and highly dynamic seasonal hydrological conditions. Together, 

these outcomes provide insight into the high variability of Fe, Al, and DOC 

bioavailability and reactivity in surface and ground waters, across both time and 

space. This work highlights the risk associated with relying on synoptic surface water 

monitoring with little regard for the state of hydrological connectivity during the time 

of monitoring. The experimental findings also highlight how rapidly DOC 

conformation (and likely its reactivity) can change, and this has implications for 
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understanding the role of DOC in wetland ecology. The additional geochemical 

complexity experienced by ASS-impacted wetlands, makes them highly sensitive to 

hydrological dynamics and connectivity.  Ongoing management of ASS-impacted 

groundwater dependent wetlands must take this into account, particularly when 

drainage is used as a key management tool.  

Ongoing challenges were identified by this research: 1) DOC functionality is highly 

dynamic and dependent on the intra-molecular complexation and inter-molecular 

cross-linking, yet quantification of that functionality remains challenging; 2) wetland 

hydrology in a Mediterranean climate is highly variable and dynamic, ranging from 

extremely wet during winter and significant storm events, and extremely dry during 

summer; this contributes to a high variability in hydraulic and hydrological 

connectivity that may be difficult to capture, and 3) low pH waters with high DOC, Fe 

and Al concentrations made chemical analysis more difficult and require 

modifications in the methodology that may be site specific. With all these challenges, 

some recommendations are made to enhance analytical capabilities, and for further 

research: 

1. Extensive preliminary studies of wetland geochemistry are essential prior 

to monitoring programs established, specifically for wetlands impacted by 

acid sulfate soils. The large range of geochemical conditions experienced 

in surface and groundwaters of such systems, will likely necessitate 

modification and optimization of classical chemical analysis methods. 

High levels of analytical care and understanding are required, of potential 
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confounding influences of different geochemicals, to ensure accurate and 

precise analytical results. 

2. The multi-analysis approach used in this thesis was critical to better 

understand the dynamic nature of DOC. Further investigations are needed 

particularly on the behaviour of DOC functional groups under changing 

environmental conditions, coupling HPSEC analysis with nuclear magnetic 

resonance (NMR) and fourier transform infrared spectroscopy (FTIR). 

3. Further investigation is needed around the mediation by different organic 

carbon structural and functional groups, of the oxidation of Fe(II), 

hydrolysis by Fe(III) and the reduction of Fe(III) by specific strains of 

bacteria. Such investigations would provide a better understanding of Fe-

DOC interactions.  

4. Potential options for improved management of such highly dynamic 

wetlands could be suggested by the application of a Damköhler number 

approach, to explore whether hydrology or geochemistry controls 

wetland DOC cycling. Geochemical modelling (i.e. PHREEQC) could also be 

utilised to integrate all the geochemistry data and chemical kinetics. Such 

analyses would provide insights into the environmental impacts of 

artificially changing hydrological connectivity e.g. by drainage, and allow 

accurate simulation on a wide range of chemical reactions between 

water, minerals and organic substances that affect geological system. 
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Abstract. Quantifying and characterising dissolved organic carbon (DOC) is critical to understanding its role in aquatic

ecosystems. This is particularly challenging in acidic groundwater-dependent ecosystems, where low pH and high
concentrations of Fe affect DOC characterisation. We investigated the variability in DOC concentrations and chemical
structure in an acidic wetland, using UV visible spectrophotometry, a range of digestion methods and subsequent TOC

analysis, high-pressure size exclusion chromatography (HPSEC) and rapid fractionation techniques. HPSEC results
showed that increasing the pH from an original pH2.3 to a neutral pH reduced the column adsorption of organic carbon, but
did not changemolecular weight distributions. Principal component analysis suggested that iron concentrations had amore

direct effect onmolecular structure than pH. The pH, Fe concentrations and DOC characteristics were highly dynamic and
spatially variable, and were linked to surface water–groundwater connectivity, as well as horizontal connectivity of
surface ponding. The changing pH and Fe concentrations affected DOC concentration and molecular structure with
expected effects on bioavailability of DOC.
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Introduction

Dissolved organic matter (DOM) plays an important role in
aquatic ecosystems bymediating energy flow, acting as a proton
donor and acceptor, affecting the reactivity and transport of

contaminants and affecting the system’s buffering capacity
(Fischer et al. 2002; Aiken et al. 2011). Operationally, DOM
is measured as dissolved organic carbon (DOC) that passes
through a 0.45-mm filter with an assumption that DOM is

40–50% organic carbon by mass (McDonald et al. 2004).
Although there is ongoing debate about the conformational
nature of DOC (Schaumann 2006a, 2006b), we can conceptu-

alise DOC as a continuum of structures from supramolecular
assemblies of biochemical monomers (e.g. carbohydrates,
amino acids, low-molecular-weight organic acids and fatty

acids) to highly transformedmacromolecules with polymer-like
properties (Baigorri et al. 2007; Senesi et al. 2007; Schaumann
and Thiele-Bruhn 2011).

This chemical structure and conformation in turn affects the

bioavailability and reactivity of DOC (Cottrell and Kirchman
2000, Carlson et al. 2004). Nelson and Carlson (2012) demonstra-
ted that marine bacterioplankton utilised DOC differently depend-

ing on whether the DOC molecules were monosaccharides

(glucose or gluconic acid) or cyanobacterial exudates or lysates.

Although there has been significant work highlighting the
variability in DOC concentrations in freshwater ecosystems
(see, for example, Schindler et al. 1997; Molot and Dillon

2003; Petrone et al. 2009), a key step in understanding fresh-
water DOC cycling is to quantify the variability in DOC
concentrations and chemical structure. DOC structure can give
us insight into DOC sources, metabolic pathways and lability.

Over the last decade, many DOC determinations have relied
on wet oxidation or high-temperature catalytic oxidation; how-
ever, our ability to accurately quantify DOC using these meth-

ods is affected by pH (Kaplan 1992) and the presence of organic
and inorganic compounds (Peyton 1993; Findlay et al. 2010).
Our understanding of the effect of environmental conditions on

DOC conformational structure, characteristics and reactivity,
remains problematic, particularly in wetlands with low pH
and high Fe concentrations. Kaplan (1992) concluded that
some differences in reported DOC concentrations are likely

due to incomplete oxidation, which can lead to an underestima-
tion of DOC, and Bisutti et al. (2004) highlighted that specific
DOC determination methods are not necessarily suitable for all

types of water. Despite these comments, there has been little
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validation of the completeness of oxidation under acidic
conditions. Intercomparison and intercalibration of all organic

carbon analyses with recognised standards, such as Suwannee
River Fulvic Acid, have been recommended (Wangersky 2000;
Findlay et al. 2010).

The effect of low pH and inorganic compounds on DOC
determinations can be acute in acidic groundwater-dependent
ecosystems, which are affected by changes in groundwater

quality and quantity, while also undergoing oxidation–reduction
reactions that produce inorganic species. A substantial number
of acidic groundwater-dependent ecosystems also have high Fe
concentrations and the extent of DOC oxidation can be affected

by Fe–DOC complexation and interaction. The chemistry and
reactivity of Fe is closely related to the chemistry of organic
carbon, and Fe speciation can be influenced by the presence of

sunlight, organic monomers–ligands, acidification and sulfates
in the soil mineralogy (Barbeau et al. 2003; Meunier et al. 2005;
Parazols et al. 2007). Understanding the biochemical and

physicochemical interactions between Fe and DOC and their
effect on Fe precipitation–dissolution, adsorption–desorption,
oxidation–reduction, complexation and photochemistry con-
tinues to be challenging (Pan et al. 2010). Fe–DOC complexes

also affect the absorptivity, bioavailability and binding capacity
of organic carbon (Tipping et al. 2002), particularly under low
pH and variable redox conditions (Jansen et al. 2003; Parazols

et al. 2007). Despite the challenges of quantifying DOC under
low pH and high Fe conditions, few studies have optimised a
method for DOC characterisation and analysis in such waters.

DOC functionality is highly dependent on the intramolecular
complexation and intermolecular cross-linking, both of which
will be determined by the arrangement of DOC functional

groups (Kunhi Mouvenchery et al. 2012). Complexation and
cross-linking coincide when metal cations undergo direct
and indirect interactions with organic bridging groups
(Schneckenburger et al. 2012), which in turn affect DOC

structure. Pédrot et al. (2010) demonstrated that the dominance
of supramolecular or macromolecular DOC structures was
controlled, in large part, by pH and, to a lesser extent, ionic

strength, possibly due to the dynamics of micelle aggregation
and disaggregation (Šmejkalová and Piccolo 2008). Given the
above, we suggest that acidic groundwater-dependent wetlands

with high iron concentrations present an opportunity to investi-
gate the effect of both pH and Fe on DOC structure.

Multiple tools have been used to investigate DOC structure,
including 13C and 15N nuclear magnetic resonance and Fourier-

transform infrared spectroscopy for analysing functional groups
(Peuravuori et al. 2002; Lankes et al. 2008) and specific UV
absorbance (SUVA) for investigating aromaticity (Karanfil et al.

2002). Molecular weight fractions have been investigated using
analytical ultrafiltration (Buffle et al. 1978), field flow fraction-
ation (Giddings et al. 1987), vapour pressure osmometry (Figini

and Marx-Figini 1981) and size exclusion chromatography
(Zhou et al. 2000).High-pressure size-exclusion chromatography
(HPSEC) has been increasingly used to provide qualitative and

quantitative information on DOC structural parameters (Allpike
et al. 2005; Świetlik and Sikorska 2006; Szabo and Tuhkanen
2010), including molecular weight distribution, the number
average molecular weight (MN), the weight average molecular

weight (MW) and the polydispersity (r). HPSEC provides an

attractive option for characterising DOC structure, requiring
minimal sample preparation and sample volume.

The aim of the work presented in this paper was to explore
interactions between DOC, pH and redox conditions in an acidic
groundwater-dependent ecosystem. First, the DOC concentra-

tions in our acidic wetland samples were determined using a
variety of oxidation methods: APHA Standard Methods (5310),
an optimised APHA Method 5310 (APHA 1992), and high-

temperature catalytic oxidation. Second, HPSEC and SUVA
were used to determine molecular weight parameters and
aromaticity of DOC, and provide context for DOC quantitative
analyses. All of these results were validated against SRFA

analyses. Finally, we used principal component analysis
(PCA) to identify relationships between pH, redox conditions,
Fe concentrations and DOC characteristics, and attempted to

link chemical signatures to seasonal hydrological connectivity.

Materials and procedures

Study site

The wetland study area (Minninup Lake, ,30 ha) is located on

the Swan Coastal Plain, 180 km south of Perth, Western Aus-
tralia (Fig. 1). The area experiences hot, dry summers (16–308C)
and cool, wet winters (7–178C). The mean annual rainfall over

the last 14 years is,700mm, most of which falls between May
and September, and the mean annual potential evaporation is
,1500mm (AustralianBureau ofMeterology). Thewetland sits

between Aeolian sand dune deposits of Pliocene to Holocene
age (Hirschberg 1987). Most notable of these is Tamala lime-
stone, an Aeolian calcarinite that forms elongated dunes parallel
to the present coastline (Hirschberg 1987). The area was drained

before the 1930s for agricultural development; a major drain
runs north to south, parallel to the coast on the western fringe of
Minninup Lake, and is fed by runoff, groundwater and farm

drains. Minninup Lake is a seasonally inundated wetland, with
water sourced from runoff and groundwater. The historical
drainage of the area surrounding Minninup Lake has caused

extensive oxidation of acid sulfate soils and the release of acidity
to groundwater and surface waters.

Sample collection

The subsurface saturated zone was sampled by collecting
water from eight piezometers (Fig. 1). The boreholes were cased
in 50-mmClass 18 PVC pipes, and were constructed to different
depths depending on soil stability. The lowest 2m of each

borehole was screened with 50-mm Class 18 slotted PVC pipes.
The screens were covered with a geotextile filter sock to prevent
ingress of fines. The screens were packed with clean sand

and a bentonite seal was placed above the screen. The rest of
the borehole was backfilled with cuttings and grouted at the
surface. During the construction of boreholes, subsurface litho-

stratigraphy was recorded. At each borehole, pronounced
stratigraphic layering was observed in the first 50–100 cm;
however, the borehole slots were positioned below this layering

within homogenous fine to medium sands.
Three bore-casing volumes of water were removed before

sample collection. The pH, electrical conductivity (EC), tem-
perature and oxidation–reduction potential (ORP) were mea-

sured onsite using a TPS multimeter (TPS 90-FLMV meter).
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The samples were stored on ice, transferred to the laboratory and
then stored in the dark at 48C until analysis. The ground and
surfacewater sampleswere collected from the eight piezometers

and the drain over 4 years, monthly in the first 2 years, and
less regularly in the third and fourth year but timed to capture
the lowest water table (usually circa May) and the highest

water table (usually circa September). Sampling was conducted
on 11 September 2008, 1 October 2008, 24 October 2008,
13 November 2008, 4 December 2008, 22 December 2008,
14 January 2009, 28 February 2009, 27 March 2009, 16 April

2009, 23May 2009, 15 June 2009, 11 July 2009, 1 August 2009,
22 August 2009, 11 September 2009, 17 February 2010, 27May
2010, 24 September 2010, 12 December 2010, 12 February

2011, 28May 2011 and 23 July 2011. Depth to groundwater was
measured before sample collection.

Two surface water monitoring stations were installed in the

major drain at either end of the wetland (SWN and SWS, Fig. 1).
An ISCO automatic water sampler (autosampler) collected
200mL of drain water every 6 h; four samples were combined
into a daily sample. Bottles were acid-washed and rinsed with
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deionised water three times before being placed into the auto-
sampler. An ISCO 750 AV FlowModule measured water depth

and velocity (Doppler method). Discharge rates were calculated
from depth and velocity measurements. The pH, EC and
temperature were measured every 15min by YSI 6583 probes

attached to the autosampler.
Two independent analyses were performed in assessing the

effects of pH on humic substances. Suwanee River Fulvic Acid

(SRFA) was sourced from the International Humic Substances
Society and standard solutions were made at carbon concentra-
tions of ,10 and ,50mgL�1. The pH of the SRFA standard
solutions and the water samples from Bores #1, #3, #5 and #7

were manipulated from pH 2 to pH 8 using 0.1-M sodium
hydroxide (NaOH) and 0.1-M hydrochloric acid (HCl), to test
the effect of acidic and basic conditions on the determination of

DOC concentrations.

DOC quantification

A range of digestion methods and subsequent TOC analyses
were used to explore ease of DOC oxidation (Wangersky 2000;
Bisutti et al. 2004; Findlay et al. 2010). Water samples were

filtered through 0.45-mm nylon membrane syringe filter (Stan-
dard 25mm Pall Acrodisc). Replicate samples were oxidised by
either wet-oxidation (APHA 5310-A) or high-temperature cat-

alytic oxidation (APHA 5310-B). In the wet-oxidation method,
sodium persulfate was used to oxidise the organic carbon,
phosphoric acid was used to eliminate inorganic carbon and

potassium hydrogen phthalate was used as a standard. The
analyses were performed on a Shimadzu Total Organic Carbon
Analyser (TOC-Vws) with a 5-min sparging time. For high

catalytic oxidation, samples were combusted at 6808C.
For quality assurance and quality control, internal references
were analysed intermittently through sample runs.

DOC characterisation

High-pressure size-exclusion chromatography

HPSECwas used to characterise and determine the molecular

weight distribution of the Minninup Lake DOC and SRFA. The
HPSEC (Agilent 1200 Series) analysis used Phenomenax analyt-
ical column (BioSep-SEC-S3000: 300� 7.80-mm 5-mm pore

size 290 Å, exclusion limit of 7� 105 gmol�1) and Phenomenax
guard column (BioSep-SEC-S3000: 35� 7.80mm, 5mm) with
detection at 254 nm. The flow rate was 1.0mLmin�1. The void
and total volumeswere determined by dextran blue (Rt¼ 6.371 s)

and acetone (Rt¼ 13.018 s) respectively, which is equivalent to
100, apparent molecular weight, 10 000Da.

Phosphate buffer (10mM, 1.36 g L�1 KH2PO4, and 10mM,

3.58 g L�1 Na2HPO4) at pH of 7 was used as the mobile phase
(eluent) to ensure the same pH and ionic strength for all samples,
to reduce interactions between DOC and the column-packing

material and to improve reproducibility in determining organic
matter characteristics (Her et al. 2003; Peuravuori and Pihlaja
2004; Allpike et al. 2007). We note that Peuravuori et al. (2005)

used 10mM sodium acetate at pH 7 as the eluent and showed
that humic solutes permeated into the stationary phase pores and
suggested that interactions occurred between small-molecular-
size constituents and the gelmatrix; however, the effect of pH on

this interference has not been investigated.

Prior to analysis, the organic solutes were vacuum-filtered
through a 0.45-mm membrane filter. The analysis time of each

sample was 30min with an injection volume of 100 mL. Poly-
styrene sulfonates were used as a standard to calibrate the
column and the molecular weight parameters were determined

from the chromatographs within the exclusion limit (Yau et al.

1979; Zhou et al. 2000). It is possible that interferences or
interactions may have occurred between samples and column

material; however, these would have occurred beyond the
exclusion limit and therefore the data were not used in the
calculation of DOC size and distribution.

UV absorbance

UV visible spectrophotometry was used to characterise
aromaticity, calculated as specific UV absorbance or SUVA
(Karanfil et al. 2002; Li et al. 2006). SUVA (e) can be defined as
a quantitative measure of aromatic content per unit concentra-
tion of organic carbon at wavelength of 254 nm, expressed in
metres. The UV absorbance in the samples was measured by

ShimadzuUV-Vis 1700 in a 1-cm quartz cell.Milli-Qwater was
used as a blank sample for the baseline correction.

DOC fractionation

The dominant DOC fraction was determined for surface
water samples fromMinninup Lake site SWS. Prior to fraction-

ation, a Dowex MSC-1 CH cation-exchange resin was used to
remove cations. The resin was cleaned with 0.1MNaOH, stored
in methanol to prevent bacterial growth, packed into a column

and rinsed with 1–2 L of deionised water. A 5-L sample of
Minninup Lake water was filtered (0.45mm), acidified to pH 2
with HCl, and run through the column at 15mLmin�1. The

effluent was stored at 48C for rapid fractionation; a subsample
was collected, adjusted to pH 7 and analysed for TOC and
HPSEC (Leenheer 1981).

Rapid fractionation analysis determined DOC concentra-

tions within four predefined organic fractions (Leenheer and
Croué 2003): (1) very hydrophobic acids (VHA), or humic
acids, which are adsorbed onto the DAX-8 resin, highly

coloured and are generally high molecular weight; (2) slightly
hydrophobic acids (SHA), or fulvic acids, which are adsorbed
onto the XAD-4 resin, have moderate molecular weight and are

less coloured; (3) hydrophilic charged acids (CHA), which are
adsorbed on IRA-958 resin, have higher specific charge and
high SUVA; and (4) hydrophilic neutral acids (NEU), which are

not adsorbed, have smaller molecular weight, are uncolored and
have low SUVA.

Fe determination

To assess the effect of dissolved Fe onDOC characteristics, total
iron (FeT) concentrations were determined by (1) the phenan-

throline method using APHA Method 3500-Fe-B, and (2)
inductive couple plasma atomic emission spectroscopy using
APHA Method 3120. Duplicate water samples were collected

for the two Fe determinations. Geochemically, Minninup Lake
waters exhibited a wide range of pH conditions, carbon con-
centrations and redox potentials, all of which affect DOC’s
binding capacity with trace metals such as iron and aluminum.

As a result, two effects were observed in the colourimetric
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phenanthroline analysis: (1) the addition of the standard volume
of phenanthroline solution to our Minninup Lake samples was

not sufficient for complete reaction and did not allow accurate
determination of FeT; and (2) the standard digestion process was
found to be not suitable for Minninup Lake waters as it resulted

in zero detected FeT in all samples. APHA 3500-Fe-B was
optimised for our samples by increasing the phenanthroline
volume relative to the sample volume (2mL) and using a 1 : 10

dilution of the samples without prior digestion. For spectro-
metric analysis, water samples were acid-preserved using con-
centrated HCl (0.1mL per 20mL of sample), no digestion
procedure was required and no interference was observed.

Principal component analysis

Patterns in the environmental data across sampling sites and
events were investigated by multivariate data analysis using

Aabel statistical software. A PCA reduced the Minninup Lake
data correlation matrix (n¼ 68) into two smaller matrices:
principal component loadings and principal component scores.

All data were standardised (the mean was subtracted from each
value and then the result divided by the standard deviation)
before analysis. The principal component (PC) scores provided

the degree of variability within the original data explained by
each component, and the PC loadings indicated the relative
contribution of each component to the PC scores. PCA scatter
plots were used to explore relationships first between Fe, DOC,

pH and ORP, and second between Fe, ORP, pH and HPSEC
parameters.

Results

DOC quantification: optimization of APHA 5310-A

Discrepancies were initially observed between the TOC results
from wet oxidation (APHA 5310-A) and high-temperature

catalytic oxidation (APHA 5310-B) (Table 1). The high-
temperature catalytic oxidation results were assumed to be the
more reliable indicator of TOC. Subsequent optimisation of

APHA 5310-A method used samples from four Minninup Lake
sites (Bore #1, #3, #5 and #7) encompassing a wide range of pH
conditions. The volumes of sodium persulfate and concentration

of phosphoric acid were adjusted to induce ‘complete’ oxidation
of dissolved organic carbon (as indicated by APHA 5310-B
results) – 3.0mL of sodium persulfate and 4% phosphoric acid
appeared optimal across a range of sites (Table 2, Fig. 2).

DOC characteristization

The weight-average (MW) of high-pH (.7.5) waters was
.2000Da whereas MW of the acidic (pH, 3.5) water samples

was less than 2000Da (Table 3). The high weight-average to
number-average (MW :MN) ratios or polydispersity (r) found in
acidic waters indicated a broader molecular weight distribution

and a more diverse mix of molecules. The molecular weight
distribution from the HPSEC analysis also revealed distinctly
different spectra between low pH and circumneutral waters

(Fig. 3a). Allpike et al. (2005) hypothesised that both pH and
changing FeT concentrations could cause changes in molecular
structure, which would be detected as changing molecular
weight distributions. Further investigation was required to

separate the effects of pH and Fe concentration.

After the apparent molecular weight and inverted retention
time were transformed into a semilog-linear calibration curve

(Cabaniss et al. 2000) and the pH of the samples was adjusted to
pH 7, the magnitude of the peaks reduced and low-molecular-
weight organic compounds (,1000Da) appeared in bore waters

#1 and #5 (Fig. 3b). Removal of metal cations by theMSC-1 CH
cation-exchange resin, followed by adjustment to pH4, pH6 and
pH 8 forced an alignment of chromatogram peaks in all samples

except the Minninup Lake water with original pH 2.3 (Fig. 3c).
The rapid fractionation analysis indicated that DOC in

Minninup Lake surface waters consisted of,30% hydrophobic,

higher-molecular-weight fractions (21–24% VHA; 7–12%
SHA) and ,70% hydrophilic, lower-molecular-weight frac-
tions (8–11% CHA; 58% NEU).

Effects of pH and Fe on DOC

The relationships between water levels, pH, DOC and ORP
varied across the study site and season. We illustrate typical
behaviour across three bores: pH neutral Bore #6, acidic Bore #3

and a bore installed at surfacewater site SWN (Fig. 4). The depth
to groundwater at Bore #6 fluctuated with rainfall over the year,

Table 1. Comparison of results from wet oxidation and high-

temperature catalytic oxidation methods

Samples from Bores #1, #3, #5 and #7 collected in September 2009

Sample DOC (mgL�1) pH

Wet oxidation High-temperature catalytic oxidation

Bore #1 8.00–19.80 0.8 8.1

Bore #3 36.50–37.20 31 7.9

Bore #5 2.60–4.30 3.4 3.2

Bore #7 18.00–20.10 16 2.9

Table 2. The effect of pH on the wet oxidation of SRFA,10mgCL21,

SRFA,50mgCL21 andMinninupLakewaters (Bore #1, #3, #5 and #7)

For SRFA samples, 1.5, 3.0 and 5.0mL of persulfate were used at each pH.

For the Minninup Lake waters, 3mL persulfate and 4% phosphoric acid

were used after optimisation against high-temperature catalytic oxidation

Sample pH CAverage Variance n

(mgL�1) % (mgL�1)

SRFA ,10mgCL�1 2 7 64.5 4.5 4

4 31.8 2.3 0.2 4

4.5 10.6 124.2 13.1 4

6 8.2 1.1 0.1 4

8 8.6 14.5 1.2 4

SRFA ,50mgCL�1 2 44.3 58.6 26 4

4 54 30.2 16.3 4

4.5 51.2 26.5 13.6 4

6 55.3 2.5 1.4 4

8 60.8 55.2 33.6 4

Bore #1 8 11.9 – 3.9 3

Bore #3 8 33.7 – 6.7 3

Bore #5 3 3.1 – 0.1 3

Bore #7 3 16.4 – 1.3 3
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but after October 2009, the water levels remainedmore than 2m

below ground level. Depth to groundwater at Bore #6 decreased
from early spring (September) and then increased again from
early autumn (March) each year. The pH conditions remained

reasonably constant over the 2 years of sampling. ORP became
slightly positive when depth to groundwater was greatest in
early winter 2011. Iron and DOC concentrations remained low.

Water levels at Bore #3 fluctuated between wet and dry
seasons, with depth to groundwater as low as 1m by mid-
autumn (April) and up to 2m by late winter. As at Bore #6,
there was a lag of almost 6 months between winter rainfall

ceasing in October and the maximum water levels observed in
April. Similarly there was a 6-month lag between maximum
evaporative demand in May, and the minimum water levels

observed in October (Nath et al. 2013). Over the 3-year
sampling period, lower pH conditionswere observed at Bore #3
when water levels dropped and higher pH conditions were

observed when water levels came closer to the surface. As the
redox potential increased towards the end of the wet season,
high DOC and low FeT concentrations were observed from
October 2009 until May 2010; however, when the water level

increased in the following wet season, the redox potential
dropped. Under reducing condition, both FeT and DOC con-
centrations decreased.
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Fig. 2. Comparison of wet oxidation (1.5, 3.0 and 5.0mL persulfate) and high-temperature catalytic oxidation
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standard deviations for 3.0mL persulfate volume (number of sample, n¼ 3).

Table 3. HPSEC parameters for surface and groundwater samples at

field pH, collected during September 2009

Sample ID pH MW MN r
(Da) (Da)

Bore #1 8.1 2634 2092 1.26

Bore #2 8.4 2499 1727 1.45

Bore #3 7.9 3137 2762 1.13

Bore #4 8.3 2467 1776 1.39

Bore #5 3.2 1939 561 3.46

Bore #6 8.5 2474 1876 1.32

Bore #7 2.9 1803 590 3.06

Bore #8 8.2 2226 1712 1.3

SWN 2.7 1379 491 2.81

SWS 2.8 1549 644 2.41
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At the bore installed at the northern gauging station at

Minninup Lake (SWN) positive water levels indicate standing
water in the drain (maximum 1.5m); negative water levels
indicate that the groundwater dropped below surface level
(minimum�0.5m). Note that a major event occurred in Decem-

ber 2010, where a sharp increase in water levels coincided with

an increase in pH to,7, a drop in ORP to�150mV, an increase

in Fe concentrations to nearly 400mgL�1 and an increase in
DOC concentrations to 50mgL�1.

PCA analysis demonstrated that Fe concentration, pH and
ORP all contributed significantly to the variance observed along

PC1 (Table 4), whereas DOC concentration contributed to the
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variance observed along PC2. PC1 and PC2 explained just over
80%of the total variance in the data. Along the PC1 axis, pHwas
negatively correlated with Fe and ORP. Analysis of the PC1 v.

PC2 scatter plot highlighted that, although clustering occurred
across sites, no clustering was related to pH, Fe or ORP (Fig. 5).
Data from Sites 1, 2, 4, 6 and 8 clustered together in one

quadrant, suggesting similar water sources and characteristics
that did not vary substantially with time. Data from Sites 3 and 7
moved across two quadrants, and data from Sites 9 and 10

moved across two different quadrants, suggesting that these four
sites may be affected by different water sources and chemical
conditions at different times of year.

A second PCA was used to investigate the relationships
between pH, ORP, Fe and the HPSEC parameters MW and
MN. The first two components, PC1 and PC2, explained over

74% of the total variance (n¼ 69) (Table 5).
The PC1 v. PC2 scatter plot was used to assess clustering

according to pH (Fig. 6a), MW (Fig. 6b), Fe concentrations
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(Fig. 6c) and finally site (Fig. 6d ). PCA data with pH. 5 tended
to lie along the B-axis (with a couple of outliers). PCA data with
pH# 3 and data with pH 4–5 were each clustered, but both

clusters tended to lie along the A-axis. Data with higher MW

values lie along the B-axis and data with moderate to low MW

values lie along the A-axis (Fig. 6b). It is interesting to note that
pH outliers (as indicated by Fig. 6a, and by the colour-coding)

were not MW outliers. PCA data with low Fe concentrations lie
along the B-axis, data with moderate to high Fe concentrations
lie along the A-axis (Fig. 6c). Note that pH outliers were also Fe

outliers. Sites 1, 2, 4, 5 and 6 all lie along the B-axis with a few
outliers (see green Site 4) and Sites 7, 9 and 10 mostly lie along
the A-axis. Note also that the anomalous data point from Site 10

(red) is also a pH anomaly.

Discussion

DOC quantifcation

The extent of DOC oxidation by APHA 5310-A method will be
affected by any physico-chemical conditions that affect the DOC
reactivity (Kaplan 1992). In Minninup Lake, the low pH and

high Fe concentrations likely reduced the effectiveness of
APHA-5310 to induce oxidation. In a study that aimed to
investigate seasonal changes in DOC characteristics, we

considered this problematic and it led us to modify the APHA
5310-A method, using our Minninup Lake groundwater samples
with their range in both pH and Fe concentrations. We note,
however, that whenwe tested ourmodified 5310-Amethod using

Suwannee River Fulvic Acid standards (,10 and,50mgCL�1,
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Table 4. Principal component analysis of pH, ORP, Fe and DOC

Parameters Correlations between parameters Loadings, eigenvalues and cumulative

variance of PC1 and PC2

pH ORP DOC FeT PC1 PC2

(mV) (mgL�1) (mgL�1)

pH 1.00 �0.77 �0.10 �0.49 0.60 0.19

ORP �0.77 1.00 0.04 0.45 �0.59 �0.27

DOC (mgL�1) �0.10 0.04 1.00 0.24 �0.17 0.92

FeT (mgL�1) �0.49 0.45 0.24 1.00 �0.51 0.22

Eigenvalues 2.19 1.03

Variance (%) 54.73 25.65

Variance (Cumulative %) 54.73 80.38
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Table 5. Principal component analysis of pH, ORP, Fe and HPSEC parameters

Parameters Correlations between parameters Loadings, eigenvalues and cumulative variance of PC1 and PC2

MW MN pH ORP FeT PC1 PC2

(Da) (Da) (mV) (mgL�1)

MW 1.00 0.51 0.13 �0.16 �0.14 0.28 0.70

MN 0.51 1.00 0.41 �0.19 �0.32 0.40 0.53

pH 0.13 0.41 1.00 �0.78 �0.49 0.55 �0.27

ORP �0.16 �0.19 �0.78 1 0.47 �0.51 0.36

FeT �0.14 �0.32 �0.49 0.47 1 �0.45 0.17

Eigenvalues 2.5 1.22
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pH 8, zero Fe) only 40–90% oxidation occurred (Table 2). These

results highlighted the need for optimisation of the APHA 5310-
A method for any given system, particularly when low pH con-
ditions and high Fe concentrations are present, or any other

condition that might affect ease of DOC oxidation.
SUVA and rapid fractionation analysis of Minninup Lake

surface waters showed that hydrophilic organic carbon domi-
nated. Hydrophilicity has previously been linked to the stability

of the molecular bonding, whether intramolecular (in the case of
polymeric DOC) or intermolecular (in the case of supramolecu-
lar DOC), and therefore the ease of oxidation. Piccolo (2001)

demonstrated that hydrogen bonding resulted in a more hydro-
philic and chemically stable organic carbon supramolecule,
whereas van der Waals forces resulted in more hydrophobic

and less stable supramolecule.
The ratio of hydrophilic to hydrophobicDOC controls micelle

formation (Šmejkalová and Piccolo 2008), molecular structure,
the organic carbon reactivity and the capacity to interact with

different organic and inorganic moieties. Piccolo (2002) reported
that the more hydrophilic the organic carbon, the higher the
potential for interaction with high-polarity compounds (e.g.

dissolved iron). Furthermore, the ability of the organic carbon
to act as proton donor and acceptor to other compounds will also
be affected by its molecular structure.Wemight therefore expect

some relationship between HPSEC parameters and the ease of
DOC oxidation – this requires further investigation.

Effects of pH and Fe on DOC concentration and structure

PCA analysis highlighted that Fe concentrations, pH and ORP
were interrelated, so we were unable to attribute their specific
effect on DOC characteristics (MN and MW). However,

inspection of the data clustering indicated the need for more
careful analysis of the effects of pH and Fe concentrations on
DOC structural characteristics. Varying the pH of cation-free

Minninup Lake water did not change the DOC molecular
structure, as indicated by HPSEC (Fig. 3c). These findings
contrast with Piccolo (2002), who showed that organic carbon

supramolecules changed size under varying pH conditions, and
suggested that buffering conditions (indicated by pH) have an
effect on both van derWaals and hydrogen bonds, which in turn
changes the apparent molecular size of the organic carbon.

In contrast, our analyses showed that altering pH conditions
changed the DOC absorbance capacity, while maintaining

molecular weight peaks (Fig. 3a, b). The processes that allow
this dynamic without accompanying structural change require

further investigation.
When a range of Fe standard solutions were added to a

constant concentration of SRFA a decrease in polydispersity,

weight- and number-average molecular weight of SRFA was
observed as the Fe : C ratio approached 2, indicating a limit in
direct Fe–DOC interactions (Table 6). We suggest that increas-

ing Fe concentrations induced greater complexation between
organic carbon molecules, i.e an increase in the supramolecular
structure that was detected as an increase inMW,MN and r.We
note that these results allow analysis only of direct Fe–DOC

(fulvic acid) interactions; in a real environment complexation
would also occur between the DOC and other metal cations,
organic and inorganic compounds.

The effect of pH, redox conditions and Fe concentrations on
molecular characteristics (as indicated by MW and SUVA) is
summarised in Fig. 7. Low SUVA values (i.e. low aromaticity)

were found in all circumneutral samples, irrespective of con-
centrations of iron or redox conditions. However, within these
low SUVA samples, positive ORP and low Fe concentrations
coincided with higher DOCmolecular weights. Negative ORP,

and the subsequent higher Fe concentrations, coincided with
significantly lower DOC molecular weights. Interestingly, all
samples at pH, 4 and high Fe concentrations exhibited higher

SUVA values, indicating higher levels of aromaticity, and
moderate DOC molecular weights. We expect that the three
regimes illustrated in Fig. 7 will determine the reactivity of

DOC and therefore its effect on ecosystem function; under-
standing the relationships between these three regimes and
environmental conditions, including hydrological regimes, is

the next challenge.

The effect of seasonal hydrological connectivity
on DOC dynamics

The biogeochemical and DOC signatures observed in the
groundwater and the surface water samples can now be placed in

the context of seasonal hydrological dynamics. Nath et al.

(2013) showed that seasonal variability in levels of both
Minninup Lake ground and surface waters interacted with spa-
tial variability in ground levels to create seasonally and spatially

variable ponding across the wetland. The difference between
summer andwinter groundwater levels ranged from�0.5 to3.0m;
these spatial differences in depth to groundwater affect the

environmental conditions experienced at different locations.
The horizontal connectivity of the ponded areas and the vertical
connectivity between ponded areas and groundwater deter-

mined the discharge to drains and the wetland hydrology,
including its water balance (Nath et al. 2013).

We are now able to develop a conceptual model of how the
wetland geochemistry and DOC dynamics might respond to

the seasonal variability in ground and surface water levels. We
expect that oxidising conditions would occur when groundwater
levels are low and wetland organic matter would be rapidly

broken down, releasing DOC and organic-bound metals that
could sorb to the solid organic phase. Under these conditions any
FeII in the surficial groundwater would be oxidised, reducing

pH and decreasing the absorbance of DOC; this decrease in

Table 6. HPSEC parameters for SRFA standards

(50mgL21) after the addition of Fe (0–200 mg L21)

All samples were adjusted to pH 7

Fe MW MN r
(mgL�1) (Da) (Da)

0 3189 2454 1.3

20 3998 2807 1.42

40 6514 2981 2.18

60 9607 2951 3.26

80 9397 2714 3.46

100 14 812 3307 4.48

200 13 643 3004 1.52
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absorbance could be misinterpreted as a decrease in DOC
concentrations. We further expect that reducing conditions in
the surface soils would be triggered as groundwater rises to the

land surface, with decreasing ORP with increasing time under
saturated conditions, and the subsequent reduction and dissolu-
tion of FeIII. Under these conditions, DOC molecules would

increase in size through increased inter- and intramolecular
complexation. Reducing conditions would also initiate sulfate
reduction followed by sequestration of metals through the

formation of insoluble sulfides.
The cause-and-effect relationships contained within this

conceptual model are not always obvious in our PCA analyses;

at timeswe get a hint of these cause-and-effect relationships, but
anomalies are consistently present. Outliers in our PCA analyses
occur across most sites but, interestingly, they usually occur
either in May, when water tables are at their lowest, or in

September, when water tables are at their highest. One possible
explanation is the spatial and temporal variability in the para-
meters we measured. For example, the depth to the water table

fluctuated strongly across the wetland (Fig. 4). Ocampo et al.

(2006) showed that where riparian zones intersect groundwater,
the surface water table responds rapidly to rainfall events and

localised flooding facilitated by spatially variable infiltration
rates (due to variable soils types, vegetation, etc). Our data also
showed that redox conditions fluctuated across the wetland, in

response to the fluctuating depth to the water table. When the
controlling parameter is dynamic in time, our conceptual model
must also become dynamic in time, requiring an analysis of
timescales to understand the significance of fluctuations. Old-

ham et al. (2013) developed a generalised Damkohler number
(a ratio of timescales) to help identify dominant processes in
wetland systems dynamically interacting with groundwater.

This approach should be explored in further work on Minninup
Lake, with particular application to changing chemical and
conformational structure of DOC in response to changing

environmental conditions. Such work might give insight into

the bioavailability and reactivity of DOC, and how they change
in both time and space.

Conclusions

The HPSEC, TOC Standard Methods, SUVA analysis and rapid

fractionation analyses revealed that the DOC in acidicMinninup
waters was characterised by a high content of complex, aromatic
compounds and a wide range of molecular weights. Our results
also demonstrated that the DOC is made of both non-humic,

hydrophilic, aliphatic complexes with low-molecular-weight
components, and high-molecular-weight hydrophobic, aromatic
complexes.

Strong seasonality of ground and surface water levels were
responsible for variability in pH, redox dynamics and iron
speciation. We expect these, in turn, to affect DOC character-

istics, including its molecular structure. Our laboratory experi-
mental data clearly demonstrate the effect of pH on DOC
absorptive capacity (as indicated by HPSEC); however, the

molecular structure appears to not change. The processes
driving this pH effect remain unknown. Our data further suggest
that iron concentrations have a more direct effect on DOC
molecular structure; this relationship should be further investi-

gated with more detailed experiments.
Finally, we have highlighted the potential effect of the high

variable depth to the water table, on the environmental condi-

tions critical for our study (redox, pH and iron). Cause and effect
relationships between these conditions and the molecular struc-
ture of DOCwere not clear. The links between laboratory-based

explorations of these processes and our ability to identify the
processes from field data that is highly variable in both space
and time, remain problematic.
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HPSEC RESULTS  
 

 

Date : 10/05/2009    

     

Column : Phenomenex BioSep-SEC-S 3000 300x7.80mm; 5um 

Guard Column : Phenomenex BioSep-SEC-S 3000 35 x 7.80 mm; 5um 

Mobile phase : 20mM phosphate buffer   

Injection volume : 100 uL    

Detection : 254 and 210 nm    

Run time: : 20 min    

Method: : suzy-analsec.M    

     

     

Molecular Weight (Da) Log Mw Retention time (min)   

208 2.318063335 15.764   

1920 3.283301229 10.819   

3610 3.557507202 10.26   

4230 3.626340367 10.144   

6520 3.814247596 9.738   

15200 4.181843588 8.904   

81800 4.912753304 6.91   

     

Dextran blue 70859.40868 6.475   

Acetone   12.854   

 

  

y = -3.2954x + 22.459
R² = 0.9451
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Minninup Lake Before Cation Exchange  

pH C (mg/L) Fe (mg/L) Mw Mn ρ 

2.34 6.47 40 1284 723 1.78 

  

 
    

Minninup Lake After Cation Exchange  

pH   C (mg/L) Fe (mg/L) Mw Mn ρ 

7 5.616 0 2192 655 3.2 

7 5.278 200 7439 211 40.6 

7 4.958 400 9496 174 50.6 

7 4.731 600 10678 108 54.6 

7 4.567 800 26570 690 69.1 

   

 
   

Minninup Lake After Cation Exchange  

pH C (mg/L) Fe (mg/L) Mw Mn ρ 

2.29 6.41 0 33894 2111 16.1 

1.79 5.635 200 27293 1435 19.0 

1.72 5.233 400 23531 1558 15.1 

1.67 4.836 600 24873 1460 17.0 

1.64 4.417 800 24246 1355 17.9 

   

 
   

Minninup Lake After Cation Exchange  

pH C (mg/L) Fe (mg/L) Mw Mn ρ 

2 6.235 0 nd nd nd 

4 5.649 0 1448 815 1.8 

6 5.482 0 1453 764 1.9 

8 5.595 0 2588 947 2.7 

*nd 

= No Data 

     
      

SRFA (C) -Fe  

pH C (mg/L) Fe (mg/L) Mw Mn ρ 

7 50 0 3191 2471 1.29 

7 50 20 3872 2550 1.52 

7 50 40 6392 2630 2.43 

7 50 60 9431 2569 3.67 

7 50 80 9068 1803 5.03 

7 50 100 14687 3112 4.72 

7 50 200 13521 2815 4.80 

7 50 1000 2646 2226 1.19 

 

 




