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ABSTRACT 

Coastal estuaries, globally known to accumulate and trap contaminants carried by 

streams and rivers, are important in cycling of rare earth elements, trace metal, and 

metalloids. Dredging and land-disposal of coastal estuarine sulfidic sediments causes 

the sulfidic minerals to oxidise and produce coastal acid sulfate soils (CASS). Few 

studies investigate both the source and the sink of rare earth elements (REEs) and trace 

elements when considering their mobilisation and potential to trace anthropogenic 

activity in systems influenced by CASS. In this thesis, I investigate geochemical and 

mineralogical control REEs and trace elements in a land-disposed acidified dredge spoil 

site and adjacent drain sediment and surface water, at South Yunderup, Western 

Australia. The dredge spoil continues to acts as a legacy source of acidity, Fe, and 

REEs, consequently, it was acidic (pH 3.5–5.5) with negligible acid volatile sulfide 

(AVS, a proxy for FeS), relative low concentration of REEs (mean 44.5 mg/kg) and Fe 

(mean 1.3×104 mg/kg). In the receiving sediment, microbial sulfate reduction leads to 

formation of sulfides and act as a sink of REEs and Fe. Consequently, elevated AVS 

(mean 92.2 µmol/g) with relative high concentration of REEs (mean 670 mg/kg) and Fe 

(mean 4.0×104 mg/kg) were observed. Interestingly, following this REE accumulation 

in the drain sediments, partial exposure to air, such as seen for the sediments at Site 3, 

results in them behaved more like the dredge spoil, acting as an additional source of 

acidity and a more concentrated source of REEs to the downstream sediments.  

The REEs can serve as sensitive tracers of geochemical processes, but mineralogy of 

REEs in acid sulfate receiving environments based on samples from South Yunderup, 

Western Australia is previously uncharacterized. Here, associations between REEs and 

the dominant mineral phases that were found in the acidified dredge spoil and adjacent 

drain sediment were investigated using scanning electron microscopy (SEM) and 
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transmission electron microscopy (TEM). Lanthanum-iron-oxides with porous 

morphology (stoichiometry La2Fe2O6 or La-Fe hydroxides) was characterised, 

suggesting the association between La and Fe phases is likely to be La2O3 co-

precipitated onto Fe oxides/oxyhydroxides at nanometer scales. Phosphate minerals 

were also characterised, such as monazite (REE, Th)PO4 using SEM, followed by using 

focused ion beam (FIB) to prepare an intra-grain micro- thin section of the selected 

REE-phosphate crystal, and then use transmission electron microscopy (TEM) to 

investigate the crystal structure (a=6.6 Å, b=6.9 Å, α=90). Electron energy-loss 

spectroscopy (EELS), based on features of M5 and M4 edges, showed that Ce was only 

present in the Ce(III) state in the monazite.  

Iron sulfides (e.g. mackinawite and pyrite) play an important role in global cycling of 

Fe and S in estuarine sediments. But the crystal morphology of naturally-occurring 

sedimentary mackinawite has been rarely reported. Here, I investigated highly reduced 

eutrophic sediments influenced by acidic drainage, which provides a favorable 

environment to observe and characterise natural mackinawite. Significantly, natural 

mackinawite crystal were observed for the first time in one of our sediment sample, 

appearing as clusters of 1–2 µm flower-shape particles aggregated into thin wavy sheets 

(ca. 1 µm thick, largest dimension ca. 50 µm) in Western Australia, consistent with 

biogenic mackinawite produced by sulfate reducing bacteria. Additionally, diverse 

pyrite morphologies were also observed in the same sediment core, suggesting the 

existence of dynamic transformation between different iron sulfide species 

(mackinawite, pyrite, and possibly greigite) in the drain sediment influenced by 

drainage from the oxidized dredge spoil.  

Potential interaction between REEs and sulfide is important for understanding REEs as 

tracers for anthropogenic inputs and interpret geochemical processes in coastal estuarine 

systems, where sedimentary sulfide minerals and REEs are abundant. Here, I investigate 
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mechanism of interaction between lanthanum ions (a representative REE) and iron 

monosulfide using customised anoxic reaction chamber. In coprecipitation experiments, 

chemical precipitation of FeS was induced in reagents already containing La3+ (~1 

mmol/L), while adsorption experiments fed the La3+ solution into a slurry of preformed 

FeS. The solution and solid phase were analysed for total Fe, S and La using ICP-OES, 

while the solid phase was examined using transmission electron microscopy (TEM) 

with energy-dispersive X-ray spectrometry (EDS) to investigate composition and 

microstructure of the precipitate formed. Evidently, more La3+  (mean partition 

coefficient KD = 0.067) was partitioned from solution into solid FeS precipitate in 

coprecipitation experiment than that in adsorption experiment (mean partition 

coefficient KD = 0.043).   

Trace elements may be a ‘signature’ that can discriminate sediments affected by acid 

sulfate processes. Elements like Fe, Mn, Ni, and Co in sediment pore water were 

obviously influenced by acidified dredge spoils, based on trends with distance from 

source. The redox condition changed from oxic to anoxic at 70–90 cm depth, which is 

deduced by a spike in concentration of most of the trace elements occurred in this depth 

zone followed by a consistent decrease down the remainder of the profile. Considering 

results from both principal component analysis and linear discriminant analysis, 

authigenic enrichment of elements in drain sediment is mainly of elements with higher 

mobility in the acid sulfate environment: REEs, P, S, Cd, and U. In contrast, the trace 

element signature of dredge spoil is characterised by an association of Th, Cr, V, Ti, Pb, 

Rb, and Ba – all elements which might be expected to exist in forms which are more 

resistant to dissolution or weathering. The most influential predictors, allowing best 

separation of dredge spoil from reduced sediment, and oxidized sediment Site 3 are Th, 

REE, Pb, and Ti.  
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CHAPTER ONE  

Introduction 

Geochemistry and mineralogy of trace and rare-earth elements in 

acidified estuarine dredge spoil and associated sulfidic drain 

sediments, South Yunderup, Western Australia 

1.1. General introduction  

Estuaries, globally known to accumulate contaminants carried by streams and rivers, are 

important in cycling of rare earth elements (REEs), trace metals, and metalloids (Chevis 

et al., 2015; O'Connor et al., 2015). Contaminant accumulation may occur because 

many cities are located on estuaries, contributing to high metal loads and eutrophication 

in estuarine sediment, which is difficult to avoid due to transport mechanism at estuaries 

(Nystrand et al., 2016). Dredging activities at estuaries for boating channels, housing, 

and port developments produce large amounts of dredge spoil that were historically 

disposed of near estuaries and exposed to air. Coastal estuarine sediments that were 

previously highly reduced typically contain elevated concentration of sulfide minerals, 

such as mackinawite (FeS), greigite (Fe3S4), and pyrite (FeS2), which are 

environmentally benign potential acid sulfate materials when they remain undisturbed 

(Dent and Pons, 1995; Morse and Rickard, 2004).  Land-based disposal of these sulfidic 

sediments result in formation of coastal acid sulfate soil (CASS) producing iron- and 

sulfate-rich acidic drainage, which can solubilise trace elements, including REEs, and 

triggering extensive environmental issues, both locally and in receiving environments 

(Burton et al., 2006a, b; Johnston et al., 2010; Johnston et al., 2016; Morgan et al., 

2012a; Morgan et al., 2012b).  



 2

Previous studies on abundance and fractionation of REEs, as geochemical tracers, in 

natural environments (streams, lakes, and sediments) have commonly found (or 

assumed) that REEs are associated with Fe oxides/oxyhydroxides (Åström, 2001; 

Bayon et al., 2004; Bozau et al., 2008; Chevis et al., 2015; Gammons et al., 2003; 

Leybourne and Johannesson, 2008; Planavsky et al., 2010; Protano and Riccobono, 

2002; Willis and Johannesson, 2011). In disturbed environments such as acidified 

dredge spoils and receiving environments associated with sulfidation and eutrophication, 

the situation is much more complicated; REEs are possibly also associated with 

authigenic sulfides (Morgan et al., 2012b) and anthropogenic or authigenic phosphate 

minerals (Borrego et al., 2004; Emsbo et al., 2015; Rasmussen et al., 1998).  

It has been found that rare earth elements (REEs) and FeS elevated in receiving 

environment affected acidic drainage produced by acid sulfate soil (Åström, 2001; 

Gröger et al., 2011; Morgan et al., 2012). The direct association between REEs and iron 

monosulfide has not yet been investigated, however, except in a preliminary laboratory 

experiment which showed no sorption of REEs onto synthetic FeS (Morgan et al., 

2012b). Investigation of interaction between REEs and FeS would provide a better 

understanding of REEs as tracers for anthropogenic input or geochemical processes in 

sulfidic sediments. 

Rare-earth phosphate minerals could also potentially control REEs mobility in 

sediments. Authigenic REE-phosphates such as florencite ((REE)Al3(PO4)2(OH)6), 

represent a sink for reactive P and REEs (Rasmussen, 1996). Florencite 

((REE)Al3(PO4)2(OH)6) can form due to substitution of REE3+ for Ca2+ in crandallite 

(CaAl3(PO4)2(OH)6) during chemical weathering of monazite (REE, Th)PO4 (Welch et 

al., 2009) or growth of  apatite (Ca5(PO4)3(F,Cl,OH)) or monazite (Nagy et al., 2002). It 

is also possible that the abundance and fractionation of REEs is controlled by 

coprecipitation with Fe phosphate (Johannesson et al., 1995). 
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Previous studies of REEs and trace metals with bulk chemical extraction methods have 

found positive correlation between REEs content and Fe content in sediments affected 

by acid sulfate soils (Morgan et al., 2012b), in streams affected by acid mine drainage  

(Protano and Riccobono, 2002), and in marine sediments (Caetano et al., 2009; 

Menendez et al., 2017). However it is not clear whether the observed positive REE-Fe 

correlation is due to dissolved REE3+ being chemically incorporated into Fe minerals, or 

if the REEs form their own phases that are physically associated with, or form under 

similar conditions to, Fe minerals.  

The changes of redox conditions in micro zonation may affect association between 

REEs and sulfides and phosphate minerals in sediment. Therefore, this thesis examine 

the association between REEs and Fe minerals using scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) and associated microanalytical 

techniques (energy dispersive spectrometry (EDS), selected area diffraction (SAD), and 

electron energy-loss spectroscopy (EELS)), which will provide more direct and visual 

information on surface morphology and quantification of their composition at the 

nanometer scale. Experimental study was also conducted on whether is La3+ (a 

representative REE) coprecipitated with, or adsorbed onto, synthetic iron monosulfide. 

In addition, leaching and enrichment of trace elements between acidified dredge spoil 

and reduced sediment are also studied.  

1.2. Thesis scope 

This thesis, therefore, investigates association between the behaviour of REEs and iron 

(Fe) minerals, sulfide (S2-) minerals, and phosphate (PO4
3-) minerals both in the source 

(disposed dredge spoil) and sink (adjacent receiving sediment) for acidity and REEs 

using both bulk chemical extraction and microscopic examination.  
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Our aims are: 

(1) To examine the fractionation and remobilization of REEs associated with 

cycling of Fe and S from the source (dredge spoil) to the sink (drain sediments). 

(2) To examine micro- to nano- scale associations between REEs and the dominant 

mineral phases that were found in the acidified dredge spoil and adjacent drain 

sediment. 

(3) To identify and characterise natural mackinawite in reduced sediments affected 

by acidic drainage from the adjacent oxidised dredge spoils.  

(4) To determine the iron-sulfur stoichiometry and crystal morphology of pyrite in 

acidified dredge spoils and downstream receiving environments, and their 

association with geochemical conditions. 

(5) To determine experimentally La3+ sorption onto, and coprecipitation with, 

synthetic mackinawite. 

(6) To determine distribution of trace element geochemistry from acid drainage-

producing environment to the acid drainage-receiving environment, and any 

controls on authigenic accumulation of trace elements in dredge and sediment 

cores.  

1.3. Thesis structure 

This thesis consists of this general introduction (Chapter One), five main research 

subtopics (Chapter Two to Six), and a general discussion (Chapter Seven). Chapters 

Two to Six are constructed in the format of journal articles, including literature review 

(introduction), methodologies, result, discussion, references, and supplementary 

information in each chapter. To avoid repetition, therefore, no separate literature review 
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or methodology chapters are presented. Chapter Seven integrates general discussion, 

conclusion, and suggestions for future research, addressing the aims established at the 

beginning and identifying directions for future research.  

Specifically, the subtopics in this thesis (Chapter Two to Six) are: 

(1) From source to sink: Rare earth elements trace the legacy of sulfuric dredge 

spoils on estuarine sediment. 

(2) An electron microscopy study on lanthanum-iron-oxides and REE-phosphates in 

dredge spoils and sediments associated with development of acid sulfate soils. 

(3) Natural mackinawite and pyrite in dredge spoils and sediments associated with 

development of acid sulfate soils. 

(4) Investigation of coprecipitation and adsorption of Lanthanum (III) to synthetic 

iron monosulfides. 

(5) Trace element geochemistry in acidified estuarine dredge spoil and associated 

sulfidic drain sediments, South Yunderup, Western Australia. 

Each of these subtopics (Chapters Two to Six) addresses either one or two aims set up 

at the beginning of this thesis. Chapter Two, addressing Aim (1), investigates Fe, S, and 

REEs in the acidified dredge spoil, the adjacent sulfidic sediment (and overlying surface 

waters), and pore water from dredge spoil and sediment at South Yunderup, Western 

Australia. This study allows a better understanding of the impacts of the source 

(disposed dredge spoils) on the sink (receiving drain sediment). The REE fractionation 

patterns in solid-phase and water-phase provide a powerful tool for unravelling the 

geochemical history of a site, including their chemical evolution and physical 

transportation from a source to a sink. 

Chapter Three (addressing Aim 2) provides a fundamental insight into REEs-mineral 

interaction, which is key to their use as geochemical tracers in complex systems. This is 
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achieved by using scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) and associated micro-analytical techniques (energy dispersive 

spectrometry (EDS), selected area electron diffraction (SAED), and electron energy-loss 

spectroscopy (EELS)), which will provide more direct and visual information on 

surface morphology and quantification of their composition at nanometer scales. This 

novel observation and characterization of La2O3-Fe oxyhydroxides (stoichiometry 

La2Fe2O6) micron-sized particles in sediment contribute to understanding of association 

between REEs and Fe phases. To my best knowledge, there are not published reports 

about morphology or characterization of natural LaFeO3 or La2O3 in sediments yet. 

Microscopic examination on the REEs-phosphate minerals provides information on the 

source and fate of REEs during weathering processes in acid sulfate soils.  

Chapter Four, addressing Aims (3) and (4), investigates morphology and stoichiometry 

of iron sulfides (mackinawite and pyrite) in acidified dredge spoil and drain sediment 

using SEM and TEM facilitated with EDS, allowing an integrated understanding of the 

transformation between different iron sulfides and their implications for geochemical 

processes. Morphology or characterization of natural mackinawite in sediment has 

rarely been reported yet. The novel discovery of natural mackinawite aggregates, 

appearing as clusters of 1-2 µm flower-shape particles aggregated into thin wavy sheets 

in sediment contribute to understanding the sediment systems influenced by acidic 

drainage that are characterized as strongly reducing and organic- and sulfide-rich, which 

provide a favorable environment for formation of mackinawite and pyrite.  

Following on from this, Chapter Five (addressing Aim 5), conducts an experimental 

study in order to answer the question: are the REEs adsorbed onto or coprecipitated 

with iron monosulfide? The answer will throw light on the mechanism of REEs 

retention in anoxic aquatic or estuarine sediments. In this study, an experimental 

reaction system allowing an anoxic reaction environment with constant temperature was 
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designed for measurement of La3+ adsorption onto, and coprecipitation with, synthetic 

iron mososulfide. The bulk content of La, Fe, and S in the products from both sorption 

and coprecipitation experiments was measured by spectrophotometric and ICP-OES 

methods. The FeS precipitates were also examined using (TEM) combined with EDS to 

study the interaction between La3+ and FeS at the nanometer scale.  

Chapter Six, addressing Aim (6), provide an analysis of elements (As, Ba, Cd, Co, Cr, 

Cu, Fe, Mn, Ni, Pb, Rb, Sr, Th, Ti, U, V, Zn, and ΣREE) in the solid phase of both 

acidified estuarine dredge spoil and the adjacent sediment receiving acid drainage, 

South Yunderup, Western Australia. In addition, analyses of sediment pore water and 

surface water covering the sediments are also provided, providing a complete cycling of 

trace elements from source to their proximal sink. This study determine partition of 

trace element geochemistry from acid drainage-producing environment to the acid 

drainage-receiving environment and what controls authigenic accumulation of trace 

elements in dredge and sediment cores, which can be potentially used as tracers for 

systems affected by acid sulfate soils.  

 

 

  



 8

1.4.  References 

Åström, M., 2001. Abundance and fractionation patterns of rare earth elements in 
streams affected by acid sulphate soils. Chemical Geology, 175: 249-258. 

Bayon, G., German, C.R., Burton, K.W., Nesbitt, R.W., Rogers, N., 2004. Sedimentary 
Fe–Mn oxyhydroxides as paleoceanographic archives and the role of aeolian 
flux in regulating oceanic dissolved REE. Earth and Planetary Science Letters, 
224(3): 477-492. 

Borrego, J., López-González, N., Carro, B., Lozano-Soria, O., 2004. Origin of the 
anomalies in light and middle REE in sediments of an estuary affected by 
phosphogypsum wastes (south-western Spain). Marine Pollution Bulletin, 
49(11–12): 1045-1053. 

Bozau, E., Göttlicher, J., Stärk, H.-J., 2008. Rare earth element fractionation during the 
precipitation and crystallisation of hydrous ferric oxides from anoxic lake water. 
Applied Geochemistry, 23(12): 3473-3486. 

Burton, E.D., Bush, R.T., Sullivan, L.A., 2006a. Elemental sulfur in drain sediments 
associated with acid sulfate soils. Applied Geochemistry, 21(7): 1240-1247. 

Burton, E.D., Bush, R.T., Sullivan, L.A., 2006b. Sedimentary iron geochemistry in 
acidic waterways associated with coastal lowland acid sulfate soils. Geochimica 
et Cosmochimica Acta, 70(22): 5455-5468. 

Caetano, M., Prego, R., Vale, C., de Pablo, H., Marmolejo-Rodríguez, J., 2009. Record 
of diagenesis of rare earth elements and other metals in a transitional 
sedimentary environment. Marine Chemistry, 116(1): 36-46. 

Chevis, D.A., Johannesson, K.H., Burdige, D.J., Cable, J.E., Martin, J.B., Roy, M., 
2015. Rare earth element cycling in a sandy subterranean estuary in Florida, 
USA. Marine Chemistry, 176: 34-50. 

Dent, D.L., Pons, L.J., 1995. A world perspective on acid sulphate soils. Geoderma, 67: 
263-276. 

Emsbo, P., McLaughlin, P.I., Breit, G.N., du Bray, E.A., Koenig, A.E., 2015. Rare earth 
elements in sedimentary phosphate deposits: Solution to the global REE crisis? 
Gondwana Research, 27(2): 776-785. 

Gammons, C.H., Wood, S.A., Jonas, J.P., Madison, J.P., 2003. Geochemistry of the 
rare-earth elements and uranium in the acidic Berkeley Pit lake, Butte, Montana. 
Chemical Geology, 198(3): 269-288. 

Gröger, J., Proske, U., Hanebuth, T.J.J., Hamer, K., 2011. Cycling of trace metals and 
rare earth elements (REE) in acid sulfate soils in the Plain of Reeds, Vietnam. 
Chemical Geology, 288(3-4): 162-177. 

Johannesson, K.H., Lyons, W.B., Stetzenbach, K.J., Byrne, R.H., 1995. The solubility 
control of rare earth elements in natural terrestrial waters and the significance of 
PO4

3− and CO3
2− in limiting dissolved rare earth concentrations: A review of 

recent information. Aquatic Geochemistry, 1(2): 157-173. 



 9

Johnston, S.G., Burton, E.D., Bush, R.T., Keene, A.F., Sullivan, L.A., Smith, D., 
McElnea, A.E., Ahern, C.R., Powell, B., 2010. Abundance and fractionation of 
Al, Fe and trace metals following tidal inundation of a tropical acid sulfate soil. 
Applied Geochemistry, 25(3): 323-335. 

Johnston, S.G., Morgan, B., Burton, E.D., 2016. Legacy impacts of acid sulfate soil 
runoff on mangrove sediments: Reactive iron accumulation, altered sulfur 
cycling and trace metal enrichment. Chemical Geology, 427: 43-53. 

Leybourne, M.I., Johannesson, K.H., 2008. Rare earth elements (REE) and yttrium in 
stream waters, stream sediments, and Fe–Mn oxyhydroxides: Fractionation, 
speciation, and controls over REE+Y patterns in the surface environment. 
Geochimica et Cosmochimica Acta, 72(24): 5962-5983. 

Menendez, A., James, R.H., Roberts, S., Peel, K., Connelly, D., 2017. Controls on the 
distribution of rare earth elements in deep-sea sediments in the North Atlantic 
Ocean. Ore Geology Reviews, 87: 100-113. 

Morgan, B., Rate, A.W., Burton, E.D., 2012a. Trace element reactivity in FeS-rich 
estuarine sediments: influence of formation environment and acid sulfate soil 
drainage. Science of the Total Environment, 438: 463-76. 

Morgan, B., Rate, A.W., Burton, E.D., Smirk, M.N., 2012b. Enrichment and 
fractionation of rare earth elements in FeS- and organic-rich estuarine sediments 
receiving acid sulfate soil drainage. Chemical Geology, 308-309: 60-73. 

Morse, J.W., Rickard, D., 2004. Chemical dynamics of sedimentary acid volatile 
sulfide. Environmental Science & Technology, 38: 131A-136A. 

Nagy, G., Draganits, E., Demény, A., Pantó, G., Arkai, P., 2002. Genesis and 
transformations of monazite, florencite and rhabdophane during medium grade 
metamorphism: examples from the Sopron Hills, Eastern Alps. Chemical 
Geology, 191(1): 25-46. 

Nystrand, M.I., Österholm, P., Yu, C., Åström, M., 2016. Distribution and speciation of 
metals, phosphorus, sulfate and organic material in brackish estuary water 
affected by acid sulfate soils. Applied Geochemistry, 66: 264-274. 

O'Connor, A.E., Luek, J.L., McIntosh, H., Beck, A.J., 2015. Geochemistry of redox-
sensitive trace elements in a shallow subterranean estuary. Marine Chemistry, 
172: 70-81. 

Planavsky, N., Bekker, A., Rouxel, O.J., Kamber, B., Hofmann, A., Knudsen, A., 
Lyons, T.W., 2010. Rare Earth Element and yttrium compositions of Archean 
and Paleoproterozoic Fe formations revisited: New perspectives on the 
significance and mechanisms of deposition. Geochimica et Cosmochimica Acta, 
74(22): 6387-6405. 

Protano, G., Riccobono, F., 2002. High contents of rare earth elements in stream waters 
of a Cu Pb Zn mining area. Environmental Pollution, 117: 499-514. 

Rasmussen, B., 1996. Early-diagenetic REE-phosphate minerals (florencite, gorceixite, 
crandallite, and xenotime) in marine sandstones; a major sink for oceanic 
phosphorus. American Journal of Science, 296(6): 601-632. 



 10

Rasmussen, B., Buick, R., Taylor, W.R., 1998. Removal of oceanic REE by authigenic 
precipitation of phosphatic minerals. Earth and Planetary Science Letters, 
164(1): 135-149. 

Welch, S.A., Christy, A.G., Isaacson, L., Kirste, D., 2009. Mineralogical control of rare 
earth elements in acid sulfate soils. Geochimica et Cosmochimica Acta, 73(1): 
44-64. 

Willis, S.S., Johannesson, K.H., 2011. Controls on the geochemistry of rare earth 
elements in sediments and groundwaters of the Aquia aquifer, Maryland, USA. 
Chemical Geology, 285(1–4): 32-49. 

 



 11

CHAPTER TWO  

From source to sink: Rare-earth elements trace the legacy of 

sulfuric dredge spoils on estuarine sediments 

2.1. Abstract 

Land disposal of dredged sulfide-rich costal sediments generates secondary acid sulfate 

soils, as previously reduced sulfide minerals oxidise to produce acidic drainage rich in 

Fe, SO4
2- and trace elements, including the rare earth elements (REEs). Few studies 

investigate both the source and the sink of rare earth elements when considering their 

mobilisation and potential to trace anthropogenic activity in systems influenced by 

coastal acid sulfate soils. This is particularly true in the context of interpreting rare earth 

element signature in solid-phase estuarine sediments receiving acute, long-term (>15 

years) acidic drainage from legacy sulfuric dredge spoil. Here I investigate Fe, P, S and 

rare earth element signatures in a dredge spoil, disposed of on land in the late 1990s, 

and the sediments (and overlying surface waters) from an adjacent estuarine drain, in 

South Yunderup, Western Australia. Dredge spoil cores up to 125cm depth were either 

collected in a spatial transect perpendicular to the drain, or parallel to the drain, while 

five 30cm sediment drain cores and overlying water samples were collected close to the 

edge of the spoil (~1 m), and then with increasing distance (up to 287 m) from the 

disposal site. I found the dredge spoil continues to acts as a legacy source of acidity, Fe, 

and REEs, during the oxidation of iron sulfide minerals and subsequent development of 

acid sulfate soils. Consequently, it was acidic (pH 3.5–5.5) with negligible acid volatile 

sulfide (AVS, a proxy for FeS), relative low concentration of REEs (mean: 44.5 mg/kg, 

range: 4.1–361 mg/kg). In the receiving sediment, microbial sulfate reduction leads to 

formation of sulfides. Consequently, elevated AVS (mean 92.2 µmol/g, range 0.38–277 
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µmol/g) and total S (mean: 852 µmol/g, range: 105–2209 µmol/g) were observed. Rees 

generally increased in drain sediments (mean 670 mg/kg, range 19.9 – 1819 mg/kg) 

with increasing distance from acid-producing dredge spoil. I found that the geochemical 

gradients between oxidising dredge spoil and reducing sediment are revertible as the 

exposed sediment at Site 3 reverted to dredge spoil-like behaviour in terms of 

acidification and releasing of REEs. I found clear positive correlation between 

phosphorous and REEs, suggesting the importance of phosphorous as control of REEs, 

which is also supported by the calculated gadolinium anomalies that is commonly 

thought to be related to phosphate ferterliser. 

2.2. Introduction 

Increasingly, estuaries are dredged for boating channels, housing, and ports 

development with large amount of dredge spoil disposed of near estuaries and exposed 

to air (Clark and McConchie, 2004; Chevis et al., 2015; Nystrand et al., 2016; 

O'Connor et al., 2015; Sullivan et al., 2006). Highly reduced organic-rich estuarine 

sediments typically contain elevated concentration of sulfide minerals, such as the iron 

monosulfides mackinawite (FeS) and greigite (Fe3S4), and the iron disulfides pyrite 

(FeS2), which are environmentally benign potential acid sulfate materials when they 

remain undisturbed (Burton et al., 2005; Dent and Pons, 1995; Morse and Rickard, 

2004). Dredging and land-disposal of sulfidic-rich sediments, exposure to the 

atmosphere, causes the sulfidic minerals to oxidise and produce coastal acid sulfate soils 

(CASS). CASS produces iron- and sulfate-rich acidic drainage, which solubilise trace 

elements, including rare earth elements, and triggering extensive environmental issues, 

both locally and in receiving environments (Burton et al., 2006; Johnston et al., 2010; 

Johnston et al., 2016; Morgan et al., 2012; Morgan et al., 2016).  
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While most of the studies about land-disposed dredge spoil are focusing on trace 

elements, REEs are rarely discussed (Cappuyns et al., 2004; Singh et al., 1998; Singh et 

al., 2000; Stephens et al., 2001; Zawislanski et al., 2003). The rare earth elements 

(REEs), a coherent group comprised of the lanthanide element series and yttrium, have 

similarities in subgroups but systematic variations in chemical properties (Laveuf and 

Cornu, 2009; Migaszewski and Gałuszka, 2015) that allow for their widespread use as 

environmental tracers in a range of geochemical systems. This includes investigations 

of soils profiles (Mihajlovic et al., 2014), oceans (Akagi et al., 2011; Akagi, 2013; 

Elderfield et al., 1988; Zheng et al., 2016), rivers and streams (Åström and Corin, 2003; 

Gammons et al., 2003; Gammons et al., 2005a; Gammons et al., 2005b; Leybourne and 

Johannesson, 2008; Singh, 2009; Tang and Johannesson, 2010), estuarine systems 

(Åström et al., 2012; Chevis et al., 2015; Elderfield et al., 1990; Haley et al., 2004; 

Hannigan et al., 2010; Morgan et al., 2012; Morgan et al., 2016), and wetland 

environments (Davranche et al., 2015).   

REE fractionation patterns can provide a powerful tool for unravelling the geochemical 

history of a site, including their chemical evolution and physical transportation from a 

source to a sink. Fractionation of REEs reflects depletion or abundance of the 

subgroups, which include the light REE (LREE: La, Ce, Pr, and Nd), middle REE 

(MREE: Eu, Gd, Tb, and Dy), and heavy REE (HREE: Er, Tm, Yb, and Lu). REE 

fractionation patterns are either inherited from their parent rocks/minerals, controlled by 

geochemical processes of adsorption (Bau and Dulski, 1999), dissolution (Lewis et al., 

1997), precipitation (Verplanck et al., 2004), and complexation (Åström, 2001; Serrano 

et al., 2000; Welch et al., 2009), or affected by REE additions from atmospheric 

deposition or anthropogenic disturbances (Hissler et al., 2015; Klaver et al., 2014; 

Kulaksız and Bau, 2007, 2013).  
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In this study, I investigate a land-disposed dredge spoil site and the adjacent drain 

sediment at South Yunderup, Western Australia. Previous publication about the 

sediments in this area suggested that these eutrophic estuarine sediments are highly 

reduced and organic- and iron monosulfides- rich and accumulate REEs compared to 

non-impacted sites (Kraal et al., 2013; Morgan et al., 2012). The dredge spoils, 

originated as sulfidic sediments, were dredged from the South Yunderup estuary and 

channels and disposed of next to a drain near estuary in late 1990’s (Sullivan et al., 

2006). I aim to examine the fractionation and remobilization of REEs and cycling of Fe, 

S, and P from the source (dredge spoil) to the sink (drain sediments), to allow a better 

understanding of the legacy impacts of disposed dredge spoils on the receiving 

environments, providing insights into predicting and managing environmental issues 

arising from acid sulfate soils. 

2. 3. Method and materials 

2.3.1. Study site 

The study site is located at South Yunderup, a town fringing the Peel-Harvey Estuary 

System, ~80 km South of Perth in Western Australia (32°35'29.45"S, 115°46'56.21"E, 

Fig. 2.1). The dredge spoil is on the south bank of the Murray River, adjacent to the 

South Yunderup Main Drain, which feeds into the Peel Inlet. The climate is sub-tropical 

with average annual temperatures of ~23.3 °C and average annual rainfall of ~671.2 

mm (Australian Bureau of Meteorology, 2017). Recently Peel Inlet has been 

characterised as having  high total annual N  (688 tonnes/y) and P (71 tonnes/y) loads as 

presented in Table 4.1 in Kelsey et al. (2011). Dredging is common in the Peel-Harvey 

Estuary, with The Western Australian Department of Environment previously 

identifying more than ten significantly disturbed (dredged) sites within the South 

Yunderup area (Sullivan et al., 2006). Our study investigates dredged estuarine 
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sediments from South Yunderup estuary and channels and disposed of in late 1990’s 

(Sullivan et al., 2006). Sediment and water samples were collected from the South 

Yunderup Main Drain, adjacent to the dredge spoil. 

 

Figure 2.1. Map of study site. Sediment cores and surface water samples (S1, S2, S4, S4.5, and 
S5) were collected from five sites (S1, S2, S3, S4, and S5) along the drain. All sediment 
collection points were submerged, apart from S3 which was exposed to the atmosphere, hence 
there was no surface water to collect at this site. As such, S4.5 was included as an additional 
surface water collection point (no sediment collected). Dredge spoil cores (S8, S9, S10, S11, 
and S12) were collected along a perpendicular transect moving away from the drain. S6 and S7 
were additional dredge spoil cores collected along the shoreline of the drain. The area of the 
dredge disposal site is outlined in pink. 

2.3.2. Sample Collection 

2.3.2.1. Drain sediment and surface water 

Five sediment cores (Sites 1 to 5) were collected using a polyacrylate plastic coring 

device in the South Yunderup Main Drain, in a transect parallel to the flow of the drain 

water towards the estuary, increasing in distance from the dredge spoil (2 m, 58 m, 

82 m, 204 m, and 287 m). Sediment cores were extruded from the core and sectioned in 

5 cm depth increments, then stored in plastic zip-lock bag with the air squeezed out , 

and placed on ice during transportation to laboratory. Pore water was extracted within 

two hours in the laboratory by centrifugation, and pore water sample was split into two 
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aliquots, one unpreserved for immediate pH and EC analysis dissolved Fe2+ and sulfate 

analysis, while the other was filtered (0.45 µm) and acidified (1% (v/v) of 1 mol/L HCl) 

for subsequent trace elements and REEs analysis (section 2.3.3.1). The solid sediment 

samples were then stored in freezer at −18 °C. Surface water was collected while there 

wasn’t flow in the drain. Surface water samples were collected from each of the 

sediment sampling sites, except for Site 3 due to the sediment being above the surface 

water level. Instead, a surface water sample was collected between Site 4 and Site 5  

(Site 4.5). Likewise, each of the surface water samples was also split into two aliquots, 

one unpreserved for immediate pH analysis as well as dissolved Fe2+ and sulfate 

analysis, while the other was filtered (0.45 µm) and acidified for subsequent trace 

elements and REEs analysis.  

2.3.2.2. Dredge spoil  

Seven cores were collected from the dredge spoil using a PVC pipe, four of which were 

(Site 9, Site 10, Site 11, and Site 12) in a transect perpendicular to the drain (8m, 13m, 

16m, and 50m from the drain respectively), while the other three (Site 6, Site 7, and Site 

8) were aligned approximately parallel to the shore of the drain  (Fig. 2.1). The three 

cores (Site 6, Site 7, and Site 8) that were closest to the drain were around 125cm in 

depth, while the other four cores ranged from 35 to 77 cm in depth. Following 

collection the dredge spoil cores the pipes were sealed immediately and stored in ice 

during transportation to the lab. Here, the cores were opened and sectioned according to 

identification of consistent horizons (based on color and texture). Samples were then 

transferred into zip-lock plastic bags in ice, thoroughly homogenized, and all air was 

squeezed out. Pore water from bottom samples of dredge spoil Site 6 (depth > 84cm), 

Site 7 (depth > 59cm), and Site 8 (depth > 84cm) was extracted within two hours in the 

laboratory for immediate pH and EC analysis as well as dissolved Fe2+ and sulfate 

analysis. As the pore water is limited, analysis for REEs and trace elements in dredge 
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spoil pore water was not applicable. The solid dredge spoil samples were then stored in 

a freezer at −18 °C.  

2.3.3. Chemical analysis 

2.3.3.1. Pore water and surface water  

Surface water pH was measured on the field using calibrated electrodes (Cyberscan). 

The filtered pore water and surface water samples were divided into aliquots for 

subsequent analysis. One aliquot was was measured for dissolved sulfate on a 

microplate spectrophotometer (BMG, FluoStar Optima, Offenburg, Germany) using the 

turbidimetric method from (Laskov et al., 2007). The second aliquot was acidified 

determined for dissolved ferrous iron concentrations using the 1, 10 phenanthroline 

colorimetric methods from (Laskov et al., 2007). The additional filtered and acidified 

aliquots were divided into two sub-aliquots. One sub-aliquot for analysis of total S, P, 

and a suite of trace metals (APHA, 2005) were measured by Inductively Coupled 

Plasma Optical Emission Spectrometry (ICP-OES) (Perkin Elmer, Optima 5300DV, 

Shelton Connecticut USA). The other sub-aliquot was diluted 1:10 with an internal 

standard (10 ppb Rh and Ir in 1% (v/v) HNO3) together with the calibration solutions 

prepared from MISA series mixed elements standard for REE analysis (La‒Lu, and Y) 

using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Perkin Elmer, Elan 

6000, Toronto Canada). An algorithm based on natural isotope abundances was used to 

correct measured concentrations for isobaric interferences caused by polyatomic species 

or mass overlaps (Soltanpour et al., 1996).  

2.3.3.2. Dredge spoil and sediment  

The pH of the dredge spoil samples and five sediment samples from Site 3, where there 

was no pore water to be extracted, was measured using ratio of soil:water = 1:5 

(Rayment and Lyons, 2011). Solid-phase dredge spoil and sediment samples were 
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digested by aqua regia (APHA, 2005), which dissolves most mineral phases except for 

silicates (Rayment and Lyons, 2010). The REEs were measured in digest solutions for 

dredge spoil cores using ICP-MS, and the Fe, Mn, and S were measured using ICP-OES 

only for dredge Sites 6, 7, 8, and 12 considering Sites 9, 10, 11 are surface sandy soils 

that are very similar to the surface soil of Site 6, 7, 8, and 12. Certified reference 

material (stream sediment, CANMET Mining and Mineral Sciences Laboratories, 

Ontario, Canada) was used as standard for quality control. Acid volatile sulfur (AVS) 

was measured using the method presented by Burton et al. (2007). 

2.3.4. Quantification of REE anomalies  

REE concentrations are normalised to the Post-Archean Australian shale (PAAS) 

standard before calculation of anomalies (Taylor and McLennan, 1985). Anomalies in 

REE pattern are calculated by the ratio of the normalised measured concentration (e.g. 

Ce PAAS) to the geogenic background concentration (e.g. Ce PAAS*), Eq.2. 1. 

Ce anomaly = Ce PAAS / Ce PAAS* (Eq.2. 1) 

CePAAS* = (LaPAAS + PrPAAS)/2  (Eq.2. 2) 

Where, Ce PAAS means the measured Ce concentration that is normalised to Post-

Archean Australian shale (PAAS) standard (Taylor and McLennan, 1985); here, the 

geogenic background CePAAS* concentration is defined as concentrations that are 

naturally occur in soil without any anthropogenic influences, which was achieved by 

interpolated between its neighbouring elements La and Pr as presented in Eq.2. 2, 

because neither La nor Pr presents anomalous concentrations in itself. It should be noted 

that this approach could be problematic when a neighbouring element used for 

interpolation is anomalous itself (Bau and Dulski, 1996; Kulaksız and Bau, 2007; 

Lawrence et al., 2006; Merschel et al., 2015). For example, the geogenic background 
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EuPAAS* concentration was interpolated by Sm and Tb instead of neighbouring elements 

Gd which in itself was present in anomalous concentrations, Eq.2. 3. Similarly, because 

Eu is often anomalous, I instead used Nd and Dy to interpolate GdPAAS* as presented in 

Eq.2. 4.  

EuPAAS* = (SmPAAS + TbPAAS)/2  (Eq.2. 3) 

GdPAAS* = (NdPAAS + DyPAAS)/2  (Eq.2. 4) 

The measured concentration of Gd consist of natural Gd and anthropogenic Gd, 

therefore the anthropogenic Gd can be quantified by Eq.2. 5 (Kulaksız and Bau, 2007): 

Gdanthropogenic =Gdmeasured – Gdnatural  (Eq.2. 5) 

The Gdnatural can be calculated from Eq.2. 6: 

Gdnatural = GdPAAS* × Gd(PAAS)  (Eq.2. 6) 

Where, the subscript ‘natural’ means the geogenic background concentration that is not 

normalised; GdPAAS* is the theoretical nomalised geogenic Gd concentration 

interpolated between Nd and Dy (Eq.2. 4). The Gd(PAAS) = 4.7 mg/kg, is the Gd 

concentration in the Post-Archean Australian shale (Taylor and McLennan, 1985) 

commonly used for normalization.  

Additionally, the ratio of LREE compared with HREE was quantified using Eq.2. 7, 

while degree of MREE enrichment was calculated using Eq.2. 8.               

HREE/LREE=[mean (Er, Tm, Yb and Lu)]/[mean (La, Ce, Pr and Nd)]  (Eq.2. 7) 

MREE enrichment = [mean (MREEs)/ [mean (HREEs and LREEs)]  (Eq.2. 8) 
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Positive anomalies are shown by calculated values that are > 1, while a negative 

anomaly is < 1. All statistical analyses were performed using R software (R Core Team, 

2014), with the Wilcoxon and Kruskal-Wallis nonparametric tests used to assess 

differences between means in different groups, and a t-test was used to test the 

significance of Spearman correlations. For correlation analyses, variables were 

transformed to centered log-ratios to remove any potentially misleading effects of 

compositional closure (Reimann et al., 2008). The Y/Ho ratio was calculated using 

concentrations on a mass basis, instead of normalised values (Lawrence et al., 2006). 

 

2.4. Results 

2.4.1. Pore water and surface water analysis 

2.4.1.1. pH and EC 

Dredge spoil pore water samples were acidic (pH 3.5–5.5), with some bottom samples 

having pH values similar to sediment samples from Site 1 and Site 3, as shown in Fig. 

2.2a. The electrical conductivity (EC) ranged from 0.02 mS/cm to 7.27 mS/cm, with the 

shallow samples (depth < 40 cm) having a much lower EC (mean 0.33, range 0.02–1.7 

mS/cm) compared with the deeper samples (depth > 40 cm, mean: 3.33, range: 0.1–7.27 

mS/cm), (Fig. 2.2b). While most the drain sediments were circumneutral (pH 6.9–7.8), 

sediment Site 1 (pH 5.2 – 6.0) and Site 3 (pH 4.0-6.7) are acidic. The sediment EC 

ranges from 12.2 to 75.9 mS/cm (mean: 41.0 mS/cm), Fig. 2.2b.  The pH values of 

surface water are near neutral (6.8–7.3). 
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Figure 2.2. Distribution of (a) pH and (b) EC in the dredge spoil and sediment cores. The left 
blue ellipse in (a) and arrow point out two sediment samples located in the clusters of dredge 
spoil samples and the right blue ellipse shows the dredge spoil samples and sediment samples 
that have similar pH values.  

 

Figure 2.3. Box plots showing summary statistics (minimum, 25% percentile, median, 75% 
percentile, maximum) for the mean dissolved (a) SO4

2- and (b) Fe2+ in in the drain surface water 
(mean = ×) and the pore water ( mean = +) of the drain sediments and the dredge spoil samples 
in sites closet to the drain (Sites 6, 7 and 8).  

 

2.4.1.2. Sulfur, dissolved iron, and REEs 

Pore water sulfate concentration for deep dredge spoil Site 6 (depth > 84 cm), Site 7 

(depth >59 cm), and Site 8 (depth> 84 cm) ranged from 44.4 to 82.6 mmol/L (mean 

59.3 mmol/L), and the closer to the drain water the higher the sulfate concentration was 

in the dredge spoil pore water (Fig. 2.3a). In the drain system, both the dissolved sulfate 
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concentration in the surface water (mean 96.2 mmol/L, range 82.2–103 mmol/L) and in 

the drain sediment pore water (mean 96.9 mmol/L, range 54.6–147 mmol/L) are higher 

than that in the dredge spoil pore water (mean 59.3 mmol/L, range 44.4 – 82.6 mmol/L).  

The average sulfate concentration in the drain sediment pore water increased with 

distance away from the dredge spoil, which contrasts with the surface water samples, 

which showed decreasing average sulfate concentrations with distance from the dredge 

spoil (Fig. 2.3a). Average sulfate concentrations were higher in surface water samples 

compared to the sediment pore water at the first two sites (Site 1 and 2), before 

decreasing to lower concentrations than observed in the sediment pore water from Site 

2–5 (58m–287m from the spoil), as seen in Fig. 2.3(a).  Average sulfate concentrations 

in both the sediment pore water and surface water are at least twice that of typical 

seawater at 28.1 mmol/L (Chester, 2009). 

Total S concentrations in the sediment pore water increase with increasing distance 

from the dredge spoil, ranging from 46.9 to 209.8 (mean: 110.1 mmol/L). An exception 

is seen at Site 3, where total S decreased from 113.8 to 56.9 mmol/L at Site 3, before an 

increase to 138.0 mmol/L at Site 4.  

The average dissolved Fe2+ concentrations in sediment pore water decreased from 121.5 

mmol/L to 28.5 mmol/L with increasing distance from the dredge spoil, in contrast with 

sulfate concentration pattern, which increased with increasing distance  (Fig. 2.3b). The 

dissolved Fe2+ concentrations in surface water (mean 0.019 mmol/L, range 0.016–0.02 

mmol/L) and in the dredge spoil (mean 4.0 mmol/L, range 0.7 – 6.9 mmol/L) are much 

lower than that in sediment pore water. All measured values were higher than the 

typical seawater total Fe concentrations of 6.09 ×10-5 mmol/L (Chester, 2009).  
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Figure 2.4. Box plots show summary statistics (minimum, 25% percentile, median, 75% 
percentile, maximum) for the mean dissolved (a) AVS and (b) total S (c) total Fe (d) ΣREEs in 
dredge spoil and sediment soli phases ( mean = +). The blue circles highlight discontinuities in 
the general patterns when including the sediments that were exposed to the atmosphere (Site 3). 

 

The ΣREE concentrations in sediment pore water (mean 1.0 mg/L, range 4.8 × 10-4 

mg/L – 20.5 mg/L) decrease with increasing distance from the dredge spoil, except at 

Site 4, which is directly downstream of the air exposed sediment of Site 3 and ~82 m 

from the dredge spoil. Here at Site 4, the ΣREEs concentration in pore waters was 

substantially greater (mean 3.8 mg/L, range 0.01–20.5 mg/L), before once again 

decreasing at Site 5, 300m from the dredge spoil. Sediment pore water REE 

fractionation patterns generally have La and Gd enrichments (Fig. 2.5), except for at 
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Site 4, where there is no La enrichment, but a positive Ce anomaly and Gd enrichment 

(Fig. 2.5). The surface water REE concentrations from the drain were generally close to 

the detection limit (4.8 × 10-4 mg/L). 

 

Figure 2.5. Fractionation pattern of REEs in sediment pore water. For clarity the scales of the Y 
axes are different for these five sites: Site 1 (0–0.025), Site 2 (0–0.0025), Site 3 (0–0.0008), Site 
4 (0–0.16), Site 5 (0–0.0004).  

 

2.4.2. Solid-phase analysis  

2.4.2.1. Iron and sulfur speciation and phosphors  

Acid volatile sulfide (AVS) concentrations in dredge spoil samples are generally much 

lower (mean 0.43 µmol/g, range 0.01–7.89 µmol/g) than in sediment samples, which 

have an average of 92.2 µmol/g (range 0.38–277.8 µmol/g). It is worth noticing that 

AVS concentrations dropped dramatically from 130.6 µmol/g at Site 2 to 29.1 µmol/g at 

air-exposed Site 3, before increasing once more to 110.4 µmol/g at Site 4, Fig. 2.4a. 

There are two notable points where the near-total solid-phase S concentration (from 

aqua regia digestion) increases in the sediment. Firstly, the total S concentration 

increased substantially from 352 µmol/g at Site 1 to 1068 µmol/g at downstream Site 2 

and then again, from 443 µmol/g at Site 3 to 1482 µmol/g at Site 4, Fig. 2.4b. When 
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considering both the dredge spoils and sediments, total solid-phase S concentration 

increases with depth, except for at Site 1 (closest to dredge spoil), where the top 

sediment has higher solid-phase S concentration compared to bottom sediment (Fig. 

S2.1 in supplementary information). 

The total Fe concentrations in solid-phase of dredge spoil samples ranged from 8.4×102 

to 3.8×104 mg/kg (mean 1.3×104 mg/kg), and were generally much lower in the drain 

sediments (mean 4.0×104 mg/kg, range 7.84×103 – 8.7×104 mg/kg). From dredge spoils 

to drain sediment, the Fe concentration firstly increased greatly from 1.8×104 mg/kg at 

dredge Site 6, to 5.6× 104 mg/kg at sediment Site 1, then increased greatly again from 

3.9× 104 mg/kg at Site 3 to 6.2× 104 mg/kg at Site 4 (Fig. 2.4c).  

 

Figure 2.6. Fractionation pattern of for near total REEs in sediment solid phase. For clarity, the 
Site 4 Y-axis has a different range (0 –12) than the other sites (0–8).  

 

2.4.2.2. REE abundance  

Similar to the Fe concentrations, the ΣREEs concentration firstly increased greatly from 

dredge spoils Site 6 to sediment Site 1 and then increased greatly again from sediment 

Site 3 to Site 4, Fig. 2.4d. In the dredge spoils, the total REEs concentration ranges from 

4.1 mg/kg to 361 mg/kg (mean 44.5 mg/kg), and it increased greatly from 46.4 mg/kg at 
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dredge Site 7 to 513 mg/kg at sediment Site 1 then increased greatly again from 232.8 

mg/kg at Site 3 to 1364 mg/kg at Site 4, Fig. 2.4d. The mean concentration of REEs in 

sediment is 670 mg/kg (19.9 – 1819 mg/kg). 

 

Figure 2.7. Fractionation pattern of REEs in dredge spoil samples, with variability between 
depth segments a reflection of classification based on variations in sample texture and color. 
Here, surface samples (0 ~40 cm deep) are brown, mid-depth samples (40 ~80 cm deep) are 
purple, and bottom samples (90 ~ 125 cm deep) are green. For clarity, the Y axis scale of Site 
11 ranges from 0 to 3 while other sites range from 0 to 1.6, and the Y axes were broken at the 
value of total REEPAAS=0.3.  

 

In the dredge spoil cores, the total REEs concentrations increase with increasing depth, 

resembling both the Fe and Mn profile (Fig. S2.2 in information), expect for Site 9 (8m 

away from the sediment Site 1), where the REE accumulated (62.3 – 113.8 mg/kg) near 

surface (< 20 cm depth) and decreased greatly to much lower range (9.0 – 43.4 mg/kg) 

between 20 cm and 75 cm. The ΣREEs concentration in the drain sediments ranged 

from 19.9 mg/kg to 1819 mg/kg (mean: 670.1 mg/kg). In sediment cores, the total REE 

concentration generally increases with depth except at Sites 1 and 3, where the surficial 
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sediments (<10cm depth) have higher concentration of REEs than the lower sediments 

(Fig. S2.1 in supplementary information).  

 

2.4.2.3. REE anomalies 

REE fractionation patterns for the dredge spoil and drain sediment samples showed a 

characteristic positive Ce anomaly (average 1.3 and 1.5 respectively) and Gd anomaly 

(average 1.3 and 1.5 respectively) (Fig. 2.8). In the dredge spoil, while the positive Gd 

anomaly did not vary much (range 1.1–1.5) with depth, the positive Ce anomaly 

generally increased (range 1.0 – 2.3) with increasing depth. The Ce anomaly is up to 

2.28 at the bottom (depth > 80 cm) at Sites 6, 7, and 8 while the upper-layered Ce 

anomaly values are below 1.42 (depth < 80 cm) (Fig. 2.8). In contrast, the negative Eu 

anomaly (range 0.4 – 1.0) generally decreased with increasing depth, with the upper 

layers (depth <80cm) of dredge Sites 6, 7 and 8 showing extent substantial negative Eu 

anomaly (mean 0.8) while other dredge samples showed low extent of or no Eu 

anomaly (mean 1.0), Fig. 2.8. The values of HREE/LREE in dredge spoil were mainly 

below 0.5 and increased with increasing depth, especially at the bottom (depth >80cm), 

Fig. 2.8. The MREE enrichment values in the dredge spoil ranged from 0.85 to 1.50 

(mean 1.14), and were generally > 1 where the values for several samples at the bottom 

of dredge spoil Sites 7, 8, and 11 are < 1. In dredge spoil, most of the Y/Ho ratios were 

below that in the PAAS (ratio=27), while several shallow dredge samples from Site 6, 

7, 8 had Y/Ho values greater than 27 (Fig. 2.8).  

When considering the different calculated fractionation parameters (HREE/LREE, 

MREE enrichment, Ce anomaly, Eu anomaly, Gd anomaly, and Y/Ho ratio), the range 

of REE anomalies observed in the drain sediment is less variable compared with the 

dredge spoil except sediment Site 3 that showed similarity with dredge spoil (Fig. 2.8). 
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The sediment generally had a higher positive Ce anomaly values (mean 1.5, range 1.0–

1.7) than dredge spoil and expect that Site 3 which had much lower positive Ce 

anomaly values (mean 0.5). Sediment samples also showed a positive Gd anomaly 

(mean 1.5, range 1.4–1.6). Sediment samples generally didn’t show Eu anomaly except 

Site 3 and negative Eu anomaly (mean 0.9), which resemble dredge spoil. The sediment 

HREE/LREE values were clustered around 0.5 (mean 0.52), except at Site 3 it 

decreased to 0.35, resembling the dredge spoils, Fig. 2.8. The sediment MREE 

enrichment values range from 1.14 to 1.45 (mean 1.32) with the lowest values observed 

in Site 3. The sediment Y/Ho ratios were mostly around 27 (the PAAS Y/Ho weight-

ratio), an exception seen at Site 3 where four samples showed very small Y/Ho ratios 

(23.3, 21.9, 25.2, and 24.7).  

2.5. Discussion  

2.5.1. From source to sink: the legacy of dredge spoil on drain 

sediment  

Substantial loss of iron monosulfide was observed in the dredge spoil, where AVS was 

negligible compared with the anomalously high AVS concentrations of the estuarine 

sediments from where the material was originally collected (South Yunderup Channel, 

AVS: 34–331 µmol/g), as reported by Morgan et al., 2012. This can be explained by the 

well-documented oxidation of FeS and FeS2 when exposed to oxygen in the atmosphere 

to form iron oxides/oxyhyydroxides and sulfuric acid (Eq.2. 9 and Eq. 2.10) (Rickard et 

al., 1995; Rickard and Morse, 2005; Sammut and Lines-Kelly, 2000). FeS 

transformation to FeS2 via either the polysulfide pathway or hydrogen sulfide pathway 

will also results decreased AVS values (Benning et al., 2000). While I did not 

quantitatively characterise pyrite in the dredge spoil, limited numbers of pyrite 
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framboids were observed during SEM and TEM imaging of the dry dredge spoil 

samples at bottom of the Sites 6 – 8 (Fig. 6.1 in Chapter Six), suggesting most of which 

has also undergone oxidation here. 

FeS + 2O2 ⇌ Fe2+ + SO4
2-  (Eq.2. 9) 

2FeS2(s) + 9O2 + 4H2O ⇌ 8H+ + 4SO4
2- + 2Fe(OH) 3(s)  (Eq.2. 10) 

The oxidation of iron monosulfides is an important process that promotes the formation 

of dissolved SO4
2- and Fe2+, which can explain the initial increase of SO4

2- (mean 58.8 

mmol/L, range 44.4–82.6 mmol/L) at Site 7 and initial enrichment of dissolved Fe2+ 

(mean 3.9 mmol/L, range 0.7–6.9 mmol/L) at Site 7 and 8 in dredge spoil pore water 

(Fig. 2.3a and 2.3b), which is likely having an influence on the spatial trends I observe 

here (Fig. 2.8). 

Compared with dredge spoil pore water, dissolved SO4
2- elevated both in the drain’s 

surface water (mean 101 mmol/L, range 96.8–107 mmo/L) and sediment pore water 

(mean 101 mmol/L, range 54.6–147 mmo/L), reflecting the influence from the sulfuric 

drainage. Spatially, dissolved SO4
2- increased with increasing distance form dredge spoil 

(Fig. 2.3a). The total sedimentary Fe (mean 714 mmol/kg) was more than three times 

that of the dredge spoil samples (mean 227 mmol/kg), indicating mobilisation of Fe as 

well as sulfate in the acidic drainage (Fig. 2.4c). 

Spatially, the sediments closest to the dredge spoil are the most acidic, with sediment 

pH from Site 1 (~2 m from the dredge spoil) ranges from a pH of 5.2–6.0, indicating the 

oxidised drainage release acidity to the nearby drain sediment (Nyberg et al., 2012). The 

sediments that are further away from the dredge spoil are near neutral to slight alkaline, 

except for the sediments from Site 3, for which the most acidic pH values (4.0 –5.8) 

were recorded at 12 – 28 cm depth in the profile (Fig. 2.2a), despite the site being 82 m  
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Figure 2.8. Vertical profiles of HREE/LREE, MREE enrichment, Ce anomaly, Eu anomaly, Gd 
anomaly, and Y/Ho. The red number 1 in the first five columns suggests no fractionation of 
HREE over LREE, no MREE enrichment, no Ce anomaly, no Eu anomaly, no Gd anomaly 
respectively. Values below 1 suggest LREE enrichment over HREE, MREE depletion over 
HREE and LREE, negative Ce anomaly, negative Eu anomaly, and negative Gd anomaly 
respectively. The values above 1 suggest the opposite result to values below 1. The red number 
27 in the last column refers to Y/Ho ratio of PAAS data (the Post-Archean Australian shale). 
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from dredge spoil. Importantly, this Site 3 was also partially exposed to the atmosphere. 

Significantly, this highlights the potential for the previously waterlogged benign 

sediment to become a source of acidity with changes in the water table during a drying 

climate. 

 

 

Figure 2.9. Relationship between (a) ΣREE concentration and pH, (b) ΣREE concentration and 
total Fe, (c) ΣREE concentration and total S, (d) ΣREE and total P. The subscript ‘clr-
transformed’ means centered log ratio transformation.  

 

2.5.2 Sulfate reduction in the drain  

The dissolved SO4
2- decreased in drain surface water, with a corresponding increase in 

the sediment pore water from the same Sites (Fig. 2.3a). Microbial sulfate reduction is 
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an important process that scavenges dissolved sulfate from the surface drain water to 

sediments. The dissolved sulfide produced by sulfate reduction react with both 

dissolved Fe2+ and precipitate Fe(OH)3. The Fe2+ produced by oxidation of FeS is not 

stable, will precipitates as Fe(OH)3 (Jeong et al., 2010), which explains the negligible 

concentrations of Fe2+ measured in the oxic drain surface waters and sediment pore 

water (near detection limit), except Site 1 which receives Fe2+ from the adjacent dredge 

spoil (Fig. 2.3b). The reaction of precipitated Fe(OH)3 with dissolved sulfide is an 

important process that promotes the formation of iron sulfides at circumneutral pH in 

sediment in reducing environment (Johnston et al., 2016), as presented by Eq.2.11 and 

Eq.2.12 (Peiffer et al., 1992; Yao and Millero, 1996). The substantial amount of AVS 

(mean 92.1 µmol/g, range 0.4–278 µmol/g) observed in the drain sediment may be the 

result of original natural AVS plus the AVS produced by reaction between dissolved 

sulfide and Fe(OH)3, 

Fe(OH)3(s) + H2S + 4H+ ⇌ 2Fe2+ + S(0) + 6H2O  (Eq.2. 11) 

Fe2+ + HS- ⇌ FeS(s) + H+ (Eq.2.12) 

The observed depletion of Fe2+ in surface water and corresponding increase of total Fe 

in solid-sediment reflect one, or combination of geochemical processes that remove 

dissolved Fe2+ form solutions to solid phase, such as Fe oxide/oxyhydroxide 

precipitation (Jeong et al., 2010), Fe sulfide precipitation (Willis and Johannesson, 

2011), or adsorptive processes (Haque et al., 2008).    

2.5.3 REE abundance and fractionation 

The total REE concentration in my studied acidified dredge spoil (mean 44.5 mg/kg) is 

at the similar level as that in other similar acid sulfate soil profiles (Gröger et al., 2011). 

But the total REE concentration in my studied receiving sediment (670.1 mg/kg) is 
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much higher than that in the acid sulfate soil, indicating remobilisation of REE released 

from the acidified dredge spoil into receiving sediments. The total REE concentration in 

my studied sediment that was affected by the acidified dredge spoil is much higher than 

that in a mangrove sediment site that was affected by costal acid sulfate soil in eastern 

Australia (Morgan et al., 2016). Therefore the REE content has the potential to trace the 

extent of influence from acid sulfate soil (including acidified dredge spoil) on the 

receiving environment.  

Spatially from acidified dredge spoil to adjacent sediment, REEs were depleted in 

dredge spoil and enriched in sediment (Fig. 2.4d), indicating acid drainage produced by 

acid sulfate soil in dredge spoil brings a dissolved or colloidal load of REEs into 

adjacent sediment. Generally REEs concentration increases with increasing distance 

from dredge spoil as Site 1, Site 2, and Site 4 showed (Fig. 2.4a), but it dropped 

dramatically at Site 3, which was partially air-exposed and acidic (pH 4.1–6.7). The 

REEs were then accumulated at sediment Site 4 downstream, where the ΣREE 

concentration is twice as high as that in Site 3, implying that sediment Site 3 releases 

REEs like a dredge spoil. 



 34

 

Figure 2.10. Relationship between the proportion of HREE/LREE and (a) the total Fe 
concentration, (b) pH, and (c) the total S concentration. The blue circles in (a) showed that some 
dredge spoil samples from Site 6, 7, and 8 are separated from the clustering of other dredge 
spoil and sediment samples that present a positive correlation between HREE/LREE and Fe.  

 

The depletion of REEs in oxidised dredge spoils reflects the development of acid sulfate 

soils; REEs were solubilised as the soils became acidic and were transported with the 

acid drainage into the nearby drain. The REEs then accumulated in the circumneutral 

pH environment of the drain, leading to a general positive correlation (r=0.8, P <0.001) 

between solid-ΣREEs concentration and pH values (Fig. 2.9a). In contrast, negative 

correlation between dissolved ΣREEs concentration and pH values was usually reported 

in fluids such as streams, rivers, and ground waters that were affected by acid sulfate 

soils (Åström and Corin, 2003; Gröger et al., 2011; Leybourne et al., 2000). The 

positive relationship between REE and pH is primarily due to the scavenging of REE 
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from the solution into the solid phase by precipitating Fe oxy/oxyhydroxides (Chevis et 

al., 2015; Olias et al., 2005; Protano and Riccobono, 2002; Rinklebe et al., 2016). The 

influence of pH on mobilisation of REEs can also be been from one sample from 

sediment Site 4, where the pH of the sediment (sediment : water =1:5) is 4.9 and the 

pore water total ΣREEs concentration is anomalously higher (25.0 mg/L) than other 

sediment pore water. 

 

Figure 2.11. Mean anthropogenic Gd concentration (calculated) in the solid phase of dredge 
spoil and drain sediment. In box plots, means are shown by red + symbols; solid lines within 
boxes are medians, boxes span the interquartile range (IQR; 25th to 75th percentiles), whiskers 
are IQR boundary±1.5×IQR, or maxima/minima if these give a smaller whisker range, and ○ 
symbols are potential outliers. 

 

The positive correlation that was found between ΣREEs and total S in sediment and 

negative correlation between them in dredge spoil (Fig. 2.9c) reflect that REEs were 

governed by different processes in oxidised dredge spoil and reduced sediment. This 

suggests that along with Fe oxides/oxyhydroxides, Fe sulfides may play a crucial role in 

REEs mobility. This is particularly true for the drain sediment, where the system is 
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more reducing and Fe oxides/oxyhydroxides are not likely not likely a predominant 

phase. Interactions between sedimentary sulfides and REE have been poorly 

investigated. Iron sulfides could be a potential carrier for REEs (Chaillou et al., 2006; 

Morgan et al., 2012; Pérez-López et al., 2010). In reducing environments, REEs may 

incorporate into the Fe sulfides structure during crystal growth or adsorbed onto the 

surface of mackinawite or pyrite which have a large surface area as their surface 

morphology showed (the morphology of mackinawite and pyrite will be shown in 

Chapter Four). The positive correlation that was found between ΣREEs and total P with 

either closed or open (CLR-transformed) reflect a ‘real’ positive correlation between 

phosphate and REEs. It has been suggested that, phosphate as well as sulfate 

complexation with REEs are dominant in acidic drainage (Emsbo et al., 2015; 

Lewandowski et al., 2002; Serrano et al., 2000) thus it is possible that they form 

secondary REE-sulfate-phosphate minerals in sediment (which will be discussed in 

Chapter Three). It should be noted that four subsurface sediment samples from Site 3 

fall into the area where dredge spoil samples are in the graph as circled on Fig. 2.9 (b, c, 

and d), suggesting the partially oxidised sediment site 3 resembles dredge spoil where 

REEs are depleted.   

Overall, the dredge spoil samples showed lower average HREE/LREE ratios (0.4) than 

the drain sediments (0.5). The higher HREE/LREE values were observed in the more 

oxidised samples (at shallow dredge spoil and oxidised sediment Site 3, Fig. 2.8). The 

positive correlation (r=0.56, P<0.001) that was found between HREE/LREE and total 

Fe in both the sediments and dredge spoil (Fig. 2.10a), can be explained by HREEs and 

MREEs forming stronger associations with Fe oxides/oxyhydroxides compared with 

LREEs in dredge spoil (Åström, 2001; Lewis et al., 1997; Verplanck et al., 2004; Willis 

and Johannesson, 2011) while, in reduced sediment, it is possible the Fe sulfides play a 

dominant role in REEs fractionation. This is supported by the positive correlation that 
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was found between HREE/LREE and total S (r=0.6, P<0.001) (Fig. 2.10c). While the 

affinity between LREE and Fe and Mn oxide/hydroxides is previously reported to be 

enhanced at higher pH (Leybourne et al., 2000), conversely I found a decrease in LREE 

enrichment the as pH increase in the dredge spoils (r=0.4, P<0.001) (Fig. 2.10b).  

The MREE enrichment that was found in dredge spoil and sediment is possibly 

controlled by many aspects such as organic matter, phosphate, acidity, and Fe minerals 

(Delgado et al., 2012; Leybourne et al., 2000; Morgan et al., 2012). The extent of 

MREE enrichment in sediments (waterlogged) is significantly (P=0.01) higher than that 

in dredge spoils soils (air-exposed), suggesting in-situ REE fractionation processes 

between dredge spoils and sediments. In the estuarine environments that are not affected 

by acid discharge, MREEs preferentially remain in solution, not showing REE 

enrichment in solid (Delgado et al., 2012). The MREE enrichment was particularly 

enhanced in the sediments that were affected by the acidic drainage from the dredge 

spoil, as Site 1 and 2, closer to the acid-producing dredge spoil, got higher extent of 

MREE enrichment. In addition, Site 4, receiving acidic drainage from oxidised Site 3, 

also got higher extent of MREE enrichment compared to the downstream Site 5. 

Therefore, the enrichment of MREEs found in our sites was an indicator of estuarine 

sediments that was affected by acid-producing process. 

Dredge spoil and sediment shared similar REE fractionation patterns, both having 

obvious Gd peaks, presenting an ‘M’ shape; this type of REE pattern has mostly been 

observed in solid phases that interact with seawater having a REE pattern with ‘W-type 

tetrad effects’ (Masuda et al., 1987).  The similar (high) extent of positive Gd anomaly 

that was found in dredge spoil and sediment may be inherited from the source sediment 

that was dredged from the South Yunderup Channel, which is in agreement with the Gd 
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results presented by (Morgan et al., 2012), or due to scavenging anthropogenic Gd from 

waters.  
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Table 2.1. Summary of surface water (S1, S2, S4, S4.5) and pore water of sediment cores (Site 1, Site 2, Site 3, Site 4, and Site 5) properties. The S1, S2, S4, and S5 
were collected above the sediment Site1, Site 2, Site 4, and Site 5 respectively. Water level is low at Site 3 so there is no surface water available, and only one pore 
water sample available Surface water sample S4.5 was collected between sediment Site 4 and Site5. Dredge spoil results are not presented here as only some of the 
dredge spoil samples are saturated.  

Site Distance 
(m) 

Location pH EC Sulfate 
(mmol/L) 

Total S 
(mmol/L) 

Fe2+ 

(µmol/L) 
Fe3+  
(µmol/L) 

Easting Northing  mS/cm  

S1 2 385698 6393315 6.7 – 107.6 54.8 16.6 26.9 
S2 58 385754 6393308 6.9 – 103.3 72.7 18.2 16.6 
S4 204 385900 6393276 7.0 – 96.8 45.5 19.0 16.4 
S4.5 245 385983 6393261 7.1 – 101.4 37.5 20.4 24.1 
S5 287 385941 6393257 7.3 – 97.2 24.3 19.0 17.4 
          
Site 1 2 385698 6393315 5.6(5.2–6.0) 15.2(12.2–18.4) 66.9 (54.6–82.3) 67.3(46.9–99.5) 121.2(21.9–272.6) 383.9(7.2–1009.7) 
Site 2 58 385754 6393308 7.5(6.9–7.8) 38.5(30.5–52.6) 81.8(66.2–90.5) 113.8(69.3–186.7) 25.4(22.8-–28.4) 16.7(12.7–23.3) 
Site 3 82 385779 6393303 5.4(4.0–6.7) 15.0 112.1 56.9 19.6 11.6 
Site 4 204 385900 6393276 7.3(7.1–7.4) 62.0(35.0–69.1) 123.2(82.2–147.3) 138.0(87.7–209.8) 

134.2(97.8–188.7) 
27.6(24.2–29.9) 18.4(15.7–24.8) 

Site 5 287 385983 6393257 7.4(7.3–7.5) 48.4(38.5–55.9) 125.1(109.9–132.8) 28.5(25.6–34.6) 29.3(16.0–29.6) 
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Our sampling site, in the Peel Harvey Estuary System (PHES), has a history of 

phosphate fertiliser application that is a potential source of anthropogenic Gd. Use of 

phosphate fertiliser may result in leaching of REE-bearing phosphate from the acidic 

soil (Gerritse et al., 1998).The eutrophication issues in estuarine sediments in PHES 

have been looked into more recently (Kraal et al., 2013; Morgan, 2012; Morgan et al., 

2012), and these studies focused on the role of sulfur geochemistry (including iron 

sulfides) played in the cycling of trace elements and nutrients. Otero et al. (2005) 

reported a positive Gd anomaly in phosphorite fertilizer. Phosphogypsum (by-product 

of phosphate fertilizer) was also identified as a source of anthropogenic Gd in rivers in 

Germany (Tranchida et al., 2011). In addition, there is a high possibility of other inputs 

of anthropogenic Gd: the nearby Peel Health Campus hospital has a MRI facility which 

utilizes Gd containing contrast agents. The Gd from anthropogenic input can be 

calculated as Eq.2.5 and Eq.2.6 presented. The calculated Gdanthropogenic in sediment 

ranges from 27% to 38% while dredge spoil has a slightly wider range of Gdanthropogenic 

(12%–37%). The Gdanthropogenic in the sediment pore water samples ranges from 0% to 

51%. I also found that the anthropogenic Gd increased from dredge spoil to drain 

sediment and then dropped down slightly at sediment Site 3 before increasing again at 

Site 4 (Fig. 2.11), indicating the anthropogenic Gd that was released from dredge spoil 

and accumulated in sediments. At sediment Site 3, however, the anthropogenic Gd was 

released again due to acidification induced by oxidation.  

I found negative Eu anomalies mainly in oxidised dredge spoil sites and partially 

oxidised sediment Site 3 while other reduced sediments showed no Eu anomaly, Fig. 

2.8. Fractionation of Eu and Ce from other REEs has been reported in many studies, and 

is generally attributed to changes of their redox status in specific environments (Lewis 

et al., 1997; Leybourne et al., 2000; Olias et al., 2005). In oxidised environments, the 

negative Eu anomaly in solid phase was caused by preferential removal of Eu over other 
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REEs from the host rocks by dissolution of Eu-bearing minerals induced by 

acidification (Hannigan et al., 2010; Leybourne and Johannesson, 2008).  

The negative Eu anomalies that was found in the samples where pH values are below 

5.5, is in agreement with the theory that the Eu reduction is favorable at lower pH 

(Chaillou et al., 2006; MacRae et al., 1992). I also found a positive correlation between 

the Eu anomaly and Fe concentration (r=0.6, P<0.01) and between the Eu anomaly and 

S (r=0.7, P=<0.001). Iron sulfides may play a indirect role via pH on fractionation of 

Eu, because the oxidation of iron sulfides lowers the pH, enhancing the dissolution of 

insoluble Eu(III) compounds into solutions and reduction to soluble Eu(II) when high 

reducing environment is ready. 

Both the dredge spoil and drain sediment samples showed a positive Ce anomaly. I 

found a positive correlation between the Ce anomaly and Mn concentration (r=0.42, 

P<0.01), and Fe concentration (r=0.6, P<0.001). Newly precipitated Fe and Mn 

oxides/oxyhydroxides preferentially incorporate with Ce over other REEs, leading to 

the development of a positive Ce anomaly in solid phases (Rinklebe et al., 2016). Redox 

condition plays a role in fractionation of Ce(IV) from its redox-insensitive neighbours 

La(III) and Pr(III), as the oxidation of soluble Ce(III) to insoluble Ce(IV), usually as 

precipitation of cerianite (CeO2), is usually coupled with the reduction of Mn(IV) to 

particulate Mn(II) (Gammons et al., 2003; Moffett, 1994; Olias et al., 2005). Therefore, 

an increase of Ce in the solid phase would therefore be accompanied by an increase in 

Mn (Bau and Dulski, 1999; Ohta and Kawabe, 2001; Rinklebe et al., 2016). I also found 

positive correlation between Ce anomaly and total S (r=0.6, P<0.001), suggesting 

oxidation of Ce may be coupled with oxidation of iron sulfides in solid phase. 

Y and Ho are widely considered as “geochemical twins” as they have identical valences 

and similar ionic radius. Usually, the Y/Ho ratio is barely variable in rocks thus can be 
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used as indicator of terrestrial contribution (Lawrence et al., 2006). The Y/Ho weight-

ratios in our studied drain sediments (mean: 28.0, range: 21.8-32.1) are generally in 

agreement with the expected range of previously published terrestrial Y/Ho values 

(27.0-32.9) (Anders and Grevesse, 1989; Caritat, 2001; Delgado et al., 2012; Salminen, 

2005; Taylor and McLennan, 1985), indicating a large contribution of Y/Ho from 

terrestrial detritus. The four anomalously low Y/Ho ratios (21.8, 23.3, 24.7, and 25.2) 

were found in the air-exposed sediment Site 3, which might be explained by lower 

affinity of Y than Ho for adsorption onto Fe oxyhydroxides (Bau and Dulski, 1999; 

Davranche et al., 2004; Möller et al., 2003), further highlighting the likelihood that 

these sediments have been reverted from a REE sink, to a REE source with atmospheric 

exposure. Compared with sediments, the Y/Ho ratios of the dredge spoils have a much 

lower mean and wider range from 15.7 to 51.3 (mean 23.1), most of which are lower 

than the expected value (27.0 –32.9), indicating decoupling of Y during acidification 

dredge spoil. I found three anomalously high Y/Ho values (48.0, 48.2, and 51.2) in the 

shallow samples that are still exposed in oxidizing environment from Site 6 and 7, 

which is possibly attributed to elevated Y derived from marine phosphorites that are 

typical fertiliser source materials, and elevated Y is a feature of marine environment, 

considering our sampling site is a eutrophic estuarine sediment system (Lawrence et al., 

2006). This is consistent with Y overabundance found in a catchment, suggesting the 

elevated ratio may not be diagnostic (Möller et al., 2003).  

2.6. Conclusion 

Here, I demonstrate that the dredge spoil were disposal sites are from 15+ years ago, but 

they are still impacting receiving environments, acting as a legacy source of acidity, Fe, 

and REEs. The partially submerged sediment at Site 3 behaves like the dredge spoils in 

many aspects such as acidification and releasing of REEs, suggesting that waterlogged 
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sediment which are a sink for contaminants, has the potential to become a source if it is 

fully or partially exposed to air. In oxidised dredge spoil, the REEs abundance and 

fractionation may be more associated with acidity and Fe oxides/oxyhydroxides. But in 

the reduced drain sediment, Fe sulfides, as well as sulfate/phosphate ligands, may also 

play a role in accumulation and fractionation of REEs. The extent of fractionation of 

HREE over LREE and MREE enrichment was driven by acidity. The negative Eu 

anomaly was initially induced by dissolution of Eu-bearing mineral induced by 

acidification in dredge spoils and then was controlled by reduction of Eu(III) in drain 

sediment. The positive Ce anomaly caused by oxidation of Ce(III) may be coupled with 

reduction of Mn(IV) to Mn(II) or reduction of sulfate to sulfides. The anomalous 

elevated Gd concentration is from anthropogenic source such as phosphate fertiliser as 

the studied area is eutrophic and may also from the hospital with MRI facility utilizing 

Gd containing contrast agents. The Y/Ho weight-ratios in the drain sediments indicated 

a large contribution of Y/Ho from terrestrial detritus. 
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2.8. Supplementary information 

 

Fig. S2.1. Vertical profile of pH, EC, AVS, total S, Fe, Mn, and total REE in drain sediment 
cores. 
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Fig. S2.2. Vertical profile of pH, EC, AVS, total S, Fe, Mn, and total REE in dredge spoil cores.  
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CHAPTER THREE  

Microscopy study on lanthanum-iron-oxides and  

REE-phosphates in dredge spoils and sediments  

associated with acid sulfate soils 

3.1. Abstract 

The rare earth elements (REEs) can serve as sensitive tracers of geochemical processes 

in earth surface environments, but scientific understanding of REE geochemistry in 

such environments is incomplete. Sulfide oxidation in acid sulfate soils is known to 

affect REE behaviour, and this study focused on the previously uncharacterised 

mineralogy of REEs in acid sulfate receiving environments, based on samples from 

South Yunderup, Western Australia. Association between REEs and iron minerals, and 

mineral control of REEs, in disposed dredge spoil and sediments associated with acid 

sulfate soils were investigated using scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). An association between Fe and La was found, 

with EDS analytical data suggesting a pure or mixed phase mineral with the formula 

LaFeO3. These lanthanum-iron-oxides had a porous morphology, and could be either 

orthoferrite compounds with a typical ABO3 structure (LaFeO3) derived from 

anthropogenic input, or La2O3 co-precipitated onto Fe oxides/oxyhydroxides at the 

nanometer scale. Phosphate minerals such as (REE)Al3(PO4)2(OH)6 and monazite (REE, 

Th)PO4 are also a control of REEs in acid sulfate soils and sulfate are possibly acting as 

a surface coating on REE-phosphate. Focused ion beam (FIB) was used to prepare an 

intra-grain micro- thin section of a REE-phosphate particle for TEM examination. The 

electron diffraction pattern revealed a crystal structure with a=6.6 Å, b=6.9 Å, α=90°, 
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which is consistent with data reported for monazite. Electron energy-loss spectroscopy 

(EELS), based on features of M5 and M4 edges, showed that Ce was only present in the 

Ce(III) state in the monazite. Tubular microcavities were observed in the REE-

phosphate consistent with chemical and/or pressure dissolution.  

3.2. Introduction 

Rare earth elements (REEs), a series of lanthanide elements (La to Lu) plus Yttrium (Y) 

and Scandium (Sc), which have been widely used as geochemical and environmental 

tracers in a range of systems such as rivers and streams (Åström and Corin, 2003; 

Gammons et al., 2003; Gammons et al., 2005a; Gammons et al., 2005b; Leybourne and 

Johannesson, 2008; Singh, 2009; Tang and Johannesson, 2010), oceans (Akagi et al., 

2011; Akagi, 2013; Zheng et al., 2016), and estuarine systems (Åström et al., 2012; 

Chevis et al., 2015; Haley et al., 2004; Hannigan et al., 2010; Morgan et al., 2012; 

Morgan et al., 2016).  

Coastal acid sulfate soils (CASS) form when sediments containing highly reduced 

monosulfide and disulfide minerals (such as mackinawite, tetragonal FeS, and pyrite, 

cubic FeS2) are exposed to oxygen in the atmosphere. This exposure to oxygen mainly 

occurs during anthropogenic disturbance, including soil excavation, water table 

drainage and land disposal of sulfide-rich estuarine sediments (Åström and Björklund, 

1995; Fitzpatrick et al., 2009; Sammut and Lines-Kelly, 2000; Sullivan et al., 2006). 

Acute acidification at the source of the disturbance (Clark and McConchie, 2004; 

Sullivan et al., 2006) can mobilise drainage rich in iron, sulfate and trace elements 

(including REEs) to receiving systems via surface water and groundwater discharge 

(Åström and Björklund, 1995; Fitzpatrick et al., 2009; Johnston et al., 2016; Nyberg et 

al., 2012). The abundance and fractionation of REEs have been investigated extensively 

in soil and sedimentary systems impacted by acid sulfate soil development and/or 
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drainages (Åström, 2001; Åström and Corin, 2003; Gröger et al., 2011; Johnston et al., 

2016; Lewis et al., 1997; Morgan et al., 2016; Morgan et al., 2012; Nath et al., 2013; 

Welch et al., 2009 ). The findingsa of these studies, however, are typically based on 

bulk chemical extractions and analysis, which do not capture REE-mineral associations 

at the micro- and nano- scale in these complex systems. 

REEs are naturally carried in many different mineral phases such as Zr- and Ti- bearing 

minerals, phosphate, and silicate primary minerals, which are widely distributed 

(Kanazawa and Kamitani, 2006; Laveuf and Cornu, 2009). For example, previously 

chemical (bulk) studies suggested iron oxide and (oxy)hydroxides could be significant 

sinks for REEs particularly in CASS landscapes and their receiving environment as iron 

oxide and (oxy)hydroxide readily precipitate after oxidation of iron sulfides in potential 

acid sulfate soils (Åström, 2001; Bayon et al., 2004; Bozau et al., 2008; Chevis et al., 

2015; Gammons et al., 2003; Leybourne and Johannesson, 2008; Planavsky et al., 2010; 

Protano and Riccobono, 2002; Willis and Johannesson, 2011). However bulk chemical 

extraction and analysis can not resolve the specific structural associations between 

REEs and iron minerals in acid sulfate soil systems, which are typically very complex 

geochemical environments.  

The composition of REE-bearing minerals from the acid sulfate soil system can be 

resolved at micro- nano scale using techniques such as scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) facilitated with electron energy-

dispersive X-ray spectroscopy (EDS), which has not been investigated before. In 

addition, use of selected area diffraction techniques and electron energy-loss 

spectroscopy (EELS) under TEM conditions can provide structural information on 

mineral phases. An understanding of micro- nano scale environments is important for 

REE-mineral associations, which will shed light on how REEs behave in acidic soils 

and waters and trace anthropogenic disturbances.  
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To address this fundamental gap, we conducted an intensive electron microscopic 

examination of REE-bearing minerals in solid phases collected from 1) an acid sulfate 

soil formed in the late 1990’s from the land-disposal of sulfidic estuarine sediments, and 

2) sediments in an adjacent drain which have received acidic drainage since then. Firstly, 

all the solid soil and sediment samples were examined by X-ray powder diffraction 

(XRD), after which samples found to contain iron sulfides were targeted for the 

following microscopic examination. Back-scattered electron imaging under SEM was 

used to target particles containing heavy elements at micrometer scales, and these 

particles were then analysed by EDS. The particles that were identified as REE-bearing 

phases by SEM-EDS were examined by TEM at nano scale. A focused ion beam (FIB) 

was also used to prepare and lift-out grain-scale cross-sectional specimens for targeted 

REEs minerals, allowing in-situ electron diffraction analysis on selected areas within 

the FIB section.  

3.3. Methods and Materials 

3.3.1. Study site  

Samples were collected from South Yunderup adjacent to the Peel Harvey Estuary 

System (PHES) in Western Australia, which is ~80 km South of Perth (32°35'29.45"S, 

115°46'56.21"E, Fig.1). The region is sub-tropical with average annual temperature of 

23.3 °C and an average annual rainfall of 671.2 mm (Australian Bureau of Meteorology, 

2017). The Peel Harvey Estuary System has a long history of significant environmental 

issues related to intense eutrophication (Gerritse et al., 1998). A more recently emerging 

environmental issue has been the widespread development of coastal acid sulfate soils 

in the area as a consequence of aerial disposal of dredged estuarine sediments and 

manipulation of drainage networks (Sullivan et al., 2006).  
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Samples for this study were collected from a land-disposed dredge spoil which is on the 

side of a stormwater compensating basin (Fig.1). The dredge spoil was disposed of in 

late 1990’s and has been exposed to air since then. The dredge spoil in the area that is 

closer to the drain water is soft and devoid of vegetation while further from the drain 

water the dredge spoil the surface is dry and covered with sparse vegetation. The 

adjacent drain is lower than the dredge spoil site and receives acid drainage from the 

dredge spoil. Sediment samples from the drain were also collected (Fig.1). The location 

provides the opportunity to investigate REE micro- and nano-environments at both the 

source (the dredge spoil) and the sink (the drain sediment) for REE and Fe-enriched 

acidic drainage.  

3.3.2. Sample collection 

Five sediment profiles (Sites 1–5) were collected from the South Yunderup main drain 

using polyvinyl chloride (PVC) coring devices. Site 1 was directly adjacent the dredge 

spoil (Site 1 = 2 m), and subsequent sites were in a transect that increased in distance 

from Site 1 (Site 2 = 58 m, Site 3 = 82 m, Site 4 = 204 m and Site 5 = 287 m from the 

dredge spoil, Fig 1). The depth of sediment Cores 1-5 is 30 cm, but Core 3 was not 

submerged. Soil profiles were collected from the dredge spoil (that was adjacent the 

main drain) using PVC coring devices, with Sites 6–8 along the edge (parallel) of the 

main drain (~2m, 3m, and 4m from the waters edged respectively), while Site 9, 10, 11, 

and 12 were in a transect perpendicular to the drain, increasing in distance from the 

water’s edge, at 8m, 13m, 16m, and 50m distance respectively (Fig.1). Profiles from 

Sites 6–8 were around 125 cm in depth (Fig.2), while those from Sites 9–12 ranged 

between 35 to 77 cm.  

Following sampling each PVC coring devices containing the profiles were immediately 

sealed and transported to the laboratory on ice, before being opened for processing. 
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Dredge spoil profiles were sectioned according to consistent horizons, based on 

variations in color and texture of the samples (Fig.2). The sediment cores were 

sectioned in 5 cm depth increments. Sectioned dredge spoil and sediment samples were 

then transferred into zip-lock polyethylene bags with all air excluded, thoroughly 

homogenised, and stored in a freezer, at −18 °C.  

                    

Figure 3.1. Pictures of the dredge spoil cores Site 6, 7, and 8 showing different colour and 
texture in different layers: Layer 1: surface brown sands; Layer 2: mid-depth light grey and 
yellow sands; Layer 3: bottom dark grey and green saturated, highly plastic, soils. 

 

S6 S7 S8 

80 cm 

0 cm 

130 cm 
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3.3.3. Sample preparation and microscopy analysis 

3.3.3.1. Sample processing 

All samples contained large quantities of quartz sand which is not expected to contain 

REEs and so was removed by suspending ~20 mg subsamples in 30 mL of 

deoxygenated ultrapure water (<18.2 MΩ·cm at 25 °C) before separating the fine 

fraction (1−5 µm) by ultrasonic treatment and centrifugation (according to methodology 

by Prakongkep et al., 2012). The fine fraction was then freeze-dried for subsequent 

analysis.  

3.3.3.2. X-ray diffraction 

A portion of the freeze dried fine fraction of the samples were ground using an agate 

mortar and pestle and were then placed in a glass sample holder, and analysed by X-ray 

powder diffraction (Philips PW 1830 XRD) over an angular range 3-70º 2 Theta. The 

ICDD (International Center of Diffraction Data) database of characteristic mineral 

patterns and the XRD pattern analysis software Jade were combined to interpret the 

diffraction patterns.  

3.3.3.3. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy 

Subsamples of the freeze-dried fine fractions of the samples that contained pyrite 

(identified by XRD) were suspended by ultrasonication in deoxygenated ethanol, before 

an aliquot of this suspension was deposited on carbon tape, adhered to an aluminum 

stub, and dried under high-purity N2 gas. The sample was then carbon-coated for 

examination by scanning electron microscopy and energy dispersive X-ray spectroscopy 

(SEM-EDS) using a Zeiss 1555 VP-FESEM (Germany) with a field emission electron 

gun and the Oxford energy dispersive X-ray (EDX) detector operated by the Aztec 

software and a newer SEM instrument (FEI Verios XHR SEM, America) with similar 
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techniques but better performance. A polished section was also prepared by embedding 

a subsample of the dried fine fraction in resin (Epo-tek 301 epoxy resin) to produce a 

compact block encompassing the soils/sediments before polishing (using diamond paste 

made from diamonds, steric acid and triethanolamine) to obtain a flat surface for later 

sectioning by focused ion beam (FIB) for preparation of samples for transmission 

electron micrsoscopy (TEM). Specifically, backscattered electron (BSE) imaging was 

used to target particles in the soil and sediment that contained heavy elements such as 

iron and REEs, of which the chemical composition can be confirmed by EDS analysis. 

3.3.3.4. Transmission Electron Microscopy and Focused Ion Beam sectioning 

A subsample of the freeze-dried fine sample fraction that contained REE-bearing 

minerals (identified by EDS) was suspended in deoxygenated ethanol before an aliquot 

was deposited onto a carbon-coated copper grid for transmission electron microscopy 

examination (TEM: FEI Titan G2 200kV). High-angle annular dark-field scanning TEM 

(HAADF-STEM) images were used to target REEs-bearing phases, given that areas 

containing heavier elements  (or which are thicker) appear with higher intensity in the 

HAADF image. The HAADF-STEM image presented in this study is a ‘negative’ of the 

commonly seen bright field images where contrast is contributed by diffraction in 

addition to mass/thickness and the thicker and heavier particles appear having lower 

intensity. Energy dispersive X-ray spectroscopy (EDS) was coupled with the TEM to 

quantify major elements in the targeted REE-bearing phases. The focused ion beam 

(FIB: FEI Helios focused ion beam) technique was applied to prepare and lift-out grain-

scale cross-sectional specimens for the targeted REE-bearing minerals for TEM analysis. 

The FIB sample has a relatively uniform thickness and flat surface, which allows a 

better electron diffraction analysis and quantification of elements. Elemental maps for 

this REE-bearing mineral sample prepared by FIB were achieved by TEM-EDS. Then 

selected area electron diffraction (SAED) was used to provide crystallographic 
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information from selected regions of the REE-bearing mineral sample from the micron 

to the ~100 nm scale. Electron energy-loss spectroscopy (EELS) was used to provide 

complementary information such as valence states and bonding to EDS.  

3.4. Results 

3.4.1. Visual observations and X-ray powder diffraction 

The sediment cores were predominantly black silt. The dredge spoil cores were 

classified into three layers based on the observation of the texture and color of the soils: 

Layer 1: surface brown sands; Layer 2: mid-depth light grey and yellow sands; Layer 3: 

bottom dark grey and green saturated, highly plastic, soils. The three dredge spoil cores 

that were close to the drain water had all three of these layers, Fig. 3.1, but the other 

four cores that are further from the drain only have surface and mid-depth layers.  

The powder XRD patterns showed that quartz and kaolinite are dominant in dredge 

spoil and sediment. Pyrite was found in the bottom layer of sediment cores 4 and 5 that 

were located close to the confluence of two main drains, and also in the bottom layer of 

the dredge spoil soil Site 6 and 7 that were close to the drain water and partially below 

the water table (Figures S4, S5, S13, S14, and S15 in supplementary information XRD 

patterns). Minor minerals such as calcite (CaCO3), gypsum (CaSO4·2H2O), and 

greenalite (Fe3Si2O5(OH)4) were detected in some sediment samples. Minor minerals 

detected in dredge spoil samples include zircon (ZrSiO4), iron arsenate hydrate 

(FeAs3O9·4H2O), and some lizardite ((Mg,Al)3[(Si, Fe)2O5](OH)4). No REE-phosphates 

were detected by XRD.  
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3.4.2. Identification of Lanthanum-iron-oxide and REE-phosphates 

Several bright porous particles were observed in backscattered SEM (BSE) images of 

sediment samples (Figures 3.2a, 3.3a, 3.4a, and 3.4b). The morphology of these porous 

particles resembled randomly stacked rods, from which EDS spectra were extracted 

with an interaction resolution of 1 nanometer. The composition of these rods was 

quantified as major La (54.8%), Fe (22.1%), and O (19.1%) with minor Al (1.9%) and 

Si (1.3%) average in mass percent, Table 3.1. The minor Al and Si signals (Fig. 3.2b) 

most likely reflect the background clay minerals, and were only minimally observed in 

the rods (Fig. 3.2c). Instead, the elements present in these rods are La, Fe, and O with a 

mole ratio of La:Fe:O= 2:2:6 (Table 3.1) for which the stoichiometric composition 

could potentially be presented as La2O3-Fe2O3 or 2(LaFeO3). The lanthanum-iron-oxide 

particles grew on the clay minerals or partially coated by clay minerals (Fig. 3.2c and 

3.2d). I also found co-occurrence of the porous Lanthanum-iron-oxide particles with 

noble metals like Au and Pt  (Fig. 3.4a and 3.4b). 

 

Figure 3.2. SEM backscattered electron (BSE) image (a), spectrum (b), and EDS elemental 
maps (c) of the La-Fe-O particle. 
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Figure 3.3. SEM backscattered electron (BSE) image (a and c) and EDS elemental maps (b and 
d) of the La-Fe-O particle. 

 

Table 3.1. The stoichiometric calculation of La, Fe, and O in the La-Fe-O rods (Figure 3.2−3.4) 

Spectrum ID Mass percent (%) Atomic percent (%) 

 La Fe O La Fe O 

22 53.1 22.2 20.4 18.6 19.3 62.1 
23 54.9 21.1 20.1 19.5 18.6 61.9 
24 56.4 23.0 16.7 21.8 22.1 56.1 

Average 54.8 22.1 19.1 20.0 20.0 60.0 
Stoichiometry   La : Fe : O = 2 : 2 : 6 

 

I identified grains having compositions consistent with the florencite-group mineral 

(La0.47Ce0.36Pr0.07Nd0.09)Al3(PO4)2(OH)6 (size: ~5µm, Fig. 3.5 and Fig. S3.1 

supplementary) at the bottom of dredge spoil at Site 8,  <4 m from the drain water. I 

also found compositions consistent with the monazite-group mineral (Ce0.98, Th0.02)PO4 

(size: ~50nm, Fig. 3.6a and 3.6b and Fig. S3.2 supplementary) and (Ce0.96, Th0.04)PO4 

(size: ~500nm , Fig. 3.6c and d and Fig. S3.3 supplementary) in dredge spoil Site 8. In 
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the sediment Site 1,  ~2m from the dredge spoil, I also found compositions consistent 

with the monazite-group mineral (Ce0.46La0.25Nd0.17Pr0.05, Th0.04)PO4 with grain size 

~2µm (Fig. 3.7a and Fig. S3.4 supplementary) and (Ce0.40Nd0.26La0.15Pr0.06Sm0.06, 

Th0.03)PO4 with grain size ~5µm (Fig. 3.7c and Fig. S3.5 supplementary). In the lift-out 

cross-sectional specimen of a REE-phosphate particle, I found compositions consistent 

with monazite-group mineral (Ce0.51La0.25Nd0.19, Th0.05)PO4 (Fig. 3.8c and 3.8d and Fig. 

S3.6 supplementary). The selected area electron diffraction pattern showed the unit cell 

parameters of (Ce0.51La0.25Nd0.19, Th0.05)PO4 crystal are: a= 6.6 Å, b=6.9 Å, α=90° (Fig. 

3.8e). 

 

Figure 3.4. SEM backscattered electron (BSE) images (a and b) and the spectra (c and d) of the 
La-Fe-O particles and the noble metals Au and Pt adhering to them. 
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Figure 3.5. HAADF TEM image (a), EDS spectrum (b), EDS element maps (c) of REE-
phosphate florencite: (La0.47Ce0.36Pr0.07Nd0.09)Al3(PO4)2(OH)6. 

 

 

Figure 3.6. EDS elemental mapping (a) and spectrum (b) of the monazite: (Ce0.98, Th0.02)PO4 

and elemental mapping (c) and spectrum (d) of the monazite: (Ce0.96, Th0.04)PO4. 
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Table 3.2. The REE-phosphates identified in land-disposed acid sulfate dredge spoil and 
adjacent drain sediment at South Yunderup, Western Australia  

Mineral type Formula Size Sample 

type 

Figur

e 

Florencite 

(REE)Al3(PO4)2(OH)6 
(La0.47Ce0.36Pr0.07Nd0.09)Al3(PO4)2(OH)6 ~5 µm Dredge 

spoil Site 8 
Fig. 
3.5 

     

Monazite 

(REE, Th)PO4 

(Ce0.98, Th0.02)PO4 ~50 nm Dredge 
spoil Site 8 

Fig. 
3.6 a 

(Ce0.96, Th0.04)PO4 ~500 nm Dredge 
spoil Site 8 

Fig. 
3.6c 

(Ce0.46La0.25 Nd0.17Pr0.05, Th0.04)PO4 ~2 µm Sediment 
Site 1 

Fig. 
3.7a 

(Ce0.40Nd0.26La0.15Pr0.06Sm0.06Gd0.03,Th0.

03)PO4 
~5 µm Sediment 

Site 1 
Fig. 
3.7c 

(Ce0.51La0.25 Nd0.19, Th0.05)PO4 ~ 10µm Sediment 
Site 1 

Fig. 
3.8a 

 

 

Figure 3.7. EDS elemental mapping (a) and spectrum (b) of the monazite: (Ce0.46La0.25 
Nd0.17Pr0.05, Th0.04)PO4 and elemental mapping (c) and spectrum (d) of  the monazite:  
( Ce0.40Nd0.26La0.15Pr0.06Sm0.06Gd0.03,Th0.03)PO4. 
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Figure 3.8. HAADF TEM image (a) and EDS elemental mapping (b) of the FIB sample: a lift-
out cross-sectional specimen of the monazite (Ce0.51La0.25 Nd0.19, Th0.05)PO4 particle; spectrum 
(c) and electron diffraction pattern (e) of the monazite (Ce0.51La0.25 Nd0.19, Th0.05)PO4crystal; 
spectrum (d) and electron diffraction pattern (f) of clay mineral.  

 

It is interesting to notice that microtubes were observed in the lift-out cross-sectional 

(FIB) specimens (Ce0.51La0.25Nd0.19, Th0.05)PO4 as the HAADF STEM image showed in 

Fig. 3.9a. These microtubes were filled with carbon as the EDS elemental map showed 

in Fig. 3.9b; the carbon was probably from the resin used to impregnate the soil samples 

to produce a compact block sample.  

Iron-rich grains were found embedded in clay minerals that provide the base for growth 

of REE-phosphate, shown in the elemental map (Fig. 3.10b and 3.10c). Small Ti 

particles were found in clay minerals at the boundary between clay minerals and REE 

phosphate (Fig. 3.11b and 3.11c) and two of those Ti particles were incorporated with 

La as shown by La map (Fig. 3.11c).   
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Figure 3.9. HAADF TEM image (a) and EDS elemental mapping (b and c) of Area 1 of the FIB 
sample: a lift-out cross-sectional specimen of monazite (Ce0.51La0.25 Nd0.19, Th0.05)PO4particle 
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Figure 3.10. HAADF TEM image (a) and EDS elemental mapping (b and c) of Area 2 of the 
FIB sample: a lift-out cross-sectional specimen of monazite (Ce0.51La0.25 Nd0.19, Th0.05)PO4 . 
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Figure 3.11. HAADF TEM image (a) and EDS elemental mapping (b and c) of Area 3 of the 
FIB sample: a lift-out cross-sectional specimen of monazite (Ce0.51La0.25 Nd0.19, Th0.05)PO4. 

 



 73

 

Figure 3.12. Ce M4,5 edges of Ce3+ and Ce4+ -bearing reference materials and the Ce3+ -bearing 
specimen (Ce0.51La0.25 Nd0.19, Th0.05)PO4 from sediment Core 1. Labels A-D refer to features 
described in the text. 
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3.5. Discussion 

3.5.1. Association between REEs and Fe minerals 

I identified lanthanum-iron-oxide particles in the sediment, for which the stoichiometric 

composition could potentially be presented as La2O3-Fe2O3 or LaFeO3. The La - Fe 

mixed oxide (LaFeO3) is one of the orthoferrite compounds with a typical ABO3 

perovskite-type structure (where A is a rare earth element or an alkaline earth element, 

and B is a transition metal, mainly Fe, Co, and Ni) (Gildo-Ortiz et al., 2016). To the best 

of our knowledge, no study has reported natural LaFeO3. The formation of LaFeO3 by 

solid-state oxidation reaction of mixing La oxide and Fe oxide requires calcination at 

temperature higher than 1500 °C, meaning that the grains found in surface sediments in 

this study are unlikely to be an orthoferrite LaFeO3 phase. Synthesis of LaFeO3 has 

been widely studied using different methods (all need final calcination) such as 

coprecipitation, combustion, and sol-gel method, and solid-state oxidation reaction 

(Gosavi and Biniwale, 2010), because LaFeO3 is an important catalyst in various 

applications such as sensors (Song et al., 2005), electrode materials (Skinner, 2001), 

oxygen permeation membranes (Tong et al., 2002), environmental catalysts 

(Thirumalairajan et al., 2012; Yang et al., 2007).  

It is more likely that the porous particles containing mainly La, Fe, and O with a mole 

ratio of 2:2:6 is not 2(LaFeO3) but La2O3 associated with Fe oxides/oxyhydroxides at a 

nanometer scale. To the best of our knowledge, there has not been any report on the 

occurrence or grain morphology of La2O3 in natural soils/sediments. The morphology of 

La2O3 in our sample is consistent with synthetic La2O3 described in previous research. 

Saravani and KhaJehali (2015) reported synthetic La2O3 having a spherical shape with a 

porous surface structure, determined from low-resolution SEM images. Fernandes and 

Ramanathan (2006) summarize the morphological features of a range of synthetic rare 
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earth oxides where La oxides are characteristically cubes and rods, consistent with the 

natural La2O3 in our study. Laboratory experiments have showed that synthetic REE 

oxides strongly bind with silt and particularly clay materials, therefore can be applied as 

tracers of natural sediment movement and soil erosion and aggregation (Kimoto et al., 

2006; Polyakov and Nearing, 2004; Zhang et al., 2001). 

The association between REEs and Fe oxides/oxyhydroxides has been studied widely 

using chemical extraction methods (Åström, 2001; Bayon et al., 2004; Bozau et al., 

2008; Chevis et al., 2015; Harlov et al., 2016; Planavsky et al., 2010; Verplanck et al., 

2004; Willis and Johannesson, 2011). These chemical studies suggested that the 

authigenic Fe oxides/oxyhydroxides might scavenge REEs through one or a 

combination of coprecipitation, adsorption, surface complexation, ion exchange, and 

penetration of the lattice. However, chemical extraction analysis is not very specific as a 

way of determining associations, which can be complex and change throughout the bulk 

sample. Substitution of Fe by REEs3+ in the lattice of Fe oxides/oxyhydroxides is 

unfavourable, since Fe oxides tend to expel REEs during ageing and crystallization due 

to the differences in ionic radii between trivalent REEs (0.93-1.15Å) and Fe3+ (0.64Å) 

(Laveuf and Cornu, 2009). Therefore, REEs3+ incorporation into Fe 

oxides/oxyhydroxides should be limited. Our microscopic study shows that that 

adsorption of La2O3 onto Fe oxides/oxyhydroxides could be more likely to happen. 

(Ohta et al., 2009a,b) showed that the REEs adsorbed onto on Fe (oxyhydro-) oxides 

have eightfold and ninefold coordination structures and form inner sphere complexes at 

the surface of Fe (oxyhydro-) oxides, possibly having a hydrated structure REE(OH)3.  

It is unclear whether the La2O3 found in our sediment samples is authigenic or from 

anthropogenic input. Nanometer-scale synthetic La oxides are used in a range of 

industries: piezoelectric materials; manufacture of precision optical glass; high 

refraction optical fiber; several alloy materials; catalysts for preparation of organic 
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chemical products; and in automobile exhaust catalysts (Saravani and KhaJehali, 2015). 

Synthetic La2O3 nanoparticles have toxicity effects in aquatic environment at higher 

exposure levels at concentrations 500 and 1000 mg/L (Balusamy et al., 2015). 

Experimental study of synthetic La2O3 in plants showed toxicity and accumulation in 

roots, while Ce2O3 showed non-toxicity (Ma et al., 2015). La2O3 nanoparticles showed 

non-specific toxicity in an animal model, but were unexpectedly rapidly adsorbed and 

deposited in the liver (Brabu et al., 2015) and they also showed antibacterial toxicity 

against gram-positive bacteria (Balusamy et al., 2012). Whether the La oxides I 

observed are natural or anthropogenic, the observation is significant since there are few, 

if any, reports of La oxides being observed in recent soils or sediments in the field.  

The co-occurrence of the porous Lanthanum-iron-oxide particles with noble metals like 

Au and Pt in our studied sediments suggests that La oxides may co-accumulate with, or 

act as a sink for, noble metal grains in natural environments. The gold trapped in the 

porous La-Fe-oxide particles in the sediments could possibly be alluvial gold derived 

from the Archean Au deposit from up-catchment (Boddington Au deposit south-west of 

Western Australia) (Beeson, 1995; Giusti, 1986) and/or in-situ precipitated gold in a 

reducing environment (Butt, 1998; Butt, 1987; Jaireth, 1994). If the gold is from the 

Archean deposit, the REEs may also be derived from the same source.  

3.5.2. REE Phosphate/sulfate 

I found occasional REE-phosphate minerals such as florencite (REE)Al3(PO4)2(OH)6 

and monazite (REE, Th)PO4 in a range of sizes from 50nm–5µm, Table 3.2. The 

amount of REE-phosphate is minor, but REE-phosphates exist widely across Australia 

and form a ubiquitous component of marine sediments (Rasmussen, 1996). REE-

phosphate minerals such as monazite are considered relatively stable and therefore have 

been proposed for use as a tool to identify phosphate input (Goyne et al., 2010; Morton 
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and Hallsworth, 1999), for example, the REE patterns can be used as tracers of 

phosphatic fertilizers in environmental compartments (Otero et al., 2005). Patterns of 

REE released from monazite and apatite are controlled by the specific crystal structure 

of the mineral undergoing dissolution (Goyne et al., 2010). The unit cell parameters of 

the (Ce0.51La0.25Nd0.19, Th0.05)PO4 crystal I observed in the sediment are: a= 6.6 Å, b=6.9 

Å, α=90°, which are consistent with the unit cell parameters of Monazite (Downs et al., 

1993). 

The REE-phosphate possibly grows encompassing clay mineral grains, as suggested by 

the EDS elemental maps in Fig. 3.8b. It has been reported that in solutions, the 

association between REE-phosphates and clay minerals is controlled by the nature of 

the clay minerals as well as by the pH and ionic strength of the solution (Laveuf and 

Cornu, 2009). At acidic pH and low ionic strength, REEs adsorb as outer-sphere 

complexes onto basal surfaces (001, hkl plane) of clay mineral grains, whereas at 

alkaline pH they adsorb as inner-sphere complexes onto amphoteric sites at the edges of 

the particles. The mobilization and fractionation of REEs by clay minerals thus depends 

on the clay composition of the soils (Laveuf and Cornu, 2009).  

Sulfur and oxygen (interpreted as sulfate) was found associated with florencite (Fig. 

3.5c) and monazite (Fig. 3.9c, 3.10c, and 3.11c); the S map matches La map, Ce map, 

and P map, suggesting an association of sulfate with REE-phosphate. The layered 

multiple elements map of the lift-out cross-sectional specimen (Ce0.51La0.25Nd0.19, 

Th0.05)PO4 showed that the S signals (possibly from sulfate) filled the voids between 

REE-phosphate and clay minerals (arrow in Fig. 3.10b). This indicates that in the 

original monazite particle, the sulfate is probably present as a surface coating 

surrounding the REE-phosphate.  
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Phosphate anions and REEs are commonly adsorbed onto the surfaces of Fe 

oxides/oxyhydroxides. In the sulfate-reducing environment in sediments, authigenic 

REE-phosphate minerals are thought to have formed rapidly from P released by 

bacterial decomposition of organic matter and reduction of hydrous iron oxides as well 

as partially dissolved detrital phosphate minerals like apatite, monazite, and detrital clay 

minerals (Rasmussen, 1996). For example, florencite ((REE)Al3(PO4)2(OH)6) crystals 

grow at the surface of detrital monazite (REE)PO4 grains (Milodowski and Zalasiewicz, 

1991). Pyrite is the most important end-product of sulfate reduction in sediments, and 

REE-phosphates (such as florencite) crystals may surround early-diagenetic pyrite and 

siderite (Rasmussen, 1996). Our SEM images confirmed the observance of pyrite 

identified by XRD. As shown in Fig. 3.3a and 3.4a, I found pyrite where I found 

lanthanum-iron-Oxide particles in sediments. In sulfide-oxidising environments that 

produce sulfuric acid, phosphate complexation of REEs dominates, particularly if these 

environments are also acidic (Ngwenya et al., 2010; Takahashi et al., 2005).  

The microtubes observed in the lift-out grain-scale cross-sectional specimen 

(Ce0.51La0.25Nd0.19, Th0.05)PO4 were filled with carbon and the carbon was probably from 

the resin used to bind the soil samples to produce a compact block sample. This would 

mean that before impregnating with resin, the microtubes already existed and remained 

hollow. These microtubes may be one type of tubular microcavities, which form during 

either biological processes or abiotic processes, which are difficult to distinguish. The 

different morphologies, infilling mineralogy, and formation mechanisms provide some 

distinguishing criteria for different types of tubular microcavities (Dilek et al., 2008; 

McLoughlin et al., 2010).  

Biological tubular microcavities form due to biologically mediated dissolution in open 

systems, in contrast with abiotic ambient inclusion trails (AITs) that form due to 

chemical and/or pressure dissolution in sealed minerals. The biological microtubes 
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usually show circular cross-section and variable diameters or show terminal swellings. 

The abiotic AITs typically show polygonal cross-section, constant diameters, and 

longitudinal straie, which are curvilinear and may be branched (Lepot et al., 2011; 

McLoughlin et al., 2010).  

The AITs are a particular type of tubular microcavities formed during abiotic process 

such as migration of metal-rich crystalline (usually pyrite) or organic inclusion in sealed 

substrate such as microcrystalline silica or phosphorite (Olempska and Wacey, 2016). A 

distinguishing feature to identify AITs is that the microtubes show retained crystals at 

the terminal of the trail but it is also possible that the hollow trails remain empty or be 

filled by secondary mineral phases (McLoughlin et al., 2010).  

The morphology of microtubes in our (Ce0.51La0.25Nd0.19, Th0.05)PO4 mineral resemble 

those derived from chemical and /or pressure dissolution of heterogeneities summarized 

by McLoughlin et al. (2010). The hollow microtubes show irregular diameters and 

intersect, remaining empty, which is different from AITs that show terminal crystals.  

The EELS spectra of the Ce-M4,5 edge provides information about the oxidation states 

of Ce in the REE-phosphate minerals. The Ce-M4,5 edge of Ce4+ -bearing reference 

material (e.g. CeO2) is distinct from that of Ce3+-bearing reference material (e.g. 

monazite CePO4) in aspects of intensities and energies (Fig. 3.12). The Ce4+ and M4,5 

edge has two main maxima peaks A and B at 884.0 eV and 901.6 eV respectively 

followed by two post-edge peaks C and D at 889.2 eV and 906.7 eV (Garvie and 

Buseck, 1999), Fig. 3.12. The Ce3+ M5 edge has a main maximum peak around 881.7 – 

882.3 eV and M4 edge has a main maximum peak at 899.7eV (Garvie and Buseck, 

1999). The Ce4+-M4,5 edge is also distinct from Ce3+ in the M5 to M4 branching ratio as 

peak B is higher in C4+- bearing material while peak A is higher than B in Ce3+ -bearing 

material (Garvie and Buseck, 1999; Xu and Wang, 1999), Fig. 3.12. The Ce-M4,5 edge 
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of the lift-out cross-sectional specimen (Ce0.51La0.25Nd0.19, Th0.05)PO4 has energies and 

shapes consistent with Ce3+-bearing reference material, Fig. 3.12, indicating cerium in 

the REE-phosphate observed in the studied acid sulfate receiving environment has a 

valence of Ce3+. 

3.6. Conclusion 

This study presents new information on the occurrence and mineralogy of REEs, at the 

micron- to nanometer-scale, in oxidized acid sulfate soils and their reducing receiving 

environments. The association between REEs and iron minerals is most likely to be as a 

discrete REE phase such as La2O3 which is co-precipitated onto, and/or present as 

surface coatings on, Fe oxides/oxyhydroxides at the nanometer scale. The mechanism of 

REE-Fe association is unlikely to be dissolved REEs3+ becoming incorporated into Fe 

oxides/oxyhydroxides, which might otherwise have been deduced from empirical REE-

Fe correlations. If the lanthanum-iron-oxide observed in our studied sediment is the 

orthoferrite compounds (LaFeO3), the conditions required for orthoferrite-type mineral 

synthesis mean that these phases are from anthropogenic input. REE-Phosphate 

minerals such as florencite (REE)Al3(PO4)2(OH)6 and monazite (REE, Th)PO4  

observed in the dredge spoil soils and sediments studied, are also an important host for 

REEs in acid sulfate soils. The frequent observations of sulfate coatings on REE- 

phosphate phases is consistent with formation of REE-phosphates early in acid sulfate 

oxidation, prior to precipitation of sulfates such as gypsum. Despite being formed under 

strongly oxidizing conditions, the cerium in monazite has a valence of Ce3+, and the 

monazite crystal has tubular microcavities caused by chemical and/or pressure 

dissolution, probably reflecting the acidic, oxidizing environment in dredge spoil.  
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3.8. Supplementary information 

 

Fig. S3.1. HAADF image of the REE-phosphate particle 1. 

Table S3.1. The stoichiometric calculation of REE-phosphate minerals in Fig.S3.1. Note: wt% 
refers to mass weight, at% refers to atomic weight.  

 Spectrum 1 Spectrum 2 Spectrum 3 Average Stoichiometry 

 wt% at% wt% at% wt% at% wt% at%  
O 34.7 60.2 35.4 61.3 34.7 60.2 34.9 60.6 9.85 
Al 21.6 22.2 20.8 21.3 21.7 22.3 21.9 21.9 3.57 
P 12.7 11.4 12.5 11.2 12.8 11.4 11.3 11.3 1.84 

La 14.6 2.9 14.6 2.9 14.5 2.9 2.9 2.9 0.47 
Ce 11.4 2.3 11.4 2.3 11.2 2.2 2.2 2.2 0.36 
Pr 2.0 0.4 2.2 0.4 2.3 0.4 0.4 0.4 0.07 
N 3.1 0.6 3.0 0.6 2.9 0.6 0.6 0.6 0.09 
 Formula  (La0.47Ce0.36Pr0.07Nd0.09)Al3(PO4)1.40(OH)6 

  

 

Spectrum 1,2,3 
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Fig. S3.2. HAADF image of the REE-phosphate particle 2. 

Table S3.2. The stoichiometric calculation of REE-phosphate minerals in Fig. S3.2. Note: wt% 
refers to mass weight, at% refers to atomic weight. 

 Spectrum 1 Spectrum 2 Spectrum 3 Average Stoichiometry 

 wt% at% wt% at% wt% at% wt% at%  

O 33.1 73.5 34.4 74.1 31.0 71.9 32.8 73.1 5.18 

P 10.9 12.5 11.6 12.8 10.7 12.8 11.1 12.7 0.90 

Ce 54.3 13.8 52.2 12.8 56.8 15.1 54.5 13.9 0.98 

Th 1.7 0.3 1.8 0.3 1.5 0.2 1.7 0.3 0.02 

 Formula  (Ce0.98, Th0.02)PO4 

 

Fig. S3.3. HAADF image of the REE-phosphate particle 3. 

Table S3.3. The stoichiometric calculation of REE-phosphate minerals in Fig. S.3.3. Note: wt% 
refers to mass weight, at% refers to atomic weight. 

 Spectrum 1 Spectrum 2 Spectrum 3 Average Stoichiometry 

 wt
% 

at% wt% at% wt% at% wt% at%  

O 55.0 87.2 55.8 87.6 54.0 87.4 54.9 87.4 13.03 

P 7.5 6.2 7.4 6.0 6.6 5.5 7.2 5.9 0.88 

Ce 35.
0 

6.3 34.6 6.2 36.5 6.8 35.4 6.4 0.96 

Th 2.5 0.3 2.3 0.2 2.9 0.3 2.6 0.3 0.04 

 Formula (Ce0.96, Th0.04)PO4 

1 

2 3 

1 
2 

3 
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Fig. S3.4. Backscattered SEM image of the REE-phosphate particle 4. 

Table S3.4. The stoichiometric calculation of REE-phosphate minerals in Fig. S3.4. Note: wt% 
refers to mass weight, at% refers to atomic weight. 

 Spectrum 1 Spectrum 2 Spectrum 3 Average Stoichiometry 
 wt% at% wt% at% wt% at% wt% at%  

O 30.8 71.8 31.2 71.8 30.4 71.3 30.8 71.6 4.91 
P 11.3 13.5 11.7 14.0 11.4 13.9 11.5 13.8 0.94 

La 13.7 3.7 12.9 3.4 13.6 3.7 13.4 3.6 0.25 

Ce 25.7 6.9 25.0 6.6 25.8 6.9 25.5 6.8 0.46 

Pr 2.4 0.6 2.8 0.7 2.5 0.7 2.6 0.7 0.05 

Nd 9.6 2.5 9.2 2.4 9.6 2.5 9.5 2.5 0.17 

Th 6.4 1.0 7.1 1.1 6.7 1.1 6.8 1.1 0.07 

 Formula (Ce0.46La0.25 Nd0.17Pr0.05, Th0.07)PO4 

 

  

1 

2 

3 
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Fig. S3.5. Backscattered image of the REE-phosphate particle 5. 

Table S3.5. The stoichiometric calculation of REE-phosphate minerals in Fig. S3.5. Note: wt% 
refers to mass weight, at% refers to atomic weight. 

 Spectrum 1 Spectrum 2 Spectrum 3 Average Stoichiometry 

 wt% at% wt% at% wt% at% wt% at%  

O 29.5 69.9 28.7 69.6 28.2 69.2 28.8 69.6 4.40 

P 12.3 15.0 11.5 14.4 11.5 14.5 11.8 14.6 0.93 

La 8.3 2.3 9.7 2.7 7.9 2.2 8.6 2.4 0.15 

Ce 22.0 5.9 23.9 6.6 23.2 6.5 23.0 6.4 0.40 

Pr 3.1 0.8 2.9 0.8 3.5 1.0 3.2 0.9 0.06 

Nd 15.3 4.0 14.4 3.9 16.5 4.5 15.4 4.1 0.26 

S 3.4 0.9 3.6 0.9 4.1 1.1 3.7 1.0 0.06 

Gd 2.6 0.6 1.9 0.5 2.0 0.5 2.2 0.5 0.03 

Th 3.5 0.6 3.3 0.54 3.2 0.5 3.3 0.5 0.03 

 Formula (Ce0.40Nd0.26La0.15Pr0.06Sm0.06Gd0.03, Th0.03)PO4 
 

   

3 
2 

1 
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Fig. S3.6. HAADF image of the REE-phosphate particle 6. 

Table S3.6. The stoichiometric calculateon of REE-phosphate minerals in Fig. S3.6. Note: wt% 
refers to mass weight, at% refers to atomic weight. 

 Spectrum 1 Spectrum 2 Spectrum 3 Average Stoichiometry 
 wt% at% wt% at% wt% at% wt% at%  

O 24.9 64.7 25.0 64.6 25.2 65.0 25.1 64.8 3.67 

P 13.0 17.5 13.3 17.7 13.2 17.6 13.2 17.6 1.00 

La 15.3 4.6 14.2 4.2 14.2 4.2 14.5 4.3 0.25 

Ce 30.5 9.0 30.9 9.1 30.8 9.1 30.7 9.1 0.51 

Nd 11.7 3.4 11.9 3.4 11.9 3.4 11.8 3.4 0.19 

Th 4.6 0.8 4.7 0.84 4.7 0.8 4.7 0.8 0.05 

 Formula (Ce0.51La0.25 Nd0.19, Th0.05)PO4 
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CHAPTER FOUR  

Natural mackinawite and pyrite in dredge spoils and sediments 

associated with development of acid sulfate soils 

4.1. Abstract 

The iron sulfides mackinawite (FeS) and pyrite (FeS2) play an important role in the 

global cycling of Fe and S in estuarine sediments, and on exposure to air, oxidise to 

produce sulfuric acid rich in Fe and trace elements. While synthetic mackinawite has 

been extensively studied, the crystal morphology of naturally-occurring sedimentary 

mackinawite has rarely been observed. Additionally, while pyrite has been widely 

reported in sediments, the association between the morphological features of pyrite and 

geochemical alterations in acid sulfate receiving sediments has not been specifically 

discussed. This study addresses these uncertainties by investigating the geochemical 

conditions and morphologies of mackinawite and pyrite in 1) an actual acid sulfate soil 

site developed on historical dredge spoil, and 2) sediments in a nearby receiving 

environment for acidic drainage. Significantly, natural mackinawite crystal were 

observed for the first time in one of our sediment sample, appearing as clusters of 

1-2 µm flower-shape particles aggregated into thin wavy sheets (ca. 1 µm thick, largest 

dimension ca. 50 µm m). This morphology is consistent with biogenic mackinawite 

produced by sulfate reducing bacteria in vitro, and differs from chemically synthesized 

mackinawite particles. A diversity of pyrite morphologies was also observed in the 

same sediment core, suggesting the existence of dynamic transformation between 

different iron sulfide species (mackinawite, pyrite, and possibly greigite) in the drain 

sediment influenced by drainage from the oxidized dredge spoil. The differences in the 

morphology of pyrite are likely influenced by variations in pyrite formation mechanism, 
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crystal growth rate, physicochemical conditions (such as pH, supersaturation and 

temperature), chemical oxidation, and biodegradation. No consistent effect, however, of 

pyrite composition on crystal morphology on was observed. I also found non-

stoichiometry of natural mackinawite and pyrite, which may be attributed to a 

combination of a number of factors, including incorporation of trace metals into their 

structure, incomplete oxidation and the solid-phase conversion of mackinawite to pyrite 

via greigite intermediate phase. 

4.2. Introduction 

Low-temperature iron sulfide minerals such as mackinawite (tetragonal Fe1+xS), greigite 

(cubic Fe3S4), and pyrite (cubic FeS2) play an important role in the global cycling of Fe 

and S in marine sediments (Schippers and Jørgensen, 2002). Exposure of these iron 

sulfide-rich sediments to air in Earth surface environments induces development of acid 

sulfate soils, producing acidic drainage rich in iron, sulfate, and trace elements, which 

impacts the geochemical conditions of both the localised system (Clark and McConchie, 

2004; Fitzpatrick et al., 2009; Gröger et al., 2011; Johnston et al., 2010; Keene et al., 

2010) and receiving environments (Åström and Björklund, 1995; Johnston et al., 2016; 

Morgan et al., 2012b; Nystrand et al., 2016). Nanoparticulate iron monosulfide (FeS) is 

the first poorly-crystalline iron sulfide to precipitate in anoxic sediments via reaction 

between dissolved Fe2+ and sulfide, and is a precursor phase to the tetragonal FeS 

mineral, mackinawite (Rickard and Morse, 2005). Pyrite is the most abundant and stable 

authigenic iron sulfide mineral in marine and freshwater environments (Boesen and 

Postma, 1988), and it is also the only iron disulfide present in marine sediment, given 

that marcasite (a polymorph of pyrite) is absent from these environments (Schoonen, 

2004).  
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Solid mackinawite is seldom identified in natural marine sediments because of its rapid 

transformation to pyrite in the presence of excess dissolved sulfide and oxidant species, 

such as polysulfides (Rickard and Morse, 2005).While there have been some studies 

reporting the properties of laboratory produced biogenic (Herbert et al., 1998; Lee et al., 

2013; Veeramani et al., 2013) and synthetic (Jeong et al., 2008; Mullet et al., 2002; 

Ohfuji and Rickard, 2006) mackinawite, the nature (composition, crystal morphology) 

of mackinawite in field sediments is largely unknown. It is has been documented that 

the natural mackinawite abundances can be anomalously high in organic-rich sediments 

influenced by acidic drainage (Burton et al., 2005; Keene et al., 2011; Morgan et al., 

2012a).  Here, I investigated highly reduced eutrophic sediments influenced by acidic 

drainage, to provide a natural environment to observe and characterise natural 

mackinawite.  

Pyrite formation from a mackinawite precursor is proposed to proceeds via two separate 

pathways: (1) dissolution of FeS and subsequent reaction with dissolved H2S to 

reprecipitate pyrite (Peiffer et al., 2015), or (2) conversion from mackinawite to greigite 

as an intermediate on the solid-state polysulfide oxidation pathway to pyrite (Hunger 

and Benning, 2007; Lan and Butler, 2014). Pyrite in modern sediments appears in a 

range of morphologies, including euhedral crystals and framboids (spherical aggregates 

of uniform minute grains) (Sawłowicz, 2000), which may reflect the formation 

mechanism. For example, variability of pyrite sizes and morphology has been suggested 

as a potential indicator of changes in redox conditions in sediments (Wilkin et al., 

1996), with smaller and less variable in size framboids being formed in sediments 

underlying euxinic basins reflect shorter average growth time compared with those 

formed in typical marine settings. In pyrite deposit, variability in in morphology of 

metamorphogenic pyrite is influenced by such factors as temperature, pyrite 

supersaturation, and sedimentary sulfur during the regional metamorphism forming this 
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pyrite deposit (Alonso Azcárate et al., 2001). However, variations of pyrite and their 

causes have not yet been specifically discussed in acid sulfate receiving sediments, 

which have extreme redox gradients. The differences in pyrite composition and 

morphology may tell a story about redox alterations in micro zonation in such a 

complex system. As such, the second objective of this study is to determine the iron-

sulfur stoichiometry and crystal morphology of pyrite in acidified dredge spoils and 

downstream receiving environments, and their association with geochemical conditions. 

In this study, I investigate an actual acid sulfate dredge spoil and sediments that receive 

the acidic drainage, in South Yunderup, in Pee-Harvey Estuary System (PHES), 

Western Australia. Our objective was to explore the morphology and stoichiometry of 

natural mackinawite and pyrite in this area using scanning and transmission electron 

microscopy techniques, and discuss the association between these properties and 

sediment geochemistry, allowing an integrated understanding of the transformation 

between different iron sulfides and their implications for geochemical processes.  

4.3. Methods and materials 

4.3.1. Study site  

Our study site is located in South Yunderup, on the south bank of the Murray River 

adjacent to the South Yunderup Main Drain, which is ca. 80 km South of Perth in 

Western Australia (32°35'29.45"S, 115°46'56.21"E, Fig. 2.1 in Chapter Two). The Peel-

Harvey Estuary contains strongly reducing, organic- and sulfide-rich sediments (Kraal 

et al., 2013; Morgan et al., 2012a). There have been historic and ongoing dredging 

activities in this area, with land-based disposal of dredged sediments occurring in the 

late 1990s (Sullivan et al., 2006) which generate secondary acid sulfate soils as the 

sulfidic minerals oxidise. The closest weather station to the site show a dry-summer 
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sub-tropical climate (Köppen-Geiger Csa) with mean monthly maximum temperatures 

ranging between 17.4 °C (July) and 29.8 °C (February) in 2017 and a mean annual 

rainfall of 671.2 mm (Australian Bureau of Meteorology, 2017). In this study I sampled 

a legacy dredge spoil and sediments from the nearby South Yunderup Main Drain, 

which has received acidic drainage from the dredge spoil since the late 1990s. 

4.3.2. Sample collection 

Seven cores were collected from the dredge spoil using polyvinyl chloride cores, four 

(Site 9, Site 10, Site 11, and Site 12) in a transect perpendicular to the drain (their 

distances to the drain were approximately 8m, 13m, 16m, and 50m respectively), while 

the other three cores (Site 6, Site 7, and Site 8) were roughly aligned parallel to the 

drain (their distances to the drain were approximately 2m, 3m, and 4m respectively) 

(Fig. 2.1 in Chapter Two). Five sediment cores were (Site 1, Site 2, Site 3, Site 4, and 

Site 5) were also collected in a transect parallel to the flow of the drain water in South 

Yunderup Main Drain using a plastic coring device, and their distances from the dredge 

spoil area was 2 m, 58 m, 82 m, 204 m, and 287 m respectively. Sediment at S3 was 

partially exposed to air at the time of sampling. 

The pipes containing the dredge spoil core were sealed immediately and stored in ice 

during transportation, before opened by cutting the PVC pipe longitudinally in the 

laboratory for observation of profile of the dredge spoil cores, which were then 

sectioned according to identification of consistent horizons (based on color and texture). 

Each section was transferred into zip-lock plastic bags, thoroughly homogenized, with 

all air was expelled prior to being stored in a freezer at −18 °C. Sediment cores were 

immediately extruded from the core, sectioned in 5 cm depth increments on the field, 

and stored in plastic zip-lock bags with the air expelled in ice during transportation then 

stored in freezer in laboratory at −18 °C.  
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4.3.3. Sample preparation and microscopy analysis 

Both dredge spoil and sediment samples contained large quantities of quartz sand, part 

of which was removed by sedimentation. To achieve this, approximately 20 mg of wet 

sample was weighed into a 50 mL centrifuge tube with 30mL of deoxygenated Milli-Q 

water (<18.2 MΩ·cm at 25 °C). After sedimentation, an aliquot (a few drops) of fine 

fraction layer just below supernatant was extracted and then re-suspended in ca. 45 ml 

deoxygenated Milli-Q water by ultrasonic treatment. A drop of this new suspension was 

deposited on carbon tape adhered to an aluminum stub, which was then dried under pure 

N2 gas prior to carbon coating for examination using scanning electron microscopy 

(SEM, Zeiss 1555 VP-FESEM and FEI Verios XHR SEM) with an energy dispersive 

X-ray spectroscopy (EDS) detector. A polished section was also prepared by embedding 

the fine fraction in resin (Epo-teck 301 epoxy resin) to produce a compact block 

encompassing the sample, which was then polished by diamond paste to get a flat 

surface. 

A few drops of the fine fraction after sedimentation was re-suspended in 45ml ethanol 

and deposited onto a carbon-coated copper grid prior to examination using transmission 

electron microscopy (TEM, FEI Titan G2 80-200kV) and EDS, allowing for 

quantitative analysis of all major elements with our windowless system apart from H to 

B in periodic table. In addition, C and Cu can’t be quantified in our sample due to 

inference from the carbon coated Cu grids I used. High-angle annular dark-field 

scanning TEM (HAADF-STEM) images were used to distinguish particles of different 

mass-thickness, where thicker and heavier particles appear with brighter contrast.  
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4.4. Results 

4.4.1. Mackinawite  

Both sediment and dredge spoil samples were systematically examined under SEM. 

Natural mackinawite aggregates were identified in the bottom of sediment Site 1 

(pH = 5.44, EC = 18.4 mS/cm), which is ~2 m from the bank of the disposed dredge 

spoil, and receives Fe-rich acidic drainage as a consequence. These mackinawite 

aggregates were relatively large (ca. 50 µm) and had a morphology resembling a wavy 

sheet constructed from a large number of 1–2 µm rosette-liked microaggregates (Fig. 

4.1).  

 

Figure 4.1. Backscattered SEM images of mackinawite in sediments (a to f), and (g) the EDS 
pattern from spot analysis of the sample in image (f). Sample location: Site 1 depth: 25 ~ 27.5 
cm. 
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Figure 4.2. EDS elemental maps of mackinawite: (a) Fe-S-O multielement map; (b) Fe 
elemental map; (c) S elemental map; (d) O elemental map; (e) Si elemental map; (f) Al 
elemental map; (g),(h) EDS patterns from spot analyses of the sample with spot locations shown 
in image (a). Sample location: Site 1 Depth 25~27.5 cm. 

 

The EDS spectra of some areas on the mackinawite aggregates showed compositions 

between Fe0.93S and Fe1.13S (Table S4.1 and S4.2 supplementary). The two sides of the 

wavy sheet showed different morphologies; one side showed a ‘net’ or porous structure 

(Fig. 4.1b and 4.1c) while the other side showed multiple adjacent clusters of complete 

flower shape (Figures 4.1 d, 4.1e, and 4.1f). Clay mineral grains (ca. 1 µm) were 

embedded in the mackinawite aggregates as indicated by the arrows in Figures 4.2 and 

4.3.  
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Figure 4.3. EDS elemental maps of mackinawite: (a) Fe-S-O multi-element map; (b) Fe 
elemental map; (c) S elemental map; (d) O elemental map; (e) Si elemental map; (f) Al 
elemental map; (g),(h) EDS patterns from spot analyses of the sample with spot locations shown 
in image (a). Sample location: Site 1 Depth 25~27.5 cm. 

 

4.4.2. Pyrite 

A range of micron scale (1–30 µm) pyrite particles with varied morphologies (euhedral 

and framboidal) were observed using SEM across all sediment samples and less pyrite 

was found in partially oxidized dredge spoil Sites 6, 7, and 8 (Table 4.1). The framboids 

diameters were mainly from 5µm to 30µm, and their ratios of S to Fe ranged from 1.9 to 

2.1 (Fig. 4.4).  

Variations of chemical compositions (Fe/S ratios), sizes, and morphologies of pyrite 

observed in the studied dredge spoil and sediment samples and their corresponding 
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geochemical conditions like pH and EC were summarized in Table 4.1, no simple direct 

association between chemical compositions and morphologies were found. Pyrite 

framboids were spheroidal and consisted of aggregated microcrystals that were uniform 

in size and morphology such as irregular octahedra (Fig. 4.4(1)), regular octahedra (Fig. 

4.4(2–3)), cubic (Fig. 4.4(4)), octahedra/pyritohedra (Fig. 4.4(5–8)), and skeletal 

octahedra (Fig. 4.4(9–12)). The euhedral pyrites range in size from 1µm to 5µm and 

their ratios of S to Fe range from 1.9 to 2.2. These euhedral pyrite particles were in 

different shapes and structures including octahedron/pyritohedron (Fig. 4.4(13–16)), 

irregular octahedron with etched (Fig. 4.4(17)) or smooth (Fig. 4.4(18–19)) surfaces, 

and single aggregate particle of pyrite with a spheroidal morphology made up of 

interlocking platy crystallites (Fig. 4.4(20)). A range of smaller pyrite grains having 

dimensions of tens to hundreds of nanometers in different shapes was also identified 

using TEM in the dredge spoils and sediments (Fig. 4.6 and 4.7). Mn was repeatedly 

observed incorporated with pyrite at inner structure (Fig. 4.5). An inclusion containing 

Ti was observed in smaller pyrite particle examined by TEM, Fig. 4.8 and 4.9.   
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Figure 4.4. Backscattered SEM images of pyrite in different shapes and morphology. 
Framboids: Row A: (1): irregular octahedron, (2-3): octahedron, (4): cubic; Row B (5-8): 
octahedron/pyritohedron; Row C (9-12): skeletal octahedron Euhedral: Row D (13-16): 
octahedron/pyritohedron; Row E: (17): skeletal octahedron, (18-19): octahedron, (20):a single 
framboid made up of interlocking platy crystallites, (21-22): Euhedral octahedra/cubo-
octahedra.  
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Table 4.1. The morphology of pyrite grains or crystal aggregates matched to their sediment or 
dredge spoil source sample, also showing depth, pH, EC, and S:Fe stoichiometry.  

Pyrite ID 
in Fig. 

4.4 

Morphology Size 
(µm) 

Depth 
(cm) 

pH EC 
(mS/cm) 

Sample 
ID 

Ratio of 
S to Fe 

        

(1) Framboids consisting of 
irregular octahedra 

~12 22.5 5.4 18.42 Sediment 
1D2 

2.0 

        

(2) 
Framboids consisting of 

regular octahedra 

~30 27.5 7.3 35.0 Sediment 
4D1 

1.7 

(3) ~10 22.5 7.5 34.5 Sediment 
2D2 

2.1 

        

(4) Framboids consisting of 
cubic crystallites 

~2 74.0 4.2 6.0 Dredge 
spoil 7-12 

2.0 

        

(5–8) 
Framboids consisting of 
octahedron/pyritohedra 

~10–
25 

22.5 7.5 34.5 
Sediment 

2D2 

1.9–2.1 

(9–12) 
Framboids consisting of 

skeletal octahedra 
~2–
12 

2.0–2.1 

(13–16) Euhedral 
octahedron/pyritohedra 

~1–2 1.9–2.1 

(17) 
Euhedral irregular 

octahedra with skeletal 
surface 

~5 2.0 

        

(18–19) 

Euhedral irregular 
octahedral/cubo-

octahedra with smooth 
surface 

~8 

27.5 5.5 61.8 
Sediment 

3D1 

2.0–2.2 

(20) 
Single framboid made 

up of interlocking platy 
crystallites 

~5 2.1 

        

(21–22) 
Euhedral 

octahedra/cubo-
octahedra 

~10 110.0 4.3 4.7 
Dredge 

spoil 8-E2 
2.0 
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Figure 4.5. SEM images and EDS spectra of pyrite containing Mn. Sample location: Site 2 
Depth 25~27.5 cm 

 

   

Figure 4.6. TEM images (a, b, e, f) and electron diffraction patterns (c, g) of pyrite. The EDS 
spectrum in (d) is from the analysis of the area shown with a red rectangle in TEM image (a); 
The EDS spectrum in (h) is from the analysis of the area shown with a red rectangle in TEM 
image (e). Sample location: Site 6 Depth 89~122 cm 
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Figure 4.7. TEM images of Nanoparticulate pyrite grains having different morphologies, and 
showing the iron-sulfur stoichiometry based on EDS spot analyses. Sample location of (a), (b), 
(c), (e), (h), and (i): Site 8 Depth 107 ~110 cm. Sample location of (d), (f), and (g): Site 4 Depth 
25 ~ 27.5 cm. 

 

 

Figure 4.8. TEM images and EDS elemental maps of pyrite containing Ti (1). Smpple location: 
Site 8 Depth 107~110 cm. 
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Figure 4.9. TEM images and EDS elemental maps of pyrite containing Ti (2). Sample location: 
Site Site 8 Depth 107~110 cm. 

 

4.5. Discussion 

4.5.1. Natural mackinawite in sediment 

The features of natural sedimentary mackinawite are rarely reported (Rickard et al., 

2006) and its morphology is rarely observed directly in recent or ancient sediments 

because of its very small (commonly nanocrystalline) particle size, its rapid oxidization 

upon exposure to air (Veeramani et al., 2013), and its fast conversion to greigite or 

pyrite (Morse and Rickard, 2004; Vairavamurthy et al., 1995). Image-based evidence of 

observation of iron sulfides with average composition between mackinawite (FeS1.0) 

and greigite (FeS1.34) has been reported (Boman et al., 2008). Two previous studies 

(Bonev et al., 1989; Lein et al., 1978) have reported the discovery of mackinawite in 

sediment but do not provide image-based evidence. Here, I discovered natural 

mackinawite aggregates (size ~50µm) (FexS, x=0.93–1.13) in the bottom (~25 cm 

depth) sediment sample. These were composed of clusters of flower-shaped 
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microaggregates (size: 1~2µm) that are made up of thin flakes (Fig. 4.1), which is 

similar to, but showing more clearer details of flower-shape microaggregates than, the 

disordered mackinawite with convoluted platy structures reported in waterways 

associated with coastal acid sulfate soil in Eastern Australian (Burton et al., 2006). 

Previous studies in the Peel-Harvey Estuarine System, Western Australia suggested 

accumulation of iron monosulfides in estuarine sediments (Morgan et al., 2012a) and 

only presented very common euhedral pyrite crystals and framboids consisting of cubic 

crystallites (Kraal et al., 2013). I did not see natural mackinawite elsewhere in my other 

samples using SEM, despite my careful handling to avoid oxidation, though my AVS 

data provided strong evidence of the presence of abundant iron monosulfides, 

suggesting it is largely present as nano-particulate phase here.  

The morphology of the mackinawite observed in our sediment is consistent with that of 

biogenic mackinawite aggregates composed of numerous 1–2µm rosette-like spherical 

particles made up of curved thin films produced in laboratory experiments by a certain 

type of bacteria in-vitro (Veeramani et al., 2013) and by sulfate-reducing bacteria 

(Herbert et al., 1998; Lee et al., 2013). It has been reported that he curved thin films 

contain 3–8 semi-ordered atomic layers that are suggested to be structurally similar to 

the tetrahedral iron sulfide layers in mackinawite (Csákberényi-Malasics et al., 2012). 

Importantly, the morphology of biogenic mackinawite differs from those produced by 

various chemical synthesis methods, which instead formed mackinawite particles of 

single crystals in irregular shape (Mullet et al., 2002), irregular aggregates of flake-like 

nanoparticles (Ohfuji and Rickard, 2006), or overlapping nanoparticles (Jeong et al., 

2008). The discovery of natural mackinawite that resembles biogenic mackinawite 

implies reactive bacterial activities in the reducing sediment at the bottom of the drain. 

The mackinawite found in our natural sediment is FexS, x=0.93–1.1. Pure synthetic FeS 

formed at ambient temperatures has been shown to be stoichiometric Fe1.0S. Reports of 
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non-stoichiometric synthetic mackinawite have been suggested to be attributed to 

inclusion of non-Fe metals or sulfur (formed by acidic dissolution of amorphous FeS) 

into the structure (Rickard et al., 2006). Biogenic mackinawite has high adsorption 

capacity for trace metals (e.g. Cr, Se, Ni, Cu, Co, U, and etc.) due to its unique 

morphology and large reactive surface area (Lee et al., 2013; Veeramani et al., 2013). 

Mackinawite, not only adsorbs, but also interact with trace elements, in some cases by 

reducing oxidised metals like Cr (VI) and U (VI) (Lee et al., 2013; Mullet et al., 2004). 

Incorporation of trace elements into mackinawite, is a likely explanation, for the non-

stoichiometry of mackinawite in this study, rather than there being variability in its 

intrinsic crystal structure parameters (Rickard et al., 2006). The partial conversion of 

mackinawite to greigite, (requiring the oxidation of ferrous iron, and either sulfur 

addition or iron loss) may also explain non-stoichiometry in natural mackinawite 

(Bonev et al., 1989; Bourdoiseau et al., 2011; Lennie et al., 1997), and greigite was 

observed in estuarine sediments in Eastern Australia (Bush and Sullivan, 1997) and a 

mixture of mackinawite and greigite was also reported in a potential acid sulfate soil in 

Finland (Boman et al., 2008). I also found iron sulfide particles showing a composition 

of Fe:S=1.2, which is between mackinawite (FeS1.0) and greigite (FeS1.34) in our system 

(Fig. 4.10), so this is likely the case here that mackinawite partially converted to greigite. 

 

Figure 4.10. Backscattered SEM image of iron sulfide with composition Fe:S=1:1.2 according 
to EDS result. Sample location: Site 2 Depth 27.5 ~ 30 cm. 
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Interestingly, clay mineral particles, approximately 1 µm in diameter, were found 

embedded in ‘wavy sheet’ mackinawite aggregate (as white arrows pointed out in Fig. 

4.2 and 4.3). This suggest that either the clay minerals filled voids left by partial 

chemical dissolution/bioleaching of the mackinawite, or that the mackinawite has 

formed either at the same time as, or after, the appearance of the clay grains. 

Bioleaching of mackinawite can be induced by aerobic Fe2+-oxidising bacteria, to 

produce Fe3+ and sulfuric acid (Sand et al., 2001). It has also been demonstrated that 

anaerobic microbial FeS and FeS2 oxidation occurred with presence of O2 or MnO2 (Mn 

content of the sediment is >0.2% w/w) as potential electron acceptors in experiments 

with anoxic sediment slurries (Schippers and Jørgensen, 2002). Considering O2 and 

MnO2 (Mn < 0.01% w/w) would be absent at depth in our highly reducing anoxic 

sediments (Morgan, 2012a), the bioleaching of mackinawite is unlikely here. 

I believe the mackinawite aggregates grow at the same time, or following, the 

deposition of clay mineral grains at the surface of sulfate-reducing bacteria (SRB). Clay 

minerals occur in association with iron (III) minerals, such as goethite (Fe 

oxyhydroxides) (Valente et al., 2015), which react with dissolved sulfide to precipitate 

of FeS (Johnston et al., 2016). In anoxic marine sediments, the dissolved sulfide that 

reacts with Fe2+ to form FeS, is produced by sulfate-reducing bacteria (SRB) (Herbert et 

al., 1998), which are commonly observed around biogenic FeS particles and could use 

Fe2+ and S0 and organic matter as substrates (Finster et al., 1998), and feasibly continue 

reducing sulfate to sulfide and restore reduced state if FeS surface are partially oxidized 

in micro zonation (Lee et al., 2013). I propose that the mackinawite observed in our 

anoxic sediment nucleated and grew at the surface of SRB, which has been observed 

previously in a laboratory study where SRB has been seen be coated iron sulfide 

precipitates (Watson et al., 2001). Biogenic FeS may nucleate in a system where clay 

mineral grains are present on the surface of SRB, explaining the appearance of clay 
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mineral particles embedded in the FeS aggregates (arrows in Fig. 4.2 and 4.3). Some 

small clay minerals can also be trapped on FeS surface due to its unique rosette 

morphology and large surface area (Fig. 4.1c and 4.1f).  

 

Figure 4.11. Schematic diagram of biogenic mackinawite ‘wavy sheet’ aggregates grown on 
sulfate reducing bacteria, showing embedded clay mineral grains.  

 

The proposed mechanism of co-occurrence of biogenic FeS and clay minerals on the 

surface of SRB at early stage of FeS formation in anoxic sediment is presented as the 

schematic diagram (Fig. 4.11). The smooth texture observed on only one side of the 

flower-shaped mackinawite microcrystals suggests that it has detached from a surface, 

such as a sulfate-reducing bacterium (potentially during sample preparation processes), 

which explains why I did not observe microbes accompanying it in our images. The side 

previously attached to the surface of SRB showed a ‘net’ or porous structure (Fig. 4.1b 

and 4.1c) while the opposite side showed multiple adjacent clusters of complete flower 

shapes (Fig. 4.1d, 4.1e, and 4.1f). This proposed mechanism is also supported by 

previously published observation of SRB coated with a finely divided iron sulfide 

precipitate (Watson et al., 2001). Given the abundance of sulfate reducing bacteria, it is 
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possible that mackinawite would occur in similar sediment (anaerobic waterlogged 

sediment and high SO4
2- content). 

4.5.2. Morphology of pyrite  

A range of euhedral and framboidal pyrite (1-30 µm approximate diameter) were 

observed to have varied morphologies and textures in sediment samples, and to a lesser 

extent in the dredge spoil samples (Table 4.1 and Fig. 4.4). This likely reflects the 

extreme redox and geochemical gradient from the acidified dredge spoil to the adjacent 

drain sediment. Variations in pyrite morphology are generally attributed in the literature 

to differences between formation mechanisms/conditions. Generally, pyrite framboids 

(Fig. 4.4: Rows A–C) are proposed to be formed via mackinawite and greigite precursors, 

in close association with organic matter, silica or carbonates (Rickard, 1970; Vairavamurthy 

et al., 1995). In contrast, euhedral pyrite crystals (Fig. 4.4: Rows D and E) are suggested 

to form via direct nucleation and growth from solution (Rickard, 1970). Euhedral pyrite 

has been proposed to form dominantly when crystal growth is greater than the 

nucleation rate, while a higher nucleation rate over crystal growth rate has been linked 

to framboid formation (Butler and Rickard, 2000; Wilkin and Barnes, 1997). 

I discovered that pyrite sometimes appeared to be a mixture between the two type of 

morphologies (Fig. 4.4 (11), (17), (21), and (22)), and propose this may reflect 

framboids that have begun to transform into euhedral grains, which has previously been 

reported for systems where the iron and sulfide supply is not limited (Sawłowicz, 2000), 

such as is observed at our study site. Changes in crystal growth mechanisms, such as 

surface-controlled growth or diffusion-controlled growth, could also influence crystal 

morphologies. Transformation from framboidal pyrite consisting of octahedral 

microcrystals with smooth surfaces (Fig. 4.4 Row B), to those of needlelike structures 

(Fig. 4.4 Row C) has been suggested to be controlled by surface diffusion process 
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(Harmandas et al., 1998). I observed framboidal pyrite consisting of cubic microcrystals 

and smooth flat surfaces (Fig. 4.4(4)), which has been suggested to be surface-

controlled growth of crystal at early stage, which usually present as even distribution of 

screw dislocations on crystal faces (Butler and Rickard, 2000; Murowchick and Barnes, 

1987). I also observed cubo-octahedral pyrite crystals (Fig. 4.4 (18), (19), (21), (22)), 

which has been suggested to form from growth of crystal faces by two-dimensional 

nucleation with a higher nucleation rate (Alonso Azcárate et al., 2001; Ohfuji and 

Rickard, 2005).  

Physicochemical conditions, such as supersaturation and temperature, significantly 

influence the rate of pyrite nucleation and crystal growth (Graham and Ohmoto, 1994). 

When solution is highly supersaturated with pyrite, nucleation rate is higher than crystal 

growth, which favors formation of framboidal pyrite, while single crystals and cubic 

faces form when pyrite supersaturation is low (Butler and Rickard, 2000). Consequently, 

the discovery of framboidal pyrite (Fig. 4.4 Row: A–C, excluding (4)) in sediment from 

Site 1, Site 2, and Site 4, indicates high pyrite supersaturation was present at these sites. 

The pyrite framboid consisting of microcrystals with cubic faces (Fig. 4.4 (4)) indicated 

low pyrite supersaturation in dredge spoil Site 7. Supersaturation increase with 

increasing activity of S(II) which is enhanced by increasing S0, O2, Eh, and temperature. 

Increasing temperature is assumed to increase pyrite formation rate and laboratory 

synthesis of pyrite showed that framboid size increases in proportion to the heating 

temperature (up to 300°C) while euhedral pyrite forms at lower temperature (25°C) 

(Luther, 1991; Ohfuji and Rickard, 2005). Considering our sampling environment is 

Earth surface with low temperature, the enrichment of pyrite framboids may be 

attributed to actions of microbes. 

The pH has also been reported to control the morphology of synthetic pyrite. In 

previously laboratory syntheses of pyrite under neutral and alkaline conditions 
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(pH>7.0), irregular loose clusters of small euhedral crystals (~2 µm) were commonly 

seen. Under acidic conditions (pH <6.0), large spherical grains (5–18µm) with a range 

of surface morphologies and small spherical grains (1–3µm) were seen (Morse and 

Wang, 1997; Wang and Morse, 1996). In natural estuarine sediments that was affected 

by oxidised dredge spoil, however, the influence of pH on the morphology of pyrite is 

not as straightforward as in an experimental syntheses, and perhaps partially as a 

consequence, more complex morphologies and sizes of pyrite were observed in the 

sediment affected by acidic drainage in this study. In the slightly alkaline sediments 

here (pH 7.3–7.5), both small euhedral crystals and large framboids were observed 

(Table 4.1), including large framboids consisting of octahedra and pyritohedra (~10–30 

µm, Fig. 4.4 (2, 3, 5–8), small framboids consisting of skeletal octahedra (~2–12 µm, 

Fig. 4.4 (9–12)), euhedral octahedra with etched surfaces (~5 µm, Fig. 4.4(17)), and 

small euhedral crystals (~1–2 µm, Fig. 4.4 (13–16)). However in previously published 

studies, a simpler matrix of small euhedral crystals and relatively large framboids were 

more commonly reported (Kraal et al., 2013; Ohfuji and Rickard, 2005). In contrast, 

under the acidic conditions of the dredge spoil Sites 6 and 7 (pH 3.5–5.5), and in the 

partially exposed, oxidized sediment collected from Site 3 (pH 4.3–5.5), small spherical 

grains (~2–5 µm, Fig. 4.4 (4 and 20)) and intermediate morphologies (~8–12 µm, Fig. 

4.4 (1, 18, 19, 21, and 22)) were observed. The occurrence of a diverse morphologies 

and size distributions between the extremes of euhedral and framboidal crystal habits in 

our study site indicate complex natural conditions with extreme geochemical gradients 

that exist between highly oxidised dredge spoil and the sediments in the receiving 

environment.  

No profound relationship between stoichiometry of Fe:S and their morphologies was 

found in my samples possibly due to the analytical precision of SEM-EDS. Some subtle 

‘non-stoichiometry’ was observed for the pyrite, both in sediment and dredge spoil 
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samples, which may be attributed to the analytical imprecision of SEM-EDS and/or 

potential transformation between different FeS species. The S/Fe ratios in pyrite in our 

studied sediments and dredge spoils are close to 2, varying from 1.7 to 2.2 (Table 4.1 

and Figures 4.4, 4.6, and 4.7), which are consistent with the range of S/Fe ratios 

observed in an experiment monitoring solid-state formation of pyrite via greigite from 

mackinawite (Lan and Butler, 2014). Formation of pyrite framboids on greigite spheres 

requires addition of polysulfide and atomic rearrangement (Benning et al., 2000; 

Hunger and Benning, 2007). Though it is possible that the incomplete conversion from 

greigite to pyrite may result in the non-stoichiometry of pyrite observed in marine 

sediments, I did not see direct evidence of pyrite growing on a greigite core in our 

samples. Minor Mn and Ni were observed consistently in the inner structure of pyrite 

(Fig. 4.5); the coastal estuarine sediment system I studied, favours reduction of Fe and 

Mn oxy-hydroxide reduction to Fe2+ to Mn2+, reacting with S2- to form (Fe, Mn)S 

(Andrade et al., 2012). Trace elements have been extensively proved incorporated into 

diagenetic and sedimentary pyrite by substitution of Fe (e.g. U, Pb, Zn, Cu, Mn, Co, Ni, 

Pb, Au, Ag, Te, Mo, Sb, and Bi) (Andrade et al., 2012; Deditius et al., 2011; Franchini 

et al., 2015; Gregory et al., 2014; Hueria-Diaz and Morse, 1992; Keith et al., 2016; 

Qafoku et al., 2009) or substitution of S (e.g. As, Se) (Matamoros-Veloza et al., 2014; 

Neumann et al., 2013). The trace elements incorporated into the pyrite in sediment 

under conditions of sulfate reduction driven by microbial activities and sedimentary 

pyrite formation would subsequently become a significant long-term source of trace 

metals under conditions of weathering of pyrite (e.g slow oxidation) (Keith et al., 2016). 

Thus the incorporation of multiple trace elements with and release from pyrite result in 

non-stoichiometry of pyrite observed in estuarine sediments. 
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4.6. Conclusion 

Natural mackinawite aggregates were observed for the first time in coastal estuarine 

sediment sample, appearing as clusters of flower-shape particles composed of thin 

flakes, in Western Australia. This morphology is consistent with that of biogenic 

mackinawite produced by sulfate reducing bacteria in laboratory conditions, but differs 

from chemically synthesised mackinawite particles. I hypothesis that natural 

mackinawite grows at the base of bacterial cells and encapsulates clay mineral crystals. 

Diverse pyrite morphologies were observed occurred in the same sediment site, 

suggesting complex natural conditions with extreme geochemical gradients that exist 

between highly oxidised dredge spoil and the sediments in the receiving environment.  

Variability in observed pyrite morphology is not only likely the result of differences in 

pyrite formation mechanisms, but also affected in crystal growth, physicochemical 

conditions (like supersaturation, temperature, and pH), chemical oxidation, and 

bioleaching. There were no clear associations between the chemical composition (S/Fe 

ratio) of pyrite and its morphology. The trace elements incorporated into the pyrite in 

sediment under conditions of sulfate reduction driven by microbial activities and 

sedimentary pyrite formation would subsequently become a significant long-term 

source of trace metals under conditions of weathering of pyrite (e.g by slow oxidation) 
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4.8. Supplementary information 

 

Fig. S4.1. Backscattered SEM image of the mackinawite aggregates  

Table S4.1. Quantification results of the EDS spectra labelled in Fig. S4.1 (atomic %). 

 No.9 No. 10 No.11 No. 12 No. 13 No. 14 No. 15 No. 16 No. 17 

O 18.3 25.6 27.5 32.2 30.6 29.4 27.2 29.8 28.7 
Na - - 3.7 - -- - 2.2 - 3.2 
Al 1.3 0.9 1.1 1.3 1.7 1.2 1.5 1.0 1.3 
Si 1.0 0.5 0.8 0.6 1.1 0.6 1.0 0.5 1.0 
P 0 0 0 0 0 0.06 0.05 0 0 
S 36.7 35.8 32.8 30.8 31.2 34.0 33.7 33.4 33 
Cl 1.0 1.0 2.5 1.4 1.6 1.6 1.7 1.4 2.0 
Ca 1.0 0 0 0.06 0.10 0.07 0 0 0.1 
Fe 41.6 36.1 31.7 33.5 33.8 33.0 32.4 33.6 30.5 

Fe:S 1.13 1.01 11.0 1.09 1.08 0.97 0.96 1.01 0.03 
Average Fe:S =1 : 1.02 
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Fig. S4.2. Backscattered SEM image of the mackinawite aggregates  

 

Table S4.2. Quantification results of the EDS spectra labelled in Fig. S4.2 (atomic %). 

 
No. 18 No. 19 No. 20 No. 21 No. 22 No. 23 No. 24 No. 25 

O 31.1 32.3 31.3 37.0 33.0 32.8 28.7 29.03 
Al 1.1 1.1 1.5 1.4 1.0 1.0 0.8 0.94 
Si 0.7 0.6 0.9 0.7 -  0.4 -  - 
P 0 0 0 0 0 0 0 0 
S 33.0 31.8 31.8 29.0 31.7 32.0 35.2 33.84 
Cl 0.6 1.0 1.0 1.0 1.2 0.9 0.6 0.84 
Ca 1.0 0 0 0.07 0.3 0.07 0 0 
Fe 33.3 33.2 33.6 30.7 32.8 32.9 34.8 35.34 
Fe:S 1.01 1.04 1.06 1.06 1.04 1.03 0.99 1.04 
Aeverage Fe : S = 1 : 1.03 
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CHAPTER FIVE  

Investigation of coprecipitation and adsorption of lanthanum to 

synthetic iron monosulfide 

5.1. Abstract 

Sorption of trace elements (divalent trace metal ions, metalloids, trivalent metals and 

multivalent metals) to highly reactive mackinawite (tetragonal FeS) has been 

extensively investigated, both in field and laboratory studies. However potential 

interactions between rare earth elements (REEs, chemically similar group of trivalent 

lanthanides) and sulfide minerals are poorly understood. This information is particularly 

relevant to coastal estuarine systems, where sedimentary sulfide minerals are abundant 

and REEs are used to trace anthropogenic inputs and interpret geochemical processes. 

Here, I are aiming to investigate mechanism of interaction between lanthanum ions and 

iron monosulfide (is it coprecipitation or adsorption mechanism?). A customised anoxic 

reaction chamber was designed to investigate the potential for adsorption and 

coprecipitation of the representative trivalent rare earth element La3+ with synthetic 

mackinawite. In coprecipitation experiments, chemical precipitation of FeS was induced 

in reagents already containing La3+ (~1 mmol/L), while adsorption experiments fed the 

La3+ solution into a slurry of preformed FeS. Total experimental aliquots were collected 

from all treatments at several time intervals over 4 hours of the adsorption reactions and 

26 hours for coprecipitation experiment. The solution and solid phase were analysed for 

total Fe, S and La using ICP-OES, while the solid phase was examined using 

transmission electron microscopy (TEM) with energy-dispersive X-ray spectrometry 

(EDS) to investigate composition and microstructure of the precipitate formed. 

Evidently, more La3+  (average partition coefficient KD = 0.067) was partitioned from 
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solution into solid FeS precipitate in coprecipitation experiment than that in adsorption 

experiment (average partition coefficient KD = 0.043). The precipitate containing La, S, 

and O formed in coprecipitation experiment has crystal structure with primitive cubic 

unit cell, with d1= 3.3 (100), d2 = 2.4 (110), d3 = 1.96 (111), and d4 =1.56 (210), while 

the precipitate containing La, S, and O formed in adsorption is amorphous. 

Understanding REE associations with sulfide minerals in sediments contribute to 

successfully using them  as tracers of biogeochemical processes and anthropogenic 

inputs in coastal systems.  

5.2. Introduction 

Nanocrystalline mackinawite (tetragonal FeS) is the first iron sulfide precipitate from 

anoxic sediment, and forms via a reaction between dissolved Fe2+ and S2−pore water, 

produced by microbial Fe and SO4
2− reduction respectively (Hunger and Benning, 2007; 

Rickard et al., 1995). Mackinawite is highly reactive due to its large surface area and it 

reduced state, and has high capacity to sorb significant quantities of trace metals (Coles 

et al., 2000; Morse and Arakaki, 1993; Wolthers et al., 2005a). The role of mackinawite 

in immobilisation of trace metals or metalloids, such as Mn2+, Co2+, Cr2+, Ni2+, Cu2+, 

Zn2+, Cd2+, Br2+, Sr2+, Tc2+, Re4+, As3+ and As5+, by adsorption and/or coprecipitation, 

has been extensively investigated in laboratory studies (Table 5.1). For instance, while 

rapid adsorption of Mn2+ to mackinawite has been observed, coprecipitation as MnS is 

suggested to be unlikely due to the lower solubility of MnS compared to FeS (Coles et 

al., 2000; Morse and Arakaki, 1993). Trace metals like Pb2+ and Cd2+ can displace up to 

29% of the Fe from mackinawite by forming PbS, Cd, and FeS, which are less soluble 

and more stable than pure FeS. The Pb2+ and Cd2+ can also adsorb onto the surface of 

the mackinawite. The adsorption of arsenate (As5+) and arsenite (As3+) onto synthetic 

iron monosulfide is also fast, forming an outer sphere complex at the surface of 
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mackinawite (Wolthers et al., 2005b). Disequilibrium between measured dissolved trace 

metal ion and sulfide concentration in natural sulfidic, compared with solubility 

products of pure metal sulfide, can be used as an indicator of adsorption and/or 

coprecipitation reactions between dissolved metals and sulfide (Arakaki and Morse, 

1993).  

Table 5.1. Summary of relevant literature on sorption and coprecipitation of dissolved trace 
metals with synthetic mackinawite, and rare earth elements with mackinawite and other mineral 
phases. 

Trace metals Minerals Interaction type Author, Year 

Trace 
metals 
other 
than 

REEs 

Mn(II), Co(II), 
Cr(III), Ni(II), Cu(II), 
Zn(II), Cd(II) 

Mackinawite 

Adsorption and 
coprecipitation 

(Arakaki and Morse, 1993; 
Morse and Arakaki, 1993; 
Schmidt et al., 2009) 

Pb(II), Cd(II) Adsorption and 
coprecipitation 

(Coles et al., 2000; 
Mustafa et al., 2010) 

Tc(IV), Re(IV) Adsorption (Wharton et al., 2000) 

As(III), As(V) Adsorption and 
coprecipitation 

(Wilkin, 2001; Wolthers et 
al., 2005b) 

Ne(V) Adsorption and 
coprecipitation 

(Moyes et al., 2002) 

Br(II), Sr(II) Adsorption (Terakado and Masuda, 
1988; Terakado and 
Taniguchi, 2006) 

     

REEs 

La, Ce, Nd, Sm, Eu, 
Gd, Dy, Er, Yb, Lu 

Calcite, Aragonite Coprecipitation (Terakado and Masuda, 
1988) 

La, Ce, Nd, Sm, Eu, 
Gd, Dy, Er, Yb, Lu, 
Sc 

Mn dioxide Adsorption (Ohta and Kawabe, 2001a) 

Eu Calcite Coprecipitation (Lakshtanov and Stipp, 
2004) 

Eu, Cm Aragonite, 
gypsum 

Adsorption and 
coprecipitation 

(Schmidt et al., 2009) 

La, Ce, Pr, Nd, Sm, 
Eu, Gd, Dy, Ho, Er, 
Tm, Yb, Lu 

Mackinawite Adsorption (Morgan et al., 2012) 
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Rare earth elements (REEs) and FeS elevated in receiving environment affected acidic 

drainage produced by acid sulfate soil (Åström, 2001; Gröger et al., 2011; Morgan et 

al., 2012). While adsorption of rare earth elements to a range of common sedimentary 

mineral phases have been extensively investigated, including metal oxides (Ohta and 

Kawabe, 2001b), calcite (Lakshtanov and Stipp, 2004; Terakado and Masuda, 1988), 

aragonite (Schmidt et al., 2009; Terakado and Masuda, 1988), and gypsum (Schmidt et 

al., 2009) (Table 5.1). The direct association between REEs and mackinawite, and 

potential mechanisms for this, is still poorly defined (Morgan et al., 2012).  Here, I 

address fundamental knowledge gap by investigating the affinity of the rare earth 

element lanthanum for synthetic mackinawite, by a) adsorption and b) coprecipitation in 

laboratory experiments run in a customised anoxic reaction chamber. Following all 

experiments FeS precipitates were analyzed for bulk La, Fe, and S by 

spectrophotometric and (ICP-OES), while transmission electron microscopy (TEM) was 

combined with energy-dispersive X-ray spectrometry (EDS) to study La3+ and FeS 

interaction at the nanometer scale. Understanding REE associations with sulfide 

minerals will throw light on successfully using them as tracers of biogeochemical 

processes and anthropogenic inputs in coastal systems. 

5.3. Methods and materials 

5.3.1. Experiment apparatus 

Sorption experiments were conducted under ambient laboratory conditions temperature 

(~25°C) in a customised reactor system (Fig. 5.1). From the gas-inflow, to the gas-

outflow (Fig. 5.1, left to right) this system consisted of (1) a solution overflow trap (to 

prevent solution backflow to the gas line), (2) an oxygen and sulfide scrubber solution 

(15 wt% of pyrogallol in 50 wt.% of KOH), (3) a reaction chamber for experimental 

treatments, (4) a second oxygen and sulfide scrubber solution, and (5) a bottle 
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containing concentrated FeS solution to prevent accidental H2S release. The reaction 

chamber (3) was fitted with a port for solution addition and for sample withdrawal, and 

probes for continuous measurement of Eh (redox potential), DO (dissolved oxygen), pH, 

and temperature. The reaction chamber was operated in a constant temperature water 

bath (set to 25°C), which was set on a magnetic stir plate.  

 

Figure 5.1. Schematic diagram of the reaction system of coprecipitation and adsorption 
experiment. The entire experimental setup was airtight and was continuously bubbled with high 
purity N2 throughout each experimental period.  

 

5.3.2. Coprecipitation experiment and partition coefficient  

The Fe2+ solution (~2 mmol/L) was made by FeCl2·4H2O and the S2- solution (~2 

mmol/L)  was made using Na2S·9H2O. All chemicals used were analytical reagent 

grade solutions were prepared with deoxygenated Milli-Q water (<18.2 MΩ·cm at 

25 °C). The coprecipitation experiment was conducted by addition 300 mL of the S2- 

solution (~2 mmol/L) to the 300 mL solution containing both Fe2+ (~2 mmol/L) and 

La3+ (~2 mmol/L) in the reaction chamber (3) (Fig. 5.1). After mixing, the initial 

concentrations of Fe2+, S2-, and La3+ in the reaction chamber before coprecipitation 

          

    

  

N2
            

  

Sampling in and out Probes for pH, Eh, DO, temperature measurements

N2

(2) O2 & H2S  
      scrubber 

(3) Reaction bottle (4) O2 & H2S 
         scrubber

(5) Concentrated  
      FeS solution

(1) Solution  
      overflow 
      trap
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experiment are about 1mmol/L respectively.  The suspensions were stirred continuously 

using a magnetic Teflon-coated stir bar. Throughout the reaction period, Eh, DO, pH, 

and temperature were recorded. A 10 mL aliquot of the reaction suspension (containing 

a black precipitate) was extracted through the sampling port at 0, 0.08, 0.33, 0.67, 1.5, 

3.0, and 26 h.  

5.3.3. Adsorption experiment  

Synthetic FeS was prepared by mixing equal volumes (300mL) of Fe2+ solution (~2 

mmol/L) and S2- solution (~2 mmol/L) in the N2 purged reaction chamber (3) (Fig. 5.1). 

The sorption experiment was involved chemical synthesis of FeS, followed by addition 

of 300 mL of ~2 mmol/L La3+ solution to the preformed FeS suspension. Amorphous 

FeS formed immediately, and reached a steady pH (~7) before the start of the 

experiment. A 10 mL aliquot of the reaction suspension (containing the black FeS 

precipitate) was extracted at the period of FeS formation (0, 0.5, 0.5, 1.5 hour) and 

adsorption experiment period (1.51, 2.0, 3.0, 4.0 hour). 

5.3.4. Solution analysis 

Aliquots of each reaction solutions were filtered to <0.45 µm through a syringe driven 

filter under a N2 atmosphere. The precipitate retained on the filter were washed at 

intervals with pure deoxygenated ethanol to remove solutions remained on precipitate 

and then dissolved in 6 mol/L deoxygenated HCl. Dissolved Fe2+ concentration were 

determined at intervals using the 1, 10 phenanthroline colorimetric methods from 

(Laskov et al., 2007), while total Fe, S, and La in were measured using Inductively 

Coupled Plasma Optical Emission Spectrometry (ICP-OES: Perkin Elmer, Optima 

5300DV, Shelton Connecticut USA). 
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5.3.5. Transmission electron microscopy examination precipitates 

Precipitates from both experiments were washed in pure deoxygenated ethanol to 

remove solutions remained on precipitate in an N2 atmosphere before being re-

suspended in the ethanol, and a drop of being deposited on a carbon coated Cu-grid for 

examination under transmission electron microscopy (TEM: FEI Titan G2 80-200kV) 

and energy dispersive X-ray spectroscopy (EDS). 

5.3.6. Partition coefficient KD 

As Fe2+ and S2- precipitate from the solution, the partitioning of La3+ between the 

solution and solids follows a distribution law introduced by Henderson and Kracek 

(1927). The partition coefficient of La3+ in mackinawite can be presented as: 

KD =  	
(XLaXFe

)solid
(CLaCFe

)solution
  (Eq.5.1) 

where, XLa and XFe refer to the mole fractions of La and Fe in mackinawite precipitates, 

and CLa and CFe refer to the molar concentrations of La and Fe in the solution. 

The La mole fraction XLa in the precipitate can be presented as (Lakshtanov and Stipp, 

2004): 

XLa= 
[34]67[34]8

[9:]67[9:]8;[34]67[34]8  (Eq.5.2) 

where [La]0 and [Fe]0 represent the molar concentration of La and Fe in the initial 

solution, and [La]t and [Fe]t in reaction bottle. 
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5.4. Results 

5.4.1. Coprecipitation experiment 

Addition of S2- solution to this reagent in the reaction bottle that has already contain 

Fe2+ and La3+ solution, results in an increase in the dissolved oxygen and increase of pH 

value. The pH increased to 5.9 at the first addition of 100 mL of S2- solution, to pH 6.7 

at the second addition of 100 mL, and to pH 7.2 at the third 100 mL (Fig. 5.2). The DO 

increased to 0.81 mg/L at addition of first 100mL of S2- solution but decreased to 0.14 

mg/L after the addition of the third 100 mL of S2- solution (Fig. 5.2). After all of the 

300 mL of S2- solution was added into the reaction bottle, the pH of the coprecipitation 

reaction solution stayed above 7, ranging from 7.0 to 7.9 (Fig. 5.2). The DO was kept 

below 0.2 mg/L, the redox potential (Eh) was kept below -200 mV, and the temperature 

was kept around 25℃ (Fig. 5.2). On addition of the S2- solution to the Fe2+ and La3+ 

solution, a black precipitate immediately formed. I found that 61.9%–75.3% of Fe, 

61.4%–71.3% of S, and 18.8%–22.2% of La from initial solution precipitated (Table 

5.2).  

TEM examination of the precipitates extracted at 1 h of the coprecipitation experiment 

showed an association between La and S in the layered multiple elements map, with the 

S signal is surrounding the La signal forming the precipitated particle, where Fe signal 

is too weak to show up (Fig. 5.4c). The precipitate extracted after 1 month of the 

coprecipitation experiment also showed an association between La and S suggesting 

they are from the same phase, with Fe acting as supporting materials indicating Fe is 

from another phase (Fig. 5.5c). The Fe element map showed needle-shape structure, 

which was identified as FeO(OH) (might due to partial oxidation during transportation 

to TEM analysis). The electron diffraction pattern extracted from area where La and is 
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strongly associated showed that this phase is crystalline and has a primitive cubic unit 

cell, with d1= 3.3 (100), d2 = 2.4 (110), d3 = 1.96 (111), and d4 =1.56 (210) (Fig. 5.5b).  

 

Figure 5.2. The changes of redox potential (Eh), dissolved oxygen (DO), and pH against 
reaction time (h) during the coprecipitation experiment. For clarity, the X axis is log 
transformed.   

 

5.4.2. Sorption experiment 

Black FeS precipitates formed rapidly once the S2- solution was mixed with Fe2+ 

solution. The pH increased to 7.0 after addition of S2- into the Fe2+ solution (Fig. 5.3). 

The FeS precipitate was left to age for 1.5 hour, during which the pH stayed stable from 

6.50–6.57 and the DO stayed below 0.1 mg/L. The Eh was between -228 and -237 mV, 

and the temperature of the solution was between 26.2–26.7°C. When La3+ was added 

into the FeS suspensions, the pH of the suspension dropped to 5.52 and the DO 

increased to 0.23 mg/L. The pH then rapidly increased to 6.7, and then stayed between 

6.8 and 6.9, and the DO decreased to 0.07 mg/L. The Eh during sorption experiment 
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stayed between -218mV and -226mV and the temperature of the suspension is between 

247 and 25.4. After mixing Fe2+ solution and S2- solution, 61.7%–69.1% of Fe and 

62.2%–70.0% of S precipitated (Table 5.3). After addition of La3+ into reaction 

chamber containing FeS suspensions, 3.5%–5.2% of La from initial solution was 

detected in FeS precipitate, while over 90% of the La was still remained in the solution 

(Table 5.3). 

 

Figure 5.3. The changes of redox potential (Eh), dissolved oxygen (DO), and pH against 
reaction time (h) during the adsorption experiment. For clarity, the X axis is broken 1.5. 

 

TEM examination of the precipitates extracted at 1 h of the adsorption experiment 

showed an association between La and S in the layered multiple elements map, with La 

signal is surrounding Fe signal, suggesting La and S are from the same phase while with 

Fe is from another from acting as supporting materials indicating (Fig. 5.6b). The phase 

containing La and S is amorphous while the phase containing Fe is nanocrystalline (Fig. 

5.6c), with d spacings d1= 2.65, d2 = 2.60, d3= 2.14 (Fig. 5.6d).    
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5.5. Discussion 

5.5.1. Coprecipitation experiment 

The initial Fe2+ and La3+ mixed solution became acidic (pH=5.0) as the Fe2+ and La3+ 

ions were hydrolyzed to form Fe(OH)+ and La(OH)2
+ and released H+ at the anoxic 

environment (Eh=-91 – -113mV, DO=0.16 – 0.30 mg/L) (Stefánsson, 2007). After 

addition of S2- solution, besides direct precipitation between Fe2+ and S2-, the 

hydrolyzing product iron monohydroxy-complex can react with dissolved sulfide to 

produce black FeS precipitates as well (Eq.5.3) (Peiffer et al., 1992; Rickard, 1995). 

Visual observation of black precipitates formed immediately once the S2- solution is 

added into the Fe2+ and La3+ mixed solution indicated rapid formation of mackinawite 

in the bulk solution, which is consistent with fast precipitation of Fe2+ and S2- in 

chemical synthesis of mackinawite (Mullet et al., 2002; Ohfuji and Rickard, 2006). The 

precipitation reaction reached a steady state, where the solution composition in the 

reaction bottle (including pH) remained generally constant  

2Fe(OH)+ + 2HS- ⇌ FeS(S) + 2H2O  (Eq.5.3) 

In this study, the partition coefficient for La3+ between the precipitated FeS and aqueous 

solution is between 0.061 and 0.088 at 25°C. The mechanism of substitution of trivalent 

metal La3+ for divalent Fe2+ and stoichiometry of La incorporation into FeS are 

unknown. The partition coefficient calculated by Eq.5.1 is not necessarily a 

thermodynamic constant that is independent of La concentration, and it can only reflect 

the enrichment or depletion of La in the precipitated FeS by an unknown mechanism 

(Lakshtanov and Stipp, 2004). 
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Figure 5.4. The HAADF-STEM image (a), EDS spectrum (b), EDS multiple elements map 
showing overlap of Fe, La and S (c), EDS element La map (d), EDS element Fe map (e), and 
EDS element S map (f) of the precipitate extracted at about 1 hour of the coprecipitation 
experiment. 

The precipitates from coprecipitation experiment showed strong association between La, 

S, and O in nanoparticles as the EDS element maps presented (Fig. 5.4 e, 5.4f, and 5.4h). 

Since mackinawite does not easily dissolve except when oxidizing or reacting with acid, 

it is not likely that the La would substitute for Fe from decomposed FeS. It has been 

proposed that divalent trace metals such as Pb and Cd are suggested to be likely 

incorporated into FeS as mixed sulfides (Pb,Fe)S and (Cd,Fe)S rather than formation of 

pure PbS or CdS (Coles et al., 2000). Therefore the association between La and S is 

more likely due to LaS (XRD data from Downs et al., 1993) or LaSO4 formed directly 

from solutions. By analyzing the selected area electron diffraction pattern (SAED), 

these nanoparticles are crystalline pure phase consisting of La, S, and O, with a 

primitive cubic unit cell. The crystal structure (d1= 3.3 (100), d2 = 2.4 (110), d3 = 1.96 

(111), and d4 =1.56 (210)), Fig. 5.5b, did not match any previously published crystal 

structure parameters of any compound that could possibly occur in our experimental 

conditions but, surprisingly, match well with the crystal structure of PbS using the 
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ICSD database (Belsky et al., 2002; Bergerhoff and Brown, 1987). However, PbS does 

not exist in our experimental system, as Pb peaks are not detected in the EDS spectrum 

(Fig. 5.5h), and no Pb was added. 

 

Figure 5.5. The High Resolution TEM image (a) and electron diffraction pattern (b), EDS 
multiple elements map showing overlap of La, Fe, and S (c), EDS element La map (d), EDS 
element S map (e), EDS element Fe map (f), and EDS element O map (g), and EDS spectrum 
(h) of the precipitate extracted at about 1 month of the coprecipitation experiment.  

It is possible that there could be more incorporation of REE into FeS by substitution if 

given more time. The coprecipitation experiment stopped at 1 month due to the 

difficulty to keep the reaction system anaerobic for longer time. Even though the 

reaction period in our experiment is much longer than that in the coprecipitation 
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experiment of divalent metals into FeS (15 hours) (Arakaki and Morse, 1993), the 

equilibrium in the coprecipitation experiment has not been achieved. As shown by 

Figure 5.2, the pH in the reaction system has not reached a stable state. The partition 

coefficient of the coprecipitation experiment did not reach a constant value when I 

stopped the experiment (Table 5.2).  

 

5.5.2. Adsorption experiment 

The partition coefficient KD (mean 0.043) in the adsorption experiment is much less 

than that (mean 0.067) in coprecipitation experiment, suggesting enrichment of La 

incorporated with FeS by coprecipitation mechanism. The adsorption of La3+ onto FeS 

reached a steady state very rapidly, as La in precipitates reached 0.06 mmol/L after 

sulfide addition and then reduced slightly to 0.04 mmol/L less than 30 min after 

addition of La3+. The adsorption of other trace metals onto FeS has also generally been 

reported to be complete in less than 30 min, including Co2+ and Ni2+ (Morse and 

Arakaki, 1993), Mn(II) (Arakaki and Morse, 1993), and As(V) (Wolthers et al., 2005b). 

The La measured in precipitates (La/S mole ratio 0.1 – 0.2) accompanied the release of 

Fe from the FeS precipitates (Fe/S mole ratio 0.1 – 0.2), suggesting limited amount of 

La may be adsorbed onto surface of the FeS precipitate and exclude Fe. A mechanism 

for La adsorbing onto the FeS surface can be proposed as Eq.5 4 and Eq.5.5, similar to 

that proposed for Cd sorption (Mustafa et al., 2010). It is possible that negligible 

amounts of the trivalent La3+ may form a complex at the surface of FeS, suggesting that 

the FeSH+ is the surface reactive species (Farquhar et al., 2002; Wolthers et al., 2005b). 

FeS + La3+ ⇌ LaS +Fe2+  (Eq.5.4) 

FeSH + LaOH2+ ⇌ (FeS)LaOH + H+  (Eq.5.5) 
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where, FeSH represents a protonated surface site on FeS. 

Examination of precipitates from the La adsorption experiment using TEM showed an 

association between La and S in the layered multiple elements map (Fig. 5.6d), 

suggesting they are from the same phase, while Fe signal is stronger in the area where 

La and S signal is weaker, suggesting Fe is from another phase. The phase that contains 

La and S is amorphous, while the phase contain Fe is nanocrystalline as short-range 

ordered structure can be seen in the processed HRTEM image (Fig. 5.6b). The crystal 

structure parameter d spacings extracted from the FFT (Fast Fourier Transform) image 

are insufficient to identify this phase. This phase might be Fe hydroxides, based on 

element Fe and S maps, due to oxidation after precipitate was taken our from anoxic 

reaction chamber for TEM analysis.  

 

Figure 5.6. The HAADF-STEM image (a), high resolution TEM image (b), the corresponding 
fast Fourier transform (FFT) image  (c), EDS multiple elements map showing overlap of La, Fe, 
and S (d), EDS element La map (e), EDS element Fe map (f), EDS element S map (g), and EDS 
element O map (h) of the precipitate extracted at about 1 hour of the adsorption experiment 
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5.6. Conclusion 

Both in the coprecipitation and sorption experiment, 60% of Fe2+ and S2- from initial 

solution precipitated rapidly. Evidently, more La3+ (average partition coefficient KD = 

0.067) was partitioned from solution into solid FeS precipitate in coprecipitation 

experiment than in the adsorption experiment (average partition coefficient KD = 0.043). 

The precipitate containing La, S, and O formed in coprecipitation experiment has 

crystal structure with primitive cubic unit cell, with d1= 3.3 (100), d2 = 2.4 (110), d3 = 

1.96 (111), and d4 =1.56 (210), while the precipitate containing La, S, and O formed by 

adsorption is amorphous. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 141

Table 5.2. The concentrations of Fe2 +, S2- , total Fe, total Se, and total La measured in the solution and in the precipitate during the coprecipitation experiment. The 
“%” in the table means the “ [measured concentrations of elements (Fe, S, or La) in solution or precipitate at time intervals / concentration of elements (Fe, S, or La) 
in initial solution before reaction]%”. Detection limit for Fe2+ and S2- using spectrophotometry is 1.7×10-3 mmol/L and 3.510-3 mmol/L respectively, and the 
detection limit for Fe, La, and S using ICP-OES is 3.6×10-4 mmol/L, 6.4×10-6 mmol/L, and 4.3×-3 mmol/L respectively.  The KD means the partition coefficient.   

 In precipitate In solution KD 
Time  Fe2+ Fe S La Fe2+ Fe S La  

h mmol/L % mmol/L % mmol/L % mmol/L % mmol/L % mmol/L % mmol/L % mmol/L %  
0.00 - - - - - - - - 0.97 - 0.97 - 1.01 - 1.17 - - 

0.08 0.11 11.3 0.65 67.0 0.68 67.3 0.26 22.2 0.41 42.3 0.39 40.2 0.43 42.6 1.06 90.6 0.070 

0.33 0.10 10.3 0.60 61.9 0.65 64.4 0.23 19.7 0.40 41.2 0.38 39.2 0.44 43.6 1.05 89.7 0.074 
0.67 0.10 10.3 0.63 64.9 0.67 66.3 0.24 20.5 0.39 40.2 0.38 39.2 0.44 43.6 1.03 88.0 0.088 
1.5 0.12 12.4 0.66 68.0 0.67 66.3 0.25 21.4 0.40 41.2 0.37 38.1 0.44 43.6 1.04 88.9 0.077 
3 0.14 14.4 0.67 69.1 0.72 71.3 0.24 20.5 0.39 40.2 0.36 37.1 0.44 43.6 1.06 90.6 0.061 
26 0.19 19.6 0.73 75.3 0.62 61.4 0.22 18.8 0.34 35.1 0.33 34.0 0.47 46.5 1.10 94.0 0.033 
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Table 5.3. The concentrations of Fe2 +, S2- , total Fe, total Se, and total La measured in the solution and in the precipitate during the adsorption experiment. The “%” 
in the table means the “ [measured concentrations of elements (Fe, S, or La) in filtrate solution or precipitate at time intervals / concentration of elements (Fe, S, or 
La) in initial solution before reaction]%”. Detection limit for Fe2+ and S2- using spectrophotometry is 1.7×10-3 mmol/L and 3.510-3 mmol/L respectively, and the 
detection limit for Fe, La, and S using ICP-OES is 3.6×10-4 mmol/L, 6.4×10-6 mmol/L, and 4.3×-3 mmol/L respectively.  The KD means the partition coefficient.   

  In precipitate In solution KD 

 Time  Fe2+ Fe S La Fe2+ Fe S La  
 h mmol/L % mmol/L % mmol/L % mmol/L % mmol/L % mmol/L % mmol/L % mmol/L %  
 0.00 - - - - - - - - 0.94 - 0.94 - 0.90 - 1.15 - - 

FeS formation 

0.1 0.18 19.1 0.65 69.1 0.63 70.0 - - 0.33 35.1 0.27 28.7 0.33 36.7 - - - 

0.5 0.16 17.0 0.58 61.7 0.56 62.2 - - 0.33 35.1 0.28 29.8 0.30 33.3 - - - 
1.5 0.16 17.0 0.53 62.8 0.57 63.3 - - 0.32 34.0 0.27 28.7 0.35 38.9 - - - 

                   

Adsorption 
experiment 

1.51 0.15 16.0 0.54 56.4 0.50 55.6 0.06 5.2 0.35 37.2 0.32 34.0 0.32 35.6 1.06 92.2 0.044 
2.0 0.14 14.9 0.54 57.4 0.52 57.8 0.04 3.5 0.36 38.3 0.32 34.0 0.33 36.7 1.07 93.0 0.039 
3.0 0.17 18.1 0.56 59.6 0.53 58.9 0.04 3.5 0.35 37.2 0.34 36.2 0.33 36.7 1.05 91.3 0.054 
4.0 0.22 23.4 0.57 60.6 0.60 61.4 0.22 3.5 0.34 36.2 0.33 35.1 0.34 37.8 1.08 93.9 0.035 
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CHAPTER SIX  

Trace elements geochemistry in acidified estuarine dredge 

spoil and associated sulfidic drain sediments, South Yunderup, 

Western Australia 

6.1. Abstract 

An understanding of trace element cycling is critical for the interpretation of past 

changes in coastal systems (e.g. weathering or anthropogenic contamination), and can 

be an indicator of changes in biogeochemical conditions (i.e. redox, pH) in sediments. 

While there have been several studies investigating trace element concentrations and 

speciation in acid sulfate soils and several investigating sediments in receiving systems 

for acid sulfate drainage, studies covering both acid sulfate soil and the receiving 

sediment in one coastal system are rare. Total (by aqua regia digestion) trace elements 

(As, Ba, Cd, Co, Cr, Cu, Mn, Ni, Pb, Rb, Sr, Th, Ti, U, V, Zn), rare earth elements 

(REEs), and other elements (Fe, S, and P) were measured in the solid-phase of both 

dredge spoil and drain sediments, as well as in surface water and sediment pore waters 

when present. In dredge spoil core, the trace elements and S were leached from upper 

layers into lowermost layers promoted by acidification, which is caused by oxidation of 

iron sulfides. Elements like Fe, Mn, Ni, and Co in sediment pore water were obviously 

influenced by acidified dredge spoils as pore water concentrations of some these 

elements are obviously elevated at sediment Site 1, ~2 m from the dredge spoil, 

compared to the further sediment sites. The redox condition changed from oxic to 

anoxic at 70–90 cm depth, as a spike in concentration of most of the trace elements 

occurred in this depth zone. Mean comparison among reduced sediment, oxidised 

dredge spoil, and partially oxidised sediment at Site 3, suggested mobile elements, like 
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REEs, Ba, Cd, Co, Cr, Fe, Mn, Ni, Sr, U, and Zn, are enriched in reduced sediment as 

well as P and S while less mobile ones like Ti still present in oxidized dredge spoil. 

Elements with multiple valence, like As, Cr, Cu, Pb, Rb, Th, and V, are enriched in 

partially oxidised sediment at Site 3. Considering results from both principal component 

analysis and linear discriminant analysis, the most influential predictors, allowing best 

separation of dredge spoil from reduced sediment, and oxidized sediment Site 3 are Th, 

REE, Pb, and Ti. 

6.2. Introduction 

Trace element geochemistry has been extensively used to interpret Earth surface 

processes (e.g. weathering and early diagenesis) and anthropogenic contamination in a 

range of sedimentary systems including mangrove sediment (Johnston et al., 2016; Nath 

et al., 2013), river sediment (Plathe et al., 2010; Singh, 2009), lake sediment (Burton et 

al., 2008), deep sea sediment (Beck et al., 2008) and estuarine sediment (O'Connor et 

al., 2015; Saulnier and Mucci, 2000). The studies about trace elements in sulfidic 

sediment mainly focus on the role of reactive FeS (Burton et al., 2005; Morgan et al., 

2012b; Wong et al., 2013), the role of pyrite as a host of trace elements (Chappaz et al., 

2014; Deditius et al., 2011; Gregory et al., 2014; Large et al., 2014; Neumann et al., 

2013), and fractionation of sulfide species and pyritization (Andrade et al., 2012; Burton 

et al., 2006; Olson et al., 2017). 

Sulfide-rich (e.g. mackinawite and pyrite) coastal sediments exposed to air due to water 

level lowering, excavating, or dredging develop into coastal acid sulfate soils, which 

promotes mobilization of trace elements due to acidification and redox changes (Burton 

et al., 2006). While there have been several studies investigating trace element 

mobilisation and speciation in source of acidity such as acid sulfate soils (Gröger et al., 

2011; Johnston et al., 2010; Keene et al., 2010; Sohlenius and Öborn, 2004) and land-
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disposed dredged sediment (Cappuyns et al., 2004; Singh et al., 2000), and several 

investigating sediments in receiving systems for acid sulfate drainage (Johnston et al., 

2016; Morgan et al., 2012b; Nath et al., 2013), studies covering both acid sulfate soil 

and the receiving sediment in one coastal system are rare. Additionally, while there is 

often either a focus on trace elements mobility governed by oxidation of iron sulfides in 

acid sulfate soil, or immobilisation during sulfate reduction in anoxic sediment, these 

typically only consider the solid-phase, with fewer studies taking both the pore water 

and solid-phase into consideration (Olson et al., 2017). 

In this study, I investigate trace element concentrations (As, Ba, Cd, Co, Cr, Cu, Fe, 

Mn, Ni, Pb, Rb, Sr, Th, Ti, U, V, Zn) and total rare earth elements (ΣREEs) in the solid 

phase of a) an acidified estuarine dredge spoil (secondary acid sulfate soil) that was 

disposed of more 15 years ago and b) sediment in an adjacent drain, an estuarine 

receiving environment for the acid drainage from the dredge spoil. In addition to 

investigating solid phase concentrations, sediment pore waters and overlying surface 

waters were also analysed, to provide a complete geochemical snapshot of trace 

elements cycling, from the source to the sink, in this coastal system. Our aim was to 

determine the trace element stores in a system of prolonged sulfide oxidation, from the 

acid drainage-producing environment to the acid drainage-receiving environment, and 

create a better understating of the processes controlling authigenic accumulation of trace 

elements in sulfuric and sulfidic sediments.  

6.3. Methods and materials 

6.3.1. Site description 

The study site is located in South Yunderup, on the south bank of the Murray River 

adjacent to the South Yunderup Main Drain, which is ca. 80 km South of Perth in 
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Western Australia (32°35'29.45"S, 115°46'56.21"E, Fig. 2.1 in Chapter Two) in the 

Peel-Harvey Estuary System (PHES), where there are strongly reducing, organic- and 

sulfide-rich sediments (Kraal et al., 2013; Morgan et al., 2012a). There have been 

historic and ongoing dredging activities in this area, with land-based disposal of 

dredged sediments occurring for decades (Sullivan et al., 2006), which has generated 

secondary acid sulfate soils as the sulfidic minerals oxidise. Additionally, there has been 

a long history of eutrophication (observed since ~ 1965) in the PHES including in South 

Yunderup, and has been shown to accumulate phosphorus and heavy metals (Gerritse et 

al., 1998; Kraal et al., 2013). Recently Peel Inlet has been suggested that South 

Yunderup is characterised as having high total annual N (688 tonnes/y) and P (71 

tonnes/y) loads as presented in Table 4.1 in Kelsey et al. (2011). The region has dry hot 

summers with sub-tropical climate (Köppen-Geiger Csa) and mean monthly maximum 

temperatures in 2017 ranging between 17.4 °C (July) and 29.8 °C (February), and a 

mean annual rainfall of 671.2 mm (Australian Bureau of Meteorology, 2017). In this 

study I investigated a legacy dredge spoil and sediments from an adjacent drain (South 

Yunderup Main Drain), which has received acidic drainage from the dredge spoil since 

its disposal in the late 1990’s. 

6.3.2. Sample collection 

6.3.2.1. Drain sediment and surface water 

Five sediment cores (Site 1, Site 2, Site 3, Site 4, and Site 5) were collected using a 

Perspex coring device in the South Yunderup Main Drain, in a spatial transect parallel 

to the flow of the drain water towards the estuary, increasing in distance from the 

dredge spoil (2 m, 58 m, 82 m, 204 m, and 287 m respectively). The sediment core at 

Site 3 was partially exposed to air at the time of sampling. Sediment cores were 

extruded from the core and sectioned in 5 cm depth increments, before being stored in 
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plastic zip-lock bag with the air squeezed out, and kept at ~4 °C during transportation to 

the laboratory. Pore water was extracted within two hours after collection by 

centrifuging in the laboratory and then sediments were stored at −18 °C. Pore water 

samples were split into two aliquots, with one immediately analysed for pH and EC, and 

the other filtered (<0.45µm) and acidified to pH <2 for subsequent trace element 

analysis. 

Surface water samples were collected from each of the sediment sampling sites, except 

for Site 3 due to the sediment being above the surface water level. Instead, a surface 

water sample was collected between Site 4 and Site 5 (Site 4.5). Like the pore water, 

surface water sample was split into two aliquots, one was immediately analysed for pH 

while the other was filtered (<0.45 µm) and acidified for subsequent trace element 

analysis. 

6.3.2.2. Dredge spoil 

Seven cores were collected from the dredge spoil using polyvinyl chloride cores. Four 

of these cores (Site 9, Site 10, Site 11, and Site 12) were collected in a transect 

perpendicular to the drain with increasing distances from the water’s edge (~8m, 13m, 

16m, and 50m respectively), while the other three cores (Site 6, Site 7, and Site 8) were 

roughly aligned parallel to the drain at similar distance from the surface water (~ 2m, 

3m, and 4m respectively) (Fig. 2.1 in Chapter Two). The three cores (Site 6, Site 7, Site 

8) that were closest to the drain were around 125 cm in depth, while the depth of the 

other four cores ranged between 35 and 77 cm.  

The pipes containing the dredge spoil core were sealed immediately and stored on ice 

during transportation, before being opened by cutting the PVC pipe longitudinally in the 

laboratory for observation of profile of the dredge spoil cores, which were then 

sectioned according to identification of consistent horizons (based on color and texture). 
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Pore water was extracted from deeper layers of dredge spoil cores such as Site 6 (depth 

> 84cm), Site 7 (depth > 59cm), and Site 8 (depth > 84cm).  Each solid section was 

transferred into zip-lock plastic bags, thoroughly homogenized, and then all air was 

expelled prior to being stored in a freezer at −18 °C prior to further processing and 

analysis.  

6.3.3. Sample analysis  

6.3.3.1. Pore water and surface water  

Surface water and pore water samples were analysed for dissolved sulfate using the 

barium sulfate turbidimetric method (Laskov et al., 2007) and dissolved ferrous iron 

using the 1, 10 phenanthroline method (Laskov et al., 2007) analyses conducted using a 

microplate spectrophotometer (BMG, FluoStar Optima, Offenburg, Germany). Total S, 

P, Fe, and As were measured for all sediment pore water samples and drain surface 

water samples by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-

OES) (Perkin Elmer, Optima 5300DV, Shelton Connecticut USA) while trace elements 

(Ba, Cd, Co, Cr, Cu, Mn, Ni, Pb, Rb, Sr, Th, Ti, U, V, Zn) and rare earth element (from 

La to Lu, and also including Y) concentrations were determined for sediment pore water 

and surface water samples by Inductively Coupled Plasma Mass Spectrometry (ICP-

MS) (Perkin Elmer, Elan 6000, Toronto Canada). Samples measured by ICP-MS were 

diluted 1:10 with an internal standard (10 ppb Rh and Ir in 1% (v/v) HNO3) together 

with the calibration solutions prepared from MISA series mixed elements standard. 

6.3.3.2. Dredge spoil and drain sediments  

For analysis of total element concentration solid-phase dredge spoil and sediment 

samples were dried, crushed into a fine powder and digested in aqua regia (APHA, 

2005), a near-total digest which dissolves all mineral phases except for silicates 
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(Rayment and Lyons, 2010). Total S, P, Fe, and As were measured for all sediment 

samples and dredge spoil samples of Sites 6–8 and 12 by ICP-OES while trace elements 

(Ba, Cd, Co, Cr, Cu, Mn, Ni, Pb, Rb, Sr, Th, Ti, U, V, Zn) and rare earth elements (La – 

Lu, and Y) were determined for all sediment and dredge spoil samples by ICP-MS 

(Perkin Elmer, Elan 6000, Toronto Canada). Samples measured by ICP-MS were 

diluted 1:10 with an internal standard (10 ppb Rh and Ir in 1% (v/v) HNO3) together 

with the calibration solutions prepared from MISA series mixed elements standard. A 

certified reference material (stream sediment, CANMET Mining and Mineral Sciences 

Laboratories, Ontario, Canada) was used as standard for quality control. Acid volatile 

sulfide (AVS) was analysed using the method presented by Burton et al. (2007). 

6.3.4. Data analysis 

Statistical analyses were implemented in R (R Core Team, 2017), while basic 

calculations such as transformations of variables were performed in Excel®. 

Distributions of analytical variables was assessed using the Shapiro-Wilk test, with non-

normal variables transformed using either log10, or a power transform where the power 

term was estimated from the Box-Cox algorithm, and the distributions of transformed 

variables were re-assessed. Means comparisons were performed using the non-

parametric Kruskal-Wallis test, since not all concentration variables could be 

transformed to achieve normal distributions based on the Shapiro-Wilk test. For means 

comparison where the Kruskal-Wallis test showed a significant difference, and where 

the number of means tested was >2, the R package ‘PMCMR’ (Pohlert, 2014) to apply 

the post-hoc Nemenyi test for pairwise comparisons of mean rank sums. For 

multivariate statistical analyses, compositional closure was removed from the elemental 

analysis data by two methods. For correlation analyses and principal components 

analysis (PCA), the centered log-ratio transformation (Reimann et al., 2008) was used. 
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For linear discriminant analysis (LDA), the additive log-ratio transformation was 

applied as recommended by Grunsky (2010) with chromium as the reference element, 

using the R package ‘rgr’ (Garrett, 2016). A linear discriminant analysis was also used 

on the components calculated by the PCA procedure, to identify the principal 

components yielding the greatest separation between pre-existing sample types. In this 

PCA-LDA procedure, the number of principal components used was reduced to those 

having: eigenvalues > 1, collectively explaining up to 80% of cumulative variance, and 

individually explaining >1/n of variance where n is the number of predictors (in this 

case, principal components); the selected principal components were used in the LDA 

without further transformation. 

6.4. Results 

6.4.1. Surface water and pore water  

Surface water concentrations of Fe2+ (mean 0.019 mmol/L, range 0.016–0.02 mmol/L) 

and sulfate (mean 96.2 mmol/L, range 82.2–103.3 mmol/L) were both higher than those 

in typical seawater with sulfate at 28.1 mmol/L and total Fe at 6.09 ×10-5 mmol/L 

(Chester, 2009). Concentrations of total REEs in surface water were low (mean 3.0×10-4 

mg/L). Surface water total Fe concentrations were low (mean 1.0 mg/L) and total Mn 

concentrations were also low (mean 0.05 mg/L), while As was not detectable in the 

surface water. Likewise, most surface water trace metal concentrations were low: Co 

(mean 0.02 mg/L), Cr (mean 0.04 mg/L), Cu (mean 0.04 mg/L), Zn (mean 0.05 mg/L), 

while Ni and Pb were not detectable. Average total S concentrations in surface water  

(mean 1506 mg/L) were much higher than in typical seawater (904 mg/L) (Chester, 

2009), while P was not detected in the surface waters.  
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Sediment pore water Fe2+ concentrations (mean 0.31 mmol/L, range 0.02–2.73 mmol/L) 

were higher than in surface water. Sediment pore water sulfate concentrations (mean 

96.9 mmol/L, range 54.6–147.3 mmol/L) were close to surface water sulfate 

concentrations. The average sulfate concentration in sediment pore water increased with 

distance away from the dredge spoil, in contrasts with the surface water samples, which 

showed decreasing sulfate concentrations with increasing distance from the dredge spoil 

(Fig. 6.2). Sediment pore water total REEs concentrations were often below detection, 

with only the deepest samples in each Site (> 27 cm) having measurable concentrations. 

Sediment pore water total Fe concentrations (mean 32.7 mg/L) were much higher than 

that in surface water and elevated at the bottom of each sediment core (Fig. 6.3). 

Sediment pore water total Mn concentrations (mean 1.4 mg/L) were much higher than 

that in surface water. Sediment pore water Fe, Mn, As, Ni concentrations were elevated 

at both Sites 1 and 3, while Co and Zn concentrations were only elevated at Site 3 (Fig. 

6.2). Sediment pore water total S in Sites 4 (mean: 0.15 mg/L) and Site 5 (mean: 0.12 

mg/L) is higher than that in Sites 1–3 (below detection limit: 0.10 mg/L) (Fig. 6.3).   
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Figure 6.1. Photographs of dredge spoil cores.  

 

Dredge spoil pore water (depth > 80cm) Fe2+ concentrations (mean 4.0 mmol/L, range 

0.7–6.9 mmol/L) were much higher than those in surface water and sediment pore 

water. Dredge spoil pore water sulfate concentrations (mean 59.3 mmol/L, range 44.4–

82.6 mmol/L) were much lower than that in surface water and sediment pore water. The 

closer to the drain water, the higher the sulfate concentrations were in dredge spoil pore 

water (Fig. 6.2).  
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6.4.2. Solid phase  

In the upper layers (depth < 80 cm) where pyrite oxidation has occurred, dredge spoil 

soils showed pale yellow to orange-brown colors, while gray to greenish, moist, and 

fine-textured soils occur in the bottom layer where pyrite grains were observed. 

All dredge spoil cores had significant acidification (pH 3.5–5.5) through the whole 

profile (Fig. 6.4). Dredge spoil acid volatile sulfide (AVS, a proxy for iron 

monosulfides) concentrations (mean 0.4 µmol/g, range 0.01–7.9 µmol/g) were low 

compared to those in sediment (mean 92.2 µmol/g, range 0.4–277.8 µmol/g). Total 

solid-phase S (mean 6034 mg/kg) and P (mean 14.6 mg/kg) concentrations generally 

increased with depth (Fig. 6.4). Dredge spoil trace elements like As, V, Cr, Co, Cu, Fe, 

Mn, Pb, Sr, Th, and Rb at Sites 6–8, which are close to the drain, had a similar depth-

profile shape as total S and P, with all showing a spike in concentration at 70 – 90 cm 

depth (Fig. 6.4) followed by a consistent decrease down the remainder of the profile. 

The concentrations of trace elements, like As, Cr, Cu, Cd, Ni, and Zn, are all below 

ISQG-low values (trigger values) in sediment quality guideline (ANZECC, 2000). At 

Sites 9 – 12, where the dredge spoil cores were only collected shallower than 80 cm 

depth, had trace element concentrations similar to those observed in topsoil (depth < 

80cm) (Fig. 6.4), with little variation throughout the entire profile. 

AVS concentrations in the drain sediments (mean 92.2 µmol/g, range 0.38–277.8 

µmol/g) dropped dramatically from 139.6 µmol/g at Site 2 to 29.1 µmol/g at air-

exposed Site 3, before increasing once more to 110.4 µmol/g at Site 4 further 

downstream. The sediment total solid-phase S (mean 2.7×104 mg/kg) and P (mean 369 

mg/kg) concentrations are much higher than those in dredge spoils (mean 6.6×103 

mg/kg). Most of the trace elements including As, Ba, V, Cr, Cd, Co, Cu, Fe, Mn, Pb, Sr, 

Th, and Rb had similar a depth-profile shape as was observed for total S and P (Fig. 
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6.5). Trace elements concentrations of As, Cr, Cd, Cu, Pb, Ni, and Zn, are much higher 

than those in dredge spoils, but are still below ISQG-low values (trigger values) in 

sediment quality guideline (ANZECC, 2000). Sediment solid-phase total Fe 

concentrations (mean 4.0×104 mg/kg) are higher than those in dredge spoils (mean 11.2 

mg/kg). 
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Figure 6.2. Concentrations of Fe, sulfate, and selected trace elements in surface water (mean = ×) and sediment pore water (mean = +) as a function of distance from 
dredge spoil. In box plots, solid lines within boxes are medians, boxes span the interquartile range (IQR; 25th to 75th percentiles), whiskers are IQR 
boundary±1.5×IQR, or maxima/minima if these give a smaller whisker range, and ○ symbols are potential outliers.  
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Figure 6.3. Depth profiles of pH, EC, S species, P, Fe2+, and selected trace elements in sediment pore water. 
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Figure 6.4. Depth profiles of pH, EC, S species, P, and selected trace elements in dredge spoil cores 
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Figure 6.5. Depth profiles of pH, EC, S species, and selected trace elements in sediment cores 
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Figure 6.6. Boxplots (showing means as red + symbols, box plot geometry as in Fig. 6.2) comparing the concentrations of selected trace elements between samples 
from sediment and dredge spoil. 
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6.5. Discussion 

6.5.1. Dredge spoil acidification and leaching 

All dredge spoil cores had significant acidification (pH 3.5–5.5) through the whole 

profile (Fig. 6.4). The concentrations of trace elements in upper layers of dredge spoil 

cores (depth <80 cm) were less than those in the lowermost layers (Fig. 6.4). In dredge 

spoil Sites 6–8, the spike in concentrations of trace elements, such as As, Mn, Cr, Co, 

Pb, Ti, Ba, Cd, Sr, Th, and Rb, at 70–90 cm depth may reflect leaching and deposition 

caused by redox condition changes at this zone. In the oxic topsoil of dredge spoil cores, 

iron monosulfides (e.g. mackinawite) and disulfides (e.g. pyrite) have been oxidized as 

no iron monosulfides or disulfides were detected by XRD. The AVS content (a proxy 

for iron monosulfides), with all values near detection limit, also suggested absence of 

iron monosulfides in dredge spoil cores.   

Acidification induced by pyrite oxidation promotes leaching of adsorbed ions and trace 

element-bearing minerals. This can be illustrated, for example, that top layers of dredge 

spoil Site 6, 7, and 8 are more acidic and both the trace metal and -S-P concentrations 

are lower compared to those in bottom layers where trace metals might be adsorbed on 

iron sulfides or secondary trace metals-P minerals are enriched (Fig. 6.4). It has been 

suggested the trace elements and sulfate produced by pyrite oxidation is usually leached 

from the topsoil into subsoil or incorporated with trace elements as secondary sulfate 

minerals (e.g. jarosite) (Gröger et al., 2011). But at our studied location there were no 

secondary sulfate minerals detected by XRD or SEM in dredge spoil cores, suggesting 

no detectable amount of trace elements incorporated with sulfate, because the pH is too 

low and they may remain dissolved in pore water in bottom layers of dredge spoil.  
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In the lowermost (depth > 80 cm) dredge spoil at Sites 6–8, the majority of total S 

content is likely to exist as pyrite, the presence of which was verified by XRD (Fig. 

S13, S14, and S15 in supplementary information XRD patterns) and SEM-EDS (Fig. 

6.7). The lowermost layer of the dredge spoil remains waterlogged and reducing, 

allowing for sulfate reduction and precipitation of iron sulfides. The sulfate detected in 

the pore water of deeper layers of dredge spoil (at Site 6:depth > 84cm; at Site 7: depth 

> 59cm; at Site 8: depth > 84cm), ranging from 44.4 to 82.6 mmol/L (mean 59.3 

mmol/L), which is much lower than that in sediment pore water (mean 96.9 mmol/L, 

range: 54.6–147.3 mmol/L). In the absence of other sulfate precipitates based on XRD 

result (Fig. S7–S17 in supplementary information XRD patterns), this suggests that in 

addition to sulfate reduction, some sulfate in lowermost dredge spoil sites may have be 

transported as trace element enriched sulfuric drainage to the adjacent receiving 

environment. This is supported by the highest concentrations of sulfate being observed 

in the drain surface water closet to the dredge spoil compared surface water that was 

further away from dredge spoil (Fig. 6.2), as well as the authigenic enrichment of trace 

elements in sediment, which will be discussed in Section 6.5.3.  

 

Figure 6.7. Backscattered-electron SEM images of pyrite grains and framboidal aggregates for 
the deepest samples in dredge spoil. 
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6.5.2. Trace elements in sediment pore water and surface water  

Mean concentrations of some metals such as Fe, Mn, Ni, and Co in sediment pore water 

are elevated in sediments from Site 1 (mean pH: 5.6), which is immediately adjacent 

(~2 m) the dredge spoil, suggesting a stronger influence from acid sulfate drainage 

compared with the sediments from Site 2 (mean pH: 7.5), which is further away (~58 

m) from the dredge spoil (Fig. 6.2). Similar elevation of trace metals in pore water 

affected by coastal acid sulfate soils have previously been reported (Johnston et al., 

2016). Elevation in concentration of trace elements like Fe, Mn, As, Co, Ni, and Cr 

elevated in pore water at Site 3 compared to upstream sediment Site 2 (Fig. 6.2) 

suggested that exposure of sediment Site 3 that was previously waterlogged to air due to 

low rainfall cause partial oxidation of the sediment core, which also had an evident 

influence on trace elements in pore water. 

Depletion of trace elements (Fe, Mn, As, Ni, Co, Cr, Pb, and Zn) in sediment pore water 

from surface sediments (Fig. 6.3) suggests their incorporation into the solid sediment. 

Low concentrations of pore water Fe are consistent with discovery of sufficient sulfate 

that would be reduced to sulfide removing Fe by precipitation of FeS poorly crystallised 

nanoparticles and other subsequent Fe sulfides. I found large amount of pyrite in solid 

sediment samples from Site 1 and 2. It has been suggested that the redox conditions in 

waterlogged drain sediments are predominantly controlled by Mn- and Fe- 

oxides/hydroxides and sulfate reduction and precipitation of Fe sulfides (Olson et al., 

2017). In the anoxic sulfidic sediments Fe or Mn oxide/hydroxides are unlikely to be 

present. The authigenic enrichment of trace elements in sediment was instead controlled 

by sulfate reduction as various forms of pyrite were observed (Fig. 4.4 in Chapter Four). 

Most of the trace element concentrations in surface water were close to their detection 

limits and lower than those in sediment porewater, except that two redox-sensitive and 
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mobile elements As and Cr are higher in surface water at sediment Site 1 compared to 

sediment porewater, suggesting an influence from the acid sulfate dredge spoil. 

Table 6.1. Means comparisons of trace element concentrations between sample types (dredge 
spoil, reduced sediment, and oxidised sediment site 3) using the non-parametric Kruskal-Wallis 
statistic followed by post-hoc pairwise comparisons with the Nemenyi test. Note: ‘D. Spoil’ 
refers to dredge spoil and ‘Sed.’ referes to sediment; K-W χ² refers to Kruskal-Wallis statistic χ² 

   
P-values for pairwise 

comparisons 
  

Mean values (mg/kg)   

Variable  K-W χ²  
Overall 
p-value  

D.Spoil: 
Sed.  

D.Spoil : 
Site 3  

Sed.: 
Site 3 

 
D. 
Spoil   Sed.  

Sed. 
Site 3  

Overall 
mean 

Highest 
concen-
tration 

∑REE  53.5 2.43E-12 9.78E-13 ns 0.044  44.4 784.2 232.8 192.0 Sediment 
As  16.9 0.00021 7.17E-04 0.00235 ns  1.3 5.2 5.8 4.1 Site 3 
Ba  36.2 1.39E-08 1.48E-07 5.11E-03 ns  7.7 21.4 16.7 10.7 Sediment 
Cd  46.9 6.66E-11 9.16E-11 ns ns  0.022 0.204 0.055 0.067 Sediment 
Co  45.6 1.27E-10 2.03E-10 3.97E-02 ns  2.8 15.5 7.2 5.4 Sediment 
Cr  14.5 7.12E-04 1.99E-02 8.18E-03 ns  16.4 21.4 33.5 18.2 Site 3 
Cu  17.4 1.63E-04 3.55E-04 ns ns  5.7 9.8 10.1 6.8 Site 3 
Fe  32.0 1.15E-07 7.73E-07 1.78E-03 ns  12673 40156 38975 24157 Sediment 
Mn  21.7 1.91E-05 1.75E-05 ns ns  56.9 170.4 85.5 79.7 Sediment 
Mo  30.2 2.74E-07 2.32E-07 ns ns  6.4 13.2 10.2 7.9 Sediment 
Ni  25.9 2.40E-06 1.68E-06 ns ns  4.5 11.2 8.5 7.1 Sediment 
P  43.5 3.66E-10 2.70E-10 2.20E-02 ns  15 450 88 167 Sediment 
Pb  22.8 1.13E-05 1.46E-03 8.30E-04 ns  6.8 11.8 20.5 8.4 Core3 
Rb  27.6 1.03E-06 1.85E-04 3.98E-04 ns  5.7 10.0 18.7 7.1 Site3 
S  28.7 5.89E-07 4.32E-07 7.64E-02 ns  6034 31060 14233 15014 Sediment 
Sr  66.2 4.17E-15 6.69E-14 1.23E-03 ns  3.4 243.4 74.3 52.1 Sediment 
Th  11.0 4.09E-03 ns 0.0109 ns  9.0 11.6 18.6 10.0 Site3 
Ti  32.0 1.15E-07 4.98E-08 ns ns  657 265 435 572 D.Spoil 
U  39.1 3.32E-09 1.73E-09 ns ns  2.1 9.0 4.1 3.5 Sediment 
V  13.1 1.45E-03 ns 0.0062 ns  43.3 53.4 105.5 48.3 Site3 
Zn  44.8 1.88E-10 2.25E-10 ns ns  3.0 16.3 7.3 6.0 Sediment 
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6.5.3. Authigenic enrichment of trace elements in drain sediment  

Mobile elements, like REEs, Ba, Cd, Co, Cr, Fe, Mn, Ni, Sr, U, and Zn, are enriched in 

reduced sediment as well as P and S while less mobile elements, like Ti, remain present 

in oxidised dredge spoil, based on mean comparison tests (Table 6.1). Elements with 

multiple valence, like As, Cr, Cu, Pb, Rb, Th, and V, are enriched partially in oxidised 

sediment Site 3 (Table 6.1). These metals (except Ti) possibly were leached from 

acidified dredge spoil via desorption from iron hydroxides or iron sulfides, or 

dissolution of metal-bearing minerals, and then formed authigenic enrichments in 

sediment, which is consistent with similar authigenic enrichment in the transition zone 

between oxidized acidic topsoil and reduced non-acidic subsoil (Åström, 2001; Gröger 

et al., 2011; Sohlenius and Öborn, 2004). It has been suggested that Fe- and Mn- 

oxides/hydroxides were an important to flux of trace elements into sediment under 

euxinic water (Scholz et al., 2013), and As has strong affinity with Fe (III) oxide 

minerals (Fendorf et al., 2010). However in the anoxic sulfidic bottom sediment, it is 

not likely that Fe(III) oxide minerals would extensively exist, the similarity in depth 

profile of Fe, Mn, and other trace elements like As, Ba, Cr, Co, Cd, Zn, and Sr is 

possibly due to trapping of these elements by Mn-bearing iron sulfides (e.g. Mn-bearing 

pyrite) (Fig. 6.8).   
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Figure 6.8. Backscattered-electron SEM image of a polished section sample of dredge spoil, 
showing a pyrite framboid containing Mn. 

 

Depth profiles of the trace elements Mn, As, Ba, Cr, Co, Cd, Pb, Sr, Th, V, and Rb in 

sediment shared a similar shape with those of S and P (Fig. 6.5), indicating these 

elements have similar mobility during acid sulfate reduction and re-precipitation of iron 

sulfides which would adsorb or incorporate trace elements (e.g. As and Cd) (Åström, 

2001; Jong and Parry, 2004; Wilkin and Ford, 2006). The studied area, South 

Yunderup, is part of the Peel-Harvey estuarine system, which has a long history of 

eutrophication with associated accumulation of phosphorus and heavy metals (Gerritse 

et al., 1998). More recent data also showed that the South Yunderup area is 

characterized by a high extent of eutrophication with the nitrogen load in the middle-to 

high range (3~5kg/ha) and phosphorus load in the highest range (1~2.2kg/ha) compared 

to other areas in Western Australia reported in Fig. 4.6 and 4.7 in Kelsey et al. (2011). 

In contrast, some metals like Ti were enriched at the depths of minimum S and P 
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concentrations (Fig. 6.5) is due loss of dredge spoil mass by chemical weathering 

followed by water (e.g. rain) washing (Du et al., 2012). 

6.5.4. Controlling factors for partition of trace elements between 

dredge spoil and sediment 

In the principal component analysis, in Figure 6.9a the component accounting for the 

largest proportion of multiple variances (PC1, 55.5%) has the largest positive loadings 

for a group of elements Th, Cr, V, Pb, Rb, and Ti and large negative loadings for REE, 

P, Cd, Sr, and Zn.  The second-largest proportion of multiple variance (PC2, 11.9%) has 

strong positive loadings for As and Ba and negative loadings for Mn, Co, S, Ni, and Cu. 

Sediment samples are generally clustered in the negative PC1/positive PC2 quadrant of 

the biplot, while dredge spoil samples tend towards positive PC1 values with wider 

spread of PC2 values. It should be noted that four sediment samples are separated from 

other sediment samples on the biplot, and are clustered with dredge spoils, due to partial 

oxidation of sediment at Site 3.  

 

Figure 6.9. PCA biplot of dredge spoil, reduced sediment (Site 1, Site 2, Site 4, and Site 5) and 
oxidised sediment Site 3. 
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Figure 6.10. Linear discriminant analysis of dredge spoil, reduced sediment (Site 1, Site 2, Site 
4, and Site 5) and oxidised sediment Site 3: (a) variable (predictor) coefficients, (b) coordinates 
of observations. 
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P, and S, is consistent with the known enrichment of REE and P in reduced eutrophic 

estuarine and drain sediments in Peel-Harvey Estuarine System, as is discussed in 

Chapter 2 and 3, and (Morgan et al., 2012). REEs enrichment in sediments is possibly 

through forming secondary REE phosphates, which were observed using TEM-SAED 

data in Chapter 3. Direct association between REEs and sulfides was not observed, but a 

sulfate-containing phase probably acts as surface coating on REE-phosphate minerals 

(Chapter 3). Association between Cd and sediment can be explained by the sulfidic 

nature of reduced sediments providing sufficient dissolved sulfide to precipitate CdS, 

which is faster than FeS precipitation (Machado et al., 2004; Morse and Arakaki, 1993). 

The profile of Cd resembles the profile of AVS in sediments (Fig. 6.5), providing 

further support to authigenic CdS precipitation, which is consistent with previous 

findings (Sundby et al., 2004). The authigenic accumulation of U in sediment is 

possibly through abiotic reduction of U(VI) to U(IV) or (III) by biogenic mackinawite 

or pyrite (Bruggeman and Maes, 2010; Lee et al., 2013; Qafoku et al., 2009; Veeramani 

et al., 2013).  

The clustering of dredge spoil samples on PCA biplot (Fig. 6.9b) originated as sulfidic 

sediments dredged from the South Yunderup Channel in PHES, is associated with a 

group of elements Th, Ti, Pb, Rb, V, Cr, and Ba. I observed barite in sediment Site 1 

(Fig. 6.11), which is usually attributed to terrestrial material (Plewa et al., 2006). It has 

been suggested that Ba is a tracer in open ocean sediments as well as coastal sediments 

and barite (BaSO4) can be preserved in microenvironments of decaying biogenic 

materials in sediment (Olson et al., 2017). Vanadium (V) enrichment was observed in 

the bottom of dredge spoil Site 6, 7, and 8 (Fig. 6.4). In these relative anoxic conditions 

it is likely that V(V) is reduced to V(IV) and has formed complexes with organic or 

inorganic ligands (Olson et al., 2017). The depletion of V in topsoil of dredge spoil is 

subject to oxidation, which can be illustrated that in oxygenated pore water, V (as 
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HVO4
2- or H2VO4-) adsorbs to Mn and Fe oxides and is later released during Mn and Fe 

oxide reduction in subsoil (Morford et al., 2005; Scholz et al., 2011). Chromium 

depletion was also observed in upper dredge spoil at Sites 6, 7, and 8 (Fig. 6.4) as Cr is 

usually released during organic matter oxidation (Beck et al., 2008; O'Connor et al., 

2015). The Cr enrichment at the bottom subsoil is not attributed to precipitation of 

sulfides but to reduction of Cr(VI) to Cr(III) by Fe2+ or S2- (Johnson et al., 1992). 

Based on our statistical analysis, the most influential parameters for separation of 

dredge spoil from reduced sediment, and oxidised sediment using linear discriminant 

analysis (Fig. 6.10), are Th, REE, Pb, and Ti. Thorium content in acidified dredge spoils 

is lower than that in reducing sediments (Fig. 6.6), which is consistent with a theory that 

low concentrations of Th are indicative of acid sulfate soils due to Th being liberated 

during acid sulfate soil oxidation and acidification (Bierwirth and Brodie, 2005). 

Likewise, distribution of Pb between dredge spoil and sediment is similar to Th (Fig. 

6.6). Pb is released from dissolution of PbS during oxidative processes in the dredge 

spoil, and reprecipitated in reducing sediment during neutralization of acidic drainage 

(Jong and Parry, 2004; Kornicker, 1988). Ti (as resistant minerals such as ilmenite and 

anatase) enrichment in dredge spoil compared to sediment is possibly due to loss of 

dredge spoil mass (e.g. Du et al., 2012).  

 

Figure 6.11. Backscattered SEM image (a) and EDS spectrum (b) of barite (BaSO4) in sediment 
sample. 

(a) (b) 
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In a sediment system that is affected by acidified dredge spoil, mobilisation of some 

trace elements was affected by the redox and pH gradient between dredge spoil and 

sediment. Redox sensitive trace elements such as Mo, U, V, and Cr are enriched in 

reducing environments such as the bottom dredge spoil and sediment compared to 

oxidised upper-layer dredge spoil (Fig. 6.4, Fig. 6.5, and Table 6.1). Vanadium 

distribution in solid phases is consistent with published geochemistry of V in profiles of 

porewater in similar shallow estuary (Pourret et al., 2012). Vanadium is more enriched 

in reducing sediments compared to oxidised dredge spoil and sediment Site 3 (Table 

6.1). Removal of V from solid phase into porewater in dredge spoil is possibly through 

oxidation of VO2+/VO(OH)+ to H2VO4
-/HVO4

2- that are soluble in oxic drainage 

(Pourret et al., 2012; Connor, 2015). Chromium concentration is relatively higher in 

reducing sediments than that in oxidized dredge spoil (Table 6.1). The studied 

waterlogged sediments provide reducing agents such as Fe (II), organic matter, and H2S 

to reduce Cr (VI) to Cr (III) (Eary and Rai, 1989; Bartlett and Kimble, 1976; Smillie et 

al., 1981). At circumneutral pH in reducing sediments, Cr (III) readily forms minerals 

with low solubility (Connor, 2005), which can explain higher concentration of total Cr 

in reducing sediments. Enrichment of Mo in reducing sediments (Table 6.1) is via 

formation of thiomolybdates (MoS4
2-) from soluble MoO4

2- under sulfidic conditions 

(Erickson and Helz, 2000, Connor, 2015). Thiomolybdates are readily removed from 

solution, which explain the higher concentration of Mo in solid sediments. In addition, 

Mo can also be incorporated into pyrites after reduction to Mo (III) or Mo (IV) (Huerta-

Diaz and Morse, 1992, Bostick et al., 2003, Connor, 2015). The enrichment of Mo in 

the bottom dredge spoil and sediment is consistent with the often discovery of pyrite in 

these samples. Enrichment of U in reducing sediment is via reduction of U(VI) to 

U(IV), which tends to sorb to sediments or form the mineral uraninite (UO2) 

(Klinkhammer and Palmer, 1991).  
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6.6. Conclusion 

Trace element geochemistry is strongly influenced by the development of acid sulfate 

soils. The leaching of trace elements into pore water and subsoils induced by oxidation 

and acidification in topsoil of the dredge spoil is likely due to dissolution of metal-

bearing minerals following acidification. Mobile trace metals (e.g. REEs, Ba, Cd, Co, 

Cr, Fe, Mn, Ni, Sr, U, and Zn) released from dredge spoil and form authigenic 

enrichments in sediment by (co)precipitation into secondary sulfide or phosphate 

minerals, while less mobile element Ti still present enrichment in dredge spoil as 

discrete ilmenite and anatase. In the anoxic sulfidic bottom sediment, it is not likely that 

Fe or Mn oxide/hydroxides minerals would extensively exist, the authigenic enrichment 

in sediment was controlled by sulfate reduction and re-precipitation of iron sulfides. 

Trace elements like Fe, Mn, Al, Ni, and Co in sediment pore water were obviously 

influenced by acidified dredge spoils via aqueous or suspended solid input. Exposure of 

previously waterlogged sediment (Site 3) to air also impacts trace elements such As, Cr, 

Cu, Pb, Rb, Th, and V. Considering results from both principal component analysis and 

linear discriminant analysis, the most influential predictors, allowing best separation of 

oxidized sulfuric systems from reduced sediments, and oxidised sediment  (and 

oxidized sediment Site 3) are Th, REE, Pb, and Ti. 
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CHAPTER SEVEN  

Conclusion 

7.1. General discussion  

This thesis is presented to provide a better understanding of the legacy impacts of 

acidified dredge spoil on the receiving environment at both bulk and micro- to nano- 

scales, improving understanding rare earth elements (REEs) and trace elements as 

geochemical tracers. Generally the dredge spoil is oxidised and acidified while the 

sediment is in waterlogged and reduced environment. But the disposed dredge spoil is a 

more complex geochemical system than just an oxidised site. The reestablishment of 

anoxic conditions in the lowermost layers of dredge spoil provides an environment for 

formation of secondary iron sulfides supported by observation of pyrite by SEM, of 

which oxidation due to water table lowering would cause acidification again. Therefore 

it is suggested that disposed dredge spoil can be an on-going oxidising site and have 

persistent impacts on the adjacent water body and sediments after long-term (more than 

15 years) exposure to air  

Cycling of REEs and trace elements are impacted intensely by the complex conditions 

in the acidified dredge spoil and drain sediment. Elements like Fe, Mn, Ni, and Co in 

sediment porewater were obviously influenced by acidified dredge spoils either via 

aqueous or suspended solid input, based on trends with distance from source. 

Authigenic enrichment of elements in drain sediment is mainly of elements with higher 

mobility in the acid sulfate environment: REEs, P, S, Cd, and U. In contrast, the trace 

element signature of dredge spoil is characterised by an association of Th, Cr, V, Ti, Pb, 

Rb, and Ba – all elements which might be expected to exist in forms which are more 

resistant to dissolution or weathering. The rare-earth elements are used to trace 
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geochemical processes between dredge spoil and sediment. The negative Eu anomalies 

that was found in oxidised dredge spoil sites was initially induced by oxidation and 

dissolution of Eu(III)-bearing mineral in dredge spoils. The higher extent of positive Ce 

anomaly in solid-phase of reduced sediment and lowermost of dredge spoil is possibly 

caused by the oxidation of soluble Ce(III) to insoluble Ce(IV) coupled with the 

reduction of Mn (IV) to particulate Mn (II). The higher extent of MREE enrichment in 

sediment suggests in-situ REE fractionation processes between dredge spoils and 

sediments.  

I proposed that the leaching of REEs and trace elements is through desorption from iron 

oxides/oxyhydroxides or dissolution of metals-bearing minerals into porewater and 

subsoils, which is induced by oxidation and acidification in the upper layers of the 

dredge spoil. The released trace metals immobilise by adsorbing or incorporating into 

secondary sulfide or other minerals in lowermost of dredge spoil. Some of these 

released trace elements are transported, together with acidic drainage, into the adjacent 

drain, where analogous authigenic enrichment of trace elements occurs. In the subsoils, 

under anoxic conditions (e.g., below the water table), and in waterlogged sediment, it is 

not likely that Fe oxide/hydroxides minerals would extensively exist. Thus it is 

reasonable to suggest that the authigenic enrichment was controlled by sulfate reduction 

and re-precipitation of iron sulfides based to observation of pyrite in lowermost of 

dredge spoil and elevated FeS and pyrite in water logged sediment.  

Significantly, I found association between La and Fe oxides/oxyhydroxides at micro- to 

nano-scales. I proposed that the association between REEs and iron 

oxides/oxyhydroxides is most likely to be as a discrete REE phase such as La2O3 which 

is co-precipitated onto, and/or present as surface coatings on, Fe oxides/oxyhydroxides 

at the nanometer scale. The mechanism of REE-Fe association is unlikely to be 

dissolved REE3+ ions becoming incorporated into Fe oxides/oxyhydroxides, which 
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might otherwise have been deduced from empirical REE-Fe correlations, especially 

when compositional closure effects remain uncorrected. If the lanthanum-iron-oxide 

observed in our studied sediment is an orthoferrite-type compound (LaFeO3), the 

conditions required for orthoferrite-type mineral synthesis mean that these phases are 

derived from anthropogenic input. 

Phosphate plays an important role in controlling REEs abundance and fractionation. I 

found a positive correlation between REEs and P in bulk dredge spoil and drain 

sediments when compositional closure has been removed from the data. In addition, the 

similar (high) extent of positive Gd anomaly that was found in dredge spoil and 

sediment may be due to scavenging anthropogenic Gd from waters. The calculated 

anthropogenic Gd in sediment ranges from 27% to 38% of total Gd content while 

dredge spoil has a slightly wider range of anthropogenic addition (12%–37%), and 

ranges from 0% to 51% in the sediment porewater samples. There has been a long 

history of eutrophication in PHES including South Yunderup, since approximately 

1965, and the Peel-Harvey Estuary has been shown to have accumulated phosphorus 

and heavy metals, a process which is ongoing (Gerritse et al., 1998; Kelsey et al., 2011). 

The source of anthropogenic Gd input is possibly the phosphorite fertilizer, its by-

product phosphogypsum, and related materials, which have been reported to have a 

positive Gd anomaly (Otero et al., 2005; Tranchida et al., 2011). Furthermore, the 

identification of discrete REE-phosphate phases, such as florencite 

(REE)Al3(PO4)2(OH)6 and monazite (REE, Th)PO4, in our studied sediment samples 

revealed the role of phosphate minerals in cycling of REEs by SEM/TEM at micro- to 

nano-scales. The frequent observation of sulfate coatings on REE- phosphate phases is 

consistent with formation of REE-phosphates early in acid sulfate oxidation, prior to 

precipitation of sulfates such as gypsum.  
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Natural (drying climate) or anthropogenic (dredging or excavating) disturbance on 

waterlogged sulfide-rich eutrophic estuarine sediment would cause contamination. The 

previously waterlogged sediment, which is a sink once again becomes a source of 

acidity, REEs, and trace elements once the water level is lowered. For example, I found 

that partially submerged sediment Site 3 resembles oxidised dredge spoil in many 

aspects including releasing acidity, REEs, and S into downstream sediment (Site 4). 

Like the dredge spoils, sediment Site 3 showed negative Eu anomaly and lower extent 

of positive Ce anomaly while other sediment sites showed no Eu anomaly and higher 

extent of positive Ce anomaly. I also found that the anthropogenic Gd increased 

spatially from dredge spoil to drain sediment and then dropped down slightly at 

sediment Site 3 before increasing again at downstream Site 4, further supporting the 

theory that the previously waterlogged sediment (Site 3), which was a sink once again 

become a source due to exposure to air. 

This thesis, for the first time, provided SEM images of natural mackinawite aggregates, 

appearing as clusters of 1–2 µm flower-shape particles aggregated into thin wavy sheet 

in sulfidic estuarine sediment in Western Australia, which is consistent with that of 

biogenic mackinawite produced by sulfate reducing bacteria in laboratory conditions, 

but differs from chemically synthesised mackinawite particles. Microbial formation of 

secondary iron sulfides is dominant in strongly reducing and organic-rich sediment 

based on elevated FeS and pyrite observed. I hypothesise that natural mackinawite in 

sediment grows on the surface of bacterial cells, resulting in deformed planar aggregates, 

and encapsulates clay mineral crystals based on SEM result.  

Diverse pyrite morphologies that were found in the same sediment site suggest complex 

natural conditions with extreme geochemical gradients that exist between highly 

oxidised dredge spoil and the sediments in the receiving environment. The differences 

in morphology of pyrite is not only the result of differences in pyrite formation 
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mechanism, but also affected by crystal growth, geochemical conditions (like 

weathering), physicochemical conditions (like supersaturation, temperature, and pH), 

chemical oxidation, and bioleaching. An association between chemical composition 

(S/Fe ratio) and pyrite morphology is not observed. The non-stoichiometry of natural 

iron sulfides (mackinawite and pyrite) is attributed to incorporation with trace metals, 

incomplete conversion from mackinawite to pyrite via a probable greigite precursor, or 

weathering of pyrite. 

Rare earth elements (REEs) and FeS elevated in sediment receiving acidic drainage 

produced by acid sulfate soil in dredge spoil. The experiment allowing an anoxic 

reaction environment with constant temperature to investigate direct association 

between La and iron monosulfides, via measurement of La3+ sorption onto, and 

coprecipitation with, synthetic mackinawite showed more La3+  (average partition 

coefficient KD = 0.067) was partitioned from solution into solid FeS precipitate in 

coprecipitation experiment than that in adsorption experiment (average partition 

coefficient KD = 0.043). The precipitate containing La, S, and O formed in 

coprecipitation experiment has crystal structure with primitive cubic unit cell, with d1= 

3.3 (100), d2 = 2.4 (110), d3 = 1.96 (111), and d4 =1.56 (210), while the precipitate 

containing La, S, and O formed in adsorption is amorphous. 

7.2. Conclusion and suggestion 

7.2.1. Conclusion 

The REEs are associated with dominant mineral phases that were found in the acidified 

dredge spoil and adjacent drain sediment including Fe oxides/oxyhydroxides, iron 

sulfides, and phosphate phases. The association between Fe oxides/hydroxides is most 

likely to be as a discrete REE phase such as La2O3 which is co-precipitated onto, and/or 
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present as surface coatings on, Fe oxides/oxyhydroxides at the nanometer scale based 

on SEM result. The association between REE and phosphate phases is presented as 

REE-Phosphate minerals such as florencite (REE)Al3(PO4)2(OH)6 and monazite (REE, 

Th)PO4 based on SEM/TEM result, which is possibly authigenic or from anthropogenic 

input such as phosphorite fertiliser considering a long history of eutrophication in this 

area. The association between REEs and iron sulfides was deduced by elevated REEs 

and S consent in strongly reduced and organic-rich sediment, where mackinawite and 

diverse pyrite were found. The laboratory experimental study on association between La 

(a representative REE) synthetic mackinawite showed that more La3+ was partitioned 

from solution into solid precipitate in coprecipitation experiment than that in adsorption 

experiment, suggesting La coprecipitation with mackinawite is more likely to happen 

than adoption onto it. 

7.2.2. Suggestions for Future Research 

The coastal estuarine sediments affected by acid sulfate soils associated with 

eutrophication issues comprise a complex system which has in-situ, ongoing, and 

legacy impacts on the receiving water body and sediments, making it difficult to predict 

and trace contaminations. Investigation on field water and solid samples provides very 

useful clues of REEs and trace elements partitioning between acidified dredge spoil and 

acidic drainage receiving water body and sediment. Is there a ‘signature’ of REEs or 

trace elements in general that can discriminate sediments affected by acid sulfate 

processes, across environments other than the Peel-Harvey estuary? Future research can 

either integrates published or new collected data of REEs and trace elements in 

sediments affected by acid sulfate soil to summarise a general ‘signature’. 

Another question emerging from this thesis is: are the REE mineral phases that were 

found in our studied site are all authigenic? Or are they from the catchment? Future 
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research can sample suspended sediments in river water, or historical floodplain 

sediments, or sample much deeper cores into the sediments in the estuary to investigate 

and compare the REE minerals and bulk concentrations. It would be worthwhile to go 

back further in the ‘life cycle’ of the sediments to look at their elemental composition 

(especially with respect to REEs and trace elements). 

The anomalously high Gd concentration in our studied site is possibly from phosphorite 

fertiliser or medical MRI contrast agent from nearby hospital facilities. Future research 

may be able to trace the source of anthropogenic Gd by taking fertiliser samples, and 

wastewater or stormwater samples from the hospital. There have been various published 

approaches to calculate Gd anomaly using either linear or non-linear interpolation or 

extrapolation, and a systematic review of the calculations of anomalous Gd would allow 

a better analysis of anthropogenic Gd content.  

Environmental data being expressed as parts per million- ppm (mg/kg) is a closed 

number system, which would cause problem in correlation analyses (and may 

multivariate data analysis methods), thus centered log-ratio transformation is applied to 

remove compositional closure (Reimann et al., 2008). In this study the positive 

correlation between untransformed measured ΣREEs and Fe does not exist when 

compositional closure is removed. A re-analysis of data from papers showing a positive 

REE-Fe correlation, but correcting for compositional closure, would allow some clarity 

to be achieved on this issue.  

The microtubes observed in the lift-out grain-scale cross-sectional specimen (generated 

by focused ion beam sectioning, FIB) (Ce0.51La0.25Nd0.19, Th0.05)PO4 were filled with 

carbon and the carbon was probably from the resin used to bind the soil samples to 

produce a compact block sample. These microtubes may be one type of tubular 

microcavities, which form during either biological processes or abiotic processes, which 
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are difficult to distinguish. The biological microtubes usually form by pre-metamorphic 

dissolution of glass and are usually filled by clays, titanite, and iron-oxyhydroxides. The 

abiotic ambient inclusion tubes (AITs) typically form via diagenetic or syn-

metamorphic processes by migration of metal-rich crystalline (usually pyrite) or organic 

inclusion in sealed substrate such as microcrystalline silica or phosphorite. It would be 

interesting to conduct a further study into micro zonation of REEs activities, such as 

microtube-type features, in organic- and sulfides- rich eutrophic sediments. Doing so 

may answer the questions that bulk chemical extraction can not answer, such as the 

REEs fractionation apparently conflicting with the bulk redox conditions (e.g., greater 

positive Ce anomalies in more reduced sediments). 
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 Supplementary information 

XRD patterns of sediment samples 

 

Fig. S1.  XRD pattern of sediment site 1  
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Fig. S2.  XRD pattern of sediment site 2  
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Fig. S3.  XRD pattern of sediment site 3  
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Fig. S4.  XRD pattern of sediment site 4  
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Fig. S5.  XRD pattern of sediment site 5   
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 XRD patterns of dredge spoil samples 

 
Fig. S6.  Pictures of two representative dredge spoil cores: Site 6 and 7 showing the depth of the samples that have been analysed by XRD. 

Site 7 Site 6 
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Fig. S7.  XRD pattern of dredge site 6 sample a4 
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Fig. S8.  XRD pattern of dredge site 6 sample b3  
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Fig. S9.  XRD pattern of dredge site 6 sample c4  
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Fig. S11.  XRD pattern of dredge site 6 sample d2  
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Fig. S12.  XRD pattern of dredge site 6 sample d6  
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Fig. S13.  XRD pattern of dredge site 6 sample e3  
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Fig. S14.  XRD pattern of dredge site 6 sample f1  
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Fig. S15.  XRD pattern of dredge site 6 sample g2  
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Fig. S16.  XRD pattern of dredge site 7 sample 12  
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Fig. S17.  XRD pattern of dredge site 7 sample 4  




