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Abstract 

Many minerals that form in surface and near-surface environments are emerging to 

be mineralogically and geochemically complex. The characteristics of such minerals 

are observed to diverge from those that are predicted by equilibrium 

thermodynamics, and in some instances are found to originate through metastable 

precursor phases. The base metal-rich Grieves Siding peat, western Tasmania, 

Australia, provides an insight into the evolution of low-temperature mineralising 

systems in the groundwater environment, and allows the investigation of the early 

stages of mineral formation at ambient conditions. Mechanisms of a stepwise mineral 

formation pathway, and the characteristics of precursor and intermediate phases, 

which have been established experimentally, are examined here. The occurrence and 

characteristics of colloids and microorganisms, two of the recognised contributors in 

mineral formation processes at surface conditions, are also probed. 

At the Quaternary Grieves Siding peat, a significant concentration of base metals 

also occurs within the underlying Ordovician Gordon Group carbonates (Grieves 

Siding carbonate prospect), and the spatial relationship strongly implies a link 

between these two metal-rich zones. Despite nearly four decades of geologic 

evaluations at the site, the genesis of the two differing mineral concentrations 

remains ambiguous. Adding to the enigma of the deposit are the complex 

mineralogical characteristics and assemblages of the ore minerals in the peat (i.e., 

sphalerite, galena, and Zn-Pb-bearing silicates, oxides, and carbonates) that pose 

difficulties for future metallurgical extraction. The genetic relationship between the 

Zn-Pb mineralisation in the peat, and its carbonate counterpart, is established in this 

study. 

The geochemical characteristics of the Grieves Siding peat profile overlying the 

mineralised metasediments were determined by major and trace element 

geochemistry, and C and S isotope analyses. The mineralogical characteristics, 

mineral associations, phase evolution, mineral paragenesis, and mechanisms of 

formation of Zn-Pb-Fe bearing minerals within the peat were evaluated by 

quantitative X-ray diffraction, scanning electron microscopy, electron backscatter 

diffraction, electron probe microanalysis, cathodoluminescence, Raman and Fourier 
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transform infrared spectroscopy, and laser ablation-inductively coupled plasma mass 

spectroscopy.  

The metal-rich peat possesses exceptionally high base metal contents reaching up to 

27.2 wt. % Zn and up to 3.8 wt. % Pb, making it an effective repository for metals. 

The extreme enrichment in Zn and Pb in Grieves Siding peat registered as the highest 

among reported peat-hosted mineralisations in the world. The enrichment of metals 

in the studied peat is hypothesised to be a collective result of the weathering and 

leaching of metals from the underlying mineralised carbonate sequence, with some 

acquisition from surrounding volcanic rocks. Metal leaching is proposed to have 

occurred under oxidising conditions and produced a shift in groundwater pH from 

pH 6.9 (tannic acid-controlled regions) to pH 4.3. The detected sulfur in the surface 

and groundwaters posited to occur as H2SO4 and dissociated SO4
2- ligands, which 

supports transport of Zn mainly as ZnSO4. The accumulation of metals in the peat is 

shown to be influenced by (i) availability of metals derived from mineralised 

underlying and regional rocks; (ii) continuous availability of oxygen in the waters to 

liberate bedrock sulfur; (iii) efficiency of the metal transport by sulfate and organic 

ligands in ground and surface waters; (iv) a mechanism for the reduction of aqueous 

sulfate to H2S in the peat, probably as a by-product of the metabolic activity of 

sulfate-reducing bacterial communities thriving in a biofilm along the sub-surface 

flow path at the base of the living peat mass; (iv) the trapping of metals as metal 

sulfide minerals (i.e., Zn, Pb, and Fe) following interaction of H2S and aqueous 

metals and other dissolved components; adsorption to clay minerals of metals (i.e., 

Zn, Pb, Cd, Cu, Fe, Ag, Ti, Ni, and Co); complexation and fixation of  selected 

metals (i.e., As, Sb, Mo, U, and Au) to organic matter; and association of selected 

metals (i.e., Zn, Pb, Cd, Cu, Ag, and Fe) to nonstoichiometric (gel) phases, bacterial 

cells, and biofilms. 

The mineral assemblages in the peat consist of sulfides, silicates, sulfates, oxides, 

carbonates, and phosphates that are here classified as (i) detrital minerals, which are 

derived from the surrounding rocks (i.e., Cambrian volcanic rocks and sediments, 

Ordovician carbonates), and (ii) authigenic phases, including the predominant Zn-

Pb-Fe bearing phases. Zinc occurs in sphalerite, baileychlore, Fe-Zn-Pb carbonate 

and nonstoichiometric (i.e., clay and colloform) phases that also contain S, O, Al, Pb 
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and C. Authigenic Pb- and Fe-bearing phases such as galena, anglesite, 

plumbojarosite, magnetite, and pyrite are also detected. Pyrite shows textural 

evidence of stepwise transformations from disseminated and framboidal textures to a 

massive polycrystalline configuration. 

The mineral chemical and microcrystallographic features of the key Zn-bearing 

phases such as clay and colloform phases, and sphalerite were further examined. The 

clay comprises O (up to 44.1 wt. %), Al (up to 25.5 wt. %), Si (up to 11.3 wt. %), S 

(up to 3.1 wt. %), and Zn (up to 1.5 wt. %) with smaller amounts of Pb, Fe, and Cd. 

The absence of electron backscatter patterns (EBSPs) in the clay phase indicate that 

it exhibits low crystallinity and could potentially be amorphous and in some cases, 

semi-crystalline. Mineral chemistry of the colloform phase includes Zn, S as well as 

O (up to 18.5 wt. %), Al (up to 8.5 wt. %), Pb (up to 2.9 wt. %), Si (1.7 wt. %), 

smaller amounts Fe, Cd, Cu, Ag, Sb, As, and also lighter elements such as H and C.  

Brighter bands in backscattered electron images correspond to highest concentration 

of Zn and S, whereas the darker bands contain more O, Al, Si, and C. Lead and other 

trace metals display no correlation with either the band types. Similar to the clay, the 

colloform phase also lacks any EBSPs, suggesting that it has low crystallinity and 

may be amorphous. Infrared spectra of the clay and colloform phases have 

distinctive signatures matching that of water, Al-rich phases and in some cases, 

organic molecules. Sphalerite (~1 to 5 µm size) is crystalline and commonly occurs 

adjacent to the Zn-bearing clay and colloform phases. The coexistence of crystalline 

sphalerite and amorphous, nonstoichiometric Zn-rich phases is inferred to represent a 

continuing evolution from metastable precursors to sphalerite.  

In more detail, this study has identified a multi-stage crystallisation route for 

sphalerite. It commences with heterogeneous nucleation of precursor phases on and 

within a Zn-rich clay substrate; it progresses to recurring growth and maturation by 

aggregation, coalescence, and impurity expulsion. It culminates in the transformation 

to sphalerite. Each step is observed to be a progression towards increased 

crystallinity and homogeneity, tending to pure ZnS. The entire formation processes 

of the colloform phase occur within bacterial cells, biofilms and on inorganic 

substrates. Hence, a profound microbiological influence and control are implicated in 
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the mineralisation process. Morphological, textural, and chemical features of the 

colloform ZnS phases also point to a colloidal (gel) state and origin. 

Genetic associations of authigenic Zn-Pb-Fe phases in the peat, typically in a 

nonlinear progressions are, Zn-rich clayà disseminated pyriteàframboidal 

pyriteàanhedral pyriteà polycrystalline pyriteà galenaàanglesiteàZn-rich 

colloform àsphalerite. The assemblages of authigenic minerals in the peat reflect 

dynamic physical and chemical conditions that are not necessarily in equilibrium 

with one another. The tendency of nonequilibrium or metastable precursor phases to 

naturally progress into more stable configurations, in a low-temperature setting, is 

demonstrated in this research. 

The results of this study demonstrate the capability of peat to not only preserve metal 

sulfides but also to create significant concentrations that could be a feasible mineral 

deposit. This research also marks the potential of peat to provide exploration vector 

information about for underlying hypogene ores, which could be harnessed by 

systematically spatially determining peat metal content. The proposed stepwise 

pathway could apply to other low- to intermediate-temperature base metal forming 

systems that conceivably also have organic accumulations, such as carbonaceous, 

sediment-hosted base metal deposits, and Mississippi Valley-type Pb-Zn-Ag 

deposits. Such a pathway is of most interest to the study of ore genesis because it 

expands and redefines our knowledge, in a way that it opens our eyes to the 

possibility that the very coolest early stages of sulfide formation in these types of 

mineral deposits may in some circumstances have developed by a stepwise 

progression, the effects of which would be annealed at higher temperature. This 

study also provides comprehensive mineral chemical and phase characterisation of 

known minerals as well as nonstoichiometric phases in the peat that could aid in 

establishing an effective means of extracting metals from peat, and probably from 

other organic-rich mineral deposits. Furthermore, this research demonstrates Grieves 

Siding peat is a natural and modern analogue for sequestering metals from 

metalliferous surface and groundwaters, and therefore, raises the possibility that peat 

domains should be further investigated as a strategy for remediation of metal loads in 

acid mine drainage waters, particularly in western Tasmania and other wet temperate 

mining districts. 
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Chapter 1  

Introduction 

1.1 Background 

Minerals, which significantly constitute this rocky planet, profoundly influence the 

physical, chemical, and biological processes operating on Earth. Hence, by 

understanding the fundamental characteristics of minerals, a deeper knowledge on 

the planet’s large- and small-scale processes could be attained. At present, the 

chemical and crystallographic properties, and the relationships to their natural 

environments of more than 5300 known mineral species, of which, 5110 are 

validated by the International Mineral Association (Lafuente et al., 2015), have been 

systematically documented. Additionally, at elevated temperature and pressure 

conditions, many of the factors that control the mineralogy, mineral forms, the 

stability of the phases, and the processes acting on minerals could be described and 

predicted by equilibrium thermodynamic data (i.e., Nordstrum, 1986; Navrotsky, 

1995; Robie et al., 1995). 

However, at ambient conditions, for example in the formation of sediments and, 

seldom, sedimentary rocks, phases may form that diverge from those minerals 

predicted by equilibrium thermodynamics. Many minerals that form at low 

temperature in surface and near-surface environments have been observed to be more 

complex than previously thought. These nonequilibrium phases, considered by 

Morse et al. (1987) to have “badly behaved,” are interpreted to be metastable phases, 

whereby the nature of metastability may be in terms of their composition, structure, 

morphology, and topology (Turnbull, 1981). The metastable phases, are in some 

cases, deemed to be precursors or intermediate phases, that are involved in a multi-

stage mineral formation pathway (Navrotsky, 2004). Several laboratory experiments 

have shown increasing evidence for a nucleation and growth pathway that involves 

pre-nucleation clusters (Gebauer et al., 2014), as well as both amorphous (Luther III 

et al., 1999; Gong et al., 2012; Nielsen et al., 2014) and crystalline nanoparticles 

(Banfield et al., 2000), as precursors to a stable mineral product.  
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Pyrite, which is the most common Fe-sulfide in sedimentary systems, has been 

suggested to form via a chain of precursor minerals, which include amorphous Fe-

monosulfide, mackinawite, pyrrhotite and greigite (e.g., Sweeney and Kaplan, 1973; 

Schoonen and Barnes, 1991; Wilkin and Barnes, 1997; Hunger and Benning, 2007; 

Rickard, 2012). An in-situ and real-time conversion of mackinawite to greigite and 

ultimately to pyrite, has been directly observed by Hunger and Benning (2007) using 

synchrotron-based energy dispersive X-ray diffraction. Pyrite that originates through 

intermediate phases such as Fe-thiosulfates and Fe-sulfites have also been suggested 

for the Bleiberg Zn-Pb deposit, Austria (Kucha and Stumpfl, 1992), based on 

microprobe analysis, which revealed admixtures in the composition, and inclusions 

of the intermediate phases in the pyrite. Luther III et al. (1999) also demonstrated 

that an intermediate species for ZnS in the form of soluble zinc complexes (Zn4S6
4-) 

and clusters (Zn3S3) precedes the formation of crystalline ZnS following the Ostwald 

Step-Rule (1897). Furthermore, the biological formation of minerals is known to 

produce metastable phases (Brazhkin, 2006). For instance, calcite in endo- and 

exoskeletons of many organisms have been closely linked to the prior formation of 

an amorphous calcium carbonate phase, which has been deemed to be a metastable 

phase that transforms into calcite with time (Beniash et al., 1997; Ihli et al., 2014).  

The formation and paragenesis of these nonequilibrium phases at ambient conditions 

have been attributed to the interactions of air, water, and microorganisms (Banfield 

and Hamers, 1997). These phases have often been observed as small-sized particles 

(i.e., nano- and colloidal particles), which are ubiquitous in low-temperature and 

surface environments (Becker et al., 2010). 

1.2 Motivation for the study 

Despite the experimental and laboratory evidence of nonequilibrium phases, there is 

still restricted information on their occurrence and characteristics in the natural 

environment. The actual chemical and structural characteristics of these phases are 

vital in geologic systems, for instance, in modelling ore deposits, because the 

properties of these phases are essentially distinctive from the stable ore minerals. 

Such knowledge could provide a new dimension to the process of mineral formation, 

particularly the early stages of ore formation, to better understand the importance of 

microscopic processes in the development of a mineral product.  
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This study will delve into two of the main influences in the mineral formation at the 

Earth’s surface: the role of (1) microorganisms, and (2) colloids. The interplay of 

minerals and microorganisms has been of interest recently, principally for its 

relevance in the field of biomineralisation and environmental implications. The 

significant participation of microorganisms, particularly the sulfur reducing 

microorganisms, in the accumulation, retention and precipitation of metals and 

minerals in peat has been confirmed by several studies (Webb et al., 1998; Martínez 

et al., 2007; Yoon et al., 2012). Also, at ambient conditions, the formation of silica 

colloids and the precipitation of silica as cements, crusts, and silcrete deposits has 

been widely reported (Iler, 1979; Schindler et al., 2010). The solubility and 

subsequent evaporative precipitation of silica occur readily, and may lead to the 

cementation of unconsolidated geological materials. Yet surprisingly, colloidal 

solutions have not been studied systematically in low-temperature geological 

environments, especially mineralising systems. 

1.3 Aims of the project 

This Ph.D. project will determine the geochemical, mineralogical, and mineral 

chemical properties of the various minerals in the Grieves Siding peat, Tasmania, 

Australia. Based on this information, a conceptual genetic model and the 

mechanisms of the formation of metal-bearing minerals, particularly Zn-, Pb- and 

Fe-bearing phases in the Grieves Siding peat will also be established. 

The Grieves Siding peat, a part of the Grieves Siding mineral prospect, provides 

suitable conditions (i.e. ambient temperature, organic- and metal-rich) that could be 

comparable to low-temperature mineralising systems, and hence appear at face value 

to offer a hitherto modern analogue for these systems. Based on the geological 

setting of the project site, it is hypothesised to be favourable for the occurrence of 

colloids and microorganisms. Hence, it is also planned to test this hypothesis, and if 

they are present, to research their intrinsic characteristics, and to evaluate their 

potential role as catalysts in the mineral formation. The information here will be used 

to validate the hypotheses, and contribute to the knowledge on the occurrence of 

colloids and microorganisms, and their role in metal deposition and in the mineral 

formation in carbonaceous low-temperature environments.  
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This research specifically aims to: 

a. establish the geological framework of the Grieves Siding prospect, highlighting 

the two different mineralisation styles of the project site;  

b. characterise the geochemical, mineralogical, and mineral chemical properties 

of the Grieves Siding peat by various analytical techniques; 

c. describe the ore minerals and associated assemblages, specifically those 

forming in-situ within the peat in the presence of organic matter. This, in turn, 

will define the mechanisms of the precipitation of metal-bearing minerals, i.e. 

sulfides, sulfates, carbonates, and silicates; 

d. reconstruct the growth sequence and the processes of formation of the sulfide 

ore minerals; 

e. establish a genetic model, and propose the mechanisms for the formation of 

minerals in the peat;  

f. describe the implications of the mineral formation processes in the Grieves 

Siding peat in the formation of metalliferous deposits in sediments, and the 

likely effects of diagenesis and metamorphism of such materials; and 

g. examine whether colloids and microorganisms are present in the samples, and 

if they are, to characterise and describe their influence on the mineral 

formation processes. 

1.4 Overview of the dissertation 

This dissertation is organised into eight chapters (Chapters 2 to 9), and incorporates a 

published article (Chapter 5), and expanded versions of papers prepared for journal 

submission (Chapters 6 and 7). Chapters 2 and 3 provide a comprehensive contextual 

and geological backdrop of this research. Chapter 4 offers a review on colloids and 

microorganisms as background for the succeeding chapters. Chapters 5 to 7 present 

the results and the corresponding discussions designed as manuscripts. Chapter 8 

synthesises the results and interpretations of the previous chapters and from there, 

examines the probability of the existence of colloids and microorganisms. This 

chapter will also present the proposed genetic model for the metal-bearing minerals 

in the peat. Lastly, Chapter 9 closes with the conclusion and implications of all the 

relevant findings of the study. Some overlap and repetition between the chapters will 

occur as some chapters were prepared as stand-alone publications. The chapter 
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frameworks are as follows: 

Chapter 2 offers a description of the regional geological framework, 

lithostratigraphy, and associated mineralisation styles of western Tasmania. It then 

narrows the discussion to the local geology of the Grieves Siding prospect. The 

geological setting of the Grieves Siding peat, where this study is based, is further 

elucidated based on available literature. Previous studies, which stemmed from the 

exploration activities conducted on the Grieves Siding prospect, are also summarised 

in this chapter. 

Chapter 3 describes the sample preparation and all the analytical procedures 

employed in this research. 

Chapter 4 reviews the influences of colloids and microorganisms in mineral 

formation. The origin and progress of colloidal studies, and the fundamental 

characteristics of colloids, specifically those that make an essential contribution to 

mineral formation processes, will be revisited. The participation of microorganisms 

and their by-products in mineral formation in other settings will also be reviewed. 

Chapter 5 is an expanded version of a manuscript published in “Contributions to 

Mineralogy and Petrology” that presents the mineralogical characteristics and 

associations of mineral phases and assemblages within the exceptionally metal-rich 

peat, where metals are postulated to have come from lithogenic sources. This chapter 

investigates the phase evolution and conditions of formation of the authigenic Zn-Pb-

Fe mineral phases at ambient conditions within the peat and demonstrates several 

evolutionary pathways of the authigenic sulfides in it.  

Chapter 6 is outlined as a paper for submission to a peer-reviewed journal. This 

chapter presents the geochemical and isotopic characteristics of the Grieves Siding 

peat and explores the spatial distribution of the metal enrichments, as well as their 

relationships to other geological and geochemical factors. The potential implications 

of the geochemical characterisation of this metal-rich peat to near-surface 

exploration and other applications are also discussed.  

Chapter 7 is a manuscript prepared for submission to a peer-reviewed journal. This 

research presents a pathway to the formation of sphalerite via precursor metastable 
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phases. Widely accepted to form through a direct crystallisation from an ore fluid, 

this chapter presents evidence, and models, the evolution of crystalline sphalerite 

originating from amorphous precursors within the studied peat at ambient conditions. 

The application of this proposed multi-stage formation is envisaged to be potentially 

applicable to carbonaceous, sediment-hosted metal deposits in general.  

Chapter 8 examines the probability, by direct and implied evidence, of the 

occurrence and the contribution of colloids in the mineral formation processes in the 

peat. This chapter also presents a conceptual model of the evolution of the authigenic 

minerals in the Grieves Siding peat by recapitulating the results presented in the 

previous chapters, underpinning the pivotal participation of colloids and 

microorganisms in the mineral formation.  

Chapter 9 integrates salient information from the previous chapters and presents the 

conclusions of this dissertation. Further, this final chapter presents the potential 

applications and implications of this research to Zn and Pb surface and near-surface 

exploration, metallurgical extraction processes, and environmental studies. 
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Chapter 2  

Geological setting and mineralisation of the Grieves Siding 
prospect 

2.1 Introduction  

Western Tasmania is recognised as an important mineral province, peppered by 

diverse mineral deposits that are situated in an intricate geological setting. The 

Grieves Siding peat, an integral part of the Grieves Siding prospect, is one of the Zn-

Pb enriched sites in western Tasmania. There are two lithological hosts to the Zn and 

Pb mineralisation in the Grieves Siding prospect: a Pb-Zn-rich carbonate sequence, 

and the overlying Zn-Pb-rich peat. The carbonate-hosted mineralisation has been 

classified as an Irish-style deposit and is hosted by the Ordovician Gordon 

Limestone. It is represented by sphalerite and associated galena, an assemblage that 

is partially altered to Zn-bearing oxides, silicates, and carbonates (Hendrick and 

Milburn, 2011). Sphalerite associated with minor galena and pyrite represents the 

mineralisation in the metal-rich peat covering the carbonates (Purvis, 2006). The 

process of formation that has led to the differing mineralisation styles, particularly 

that of the peat has remained unresolved and has baffled researchers over the years. 

Some workers have attributed the development of the Zn-rich cap to a particular 

variation of weathering conditions acting upon the original Zn sulfide mineralisation 

within the Gordon Limestone (Parkinson, 1994; Newnham, 1999), whereas others 

have suggested the influence of organic complexes in the mineral formation (Purvis, 

2006). The two mineralisation styles are known to be structurally and 

mineralogically complex, and this has been a consideration in their metallurgical 

assessment (Lewis, 2006). Owing to its metal content and mineralisation styles, the 

prospect has been repetitively evaluated over several decades. However, the genesis 

of the mineralisation remains enigmatic.  

This chapter presents a brief review of the regional and local geology of the study 

site. It will also describe the characteristics and the fundamental differences between 

these two mineralisation styles collated from the previous exploration reports in the 

prospect. The local geological framework of the Grieves Siding peat, which is the 

subject of the succeeding chapters, is also reviewed here.  
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2.2 Location, Topography, and Access  

The Grieves Siding prospect is located approximately 10 km south of Zeehan, 

western Tasmania. It is geographically centred at 364700 mE; 5349550 mN (UTM-

Map Grid of Australia Zone 55) and 145°21’59.2”E longitude; 41°59’39.9”N 

latitude (Geocentric Datum of Australia 1994; Figure 2-1). The area lies in a low-

lying swampy button grass plain traversed by the Badger River (Figure 2-2). These 

marshy grass flats have developed over the weathered carbonate units. Flanking the 

prospect on its western and eastern sides are escarpments of sandstone quartzite with 

an average altitude of 70 to 90 m high, topped by a peneplain called the Professor 

Plateau (Figure 2-2). 

The sealed Zeehan-Strahan Road also known as the Henty Road that links the towns 

of Zeehan and Strahan, and transects the prospect, provides ideal access. The Dundas 

Regional Reserve lies east of this road, whereas to the west is Badger River Forest 

Reserve (Figure 2-2). This road replaced the Zeehan-Strahan tramway in the 1900’s. 

At a junction, east of the Zeehan-Strahan Road is a gravelly track, which serves as 

the main internal access to the project site (Figure 2-2). A formerly narrow-gauge 

tramway (wooden rails), which is north of the site and leads to the Queensberry 

mine, also provides another entry point. 

2.3 Regional Geology  

The complex geologic landscape of western Tasmania is a result of Precambrian 

passive rifting, Early to Mid-Cambrian subduction, Middle Cambrian arc-continent 

collision, ophiolite emplacement, deformation, and extension, leading to the 

formation of the Dundas Trough (Glover, 1996). The Dundas Trough describes a 

NNE-trending, 20–30 km wide Mid-Cambrian belt at sedimentary and volcanic 

rocks that are flanked by the Precambrian Rocky Cape and Tyennan Regions 

(Figures 2-3 and 2-4; Corbett, 1989). A conglomeratic flysch sequence forms the 

thick (up to 3500 m) sedimentary base of the trough (Jago and Brown, 1989).  
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On the troughs’s eastern margin, and in parts locally intercalated with the Dundas 

western sedimentary sequence, is the Mt. Read Volcanics (MRV). The 1015 km 

wide NNE trending MRV belt consists of interbedded, subaerial to subaqueous, 

felsic, intermediate, and mafic volcanic rocks (Corbett, 1989; Corbett et al., 2014c), 

which hosts several world-class polymetallic volcanic-hosted massive sulfide 

(VHMS) deposits (Figure 2-3). The cessation of igneous activity in the trough, 

succeeded by the Delameran Orogeny deformation and uplift, erosion, and 

subsidence in the Late Cambrian, resulted in the rapid deposition of up to 2 km of 
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Figure 2-3 Regional geologic setting of Grieves Siding prospect. Dominant structural and 
lithologic feature is the NNE trending Mt Read Volcanics that hosts numerous VHMS Pb-Zn-Ag 
deposits in the area (redrafted from Bottrill, 1998). 
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Precambrian-derived coarse siliciclastic platformal sediments into the Dundas 

Trough (Brown, 1989), the Wurawina Supergroup. The Wurawina Supergroup is 

composed of non-marine siliciclastic conglomerate and marine shelf sequences. 

Well-sorted siliceous sandstone and conglomerate up through less siliceous 

sandstone and siltstone (Denison Group) to shallow water limestone (Gordon Group) 

including younger sediments (e.g. Eldon Group), represent the Supergroup sequences 

(Tear, 2002). The Owen Group, including the upper and lower Owen Conglomerate, 

all part of the Wurawina Supergroup and correlative to the Denison Group (Corbett 

et al., 2014c) lies conformably upon the earlier Dundas sequences. The presence of 

fossils i.e., brachiopods, gastropods as well as worm castings and burrows in the 

Upper Owen Conglomerate suggests a transgression to a marine environment in the 

Late Cambrian-Early Ordovician. Overlying the Owen Group is the 10–20 m thick 

well-sorted, siliceous sandstone of Early Ordovician Pioneer Beds (Banks and 

Baillie, 1989). The Pioneer Beds, which are the upper units of the Denison Group, 

were deposited during a period of quiescence and shallow water sedimentation that 

lasted from Ordovician to the Middle Devonian (Banks and Baillie, 1989; Corbett et 

al., 2014a). In the Zeehan area, the Pioneer Beds correlate with the Moina Sandstone 

(Blisset, 1962). 

Figure 2-4 Simplified stratigraphic column of Tasmania during the Cambrian (redrafted from 
McGilvray, 2003). 
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Conformably overlying, and in 

some cases interdigitating with 

the Pioneer Beds/Moina 

Sandstone, is the Early 

Devonian to Ordovician Gordon 

Group (Figure 2-5), which is 

host to the Grieves Siding hard 

rock Zn mineralisation. This 

Group consists of a sequence of 

transgressive, shallow marine, 

ramp-deposited, interbedded 

limestone and dolomitised 

limestones, with minor 

siliciclastics. In places, the 

sequence is richly fossiliferous, 

suggesting warm, shallow 

marine deposition (Banks and 

Burrett, 1980). The Gordon 

Group also hosts several 

syngenetic Pb-Zn deposits 

(Figure 2-3). A disconformity 

coinciding with a minor 

tectonic event (in Tasmania), 

the Benambran Orogeny 

marked the post-deposition of 

the Gordon Limestone (Calver 

et al., 2014). 

The Eldon Group, which 

disconformably overlies the 

Gordon Group (Figure 2-6), consists of a marine clastic sequence (up to 2.3 km 

thick) dominated by interbedded quartz sandstone and mudstone, with minor 

limestone (Baillie and Hudspeth, 1989). 

Figure 2-5 Late Cambrian-Ordovician-Late Silurian 
stratigraphy and correlations in Queenstown area 
(adapted from Calver et al., 2014). * Moina Sandstone 
previously belonged to the Denison Group, but is 
presently assigned as the basal unit of the Gordon Group 
(Corbett et al., 2014c). 
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The end of the sedimentation 

in the Dundas Trough 

correlates with the Cambro-

Ordovician Delamarian 

Orogeny (Berry, 1992), 

followed by a period of 

quiescence and shallow 

water sedimentation in the 

Ordovician to Middle 

Devonian. A substantial 

deformation and 

metamorphism of the 

Wurawina Supergroup 

ensued during the Mid- to 

Late Devonian 

Tabberabberan Orogeny, 

which transitioned into a 

period of granite intrusion from 370 Ma to 330 Ma (Taheri and Bottrill, 2005). In the 

Zeehan region, several Devonian granites occur, most important being the 

Heemskirk Granite, 8 km west of Zeehan. These intrusive rocks host or underlie 

significant Pb-Zn and several Sn occurrences including the unmined Queen Hill Sn 

resource directly beneath Zeehan, and the giant stratiform Sn deposit at Renison Bell 

(Figure 2-3). This deformation event also produced steep reverse faults and open 

NNW-oriented folds (Tear, 2002). Subsequent geological events in the region 

include Permian-Carboniferous sedimentation, Permian glaciation, Jurassic dolerite 

sill intrusion and Cainozoic basaltic activity, Pleistocene glaciation and the Holocene 

alluvial deposition. 

2.4 Regional Metallogeny 

The metallogenic province of western Tasmania contains a diverse range of deposit 

styles. These encompass VHMS deposits (e.g. Mt. Lyell, Rosebery, Hellyer, 

Hercules, and Que River); skarn-hosted Sn deposits (e.g. Renison Bell); structurally-

controlled gold deposits (e.g. Henty); magnetite Fe ore deposits (e.g. Savage River); 
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carbonate-hosted (Irish-style) Zn, Pb, Ag deposits (e.g., Oceana, Grieves Siding, and 

Myrtle prospects); and Ni sulfide deposits (e.g., Avebury; Figure 2-7).  

The VHMS deposits are ubiquitous in western Tasmania and are mainly associated 

with the regionally extensive Middle to Late Cambrian MRV. The main mineralised 

portion of the MRV belt lying between Mt. Darwin and Hellyer is the Central 

Volcanic Complex (CVC). Volcanic rocks such as rhyolite and dacite flows, domes 

and cryptodomes and massive pumice breccias, andesite and rare basalt, i.e., lavas, 

hyaloclastites and intrusive rocks deposited in a deep marine environment, 

characterise the CVC (Corbett, 1989). This belt is skirted to the west by the Western 

Volcano-Sedimentary (WVS) Sequence, to the western edge of the Dundas Trough. 

The WVS is composed of lithiwacke turbidite, mudstone, siltstone, shale and 

subordinate intrusive rocks and lavas, which are commonly andesitic (Corbett, 

2002). Mineralisation was concentrated in the late Middle Cambrian (Brown, 1989) 

at the top of the CVC and in places in the immediately overlying Tyndall Group 

rocks (Corbett, 1992). Major alteration zones are dominantly quartz-sericite 

mineralogy and are restricted to vent-proximal volcanic facies (Gifkins and Kimber, 

2003). The VHMS deposits are assumed to have formed on, or below the sea floor 

during volcanism (Corbett, 1992).   

The Gordon Group in Zeehan hosts several Zn mineral occurrences, including some 

small-scale (trial) operations, e.g., Grieves Siding and Mariposa prospects, and the 

Oceana Pb-Zn mine (Figure 2-7). The Oceana Pb-Zn deposit is within sedimentary 

breccias, which are stratigraphically located at the middle to lower section of the 

Gordon Limestone (Figure 2-8). The mineralisation style of Oceana is comparable to 

the Irish-style carbonate-hosted base metal ore bodies, e.g., Silvermines in Ireland. 

Ore minerals in Oceana are mainly galena and sphalerite (McGilvray, 2003). Pb 

isotope analysis dates the galena from Oceana as Cambrian in age. This suggests that 

the source of the base metal fluids are the underlying Cambrian rocks, such as the 

Dundas Group and MRV (McGilvray, 2003).  
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The intrusion of granites during the Mid-Devonian Tabberabberan Orogeny is also a 

vital mineral formation period in western Tasmania. The intrusives are associated 

with Sn and minor occurrences of Pb-Zn lodes and veins along with some skarn 

mineralisation (Tear, 2002). Such Pb-Zn-Ag-rich lodes were the sources of the 

‘metal rush’ at Zeehan in the 1880’s (Corbett et al., 2014b). 

Figure 2-7 Distribution of the Zn-Pb deposits and prospects within the Ordovician Gordon 
Limestone (redrafted from Tear, 1996). 
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2.5 Local geology and stratigraphy 

The Grieves Siding prospect is located on the eastern limb, proximal to the nose, of a 

NW plunging syncline near the basal contact of the Ordovician units (Figure 2-8). 

These series of NNW- plunging anticlines and synclines deformed some of the rock 

sequences in the Grieves Siding prospect (Figure 2-8). Measured dips at Grieves 

Siding are between 45° and 55° (Parkinson, 1994). Several west-northwest trending 

faults also intersect the site (Figures 2-7 and 2-8).  A prominent structure in the area 

is the Grieves Siding Fault, which cuts the Moina Sandstone and Gordon Limestone 

(Figure 2-7), and is interpreted to be a normal fault that dips at 45° SW (Newnham, 

1998). The timing of development of the Grieves Fault remains unresolved. The 

Crotty Quartzite is unaffected by the structure, possibly indicating that the movement 

was Ordovician, perhaps as syn-sedimentary growth faulting. An alternative 

explanation suggested by Parkinson (1994) is that the fault was developed by the 

stress related to Devonian folding, and that its absence from the Crotty Quartzite 

reflects differential strain between the units.  

The stratigraphic units, illustrated in Figures 2-9 and 2-10, in the Grieves Siding 

prospect, from oldest to youngest, are as follows: 

Late Cambrian to Ordovician Owen Group 

The Owen Group, formerly known as Owen Conglomerate, is composed of coarse 

silica-cemented conglomerate to fine sandstone. This siliceous sequence consists of 4 

formations: (i) Upper Owen Sandstone, (ii) Middle Owen Conglomerate, (iii) Middle 

Owen Sandstone, and (iv) Lower Owen Conglomerate (Corbett et al., 2014a). In the 

vicinity of the project site, this unit’s thickness ranges from 100 to 200 m, forming 

most of the high peaks (Figure 2-2). 

Ordovician Moina Sandstone 

The Ordovician Moina Sandstone consists of a thick sequence of pink to white well-

sorted quartz sandstone, with some conglomerate beds. Quartz clasts within a matrix 

of fine quartz and clays predominate in the conglomerate beds. These beds also show 

cross-bedding, ripple marks and intense bioturbations with worm burrows 

perpendicular to the beddings with ‘skolithos’ trace fossils. This unit is postulated to 
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have been formed in a littoral to immediately sub-littoral depositional environment 

(Banks and Baillie, 1989). The Moina Sandstone is correlative with the Pioneer 

Beds, which is characterised by chert-rich granule-pebble conglomerate passing into 

grey sandstone with pipestem burrows, and minor shale, with detrital chromites in 

places (Seymour and Calver, 1995). Field relationships in the Queenstown area 

(Figure 2-5) suggest that the Pioneer Beds have gradational contact into the 

overlying Gordon Group via a thin sequence of calcareous siltstone and sandstone 

beds (Seymour and Calver, 1995). The Moina Sandstone and its correlates, 

previously grouped with the underlying Owen or Denison Groups (Banks and Bailie 

1989) are currently assigned as basal units of the Gordon Group (Corbett et al., 

2014c).

Figure 2-8 Surficial geology of the Grieves Siding prospect and vicinity. Rock units in the 
area are intensely folded and intersected by numerous WNW trending faults (redrafted from 
Bishop, 2005). 
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Figure 2-9 Schematic representation of the lithostratigraphy and various Zn-Pb occurrences in the 
(A) northern and (B) southern sections of the Gordon Group at Zeehan (redrafted from Russell and 
Tear, 1996). See Figure 2-7 for the location of the prospects. 
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Ordovician Gordon Group  

The Gordon Group, otherwise known as 

Gordon Limestone, is an approximately 600 – 

700 m thick sequence comprised predominantly 

of micritic, warm-water shallow marine 

limestone, shale and sand deposited on a 

continental shelf, with lagoonal mud facies, 

abundant algal mats and pellet beds (Glover, 

1996). It is assumed that this formation was 

deposited in supratidal, intertidal, and subtidal 

shallow marine environments (Banks and 

Baillie, 1989). The majority of the carbonates 

in the Gordon Group are said to be aragonite, 

formed at low temperature and in oxidising 

conditions (Rao, 1989). The presence of 

hydrocarbons within the formation was also 

suggested and often linked as the source of the 

oil seeps in mainland Tasmania (Tear, 2002). 

One of the Icon Resources Limited (Icon) drill 

holes (ZG 107) intersected the Gordon 

Limestone and hence exposed a wide range of 

carbonate lithologies, and some marker beds, 

i.e., the basal sequence, Lord Siltstone, and the 

Upper Dolomite Unit (Newnham, 1999). A 

detailed lithological description of the Gordon 

Group is presented in Figure 2-10.  

In Grieves Siding area, the basal sequence 

occurs towards the bottom (50-70 m bgl) of the 

limestone. A thick (10-25 m) equigranular 

calcarenite and a series of argillaceous 

bioclastic calcarenites and calcisiltites 

comprise this layer. In addition, black clays, 
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ferruginous clays, and white clays, which are interpreted to be Mesozoic to 

Quaternary weathering products, are intersected. These residual clays are assumed to 

be products of the variable dissolution of the carbonates (Newnham, 1999).  

The Lord Siltstone beds are composed of fine-grained argillaceous siliciclastics that 

mark a break in sedimentary regime throughout the Gordon Limestone basin (Lewis, 

2006).  

The upper portion of the Gordon Group is a dolomite unit (Figures 2-9 and 2-10) 

suggested to result from the syngenetic and epigenetic dolomitisation process in the 

limestone. These dolomitic layers are vuggy at the top, and transition to massive 

towards the base (Glover, 1996). The carbonate sequences of the Ordovician Gordon 

Group contain most of the Pb-Zn-Ag mineralisation in western Tasmania (Figure 2-

9). The delineated distributions of the Pb-Zn-Ag bearing zones within the Gordon 

limestone (Russell and Tear, 1996) are the following. This distribution is also shown 

in Figure 2-9: 

a. stratabound at the contact between the basal sequence composed of 

carbonaceous and/or ferruginous clays approximately/less than 50 m thick 

above the contact with the Moina Sandstone. A 25 m thick siderite halo 

encapsulates this zone.  This mineralisation style matches the lower 

carbonate-hosted deposit at the Grieves Siding prospect;                                                

b. stratabound at the contact of the Upper Dolomite Unit and Crotty Quartzite.  

c. stratabound within a brecciated (possibly syn-sedimentary), and sideritised 

unit, intersected at the middle section of the limestone unit;                                                                                               

d. limestone sequence and in places as late-stage filling of brittle fractures; and     

e. surficial peat-hosted, where a peat layer mantling the carbonate-hosted 

mineralised zone contains significant values of Zn and Pb. To date, the 

Grieves Siding prospect is the only documented occurrence of this surface 

mineralisation in western Tasmania (Colhoun et al., 2014). 
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Silurian Crotty Quartzite	  

The Crotty Quartzite of the Eldon Group, situated west of the study site, is 

predominantly composed of quartz sandstone, pebble conglomerate, and mudstone 

with marine macrofossils and worm clasts (Seymour and Calver, 1995). The 

depositional environment for this unit is suggested to be shallow marine to sandy 

tidal flat (Banks and Baillie, 1989). In the Grieves Siding prospect, the quartzite 

contains magnetic minerals, e.g., magnetite and pyrrhotite, which potentially reflects 

the passage of hydrothermal fluids, because it is not typical of the unit (Lewis, 2006). 

Quaternary sediments  

A thin veneer of Quaternary peat and gravels disconformably overlie the Gordon 

Group in the study area. A detailed discussion on the features of the peat is found in 

the subsequent chapters. 

2.6 Mineralisation  

There are two distinct mineralisation zones in the Grieves Siding prospect, the 

carbonate-hosted Pb-Zn zone, and the Zn-Pb rich peat cover (Figure 2-11), The 

carbonate zone will be referred henceforth as the Grieves Siding carbonate prospect 

(GSCP) to differentiate it easily from the peat.  A total of 884 air core, 28 winkie and 

66 diamond drill cores validated and demarcated the GSCP (Lewis, 2006). These 

core samples were collected by several companies that have conducted exploration 

activities at the site .The exploration history of the project site is found in the latter 

part of this chapter. 

2.6.1 Grieves	  Siding	  carbonate	  prospect	  

The carbonate-hosted Pb-Zn-rich zone occurs in a discontinuous stratabound lens at 

the basal sequence (about 50 m bgl) of the 45° NW-dipping Gordon Limestone 

(Figures 2-9 and 2-11). This Pb-Zn enriched layer reaches a maximum thickness of 

24 m and crops to the surface proximal to the Grieves Siding fault (Glover, 1996).  
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The GSCP has been classified as an Irish-style deposit based on its general 

characteristics and paragenesis (Tear, 2002), but earlier workers described it as a 

combination of Irish-type and Mississippi Valley-type deposit (MVT) features 

(Glover, 1996). A summary of the general features of the GSCP relative to MVT and 

Irish-type Pb-Zn deposits is presented in Table 2-1. 

The proposed paragenetic sequence for this zone includes: (i) hydrothermal 

dolomitisation that has overprinted the diagenetic dolomitisation; (ii) pre-sulfide 

siderite precipitation in rock voids;  (iii) pyrite remobilisation and precipitation; (iv) 

sphalerite and galena precipitation and subsequent dissolution and reprecipitation; 

and (v) late carbonate deposition (Glover, 1996). Metals brought in by hydrothermal 

fluids, similar to those that formed the Oceana deposit to the south, are possibly 

leached from an underlying igneous source, speculated to be the Cambrian rocks 

(Lewis, 2006).  

Comb and cockade open-space-fill textures are common and minor carbonate 

replacement has also been noted. Colloform sphalerite and galena are the dominant 

sulfides, inferred to be the result of multiple episodes of dissolution and 

recrystallisation (Glover, 1996). Minor barite, chalcopyrite, covellite, and calcite are 

also identified. Pyrite is rare. The abundant zincian siderite associated with sphalerite 

has been postulated to be a result of oxidation of pre-existing sphalerite accumulation 
 

ZG#107#W# E#

Quaternary surficial gravels

Silurian Crotty Quartzite

Upper Dolomite Unit
Undifferentiated Limestone

Ordovician Moina sandstone

Ordovician Gordon Group

Siderite alteration

Fresh stratabound clays
Oxidized stratabound clays

Peat (black pug)

149#

High Zn intercept

Figure 2-11 Simplified cross-section of the project site showing the two mineralisation styles, the 
Zn-Pb rich peat and the carbonate-hosted Pb-Zn zone (GSCP; redrawn from Hendrick and 
Milburn, 2011). 
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Table 2-1 Summary of the characteristics of MVT and Irish-type Zn-Pb deposits with comparison to 
the Grieves Siding carbonate prospect (adapted from a Leach and Sangster, 1994; bHitzman, 1995; c 
Glover, 1996). Mineral name abbreviations: sp=sphalerite, gn=galena, py=pyrite, marc=marcasite, 
cp=chalcopyrite, bn=bornite, dol=dolomite, cal=calcite, qz=quartz, fl=fluorite, bar=barite, 
ten=tennantite, sid=siderite, cv=covellite, sm=smithsonite, mag=magnesite, rho=rhodochrosite, 
hem=hemimorphite 
Feature MVT a Irish-type b   GSCP c 
Metal grades 
 
 
 
 
Mineralogy 
 
 
 
 
 
Characteristic 
textures 
 
 
 
 
 
Characteristic 
form 
 
 
 
 
 
Associated 
with  
dolomitisation 
 
Metal source 
 
 
Sulfur source 
 
 
 
 
 
 
Temperature 
of formation 
 
Fluid salinity 
 
Fluid flow 
mechanisms 
 
 
Timing of 
mineralisation 

Zn: 2 - 6 wt. %; 
16 wt. % (max) 
Pb: 1 - 3 wt. %   
Ag: < 40 g/t 
Cu: low 
Sulfide: low Fe sp, gn, py, 
marc ± cp, bn 
Gangue: dol, cal, minor qz± 
fl, bar 
 
 
Colloform sulfides, “snow-
on-roof”, open space fill, 
carbonate replacement, 
breccia rims, multiple sp 
dissolution-precipitaiton, 
internal sediments 
 
Irregular breccias, veins, 
lesser carbonate 
replacement and semi 
massive stratabound 
 
 
 
Many districts associated 
with a pre-mineralisation 
dolomite  
 
Sediments and/or basement 
 
 
Variable: TSR of 
evaporates or seawater 
sulfate; many districts 
probably had mixing of 
heavy and light, biogeni 
cally reduced source 
 
90oC – 150oC 
 
 
15-20 eq. wt. % NaCl 
 
Topography, tectonic, 
episodic overpressuring, 
thermal convection 
 
Late diagenetic or younger; 
most probably related to 
tectonic events much 
younger than depositional 
age of host successions  

Zn: 2-16 wt. % 
Pb: 0.2 - 6 wt. %   
Ag: < 40 g/t 
Cu: low 
 
Sulfide: low & high Fe 
sp, gn, py, marc, minor 
ten, cp ± bn 
Gangue: dol, cal, minor 
qz± ba, sid 
 
Massive sulfides, 
carbonate replacement, 
colloform sulfides, 
multiple sp dissolution-
precipitaiton ± internal 
sediments 
 
Massive stratabound to 
strataform lenses with 
associated “feeder” zones 
typically with halo of 
veinlet and disseminated 
mineralisation 
 
Intimate relationship of 
regional and alteration 
dolomitisation  
 
In dispute: sediments or 
basement 
 
Probably two sources: i) 
isotopically heavy 
reduced source with 
metals; ii) isotopically 
light biogenically 
reduced source 
 
100oC –280oC 
 
 
10-24 eq. wt. % NaCl  
 
Deep convection or 
topography  
 
 
Probably diagenetic 
related to tectonic uplift. 
Some workers favour a 
synsedimentary or early 
diagenetic age 

Zn: 10.6m @ 17.8 wt. % 
Pb: 4m @ 5.4 wt. % 
Ag: low 
Cu: low 
 
Sulfide: low Fe sp, gn, 
py, marc ± cp, bn, cv, 
sm, mag, rho 
Gangue: dol, sid ± ba, 
calcite, hem 
 
Colloform sulfides, open 
space fill, minor 
carbonate replacement, 
multiple sphalerite, 
dissolution- 
precipitation. 
 
Stratabound lenses, with 
minor Mn and Ba halo. 
Black matrix dolomite 
breccia variably 
silicified. 
 
 
Diagenetic and pre-
mineralisaiton dolomite 
 
 
Sediments and/or 
basement 
 
Probably three sources: 
i) modified seawater 
source; ii) inorganically 
reduced source; iii) 
biogenically reduced? 
Diagenetic source 
 
130oC – 173oC,  
mean = 150oC 
 
2.5 – 4.3 eq. wt. % NaCl  
mean = 3.5 
Convection, topography, 
diagenetic compaction 
 
 
Late diagenetic related to 
Benambran Orogeny 
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in cold alkaline conditions (Lewis, 2006). Alternatively, the association of Zn with 

the carbonate could imply a deficiency of sulfur and oxidising conditions in the 

system (Lewis, 2006). Smithsonite, rhodochrosite, magnesite are also present, and 

are presumed to have formed when secondary oxidised sulfur-deficient fluids 

permeated along underlying aquifer sediments and carbonates. Hemimorphite has 

been assumed to be the last Zn mineral to precipitate because of its surface position 

within the oxidised cap (Glover, 1996). Table 2-2 presents the paragenetic 

relationships of ore and gangue minerals in the GSCP. 

Two distinct Zn distributions have been recognised within the GSCP, which is 

assumed to result from variable alteration and oxidation of sphalerite. One is the 

siderite zone, where about 30% and 58% of the Zn are represented by sphalerite and 

siderite, respectively, and the rest occurs in clays. The second is the stratabound clay 

zone, where about 35% of the Zn occurs as sphalerite with the remainder occurring 

in clays. The mineralised carbonate zone has been assessed to contain a resource 

potential of approximately 650,000–750,000 t @ 7 to 9% Zn (Newnham, 1998). 

The Zn mineralisation in the carbonate zone that consists mainly of Zn-rich siderite, 

smithsonite (Zn carbonate), sphalerite and Zn-aluminosilicates presented a challenge 

in extracting and concentrating the Zn into a saleable product by conventional 

processes. The complexity of the deposit mineralogy eliminated the application of 

non-conventional extraction methods (AMC Consultants Pty Ltd, 2006).  

 

Pyrite 

Dolomite 

Siderite 

Sphalerite 

Galena 

Chalcopyrite 

Calcite 

Covellite 

Smithsonite 

Rhodochrosite 

Magnesite 

Hemimorphite 

Minerals Pre- 
mineralisation Early Late Middle 

Post- 
mineralisation 

Sulfide mineralisation Table 2-2 
Illustration of the 
paragenetic 
associations of ore and 
gangue minerals in the 
Grieves Siding 
carbonate prospect 
(GSCP; redrawn from 
Glover, 1996). 
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2.6.2 Grieves	  Siding	  Zn-‐Pb	  rich	  peat	  

This section presents geochemical, and mineralogical data on the Grieves Siding peat 

collated from accessible company reports. As the subject of this dissertation, the 

characteristics of the peat will be explored comprehensively in the succeeding 

chapters. 

The NE-trending Zn-Pb rich peat stretches to 700–800 m along the base of the Moina 

Sandstone escarpment (Figures 2-12 and 2-14). Its width ranges from 30 m to 50 m 

at varying depths from 1 to 24 m below the surface (Purvis, 2006).  Mineralogical 

studies indicate that about 92% of the Zn occurs as free grains of sphalerite with low 

Fe content, whereas the rest is within the siderite (~5%) or in clays (~2%; Newnham, 

1998). In 1998, the resource potential of the outlined Zn-rich peat layer was 

estimated to be 150,000–200,000 t @ 4 to 6% Zn. In 2006, after another 

resource estimation process, the peat resource was upgraded to a JORC-

compliant Inferred Resource of 409,000 t at 3.9 wt. % Zn (Burrows, 2005). Three 

blocks comprised this resource, the north, central and south blocks (Table 2-3; Figure 

2-13).  

Figure 2-12 Photographs of (A) outcrop of the peat along Zeehan-Strahan Road showing the 
Gordon Limestone-peat contact, with the peat unconformably overlying the carbonate unit. The 
peat is covered by Crotty Quartzite gravels and boulders. (B) High Zn zones in the peat mainly 
follow the foot slope of the Moina Sandstone plateau, looking southwest. 

  

  
Gordon 
Limestone 

Peat 
Crotty 

Quartzite 

Moina Sandstone 

 Zn-rich zone  

B 

A 
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The peat also contains a significant concentration of Pb. However, it was not 

included in the resource estimation of Burrows (2005). 

Organic petrology analysis (Purvis, 2006) on this near-surface zone identified the 

material as peat composed of almost entirely of the vitrinite maceral group, which 

are derived from the woody parts of terrestrial plants. Traces of charcoal fragments, 

almost certainly from past Tasmanian bushfires, are also present. The age of the peat 

is assumed to be Late Cainozoic (Purvis, 2006). 

This surficial zinc zone, earlier identified as ‘black pug,’ was considered by 

Newnham (1999) and Parkinson (1994) as the highly weathered residual limestone 

overburden, typical of hydrothermal deposits in carbonate rocks. They linked its 

formation to geochemical dispersion, and enrichment by near-surface processes, and 

the surficial manifestation of the underlying metal-bearing carbonates. Parkinson 

(1994) further attributed the Zn and Pb enrichment at the surface to the dissolution 

and decarbonisation of the carbonates at depth leaving a residual layer of black 

sulfidic pug above. Newnham (1998) also suggested that the surficial Zn mineralogy 

was not random, but reflects the degree of weathering degradation of the primary 

sphalerite within the Gordon Limestone underneath (Table 2-4; Figure 2-12). 

Figure 2-13 Photographs of (A) grab samples 
of the Grieves Siding peat. These organic-rich 
samples registered very high Zn-Pb content. (B) 
Some of the samples in the site are intercalated 
clay and peat with high Zn-Pb content. (C) 
Excavated pit showing the dipping contact 
separating the peat and the underlying 
limestone. 

B 

C 

5 cm 

Peat  
Limestone 
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On the other hand, Lewis (2006) found it unusual that the surface peat layer in the 

Grieves Siding prospect was more associated with sphalerite and other sulfide 

minerals rather than oxide or carbonate minerals, which are prevalent in supergene 

deposits. Also, the carbonates at depth (GSCP) primarily contain oxide and 

carbonate minerals, and only minor sulfides. This juxtaposition of mineral 

assemblages in the peat and carbonates has led Lewis (2006) to deduce that Grieves 

Siding deposit’s mineral zonation could be inverted. Further, as an additional 

interesting observation on the peat, Purvis (2006) states that "Recent work has shown 

the metals occur within the clays as fine colloform sphalerite and galena, apparently 

actively depositing within the organic carbon and growing in-situ.” This distinct 

association is prevalent in all samples analysed by Purvis (2006). 

 

 

 

Other minerals present are quartz, muscovite, chlorite, pyrite, sphalerite, galena, 

dolomite, anhydrite, kaolin, and goethite (Purvis, 2006). A thorough list of minerals 

identified within the Grieves Siding peat are found in the reports of Newnham 

(1999),  Purvis (2006) and Parkinson (1994). 

 

 

     

Block Tonnes Zn wt. % 
North 164,000 3.2 

Central 
 

65,000 1.1 

South 180,000 5.6 

Degree of weathering Zn phases 

Minor weathering Zn as sphalerite 

Moderate weathering 
(alteration to sideritic 

carbonate) 
 

Zn as sphalerite 
and Zn carbonates 

Severe weathering 
(development of 

stratabound clays) 

Zn redeposited as  
sphalerite and Zn clays 

Extreme weathering (black 
pug formation) 

Zn redeposited as 
 low-Fe sphalerite 

Table 2-4 Degree of weathering 
of primary sulfides in Gordon 
Limestone, and the resultant Zn 
phases in the black pug at 
Grieves Siding prospect 
(Newnham, 1999). 

Table 2-3 Surficial Zn Mineral 
Resource (Burrows, 2005). The values 
were obtained with assumed density of 
1.9 t/m3 (density of dry clay). This 
estimated tonnage will decrease to 
337,000 t using a density of 1.4 t/m3 
.(density of wet samples). 
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2.7 Exploration history 

The Grieves Siding prospect has been the focus of extensive mineral exploration 

since the mid-1980’s. The target then was the carbonate mineralisation hosted by the 

Ordovician-aged Gordon Limestone. The interest in the carbonates was stimulated 

when the geology of the nearby Oceana Mine was reviewed in the 1980’s, and seen 

to exhibit similar features to a carbonate-hosted Irish-style deposit (Virgoe, 1989). 

Oceana mine was one of the largest Zn producers in the Zeehan area, up until 1960, 

when its mining operation ceased (Bacon, 2013). 

The delineation of the Grieves Siding carbonate Zn mineralisation resulted from the 

rigorous and persistent search for a structurally-controlled stratabound Irish-type zinc 

orebody (>20 Mt at 10 wt. % Zn) by Amoco Minerals (Amoco) in a joint venture 

with Electrolytic Zinc (EZ) Company of Australia Limited in 1983 (Virgoe, 1989; 

Purvis, 2006). The geochemical and geophysical surveys, coupled with the drilling 

activities of EZ-Amoco in the Grieves Siding area resulted in the classification of 

this mineralisation as Irish-style, and the delineation of a mineral resource of 2.45 Mt 

@ 9 wt. % Pb and 4 wt. % Zn (Tear, 2002). This exploration success resulted in the 

expansion of the search area to cover the entire Zeehan carbonate sub-basin.  

In 1991, CRA Exploration (CRAE) Pty Limited (now known as Rio Tinto 

Exploration Pty Limited) acquired access to most of the Gordon Limestone around 

Zeehan by entering into an agreement with Major Mining, which subsequently sold 

their interest to Allegiance Mining NL (Allegiance). CRAE actively explored the 

area from 1992 to 1996. During their tenure, a near surface clay-hosted sphalerite 

layer was defined. Newnham (1999), one of the workers at that time, identified the 

zone as a black pug and considered this as a surficial secondary zinc deposit. To gain 

information on the black pug, four hundred (400) air core holes averaging 13 m deep 

were drilled in the area. The drilling activity defined a 750 m long surficial zinc clay 

deposit with a mean grade of 4 % Zn. CRAE did not conduct metallurgical testing on 

the clays despite that the analysis showed a favourable low Fe-Mn content. In May 

1996, CRAE’s exploration program in the area was abruptly terminated due to 

corporate issues (Lewis, 2006). Following CRAE’s departure, Allegiance held 

Grieves Siding under a retention license and was able to estimate potential mineral 
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resources in the range of 0.15–0.20 Mt @ 4–6% Zn for the surficial clay, and 0.65–

0.75 Mt @ 7–9 wt. % Zn for the carbonate-hosted minerals (Newnham, 1998). 

Commercial development of the identified mineral resource did not proceed because 

Allegiance encountered substantial technical impediments such as non-feasibility of 

the relatively small combined deposit size, difficult metallurgical properties, and 

mining challenges.  

From 2001 to 2002, Noranda Pacific Pty Limited acquired an area south of Zeehan, 

including the Grieves Siding prospect. Similar to the previous explorers, they were 

also searching for an Irish-style mineralisation. However, the disappointing drilling 

results, the discovery of other interesting targets, and corporate restructuring 

influenced the company to abandon the area. 

The revitalisation of exploration activities in the Grieves Siding deposit came in 

2004 with the entry of Southern Eastern Resources (SER). In 2005, Zinifex Australia 

Limited (Zinifex) signed a one-year option agreement with SER. Zinifex investigated 

the near-surface (peat) Zn mineralisation and completed a bulk sampling program 

from five excavator pits for metallurgical testing. Conventional mineral processing 

undertaken by the company, including flotation and gravity separation, were 

unsuccessful. The poor results prompted Zinifex to discontinue the agreement.  

Icon joined with SER in early 2006. The company commenced a series of 

conventional and unconventional metallurgical extraction trials, which include test 

procedures such as assay, size, mineralogical, organic petrological analyses; EDTA 

extraction to determine the oxidation degree of the Zn and Pb minerals; mineral 

liberation assessment; acid and soda ash consumption, flotation, and gravity 

separation tests (Purvis, 2006). Recovering Zn from the peat by flotation circuit, 

which was tested in the Rosebery mill, was found to be unviable due to the complex 

nature of ore minerals. The gravity separation test also failed to separate the ore 

minerals (i.e., sphalerite) because it is very fine grained. Apart from these, all the 

other trials returned promising results. Buoyed by the positive results, a geophysical 

survey was conducted, and additional holes were drilled by Icon to further define the 

carbonate and peat resource, and to explore for a possible extension of both the 

deposits (Capp, 2007). In line with this, by 2008, Icon had completed a 3D-IP 

survey, a two-part diamond drilling program on the deep carbonate sequence, as well 
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as an excavator/auger sampling program on the peat-hosted resource. The 

geophysical survey and drilling on the carbonate sequence revealed unfavourable 

results as only one drill hole showed significant new Zn results. The chargeability 

anomalies found by the IP survey were brought by the Fe-bearing minerals (i.e., 

siderite, pyrite, magnetite, and pyrrhotite) in the carbonates rather than the Zn 

mineralisation. To note, sphalerite has been seen to be particularly difficult to locate 

with resistivity-conductivity geophysical methods due to its generally non-

conductive nature (Bishop and Emerson, 1999). On the other hand, the peat-hosted 

zinc resource was seen as more promising. Fourteen pits out of the 52 excavation-

auger pits showed >2.5 wt. % Zn content with Zn content found to reach up to 28.6 

wt. % Zn and 3.79 wt. % for Pb. Nineteen pits had >1 wt. % Zn but <2.5 wt. % Zn 

(Capp and Wakefield, 2008).  

Kaolin Technology Pty Limited conducted extensive metallurgical test work on the 

Zn-rich peat using the bulk samples collected by Zinifex in 2006. Afterward, in 

August 2007, an agreement was signed with Rogers Chemical Engineering (RCE) 

Pty Ltd for RCE to manage the ongoing test work (Capp and Wakefield, 2008). Icon, 

together with RCE, continued to search for a cost-effective Zn extraction process. 

Metallurgical tests showed there was high variability in the percentage of recovered 

Zn. Zinc was found to be actively dissolving and re-forming other silica-based 

complexes during the processing. A high consumption of acid was also found to be 

required to extract the Zn (Capp, 2009). Despite the encouraging results in some of 

the Zn extraction testings, the useage of reagents and additives outweighs them, and 

was determined too high to be economically feasible (Hendrick, 2010). In 2011, Icon 

negotiated with ARC Centre of Excellence in Ore Deposits (CODES) to conduct an 

investigation of metallurgical process test work on the peat samples (Hendrick and 

Milburn, 2011). In line with this initiative, several peat samples were provided to 

CODES. However, the company had already ceased their operations when this 

research project commenced in 2012. 

In 2012, Icon, then renamed as Carbine Tungsten Limited had relinquished the 

Exploration License at Grieves Siding (White, 2012). As of this writing, Kingfisher 

Exploration Pty Limited (EL6/2015) hold the exploration lease over the Grieves 

Siding prospect. 
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Figure 2-14  Location map of the excavation and auger pits of Zinifex and Icon within the peat 
Zn resource (map redrafted from Newnham, 1999, Capp and Wakefield, 2008; Zn mineral 
resource data from Burrows, 2005). 
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Chapter 3  

Methodology 

3.1 Sample description and preparation 

Icon Resources Limited (Icon) provided the peat samples (Table 3-1) used in this 

study. The samples were placed in sealed 4L plastic pails when they were received at 

CODES. They were subsamples taken from the bulk samples, which were collected 

by an excavator machine with an auger system. The samples represent the spatial 

distribution of the peat in the Grieves Siding prospect, and the broad spectrum of 

concentrations of Zn, Pb, and Fe in the peat. Supplementary information on the 

sampling activities of Icon and location sites of the auger pits is in Appendix A-2.   

Sample 
no. 

 

Icon  
DH ID 

Depth  
interval  
(m bgl) 

Concentrations in wt. % 
(from Icon) 

Northing 
(m) 

Easting 
(m) 

Latitude 
(S) 

Longitude 
(E) 

   Zn  
 

Pb  
 

Fe     
GS1 IPP002 4–5 0.27 0.01 3.64 5349275 364534 41.9969 145.3644 

GS2 IPP008 3–4 1.67 0.02 5.91 5349237 364496 41.9972 145.3639 

GS3 IPP025 1–2 5.76 0.19 3.62 5349225 364582 41.9973 145.3650 

GS4 IPP029 7–8 3.13 0.26 3.63 5349362 364600 41.9961 145.3652 

GS5 IPP038 8–9 0.06 0.02 4.69 5349825 364860 41.9920 145.3684 

GS6 IPP049 2–4 0.01 0.08 0.93 5349602 364751 41.9940 145.3671 

GS7 IPP011 1–2 21.10 3.79 1.66 5349211 364511 41.9975 145.3641 

GS8 IPP011 2–3 28.60 2.86 2.43 5349211 364511 41.9975 145.3641 
 

WS1 
 

- - - - - 5349805 364892 41.9922 145.3688 

WS2 - - - - - 5349638 364819 41.9937 145.3679 

WS3 - - - - - 5349589 364674 41.9941 145.3662 

WS4 - - - - - 5349626 364657 41.9938 145.3660 

WS5 - - - - - 5349285 363466 41.9966 145.3515 

Table 3-1 Geographic coordinates and assay results of the Grieves Siding peat samples (GS series) 
and water samples (WS series) data. The metal contents of the peat (from Icon data) were analysed at 
ALS Minerals, Australia using an inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) after ashing at 600°C and an aqua regia digest. The original GPS readings of the samples in 
grid coordinates (northings & easting; Map Grid of Australia Zone 55) were converted to geographic 
coordinates in decimal degrees (latitude & longitude; Geocentric Datum of Australia 1994). 
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The peat samples were mixed thoroughly to ensure homogenisation and then dried at 

40oC for five (5) days. A portion of the peat samples were mechanically milled to 

<63 µm using a chromium steel mill. The pulverised samples were analysed for their 

bulk chemical composition by Intertek Genalysis Australia and for their mineral 

composition in Federation University, Australia. Paste pH (Smart et al., 2002) 

measurements were also performed on the powdered samples. 

The heavy mineral fraction (Figure 3-3) of the peat material was extracted from 

several samples (GS3, GS7, and G8) that contain the highest Zn concentration (Table 

3-1). The samples were placed in an ultrasonic bath for an hour to disaggregate the 

peat, washed in distilled water, and then panned to isolate heavy particles. The heavy 

mineral fraction was further sieved to obtain 300−500 µm-sized grains. This grain 

size range was chosen because the Zn-Pb bearing phases are prevalent at this size, 

based on the preliminary studies conducted by Icon Resources Limited. The heavy 

mineral grains were then handpicked under a binocular microscope. Grains 

exhibiting spheroidal and colloform textures were selected, for additional 

examination. Some of the heavy mineral separates were powdered and analysed by  
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Figure 3-2 Cross sectional schematic illustration of the GS peat samples distribution, looking 
northeast. Grey region demarcates the Zn-rich peat adapted from Newnham (1998). Figure 3-1 
depicts the location of the sections in a map. 
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Quantitative X-ray diffraction (XRD), because of the very fine-grained nature of the 

mineral fraction. 

Coarser grains were mounted in an 

Araldite epoxy resin and exposed by 

hand grinding and polishing. 

Grinding was initially carried out 

using alumina and water, then using 

diamond and kerosene as a lubricant. 

Final polishing was done on a silk 

pad using an oil-based 1µm diamond 

compound.  

For examination by scanning 

electron microscopy (SEM) and 

electron probe microanalysis 

(EPMA), the polished mounts were coated with 20 nm carbon using a Ladd 40000 

carbon evaporator, whereas mounts analysed for elemental carbon were coated with 

around 4 nm of platinum using a BalTec SCD050 sputter coater.  

For the non-polished mounts, the mineral grains were mounted on 12 mm diameter 

aluminum SEM mounts using double-sided sticky carbon tabs (Proscitech, 

Australia). Similar to the polished mounts, a 20 nm thick carbon coating was applied 

to the unpolished mounts.  

The freshwater samples were collected  from the three (3) tributaries (WS 1, 2, and 5) 

of Badger River and two (2) samples from stagnant pit waters (WS 3-4) situated 

within the project site (Table 3-1). The  water samples were directly taken using an 

injection filter, and directly filtered through the cellulose acetate filters (0.45 um; 

Nalgene). They were stored in pre-cleaned polyethylene bottles and then acidified 

with HNO3. Unfiltered samples were also collected to compare with the filtered 

samples. Similar to the peat samples, pH and EC were also measured for the water 

samples using the Oakton Ecotestr Waterproof pH tester in the field. 

Figure 3-3 Photograph of the representative heavy 
fractions that were separated from the peat. Needle 
tip at the upper-right corner as scale.  
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3.2 Analytical Techniques 

3.2.1 Bulk	  chemical	  composition	  analyses	  

About 100 grams of each of the eight powdered peat samples were sent to Intertek 

Genanalysis, Australia for bulk chemical composition analyses. Table 3-2 

summarises the description of methods for individual elements. A careful attention 

was given to the analytical result of Cr due to the probability of contamination during 

milling. 

Table 3-2 Methods of bulk chemical composition analyses by Intertek Genalysis, Australia 
(www.genalysis.com). 

Elements Detection 
limit  

Method code Method code description 

Zn 
(ppm) 

1 R4AB/OE 
RFP1/OE* 

Pre-roast multi-acid digest including 
hydrofluoric, nitric, perchloric, and 

hydrochloric acids in Teflon beakers. 
Analysed by inductively coupled plasma 
optical (atomic) emission spectrometry. 

 
*Pre-roast Sodium peroxide fusion 

(zirconia crucibles) and hydrochloric acid 
to dissolve the melt. 

 

Cu 
(ppm) 

0.5 R4AB/OE 

Ni 
(ppm) 

0.5 R4AB/OE 

Cr 
(ppm) 

5 R4AB/OE 

Na 
(ppm) 

20 R4AB/OE 

Pb 
(ppm) 

0.5 R4AB/MS 
RFP1/OE* 

Pre-roast multi-acid digest including 
hydrofluoric, nitric, perchloric and 

hydrochloric acids in Teflon beakers. 
Analysed by inductively coupled plasma 

mass spectrometry. 

Cd 
(ppm) 

0.02 R4AB/MS 

Co 
(ppm) 

0.1 R4AB/MS 

Mo 
(ppm) 

0.1 R4AB/MS 

Ag 
(ppm) 

0.05 R4AB/MS 

As 
(ppm) 

0.5 R4AB/MS 

Sb 
(ppm) 

0.05 R4AB/MS 

Si 
(%) 

0.1 RFP6/OE Pre-roast sodium peroxide fusion (nickel 
crucibles) and hydrochloric acid to 

dissolve the melt. Analysed by inductively 
coupled plasma optical (atomic) emission 

spectrometry 

Al 
(%) 

0.01 RFP6/OE 

Fe 
(%) 

0.01 RFP6/OE 

http://www.genalysis.com
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Ti 
(%) 

0.05 RFP6/OE 

Mn 
(%) 

0.2 RFP6/OE 

Mg 
(%) 

0.01 RFP6/OE 

Ca 
(%) 

0.1 RFP6/OE 

K 
(%) 

0.05 RFP6/OE 

P 
(%) 

0.01 RFP6/OE 

Total Inorganic 
Carbon (TIC) 

(%) 

0.02 C72/CSA Digestion by hot acid(s) and analysed by 
infrared spectrometry 

 
 
 C 

(%) 
0.01 /CSA Induction furnace analysed by infrared 

spectrometry 

S 
(%) 

0.01 /CSA 

3.2.2 Carbon	  and	  sulfur	  isotope	  analysis	  

The isotopic composition of the solid-bound sulfur and carbon in the powdered peat 

samples and selected heavy fractions were analysed at the Central Science 

Laboratory (CSL), University of Tasmania (UTas). The isotope measurement of 

carbon and sulfur was obtained by an elemental analyser (EA) using flash 

combustion (Elementar, vario PyroCube, Germany). In this technique, a sample is 

burned in an excess of oxygen and then converted into N2, CO2 and SO2. This 

measurement provides quantitative data on element content in the samples. The 

purified gases are then sequentially released into a continuous flow mass 

spectrometer (Isoprime 100 with IonVantage software) to perform the isotopic 

measurements.  

Nitrogen, carbon and sulfur (NCS) flash combustion is used to produce the gaseous 

species for subsequent analysis of δ15N, δ13C and δ34S in the Common Isotope Ratio 

Mass Spectrometer (IRMS). The IRMS instruments are gas source mass 

spectrometers where the sample to be analysed is introduced in a gaseous state. 

Depending on the previously determined average carbon and sulfur content in the 

submitted samples, between 0.63 and 5.6 mg were weighed into tin cups and loaded 

into the autosampler of an EA-IRMS system. 
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The EA has the following setup for NCS mode: two packed reactor tubes 

(combustion and reduction), two ‘purge and trap’ desorption columns (for SO2 and 

CO2) and an inlet for both the sample and reference gas to enter the IsoPrime100 

IRMS.  

After combustion the bulk sample gas passes through the system and columns and is 

stripped of H2O, in the water traps, as well as SO2 and CO2, in the ‘Purge and Trap’ 

Columns. The N2 component gas is not trapped in a column and is the first to enter 

the IRMS.  

After the N2 reference and sample peaks have been collected, the CO2 desorption 

column is heated to 110oC and the CO2 sample gas is released, passing through a 

second water trap and into the IRMS. The final gas to be released is SO2 which 

occurs when the desorption column is heated to 220oC, this sample gas then bypasses 

the CO2 column (where it could potentially be retained), passes through a second 

water trap and enters the IRMS.  

The dilutor can be used to lower the gas loads entering the IRMS source. 

Figure 3-4 Flow chart for EA-IRMS in CNS mode (from Dietz, 2016). 

Isotope data is generally reported as ‘delta’ values (δ). These are ratios that relate 

the isotopic composition of the sample to that of a standard. Delta values are said 

to be either heavier (enriched) or lighter (depleted) than a standard and given as 
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per mil (‰) difference (δ) compared to a standard. (The result is multiplied by 

1000 simply to make the resulting ratio more ‘meaningful’).  

δ 34S (‰) = [((34S/32S)sample/(34S/32S)VCDT -1)) × 1000] 

If a sample is said to have a delta value of +5 ‰ δ34S then it is 5 parts in 1000 

enriched in 34S compared with the standard. If it has a delta value of -5 ‰ δ34S 

then it is 5 parts in 1000 depleted in 34S. 

The raw data is subjected to a number of instrumental corrections such as 

abundance sensitivity and isotopologue corrections. The measured isotopic 

composition must then be converted and reported on the respective international 

stable isotope reference scale for the accurate interlaboratory comparison of 

results. δ13C values are reported respective the PDB (Pee Dee Belemnite) standard, 

fossilised shells of an extinct organism called a belemnite, collected from the 

banks of the Pee Dee River, South Carolina. δ34S values refer to the CDT standard 

(Canyon Diablo troilite), a FeS from the Canyon Diablo meteorite, which fell 

some 50.000 years ago into Arizona, causing the Barringer Crater. 

International standards (for sulfur: IAEA-S-1, IAEA-S-2, and IAEA-S-3, IAEA-

SO5, NBS 123 and NBS 127; for carbon: NBS 21, USGS24, USGS40, USGS41 

and ANU-NAR-76H) are used to correct for instrumental drift and Quality 

Assurance purposes. The analytical precision of the δ values, determined by 

repetitive measurements of three international standards, is around 0.1‰. for 

carbon and 0.2 ‰ for sulfur, respectively. 

Table 3-3 Reference values for International Standards used at CSL. 

Standard Certified value δ13CPDB Standard Certified value δ34SCDT 

NBS 21 -28.16 IAEA-S-1 -0.30 
USGS 24 -16.05 IAEA-S-2 +22.66 
USGS 40 -26.39 IAEA-S-3 -32.30 
USGS 41 +37.63 IAEA-SO5 +0.48 
ANU-NAR-76H -29.26 IAEA-SO6 -34.1 
  NBS 123 +17.44 
  NBS 127 +20.32 
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3.2.3 Quantitative	  X-‐ray	  diffraction	  

The bulk mineralogical composition of the peat samples was determined by 

quantitative x-ray diffraction (QXRD) with Siemens D500 and D501 diffractometers 

using Fe-filtered CoKα radiation in Federation University Australia. A computer-

aided search of the ICDD PDF4/Minerals 2010 database was then performed to 

identify the mineral phases present. Quantitative XRD results were obtained using 

SiroQuant™Version 3.0, utilising the most suitable mineral structures available in 

the current software package databank.  Results were regarded as semi-quantitative 

because SiroQuantTM is a whole pattern Rietveld analysis technique. The detection 

limit is set at 0.4 wt. % with consideration of the numerous variables being not 

limited to the mineral crystallinity and order.  

3.2.4 Scanning	  electron	  microscopy	  with	  energy	  dispersive	  X-‐ray	  
spectrometry	  	  

The mounted heavy particles were 

analysed by backscattered electron 

(BSE) and secondary electron (SE) 

imaging and energy dispersive X-ray 

spectrometry (EDS) at CSL, UTas on 

a Hitachi SU-70 Schottky field 

emission SEM fitted with an Oxford 

AZtec XMax80 silicon drift detector 

EDS system (Figure 3-5)  at 5−15 kV 

accelerating voltage. Chemical 

compositions displayed with EDS 

spectra have been obtained by 

standardless quantification and can 

be considered semi-quantitative only.  

To resolve the sub-micrometer 

compositional variations of the colloform banding, BSE imaging and X-ray mapping 

were conducted at 5kV acceleration voltage.  

Figure 3-5  Photograph of Hitachi SU 70 field 
emission SEM fitted with EDS and EBSD 
housed at CSL, UTas (from Goemann and Feig, 
2013). 
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3.2.5 Electron	  backscatter	  diffraction	  	  

The mounted samples were further polished for electron backscatter diffraction 

(EBSD) on a Pace Technologies GIGA-0900 vibratory polisher using non-

crystallising colloidal silica. EBSD was then carried out on the same Hitachi FESEM 

(Figure 3-5) using an Oxford NordlysNano camera and AZtec software. 

3.2.6 Electron	  probe	  microanalyser	  	  

Compositional spot analyses in the 

EDS mapped areas were conducted 

on a Cameca SX100 electron probe 

microanalyser (Figure 3-6)  

equipped with five wavelength-

dispersive spectrometers with 

operating conditions at 40° takeoff 

angle, 10 keV beam energy, 20 nA 

beam current, focused beam, and 

1.5 minutes total counting time. 

Standards utilised were galena for 

Pb Mα, hematite for O Kα, marcasite for Fe Kα, sphalerite for S Kα, Zn Lα (all 

standards from Astimex Standards Ltd., Toronto, Canada), clinopyroxene for Si Kα 

(Delegate, Australia), plagioclase for Al Kα (Lake County Labradorite, Smithsonian 

Institution), and pure Cd metal for Cd Lα. Additional parameters including analytical 

precision and detection limits can be found in Table 3-3. Monte Carlo calculations 

(Casino software, Université de Sherbrooke, Canada) estimate a value of ~0.6 µm for 

the diameter of the interaction volume of the microprobe spot measurements at the 

conditions used.  

 

 

 

 

Figure 3-6 Photograph of Cameca SX100 EPMA 
CSL, UTas (from Goemann and Feig, 2013). 
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Table 3-4 EPMA Parameters 

Element 
& Line 

Monochro-
mator crystal 

Peak 
time  
(s)  

Background 
total time  

(s) 

Precision wt. 
%  

(1 sigma) 

Detection limit wt.% 
(99% confidence) 

O Kα PC0 60 60 0.07 0.04 

Al Kα TAP 20 16 0.02 0.01 

Si Kα TAP 20 16 0.01 0.01 

S Kα PET 20 10 0.10 0.03 

Fe Kα LLIF 60 30 0.02 0.04 

Zn Lα TAP 20 16 0.19 0.05 

Cd Lα LPET 40 18 0.02 0.04 

Pb Mα PET 50 40 0.05 0.07 

	  

3.2.7 Cathodoluminescence	  	  

Cathodoluminescence (CL) 

microscopy was also carried out on 

polished and carbon-coated samples 

displaying colloform banding. CL 

was captured in parallel to selected 

BSE images to allow direct 

comparison of the two different 

image signals. CL images were 

acquired on an FEI Quanta 600 

environmental scanning electron 

microscope (Figure 3-7), also at 

CSL,UTAS, equipped with a Gatan PanaCLF CL detector. The accelerating voltage 

was at 20 kV with a beam current of 20 nA (SX100) and around 3 nA (Quanta 600). 

 

 

 

Figure 3-7 Photograph of FEI Quanta 600 ESEM at 
CSL, UTas (from Goemann and Feig, 2013). 
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3.2.8 Raman	  Spectroscopy	  

A Renishaw inVia Raman 

microscope (UK) using a 100x, 0.90 

NA or 50x, 0.75 NA objectives aided 

the identification of minerals (Figure 

3-8). The excitation wavelength  was 

532 nm using a 200 mW rated 

pumped-diode laser with variable 

power tailored for the individual 

samples ranging between 30 and 

300µW at the sample. The spectra 

were recorded on a Peltier cooled CCD camera with an acquisition time between 1 – 

60 s and using a spectral range of 140-2760 cm-1 with a grating of 1200 l/mm giving 

spectral resolution of about 2.6 cm-1 

3.2.9 Fourier	  transform	  infrared	  spectroscopy	  

Possible occurrence of organic and inorganic phases in the heavy fraction and 

colloform grains was determined by spot analysis using Fourier transform infrared 

microspectroscopy (FT-IR) at the CSL, UTas. The FT-IR spectra were acquired 

using Bruker Vertex 70 system and a Bruker Hyperion 3000 microscope (Figure 3-

7). The spectra were acquired at wavelengths ranging from 4000 cm-1 to 400 cm-1 

with an average of 128 scans in the transmission mode. The approximate resolution 

of the measurements is 2.5 cm-1. Baseline and attenuated total reflection (ATR) 

correction, sample thickness correction, and conversion of the transmission spectrum 

to the absorption spectrum were carried out using the Bruker OPUS software 

package. A representative spectrum of the mounting epoxy is always compared with 

the acquired spectra to validate and differentiate the CH signatures.  

The FT-IR imaging of the colloform grains was conducted using the same Bruker 

Hyperion 3000 microscope with a 20x ATR germanium objective for rapid imaging 

at approximately 25 μm x 25 μm rectangular aperture. The infrared mapping was 

conducted using the focal plane array detector (FPA) acquiring an array of 64 x 64 

Figure 3-8 Photograph of Renishaw inVia Raman 
microscope at CSL, UTas (from Rodemann, 2015).  
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pixels (4096 pixels) at a spot size of 2.7 μm in transmittance and ~0.7 μm with ATR 

imaging at a spatial resolution of 2.5 μm. Each spectrum represents one pixel. With 

these settings, an acceptable signal-to-noise and good spatial resolution was 

obtained. 

The acquired spectral data sets from the hyperspectral mapping contained a total of 

4096 individual spectra with wavelengths and intensity information. Each FT-IR 

spectrum is spatially orientated with distinct x and y spatial coordinates within the 

mapped area. Each spectrum is then converted into thematic maps to visualise and 

easily interpret the qualitative chemical information inherent in the individual 

spectrum.  

In this study, the chemical (or functional group) mapping, principal component 

analysis (PCA) and cluster analysis was performed using the Bruker OPUS software. 

In the chemical (or functional group) mapping, the integration value of the water 

peaks and Amide I functionality peaks was classified and assigned a particular 

colour. Different colours in the chemical map depict the likelihood of where the 

water and Amides I function groups might be. 

The principal component analysis evaluates the spatial chemical variances of all the 

spectra in the mapped area, whereas, the cluster analysis examines the similarities 

between each spectrum and all other spectra of the data set. In the PCA, the software 

factorises the subtle differences in the spectra and maps them together. In the cluster 

analysis, two or more similar spectra are merged into a “cluster”. To create a cluster 

map, colour is assigned to each spectral cluster, and this particular colour is shown at 

the coordinates of the spectrum. These maps are used for interpreting the chemical or 

biochemical differences between clusters.   

 

 

 

 



Chapter 3 – Methodology 

 
 

49 

 

	   	  

 

3.2.10 Laser	  ablation-‐inductively	  coupled	  plasma	  mass	  
spectroscopy	  (LA-‐ICPMS)	  

Selected grains of galena identified by the SEM were analysed for lead isotope 

compositions using a New Wave 193 nanometer Nd-YAG solid-state laser and 

Agilent 7700 quadrupole ICP-MS at CODES), UTas, according to the method 

outlined by (Woodhead et al., 2009) and (Meffre et al., 2008). The grains were 

sampled with a 12 µm spot size at a repetition rate of 10 Hz and an energy density of 

3 J/cm2. Isotopes measured were (202Hg, 206Pb, 207Pb, 208Pb, 232Th, 238U), each for 5 

ms, with the exception of 204Pb, for which 10 ms was used to improve precision on 

the low signal. Data reduction was done using the Isoplot software (Ludwig, 2003). 

 

 

 

 

A 

B 

Figure 3-9 Photograph of (A) Bruker Vertex 70 – FT-IR and (B) Bruker Hyperion 3000 
microscope at CSL, UTas (from Rodemann, 2015). 
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3.2.11 Sector	  field	  ICPMS	  

The cation concentrations of the water samples were determined using a sector field 

inductively coupled plasma mass spectrometer (ICP-MS; Thermo Fisher Element 2, 

Bremen, Germany), equipped with a CETAC autosampler (ASX-500, Ohmaha, 

USA) at CSL, UTas. Indium (High Purity Standards, Charleston, USA) was added to 

all samples as an internal standard (100 mg L1) together with UHP nitric acid 

(Seastar Chemicals, BC, Canada) to a final concentration of 1%. Quantification was 

achieved by the external calibration using a series of standards prepared from 

commercially available premixed solutions (QCD Analysts, Environmental Science 

Solutions, Spring Lake, USA). Calibration accuracy was certified through the 

analysis of independent NIST 1640 “Trace Elements in Natural Water” SRM 

(Gaithersburg, MD, USA). Townsend (2000) offers additional information on the 

analytical technique.  
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Chapter 4  

Colloids and microorganisms: a review 

4.1 Colloids in mineral formation 

This section revisits and chronicles the rich history of colloidal studies. The 

fundamental properties of colloids and their typical applications are also reviewed 

here, underpinning the distinct characteristics of colloids linked to, and with 

implications, for geological and mineral-forming systems. This review is 

documented here because it serves as a fitting backdrop to succeeding discussions of 

the Grieves Siding textures. 

4.1.1 Historical	  background	  of	  colloids	  

Colloid science found its roots in the discovery of solutions with insoluble 

constituents (Overbeek, 1981). The study of colloidal systems dates back to around 

the 17th century when alchemists produced sols by treating gold chloride solutions 

with reducing agents. One of the earliest workers was Selmi, who in 1845 described 

a “pseudosolution”, which was a clear but at times slightly turbid sol that comprised 

silver chloride, sulfur and Prussian blue immersed in water. Selmi assumed that such 

a solution contains particles that are larger than the usual molecules (Overbeek, 

1981). Breithaupt, one of the pioneers in mineralogy, recognised colloids as early as 

1817 and called them then “porodine substances” (Rogers, 1917). He categorised 

minerals into crystalline and amorphous, and further subdivided the amorphous 

phases into hyaline (glasses) and porodine (“guhren” or gels; Rogers, 1917). 

In 1861, Thomas Graham coined the term colloid from the Greek word κoλλα for 

glue. The ‘glues’, made of an organic colloidal solution, which he was working on at 

that time, inspired this. Graham’s experiment investigating diffusion in membranes 

(parchment) led to the classification of the two substances, the crystalloids and the 

colloids. Crystalloids are substances (e.g., sugar and salt) that diffuse quickly 

through the parchment, when in contact with water, whereas colloids are those 

substances that diffuse at a very slow rate (e.g., glue and gelatin). Based on the 

colloid’s detectable slow rate of diffusion, Graham concluded that colloidal particles 
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might be larger than those of the crystalloids. However, this classification was later 

found to be untenable because the same substance could act as a crystalloid or 

colloid at varying temperature and pressure. Hence, absolute distinction between 

colloids and crystalloids was not determined during this period (Poon, 2012). 

Also in the 19th century John Tyndall first observed one of the optical properties of 

colloids. Tyndall discovered the light scattering properties of colloids when a beam 

of light passes through a colloidal solution, now known as the Tyndall effect or 

Tyndall scattering (Overbeek, 1981). Also, in 1827, Robert Brown reported an 

erratic movement of pollen grains suspended in water under a microscope, presently 

called the Brownian motion. The typical particle size of the studied pollens in 

Brown’s study ranged from 6 to 8 µm and sometimes smaller, and displayed 

cylindrical, oblong, and occasionally spherical shapes. Brown was not able to 

provide an explanation for this movement; however, he discounted convective 

currents as one of the plausible causes (Poon, 2012).  Brown’s study provided crucial 

evidence for the existence of atoms and molecules as constituents of matter, which 

was debated during that time (Poon, 2012).  

In 1905, Albert Einstein investigated the Brownian motion and also derived an 

expression for the diffusibility of colloid particles in solvents (Poon, 2012). This 

expression, which is pivotal to the molecular theory of matter (Einstein, 1926) was 

corroborated by Jean Baptiste Perrin’s (1923) experiments on gum colloids. The 

significant findings of Albert Einstein (1926) and Jean Baptiste Perrin (1923) 

embody the foundation of soft matter science, a study which includes colloids (Poon, 

2012). According to Perrin, watching and measuring the motion of colloidal particles 

made the world of molecules palpable. In this perspective, colloids were treated as 

model systems for atoms and molecules, especially when the experiments utilised 

properly characterised particles with distinct properties, i.e. size and shape (Poon, 

2012). Perrin first used the term “Avogadro’s number” pertaining to the constant (L, 

NA) (6.02214086 ×1023 mol−1), which refers to the units (number of constituent 

particles, atoms or molecules) in one mole in any substance. He reported an estimate 

of Avogadro’s number based on his Brownian motion experiments. 

Recent years have seen the maturity of research on colloids in close consanguinity 

with physical science, including but not limited to polymer science, atom theory, 
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quantum mechanics, biochemistry, electrolyte solution theory, environmental 

science, and nanoscience. The notion that nanoparticles follow the fundamental 

surface properties and mechanisms of colloids, closely relates nanoscience, 

particularly nanotechnology to the colloidal studies. This association with 

nanotechnology, which currently has tremendous industrial applicability, further 

invigorated the appreciation of colloids at present (Lyklema, 2015). Collaborating 

with other fields was found effective in colloidal studies because colloids provide 

model systems to test physical theorems, and in turn, physics and chemistry, for 

example, in the delivery of tools and measuring techniques for colloids (Lyklema, 

2015).  

However, the current reviving interest in colloids failed to significantly impact 

mineral studies, particularly ore genesis studies. In fact, at present, a web search on 

colloids related to ore mineral formation processes returns few results, exceptions 

being Chukhrov (1966) and Large (1969). 

The research on colloids linked to ore genesis peaked in the early to mid-20th 

century. During this period, colloids had been widely thought to play a significant 

role in the formation of ore minerals, specifically those with aggregated particles, 

collectively known as colloforms (Rogers, 1917). The hypothesis that colloform 

minerals occur either in a colloidal state, or as a crystalline mineral originating from 

a colloidal solution, termed metacolloids (Lebedev, 1967), is based on numerous 

works (i.e., Rogers, 1917; Boydell, 1924; Lindgren, 1925; Bastin, 1950; Edwards, 

1954; Chukhrov, 1966; Lebedev, 1967). In 1968, Roedder (1968) disagreed with this 

notion and proposed that a colloidal stage could be unnecessary to form the 

colloform minerals. Roedder attributed the formation of colloform bands1 to a 

supersaturated true solution by a direct crystallisation process. This opposing view of 

Roedder instigated the continuing arguments on the colloidal origin of colloform 

minerals even to date. His view also promoted doubts on the overall relevance of 

colloids in the ore formation processes, and partly resulted in waning interest in ore 

genesis-related colloidal studies. A colloidal origin for ore minerals and associated 

gangue phases is sometimes implied (e.g., Ostwald and England, 1977; Marinova et 

                                                
1 Colloform is a descriptive term referring to botryoidal, mammillary forms, and commonly internally 
concentrically banded texture. Detailed discussion on the characteristics and origin of this texture is in section 
4.1.7.2 
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al., 2013), but it is generally assumed that colloform ore minerals crystallise from a 

true ore solution.  

4.1.2	  	  	  	  What	  are	  colloids?	  

A colloid, also known as a colloidal solution (e.g., gel) is a dispersion of solute, 

consisting of dispersed particles with sizes (of one dimension) ranging from 1 nm to 

1 µm (Figure 4-1), in a solvent (Goodwin, 2009). Other terms for the solute are the 

dispersed, discontinuous, or internal phase. The solvent is also called the dispersing, 

continuous, or external phase. Colloids exhibit distinctive properties unmatched by 

the three common phases such as solid, liquid, and gas (Goodwin, 2009). 

 

Figure 4-1 Size range of colloidal particles (redrafted from Masliyah and Bhattacharjee, 2006). 

A colloidal solution lies intermediate in a spectrum, with true, or molecular solutions 

at one end, and coarse suspensions at the other end (Boydell, 1924). Hence, colloids 

link the microscopic and the macroscopic realms (Goodwin, 2009). One observable 

difference between a colloidal solution and a true solution is that the former is a two-

component system, hence is microheterogeneous (Shaw, 1980), whereas the latter is 

a one-phase system, or is homogeneous. Another difference between the two is that, 

in a true solution, during dissolution the solute changes and loses its original physical 

properties as it dissociates into its constituent ions (molecule sizes < 1 nm). Colloidal 

particles, however, preserve their original features despite being dispersed in a 

solvent or continuous phase (Masliyah and Bhattacharjee, 2006).   
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Colloids are distinguished from suspensions since, although both are heterogeneous 

mixtures, the dispersed particles in colloids are not separated from the dispersing 

medium during common filtering because of the small size. Also, the dispersed 

particles do not settle down under the influence of gravity (Masliyah and 

Bhattacharjee, 2006). A suspension, on the other hand, contains suspended particles 

that are large enough (> 1 µm) to settle under the influence of gravity or centrifugal 

force and could be filtered from the solvent. 

4.1.3 	  	  	  Classification	  of	  colloids	  

4.1.3.1    Influence of states of matter 

As mentioned earlier, a colloidal system is microheterogeneous, composed of at least 

two phases. Combining (mix-and-matching) the dispersed phase and the dispersing 

medium according to the different states of matter (i.e., solid, liquid, and gas), as 

well as biological and organic phases can potentially result in an extraordinary range 

of system behaviour.  

Table 4-1 lists these combinations and the various types of colloids produced. Some 

common examples of each kind are also given. 

4.1.3.2 Influence of chemical properties of components 

Jirgenson and Straumanis (1962) sub-categorised colloids based on the physical and 

chemical properties of the components (Figure 4-2).  

On the basis of the stability and interaction of the dispersed phase and the dispersion 

medium, specifically the affinity of the solute surfaces for the solvent, colloids are 

divided into two groups: the lyophilic (stable) colloids, in which dispersed particles 

show a strong affinity with the medium, and the lyophobic (metastable) colloids, 

which generally do not show such an affinity (Verwey and Overbeek, 1999).  
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Figure 4-2 Simplified illustration of the classification of colloids proposed by Jirgenson and 
Straumanis (1962). 

Lyophilic colloids commonly form when macromolecules are dispersed in suitable 

solvents, or when dispersed molecules spontaneously associate themselves to form 

micelles2 (Yariv and Cross, 2012). The decrease of Gibbs free energy during the 

dissolution and the subsequent micelle formation processes makes the lyophilic 

colloids a thermodynamically stable dispersed system (Yariv and Cross, 2012). 

Lyophobic colloids, on the other hand, are metastable, due to the excess Gibbs free 

energy from their surface. The interface that exists between the dispersed particles, 

i.e., drops or bubble edges, and the dispersing medium creates the high surface 

energy that makes the lyophobic colloids metastable (Yariv and Cross, 2012). In 

addition, lyophobic colloids are irreversible systems that are not easily reconstituted 

after a separation of components occurs, as opposed to the lyophilic colloids, which 

do show reversible behaviour (Shaw, 1980). 

If the dispersing medium is water, lyophilic and lyophobic colloids are referred to as 

hydrophilic, and hydrophobic, respectively (Shaw, 1980). Surfaces that remain 

unwetted despite contact with water are referred as hydrophobic surfaces, whereas, 

surfaces that become wet when immersed in water are hydrophilic surfaces (Yariv 

and Cross, 2012). This terminology is also used in liquids generally as they relate to 

minerals. 

Examples of minerals with distinctly hydrophobic surfaces are graphite, native 

sulfur, talc, pyrophyllite (Yariv and Cross, 2012), and sulfide minerals such as 

stibnite and molybdenite (Feurstenau and Healy, 1972). Despite being commonly  

                                                
2 Micelles are lipid molecules that spontaneously arrange in a spherical form in aqueous solutions. 
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Table 4-1 Types of colloidal dispersion (adapted from Masliyah and Bhattacharjee, 2006) 

 

Examples Class Phase 
Dispersed Continuous 

Disperse Systems 
 
L 
gas 
liquid aerosol 
Fog 

Fog, mist, smoke, aerosol sprays Liquid aerosol or 
aerosol of liquid 

particles 

Liquid Gas 

Industrial  smokes Solid aerosol or aerosol 
of solid particles 

Solid Gas 
 

Milk, butter, mayonnaise, asphalt, 
pharmaceutical creams 
 
 

Emulsions Liquid Liquid 

Inorganic colloids (gold, silver, 
iodide, sulphur, metallic hydroxides, 
etc.), paints 

Sols or colloidal 
suspensions 

Solid Liquid 

Clay slurries, toothpaste, mud, 
polymer lattices 

When very 
concentrated called a 

paste 

Solid Liquid 

Opal, pearl, stained glass, pigmented 
plastics 

Solid suspension or 
dispersion 

Solid Solid 

Froths, foams Foam Gas Liquid 

Meerschaum, expanded plastics Solid foam Gas Solid 

Microporous oxides, silica gel, 
porous glass, microporous carbons, 
zeolites 

Xerogels   

Macromolecular Colloids 
 Jellies, glue Gels Macro-

molecules 
Solvent 

Association Colloids 
Soap/water, detergent/water, dye 
solutions 

- Micelles Solvent 

Biocolloids 
Blood  Corpuscles Serum 

Bone  Hydroxy-
apatite 

Collagen 

Muscle, cell membrane  Protein structures, thin lecithin, 
films, etc. 

Three Phase Colloidal Systems  
(Multiple Colloids) 

Coexisting phases 

Oil bearing rock Porous rock Oil Water 

Capillary condensed vapors Porous solid Liquid Vapor 

Frost Heaving Porous rock or soil Ice Water 

Mineral flotation Mineral Water Air bubbles or oil 
droplets 

Double emulsions Oil Aqueous 
phase 

Water 
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hydrophobic, some minerals have hydrophilic surfaces, and adsorb water, for 

instance clay minerals (Yariv and Cross, 2012).  

Another sub-division based on the particle structure of hydrophilic colloids are the 

molecular or macromolecular colloids and micelles (Yariv and Cross, 2012). 

Micelles are products of the aggregation of lipid or surfactant molecules that arrange 

themselves in a spherical form when immersed in a liquid medium (Figure 4-3). 

These molecules contain both hydrophilic regions (polar head groups) and 

hydrophobic regions (the long hydrophobic chain). These two regions organise 

themselves in a way that the hydrophilic head regions are in contact with 

surrounding solvent, and the hydrophobic single-tail regions occur in the micelle 

center (Figure 4-3). Micelle formation is an example of hydrophobic bonding and is 

vital in organic geochemistry (Yariv and Cross, 2012). Examples of micelles are 

sulfide sols, and insoluble salt sols (Large, 1969). On the other hand, molecular or 

macromolecular colloids are particles that occur within the colloidal size range, and 

are sometimes called a high polymer, e.g., silicones, proteins, and humic substances. 

Continuous addition of one or more type of smaller molecules called monomers 

leads to the creation of high polymers (Large, 1969). When the dispersing medium is 

an organic solvent, the colloids are termed organophilic or organophobic (Large, 

1969).  

Bacteria (typically about 1 µm in diameter) dispersed in water also form a colloidal 

solution. It exhibits distinct colloidal properties such as Brownian motion, the 

Tyndall effect (turbidity), and is even capable of electrophoresis. Bacteria act as a 

hydrophobic sol that is peptised and persists in the colloid medium because of their 

electrostatic charge (Hartman, 1941).  

4.1.4	  Fundamental	  properties	  of	  colloids	  

Shaw (1980) proposes several factors that contribute to the nature of colloids; these 

are (i) particle size, shape and flexibility; (ii) surface properties; (iii) particle-particle 

interactions; and (iv) particle-solvent interactions. Other distinct optical properties 

are Tyndall light scattering, turbidity, and birefringence (Mysels, 1959). Among all 

of these characteristics, the most important is considered to be the colloid’s surface 

property (Boydell, 1924; Healy, 1975). The high surface energy of colloids, brought 
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Figure 4-3 Schematic representation of spherical and laminar micelle structures (adapted from 
Worthen, 2011) 

about by their small particle size, represents a substantial proportion of the total 

energy of its system, hence, predominantly governs its behaviour and interactions 

with other phases. Smaller particles have a larger surface area per unit volume. 

Consequently, in a colloidal system, in addition to the forces that act on the entire 

volume of an object encountered in macroscopic materials, surface forces are 

important (Masliyah and Bhattacharjee, 2006). Their dynamic surface differentiates 

colloidal particles from macroscopic particles, which have relatively lower surface 

energies. 

4.1.4.1  Structural properties 

The distinguishing structural properties of colloids are particles size, shape, 

flexibility, polydispersity, and solvation (Mysels, 1959; Shaw, 1980). 

Common examples of substances that lie within the range of colloidal particles are 

presented in Figure 4-1. It is worth noting that large polymeric molecules, beyond 

the denoted colloidal sizes, such as proteins, starches, and other biological polymers, 

in addition to many natural polymers, nevertheless exhibit colloidal behaviour and 

thus may still be considered as colloids despite the size discrepancy (Masliyah and 

Bhattacharjee, 2006). 

Colloidal particles display intricate shapes that are often difficult to recognise. 

However, most colloids are quasi-spherical, i.e., the simplest and closest shape to a 

sphere (Mysels, 1959). The spherical shape is also common for fluid particles, i.e. 

droplets of one liquid dispersed in another, i.e. emulsion. Other comparable 

Hydrophilic headHydrophobic tail

Aqueous 
solution
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morphologies for colloidal particles are ellipsoids, discs, rods, laths, as well as 

flexible and random coils. The aggregation of particles further augments the 

complexity of the overall shapes of colloids (Mysels, 1959).  

The flexibility of colloidal particles is readily observed in thread-like high polymer 

molecules, and is attributed to the carbon-carbon and similar bonds. In solution, the 

shape of these molecules typically changes, influenced by thermal motion (Shaw, 

1980). 

The solvation of colloids refers to the coating of individual dispersed particles with a 

monomolecular layer of dispersing medium, and whereby this bounded solvent is 

considered part of the particle (Shaw, 1980). A colloid with higher solvation will 

entrap additional solvent molecules within its network. As such, lyophilic colloids 

are more solvated than lyophobic colloids. 

4.1.4.2  Optical properties 

A colloid differs optically from a true solution by its ability to scatter light 

uniformly, referred as the Tyndall effect (Figure 4-4). The nature of scattered light 

depends on the particle size in the medium, and the wavelength or frequency of light 

being scattered. For example, light scattering is more apparent in a clear sol (Figure 

7-4) than in a concentrated mixture (i.e. milk), which typically gives a cloudy or 

murky appearance (Bohren and Huffman, 1983). Turbidity, an effect similar to 

stirring up a mud, is another visual property of colloids that describes the haziness 

and cloudiness of a solution. Similarly to the Tyndall effect, turbidity is more 

observable in a sol (solid particles dispersed in a liquid medium) than in concentrated 

colloids such as gels. 

Brownian motion, as mentioned earlier, refers to the random and irregular zig-zag 

movement of the dispersed particles in a sol. This particular movement of the 

colloidal particles results from collision with other particles and bouncing off the 

walls of the containing vessel of the molecules of the surrounding medium. The 

smaller the size of the particle, the more apparent this movement would be. This 

collision-related movement is commonly negligible in macroscopic materials (Shaw, 

1980).  

A B 
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Figure 4-4 Photographs showing the Tyndall effect in (A) fog (liquid-gas mixture) and (B) sol (solid-
liquid mixture; adapted from Judan, 2015). (B) The clear solution on the left represents a true solution 
where light passes through without scattering. The milky-looking glass on the right represents a 
colloidal solution where light scattering (Tyndall effect) induced by the dispersed (colloidal) particles. 

4.1.4.3  Surface properties 

One of the key features of a colloidal dispersion is the large surface area-to-volume 

ratio for the particles involved, mainly, as mentioned above, due to their distinctively 

small size (Figure 4-5). This large surface area of colloids comes with a significant 

surface energy, of which one of its manifestations is increased surface tension. 

Surface tension is defined as “the force acting at right angles to a line of unit length 

on the surface of a liquid, or surface tension is the force per unit length, which when 

multiplied by the distance moved to create a new area is equal and opposite to the 

work done in extending the area of surface by unity” (Figure 4-6; Reynolds, 2005). 

The surface tension can also be equated to the energy per unit surface area that has a 

tendency to reduce its area to a lower free energy arrangement (Reynolds, 2005). 

This excessive surface energy has been the reason the Gibbs Phase Rule (Findlay, 

1923) does not apply in colloidal systems. The Gibbs Phase Rule is only valid and 

effective for homogenous phases that do not consider a particle’s surface or its 

surface energy, and for those phases with properties that are dominated by phase 

volume (Boydell, 1924). The interface between the dispersed particles and the 

dispersing medium, where surface properties, i.e., adsorption, and electric double 

layer, are apparent, also plays a vital role in influencing the behaviour of a colloidal 

system (Shaw, 1980). 
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Figure 4-5 Simplified illustration of the importance of surface area by comparing a cubic particle 
(massive solid) with 1 cm dimension, and its broken counterparts (nanopowder) characterised by sides 
of only 10-6 cm or 10 nm (adapted from Particle Sciences, 2011). By breaking the bigger particle into 
smaller bits, the total surface area for the same amount of material increases exponentially from 6 
cm2 to 6x106 cm2 or 600 m2. This result shows that the surface area per mass of any colloid is in 
orders of magnitude larger than bigger particles. The significant increase in surface area has a 
profound effect on the interaction and adsorption of metals and other elements on the particle surface. 

 

 

 

Figure 4-6 Simplified illustration of a water droplet on three different surfaces. The various degrees 
of contact angles demonstrate the effects of surface tension between the surfaces (1 to 3) and the 
droplet, whereby the lower the contact angle, the higher the surface tension (adapted from DuPont and 
Cates, 2010). 
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4.1.4.3.1 Particle	  charge	  

Individual colloidal particles naturally carry an electrical charge when placed in a 

solution, thus, creating electrostatic interaction with their surroundings, be it with 

other particles or molecules of the medium. The molecules in the solution or the 

particles either attract or repel each other depending on the polarity of these charges 

(Riley, 2005). The surface charge of the particles may be a result of one or a 

combination of the following factors: 

(i) Isomorphous substitution: This process is typical for clays, whereby an 

ion of similar size replaces another ion in the crystal lattice. The 

replacement of one ion by another with a different charge will leave a net 

electric charge on the particle. For example, the replacement of the Si4+ 

by Al3+ results in negatively charged kaolinite. Likewise, the substitution 

of Al3+ by Mg2+, Zn2+ or Fe2+ in the octahedral layers leads to a net 

negatively charged clay particle. 

(ii) Ion dissolution: Particles with surface imperfections that occur within the 

interior of the crystal lattice fragments (Van Olphen, 1965) also results in 

a net positive or negative charge. This process of acquiring a surface 

charge is also common in clays but is unusual for hydrophobic systems 

(Van Olphen, 1965).  

(iii) Ion adsorption (usually an anion) from the solution leads to a surface 

charge. Likewise, selective loss of an ion from the crystal surface also 

results in a modified surface charge.  

(iv) Proteins and the amphiprotic group become electrically charged mainly 

through the ionisation, specifically the ionisation of the carboxyl and 

amino groups to give COO- and NH3+ ions. Ionisation typically is the 

result of changes in the pH in an aqueous medium (Riley, 2005).  

(v) Non-ionic particles and droplets such as oils or latex, commonly coat 

themselves with an electric charge by selectively adsorbing either positive 

or negative ions present in the solution (Riley, 2005).	  
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4.1.4.3.2 Electric	  double	  layer	  and	  the	  balance	  of	  charges	  

Any system inherently resists an imbalanced concentration of ionic charges (i.e. 

surface charge). Consequently, the system tends to balance the charge distribution 

and attempts to create an electrically neutral environment (Healy, 1975). For 

example, charged colloidal particles attract oppositely charged counterions from their 

dispersing medium developing a localised halo of balancing charge around each 

particle (Figure 4-7A). This entire assembly is called the electric double layer 

(Figure 4-8; Riley, 2005).  Ionic species in the solvent tend to compensate the 

particle charge by making the particle with its electric double layer more or less 

neutral (Large, 1969).  

 

Figure 4-7 (A) Simplified illustration of the electric double layer. (B) The electric double layer also 
acts as a repulsive force for two attracting colloidal particles (adapted from Riley, 2005). 

The electric double layer exists on all phase boundaries, but the dynamic nature of 

those in colloids makes them particularly relevant. The oppositely charged surface 

strongly attracts the counter ions (Stern layer). However, there is also a tendency for 

the counter ions to diffuse away from the surface to the dilute regions of the solvent, 

where there is a decrease in the cation and anion concentration from the surface to 

the outside (Guoy-Chapman layer). This entire ionic distribution is called the Guoy-

Chapman-Stern model of the double layer (Figure 4-8). The Gouy-Chapman-Stern 

theory describes the distribution of counter-ions surrounding the charged particle, 

represented by two layers, a compact inner layer “stuck to the surface,” and the 

diffuse outer layer. The compact layer is the Stern layer while the diffuse zone is the 

Gouy-Chapman layer. This double layer sometimes becomes a repulsive force. As 

two particles approach each other, commonly drawn by the van der Waals force, the 

repelling charges from their respective double layers sometimes outweigh the  
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Figure 4-8 Simplified illustration of the Gouy-Chapman-Stern double layer. The symbol σ and the 
superscripts indicate the electrical charge and their corresponding positions: o for the surface, i for the 
inner, or Stern layer, d for the diffuse, or Gouy-Chapman  layer. Similar symbols for the potentials ψ. 
The model also incorporates the electrokinetic charges and potentials under the simplifying 
assumption that the slip plane coincides with the border between the Stern and the diffuse parts of the 
double layer, implying that the electrokinetic, or ζ potential is about the same as the potential of the 
diffuse double layer part (adapted from Lyklema, 2015).  

attractive force, hence avoiding aggregation (Figure 4-7B). The charge of the 

particle, the solvent, and the potential boundary between the compact inner layer and 

the diffuse outer layer govern the properties of ions in this zone (Riley, 2005). 

4.1.4.3.3 Interfacial	  interactions	  and	  aggregation	  of	  particles	  

In any suspension, some forces exist between the particles, which promote either 

repulsion or aggregation, depending on the forces’ intensities. Some examples of 

forces in a colloidal solution, operating solely or in conjunction with another, are (i) 

van der Waals forces, (ii) excluded volume repulsion, (iii) entropic forces, and (iv) 

electrostatic interaction. The range of influence of these interparticle forces, whether 

they are repulsion or aggregation, is typically from 0.1 to 0.5 µm (Goodwin, 2009).  

Weak attractive forces naturally exist between all kinds of matter. One of the 

attractive forces that promote aggregation of colloidal particles is the van der Waals 

force. Van der Waals forces produce weak bonds compared to chemical bonds and 

are only effective at close range. However, if the ionic concentration of the medium 
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is very high or the medium freezes, the electrostatic repulsion is lost. An example of 

a repulsive force is the excluded volume repulsion, which results from the inability 

of particles to overlap each other, since two particles cannot occupy the same space. 

This characteristic follows the ‘excluded volume’ concept in liquid state theory, 

which refers to a volume of a molecule that is inaccessible to other molecules in a 

system (Hill, 1986).  

The aforementioned forces generally control the stability of colloids. Stable colloids 

are those in which particles stay apart (Verwey and Overbeek, 1999), withstanding 

some breakdown processes caused by external or internal forces within the system 

(Figure 4-9). Conversely, unstable colloids are those in which particles aggregate or 

coagulate over time, and undergo sedimentation by gravity (Figure 4-9; Verwey and 

Overbeek, 1999). Lyophobic colloids are innately unstable and more likely to 

undergo physical and chemical change than the lyophilic colloids or true solutions. 

The change is not limited to the aggregation and sedimentation of the dispersing 

phase by gravity, but also from a higher to a lower state of dispersion (entropic 

forces). If the dispersed phase settles it may take the form of granular sediment, or it 

may appear as a jelly-like mass retaining a considerable amount of the dispersion 

medium (i.e., gel; Figure 4-9). However, there is some ambiguity in the terminology 

here: aggregation into clusters, considered unstable colloids, results in a substantial 

decrease of energy. Hence, the aggregated system is also said to be in a stable state 

(Healy, 1975). 

4.1.5 The	  mechanisms	  of	  colloid	  formation	  	  

Two processes that produce colloids are by communition, and by nucleation and 

growth. Figure 4-10 illustrates the difference between these two routes. 

Comminution produces colloids by three methods, which commonly requires the 

exertion of mechanical work. These are: (i) when a shear or extensional flow are 

applied to two immiscible phases; (ii) when mechanical abrasion is applied to larger 

particles resulting in smaller (colloidal) particles; and  (iii) when ultrasonic vibration 

is applied to a liquid-based dispersion, resulting in a cavitation process. Cavitation is 

the formation of voids or bubbles within a liquid that is subjected to a rapid lowering 

of pressure (Vincent, 2005). 
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Figure 4-9  Graphical representation of the difference between stable and unstable colloids  
(redrafted from Riley, 2005). 

Another method to form new colloidal phases is through precipitation (a slow 

process) or crystallisation (a fast process). This process involves nucleation 

(formation of nuclei or seeds of crystallisation) and particle growth to stable sizes 

(Shaw, 1980). Nucleation typically occurs in a brief period at the early stage of the 

precipitation process. Unlike nucleation, the growth of a nucleus into a larger 

colloidal particle commonly ensues over a longer time span, typically independently, 

and without the necessary formation of new nuclei (Overbeek, 1981). Nucleation and 

growth, which result in an evolving phase change, are usually prompted by a change 

in one or more thermodynamic parameters such as temperature, pressure, or 

concentration, commonly by the addition of a new component, such as catalysts 

(Vincent, 2005). Moreover, there is a spontaneous decrease in free energy in the 

nucleation and growth process. The initial rate of nucleation is mainly controlled by 

the degree of supersaturation (Figure 4-11). When a dispersed substance is 

continually supplied in a solution with the concentration reaching supersaturation, a 

short burst of nucleation is prompted  (Figure 4-11; LaMer, 1952). Supersaturation is 

more readily achieved when the dispersed substance has very low solubility because 

highly soluble substances have the tendency to redissolve and recrystallise into larger 

particles, making nucleation challenging (Shaw, 1980). Subsequently, in post 

nucleation, the concentration commonly dilutes, and as a result disabling further 

nucleation. Although nucleation is disabled, the lowering of concentration 

encourages the growth of nuclei and existing particles (Figure 4-11; LaMer, 1952). 

Colloidal gold sols (Turkevich et al., 1951) are examples of the products of this 

process.  
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Some of the factors that influence the rate of colloidal particle growth are: (i) the 

amount of material available; (ii) the viscosity of the medium, which controls the rate 

of diffusion of the material to the particle surface; (iii) the orientation to and 

incorporation of colloidal particles in the crystal lattice of a pre-existing crystal 

lattice promoting growth, (iv) the adsorption of impurities on the particle surface, 

which could act as growth inhibitors; and (v) particle-particle aggregation (Shaw, 

1980).  

 

 

 

 

 

 

    

Figure 4-10 Simplified illustration of the two processes that produce colloids, nucleation and growth; 
and communition (redrafted from Vincent, 2005).  

 

 

Figure 4-11 Graphical representation of nucleation and growth of colloidal particles relative to time 
and concentration (redrafted from Vincent, 2005). 
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4.1.6 Colloids	  in	  mineral	  formation	  

Large (1969) suggested three important but still contested modes whereby colloids 

may significantly participate in ore genesis. These are (i) deposition of the minerals 

as simple or complex colloids; (ii) adsorption of metal ions on clay or silica particle 

surfaces; and (iii) transportation of the metals, e.g., as stable sulfide or hydroxide 

sols. In his review of colloids, Large (1969) concluded that the absence of colloform 

textures (see section 4.1.7) and the presence of crystalline minerals do not discount 

the possibility of a colloidal origin of minerals. This is because the crystallisation of 

minerals from a colloidal solution, particularly gels, has been demonstrated in 

experiments, and they do not necessarily produce colloform fabric. However, he 

contended that a mineral that probably originated from colloids may not be 

transported by colloids (i.e., that (i) and (iii) above are mutually exclusive). He 

further suggested that interdependence between the transport of metals as sols and 

their deposition as gels should be considered when studying them (Large, 1969). 

4.1.6.1 Sol and gel 

Among the types of colloids, sols and gels are frequently linked to geological 

systems and ore genesis studies.   

A sol, as defined in the earlier sections is a dispersion of solid particles in a liquid 

medium (Table 4-1). In nature, water is the most common dispersion medium for 

sols, which in this case are referred to as hydrosols. The aggregation of dispersed 

particles in sols often occurs when high supersaturation is reached, and hence 

produces gels. In geology, gels are referred to as transparent to opalescent masses 

that form a semi-solid meshwork of fine particles coagulated or flocculated by the 

intertangling of long chained polymers. These particles are also interlinked to form a 

visco-elastic permeable solid by the interaction between electric charges on their 

surfaces (Elliston, 2006). Gels typically resist and retain their shape when subjected 

to mechanical deformation. For example, a wet clay does not change its shape easily 

in normal gravity, however, it yields effortlessly to the sculptors thumb (Overbeek, 

1981). Gels typically flow above 40°C but become rigid to semi-rigid at room 

temperature (Overbeek, 1981). In a natural setting, gels are formed by the chemical 

reactions of two or more concentrated true solutions. They are produced if one of the 
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products of the reaction is insoluble, and also by the coagulation of sols or decrease 

in solubility of the dissolved component in question (Large, 1969). One of the 

important properties of a gel is that it displays aging, which refers to the natural 

changes occurring within the gel through time. Gels are said to be 

thermodynamically unstable, hence, should crystallise to more stable forms. To 

achieve this, a rearrangement of bonds within the amorphous structure of the gel to 

form an ordered crystal lattice occurs. This process is also accompanied by expulsion 

of the interstitial fluid component of the gel (Large, 1969). 

A clear distinction between gels, sols, colloidal suspensions, pastes, and other colloid 

types (Table 4-1) is hard to establish in practice according to Henisch (1973). He 

considered that the theoretical descriptions of the materials above are difficult to 

differentiate in actuality, and many everyday substances should be seen as borderline 

cases.  

4.1.6.2  Gels in Liesegang ring formation experiments 

Even simple laboratory experiments can easily demonstrate the growth of crystals in 

solutions. Such experiments demonstrate that cooling and evaporation are the 

common processes inducing simple crystallisation in aqueous solutions. However, in 

nature, some compounds also form with increasing temperature, for instance, 

carbonate and anhydrite, and some with pressure. Among the growth solution 

methods (i.e., flux growth, electrolytic methods, hydrothermal synthesis and gel 

growth), the gel technique is the simplest, yet the least explored (Suib, 1985). 

Hydrogels are usually utilised in the gel method, in which water disperses a different 

media such as sodium silicate or sodium metasilicate. Silica gels, which are mainly 

derived from water glass or sodium metasilicate, are considered the best and most 

versatile growth media (Henisch, 1973; Suib, 1985). 

An important phenomenon in the crystallisation technique that use gels is the 

formation of Liesegang rings, which are produced when two or more ions interact on 

diffusion through the gel to form rings or bands of insoluble precipitate. These rings 

are formed instead of the typical uniform mass of precipitate or interspersed crystals 

as products of crystallisation or precipitation (Suib, 1985). The precipitation process 

that produces the Liesegang pattern was a breakthrough in colloidal science in the 

1920s as it caught the imagination of scientists. However, despite numerous 
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investigations of the Liesegang pattern phenomenon, its structure and classification 

were not resolved at that time. Recently, experiments on room temperature crystal 

growth methods have drawn renewed interest (e.g., Lagzi and Ueyama, 2009), 

particularly silica gels.  

“When two ions capable of forming insoluble precipitates are brought together by 

diffusion through gels, sharp bands of precipitate are formed” (Bubela and 

McDonald, 1969). This statement encapsulates the premise of the Liesegang (1913) 

ring phenomenon. 

In a typical Liesegang experiment, a salt solution diffuses through the gel medium 

and reacts with another salt resulting in a series of bands parallel to the diffusion 

front. There are two explanations to the periodic precipitation, the prenucleation and 

post-nucleation processes. In the former, the Liesegang rings are formed 

contemporaneously with the nucleation of the particle. Conversely, in the latter, the 

rings are precipitated subsequent to the nucleation of the particle. The rings are 

assumed to be products of the complex feedback mechanism involving surface 

tension, growth, Ostwald ripening and diffusion (L'Heureux, 2013). The Liesegang 

pattern phenomenon is not exclusively observed in a gel medium but has also been 

detected in granular and porous media such as quartz sand, sulfur powder, gypsum, 

and in gases (Krug and Brandtstädter, 1999). 

Laboratory experiments have produced monomineralic metal sulfide bands when 

sulfide ions diffuse and react with metals in solution, or are adsorbed on minerals 

such as clays (Temple and Le Roux, 1964; Weiss and Amstutz, 1966; Bubela and 

McDonald, 1969). 

Bubela and McDonald (1969) examined the precipitation of metal sulfides in agar 

gel medium containing soluble and diffused ions (Cu, Pb, Fe, and Zn). The sulfide 

sources in their experiment are Na2S and a culture of sulfate-reducing 

microorganisms at 53 ºC. Their results also showed that bands of the metal sulfides 

are precipitated in the single metal ion system (i.e., either Fe, Cu, Pb, or Zn), and in 

the compound system (i.e., Cu-Pb-Zn or Cu-Pb-Zn-Fe) regardless of the sulfide 

source. In the single metal ion system, they were able to identify distinct precipitates 

forming bands of mackinawite, greigite, covellite, galena and sphalerite after 48 
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hours. Similarly, in the more complex system, the same assemblage of sulfides was 

precipitated in addition to lanarkite (PbSO4-PbO) and chalcocite (Cu2S). The results 

they obtained revealed that diffusion through a gelatinous medium that contains 

metals and sulfide ions yields banding of precipitates. They further suggest that the 

bands observed in stratiform ore deposits are formed syngenetic with the host 

sediments by diffusion processes similar to their experimental set-up. 

The experiments of Temple and Le Roux (1964) demonstrate that adsorbed metal 

ions in the sediments are capable of reacting with sulfide ions. Such reactions then 

produce metal sulfide precipitates, which occur as bands. There are three zones in the 

column model that they used (Figure 4-12): (i) slurry at the top; (ii) an agar gel plug 

in the middle, and (iii) a culture of sulfate-reducing bacteria (SRB) immersed in 

water at the bottom (Figure 4-12). The upper portion contains ferric hydroxide 

[Fe(OH)3] slurry with adsorbed Fe, Cu, Pb, and Zn ions, which represents metal-

bearing clay minerals. Sediments are supposed to act as an adsorbent of metal ions to 

keep the metal ion concentration in the interstitial water (double-layer) at a level that 

does not poison the microorganisms (Ehrlich and Newman, 2009). The middle layer, 

the agar gel acting as a permeable plug is set between the metal ions and a culture of 

SRB underneath. In this zone, the metals and the H2S ions, which are produced by 

SRB diffuse and react with each other, and hence form bands of metal sulfide 

precipitates. Some diffuse precipitates of metal sulfides were also found in the agar 

gel region. 

A study by Weiss and Amstutz (1966) and Lambert and Bubela (1970) also highlight 

the ion exchange capability of base metal ions (i.e., Zn, Pb, and Cu) in sediments. 

Their results demonstrated that monomineralic metal sulfides precipitate and 

separate in a heterogeneous mixture composed of these metals and H2S adsorbed to 

clay. They imply that this situation could be analogous to the banding formation in 

sediment-hosted deposits. 

The transformation of Liesegang ring patterns to a crystalline material has been 

observed in the experiment of Lagzi and Ueyama (2009) in a silver nitrate and 

potassium dichromate system immersed in agarose-gelatin gel media. Their 

investigation showed that the type of gel (i.e., gelatin and agarose) and the 

concentration of the gel affect the pattern structure (i.e., spacing, diffusion rate, and 
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width of the bands). The result of their experiment also shows that Liesegang ring 

patterns converts into crystals with the addition of gelatin to the agarose gel (Figure 

4-13). They predicted that Liesegang ring formation likely occurs in systems with 

moderate nucleation rate, as lower and higher rates would favour the macroscopic 

crystal growth and continuous precipitation in reaction-diffusion systems. 

Figure 4-12 Graphical illustration of the column model constructed by Temple and Le Roux (1964) to 
represent a sedimentary environment containing SRB and metals adsorbed in clays. The contact and 
reaction of the metal and sulfur ions produced by the SRB in the agar gel zone produced banded 
precipitates of metal sulfides. Some diffuse precipitates with similar composition as the bands are also 
detected (adapted from Ehrlich and Newman, 2009). 

4.16.3 	  Silica	  gel	  

Silica gel, which is considered the most important gel system in a geological 

environment, is usually produced by the polymerisation of silicic acid in a low pH 

solution (Large, 1969). The concentration of the silicic acid molecules Si (OH)4 

results in polymeric silica particles in a sol. The particles are then hydrolysed on 

their surface and dispersed by the like negative surface charge. As the concentration 

of the sol increases, the polymeric particles crosslink through the Si-O-Si bonds, 

forming 2- and 3-dimensional polymeric particles, ultimately resulting in a 



Chapter 4 – Colloids and microorganisms: a review  
 

 
75 

continuous open gel framework. Due to the uneven shape of the silica sol particles, 

the number of Si-O-Si links between particles is less than the number within them. 

Broken and charged sites such as Si-O- and Si-OH2+ thus occur in pore spaces within 

the network (Large, 1969). This makes the surface of silica gels unstable and 

reactive. Additionally, rejection of water from the structure promotes instability of 

internally charged sites. It is through the gradual rearrangement of bonds in such a 

way that disordered Si-O-Si networks form a systematic tetrahedral SiO4
4- unit, 

constituting the base unit of a crystal lattice, that energetic stability in the silica gel 

structure can be reattained. These unbalanced charge sites often attract and bind 

metals (Large, 1969). This process occurs even after solidification of chert, with 

successive silica minerals progressively expelling OH- ions, for instance, the 

transition from opal Aàopal CTàquartz (Fournier, 1985). 

Elliston (1996) controversially suggested a silica gel precursor for some quartz veins. 

He proposed that quartz veins have been formed by the normal outflow of aqueous 

fluids and brines during diagenesis of sedimentary rocks rather than by hydrothermal  

 

Figure 4-13 Precipitation pattern akin to Liesegang ring pattern of silver dichromate after 1 week at 5 
°C + in gelatin gels. (A) 5 wt. % and (B) 10 wt. % in agarose gels. A dilution by the addition of 
gelatin in (C) 0.25 wt. % and (D) 0.5 wt. % instigated crystal growth in the solution (adapted from 
Lagzi and Ueyama, 2009). 

solutions. He further suggested that the aqueous fluids contain amorphous polymeric 

silica gel, based on the chemical characteristics of silica, particularly its solubility, 
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and insolubility at low temperatures (Elliston, 1996). Quartz veins at higher 

temperature are widely thought to form directly on surfaces. Under this condition, 

quartz precipitation is demonstrated to be highly surface catalysed, whereas gels are 

not observed to be surface activated (Rimstidt and Barnes, 1980). 

The study of Siever (1962) on the solubility of silica at lower temperature established 

the dependence of quartz and amorphous silica solubility on temperature and 

pressure. Silica solubility increases with an increase in temperature and pressure. 

Between 0 and 200°C, low quartz is stable. Amorphous silica, on the other hand, is 

considered metastable, but because of slow inversion to quartz at low temperatures, it 

may be characterised by metastable equilibrium solubility.  

Noteworthy is the low solubility of amorphous silica in humic acid solution 

compared to that of distilled water (Siever, 1962). Solubility determinations made of 

amorphous silica in raw peat, filtered peat water, and distilled water mixed with raw, 

wet peat all returned relatively low concentration silica values. Siever (1962) 

attributed the anomalously low results to the adsorption of colloidal organic 

compounds in the peat and peat water on the free silica gel surface thus preventing 

the surface from fully saturating the solution. The solubility of the two silica 

polymorphs - the low quartz and amorphous silica deemed stable in low temperatures 

were considered in this study. Moreover, according to Lovering (1962) the solubility 

of silica in water increases slowly with temperature up to 200°C at moderate 

pressure. The solubility of silica increases rapidly from 200°C to 360°C, then will 

become pressure dependent above 360°C. The contribution of other components to 

the solubility of silica is minor for temperatures above 200°C but become 

increasingly important as the temperature falls below that point. Further, typically, 

the silica content is observed to increase with temperature (Iler, 1979). This distinct 

feature is the basis for silica geothermometry in studies of geothermal system. 

Schindler et al. (2010) demonstrated the effectiveness of amorphous silica to adsorb 

metals. Hydrous-silica coatings on the surface of granite outcrop in contact with the 

tailings (Copper Cliff mine, Canada) showed higher concentrations of Cr, Mn, Co, 

Ni, Cu, Zn, and Pb than in Fe-hydroxide coatings from the same tailings pond. 

Schindler et al. (2010) concluded that freshly formed amorphous silica gel coatings 

on the surface of weathered siliceous rocks and minerals have profound abilities to 
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trap dissolved metals from pore waters and metal-bearing particulates interpreted to 

be derived from the atmosphere (Schindler et al., 2010). 

The ironstones represented by hematite and goethite from Mount Windsor volcanic 

belt, specifically the Thalanga Zn-Pb-Cu-Ag deposit, Australia has also been 

postulated to originate from a gel (Duhig et al., 1992b). They deduced that the 

ironstones are products of the crystallisation of silica iron oxyhydroxide (Si-Fe-O-

OH) gels from the mixing between hydrothermal fluid and seawater. The gel is 

formed from silica (super- or undersaturated) solution by polymerisation, 

flocculation, and coprecipitation processes, and serves as the nucleation and growth 

site for the amorphous silica and hematite or goethite.  

Further, a gel origin has been embraced for low temperature solid aqueous interfaces 

such as the sea floor. For instance, Juniper and Fouquet (1988) observed gel 

formation and maturation in silica-iron deposits derived from warm-spring vents at 

mid-ocean ridges on the sea floor, and it does not appear that this genetic model has 

been disputed. 

4.1.6.4 	  	  Zn	  sulfide	  gel	  

Lebedev (1967) was able to synthesise globular Zn sulfide gels for a period of up to 

12 months by adding highly concentrated sodium sulfide solution to different 

concentrations of zinc sulfate solutions in open containers. 

The experiment demonstrated that the development or aging of the ZnS globules 

resulted in stages over a span of 5 to 6 months (Lebedev, 1967). It was observed that 

spherical globules develop after the gel coagulates, represented by the formation of 

lumps in the structureless mass of gel. Globulation was postulated to be caused by 

surface tension (Lebedev, 1967). The initial globular precipitate studied under a 

binocular microscope showed spherical and in some places ellipsoidal masses, 0.1 to 

0.5 mm in size. There was a marked increase in the size of the precipitate (3 to 4 

mm) upon the addition of the precipitating agent. Lebedev (1967) suggested that 

these spherical structures represent the initial stage of the formation of macroscopic 

colloform textures.  

Crystallisation of the ZnS gels began after 5 to 6 months exposure to dry air. Within 
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the previous 6 months, the majority of the gel was completely amorphous based on 

its X-ray powder photograph. The ZnS gel was observed to retain its colloidal state 

within this period. After 6 months, the X-ray powder photograph of the dry, globular 

aggregates showed 5-wide, distinct sphalerite lines similar to the sphalerite observed 

from Iokun’zh Pb-Zn ore deposit, Russia (Lebedev, 1967). He suggested that the 

temperature of the system and the concentration of the solution have a marked effect 

on the rate of crystallisation. 

Other minerals exhibiting globular textures that could originate from gels similar to 

the Zn sulfide gels reported by Lebedev (1967) include quartz, hydrohematite, 

cassiterite, sphalerite, pyrite, opal and silica deposited from hot springs. 

4.1.7 Mineral	  textures	  associated	  with	  colloids	  
	  

4.1.7.1 	  	  Framboid	  

Framboidal pyrite, the most common framboidal mineral, is typically characterised 

by microscopic spheroidal to sub-spheroidal clusters of equidimensional and 

equimorphic pyrite microcrystals. It has been widely accepted and experimentally 

established that framboidal pyrite form in purely inorganic solution by direct 

precipitation (Berner, 1969; Rickard, 1970; Sweeney and Kaplan, 1973; Raiswell, 

1982; Ohfuji and Rickard, 2005). In low-temperature environments, bacterial 

mediation is typically implicated in the formation process of framboidal pyrite (see 

section 4.2.3.2). Vallentyne (1963) also expressed the view that framboidal pyrite 

forms by biogenic sulfate reduction followed by inorganic crystallisation. 

In a few cases, researchers point to a colloidal origin for framboidal pyrite (Love, 

1964; Healy, 1968; England and Ostwald, 1993). Love (1964) suggested that the 

framboidal sulfides in Kupferschiefer, Rammelsberg, and in the Mt. Isa ore deposits 

contained an interstitial organic material, which he assumed to be a bacterial-gel, 

joining the framboidal microparticles together. Healy (1968) concurred with the 

observations of Love (1964) on the possible presence of organic matter in framboids 

and further suggested that an organic polymeric material plays an important role in 

the development of framboids in bacterial environments. According to Healy (1968), 

the organic polymers hinder the crystal growth of submicroscopic sulfide nuclei and 

flocculate the nuclei into aggregates. England and Ostwald (1993) also proposed a 
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colloidal state preceding to the formation of pyrite framboids based on the textural 

evidence in their study on base-metal sulfide deposits within the Tasman fold belt 

(i.e., Sunny Corner, Hall’s Peak, Drake, and Cangai) in New South Wales, Australia. 

The distinct textures of the chalcopyrite associated with the framboidal pyrite, 

suggest that the chalcopyrite (probably in a gel state) acted as a medium for the 

diffusion of Fe and S ions towards the framboidal growth centres. They postulated 

that the pyrite followed multistage progressions from framboids through to euhedral 

pyrite in chalcopyrite (England and Ostwald, 1993). 

4.1.7.2 Colloform 

The assumption that colloform textures originate via the precipitation and 

aggregation of colloidal materials began with the research of Rogers (1917) and was 

corroborated by the likes of Boydell (1924), Lindgren (1925), Bastin (1950), 

Edwards (1954), Chukhrov (1966), and Lebedev (1967). Building on a review of  

amorphous minerals, Rogers (1917) introduced the term ‘colloform’, which 

collectively refers to amorphous spherical, botryoidal, reniform, stalactitic and 

mammillary forms assumed to be colloidal and metacolloidal substances in open 

spaces. Alternating light and dark banding within the above structures are commonly 

observed. It was hypothesised then that colloform texture and concretionary 

structures in general are developed due to the surface tension effect. Surface tension 

operates to produce the minimal possible surface area per unit volume. The tendency 

of the surface to achieve the lowest surface energy is said to be enabled by the 

viscosity of gels, resulting in the production of spheres or globules (Rogers, 1917), 

which are considered to exhibit the lowest surface area for a given volume. The 

spherical shape is deemed to be produced due to excess free surface energy at the 

boundary between the two phases, gels and solution (Rogers, 1917). Aggregation of 

the globules in the gel network results in other colloform textures such as botryoidal, 

reniform, and mammillary structures (Rogers, 1917). Rogers (1917) suggested that 

colloforms could also be crystalline or amorphous, with both originating from a gel 

precursor. The colloidal origin of colloform minerals has been widely accepted, 

particularly in the mid-20th century. 

In contrast to the above views, Roedder (1968), through his crystal growth 

experiments with industrial processes and crystal nucleation, proposed that a gel 
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stage would not be needed in the formation of ‘colloform’ ZnS, and the main factor 

in the colloform mineral formation was a high degree of supersaturation resulting in 

rapid nucleation and crystallisation. This scenario has since been replicated in other 

experiments on mineral precipitation, for instance the study of Fleet Michael and 

Mumin (1997) on the development of nonstoichiometric pyrite compositions in the 

As-S-Fe system when rapid precipitation is induced. Roedder (1968) also contended 

that the colloform banding in the sphalerite from the Mississippi-Valley type (MVT) 

Pb-Zn Pine Point deposit, Northwest Territories, Canada, resulted from periodic 

changes in the ore fluids from which the ZnS was crystallising. He further suggested 

that these periodic changes may occur annually, and thus described them as ‘varves’. 

Roedder (1968) proposed that direct crystallisation mechanisms could explain the 

benchmarks indicative of a colloidal genesis for colloform textures, concluding that 

the majority, if not all, colloform textures can be a result of direct crystallisation 

processes rather than colloidal aggregation. An additional review of the features of 

colloform sphalerite in sediment hosted Pb-Zn deposits is presented in section 4.1.8. 

To date, whether colloform minerals originated from a colloidal solution or a true 

solution has remained enigmatic. Hence, at present, the term  ‘colloform’ has only 

been accepted to describe a mineral’s morphology, texture or habit without 

implications on its genesis and formation mechanisms. Guilbert and Park (2007), 

however, suggested several criteria to recognise and validate the colloidal origin of 

colloform textures, these are: (i) colloidal size of particles, (ii) spheroidal structure, 

which is deemed to be due to surface tension, (iii) shrinkage cracks, resulting from 

the aging of the supposed gel, (iv) amorphous or non-crystalline structure, (v) 

diffusion bands or Liesegang rings, (vi) chemical heterogeneity of the bands, and 

(vii) the colloidal state as a necessary intermediary during condensation.  
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4.1.8 Colloform	  ore	  minerals	  in	  sediment-‐hosted	  Pb-‐Zn	  deposits	  	  

Sediment-hosted Pb-Zn deposits such as MVT Pb-Zn deposits are significant sources 

of global Pb and Zn. There are two known models for the formation of sulfides in 

these types of deposits. In the first, both metals and reduced sulfur are 

simultaneously carried by the metal-bearing fluid to the site of deposition (Anderson 

and Macqueen, 1982). Precipitation of metal sulfides upon deposition at the site is 

controlled by various processes such as changes in temperature, pH, pressure or 

concentration of reactants. In the second process, the metal-bearing fluid only carries 

the metals and deposits them in rock sequences that already contain H2S in it. The 

H2S could be locally sourced within the host rocks possibly by the reaction of 

hydrocarbon gases and sulfate minerals (Anderson and Macqueen, 1982). 

Alternatively, the H2S could also be brought to the site by another brine (Plumlee et 

al., 1994). It is in the second model where the generation of far-from-equilibrium 

conditions is commonly observed since mixing of different solutions occur (Katsev 

et al., 2001). 

One of the distinct features of ore minerals in sediment-hosted deposits is the 

colloform texture of sulfides, which is most common in sphalerite (e.g., Kuhlemann 

and Zeeh, 1995; Leach et al., 2001; Barrie et al., 2009). In these deposits, the 

colloform sphalerite, also known as schalenblende, exhibits alternating light and 

coloured bands or layers within sphalerite (Figure 4-14). The light coloured bands 

typically represent the purest sphalerite, whereas the dark bands are found to be due 

to Fe2+ or other divalent cations substituting for Zn2+ for sphalerite (Di Benedetto et 

al., 2005). Apart from ionic substitution of Zn2+ in solid solution, band formation is 

also attributed to nano-inclusions (Pfaff et al., 2011).  Individual bands are typically 

composed of platy crystals oriented parallel to the bands and often intergrown with 

galena and associated with other minerals such as calcite, pyrite, fluorite, and barite. 

In some instances, cavities are filled with carbonate minerals. Visually, the patterns 

in the collofom sphalerite in sediment-hosted Pb-Zn deposits resemble the products 

of the Liesegang experiments (Katsev et al., 2001).  
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The Fe-Zn compositional banding in sphalerite with galena intergrowths from Pine 

Point deposits, Northwest Territories, Canada was recently examined (Fowler and 

L'Heureux, 1996; Katsev et al., 2001). A time-series analysis, following the method 

of Fowler and L'Heureux (1996) on the bands of ZnS clusters and galena branches 

was performed in the sphalerite samples. The time series analysis, which measured 

and analysed the band widths of colloform sphalerite in a doubly polished thin 

section, suggested that the bands were developed by a self-organisation process, and 

controlled by a nonlinear chemical oscillator in a local crystal growth environment. 

The results of the analysis also showed that the banded pattern was a product of the 

combined effects of geochemical reactions, crystal growth, dissolution, and ripening 

in far-from-equilibrium conditions. They also argued that the bands are formed in a 

single event, and within a short time, approximately a month. Similarly, the 

branching of galena was deduced to be a manifestation of a far-from-equilibrium 

crystallisation. Their observations disagree with the notion that each band reflects an 

annual deposition, and the bands are products of the bulk chemical changes in the 

metal-bearing fluids in the deposit (Roedder, 1968; Barrie et al., 2009; Pfaff et al., 

2011). 

Figure 4-14 Photographs of a 
typical colloform sphalerite, 
also known as schalenblende. 
Alternating light and dark 
coloured layers characterise 
colloform sphalerite. In this 
sample, galena crystals are 
also present, overprinting the 
banded sphalerite. The image 
below, which is the 
unpolished section of the 
banded sample displays 
botryoidal texture. This 
sample is from Pomorzany 
Zn-Pb mine, Olkusz, Poland. 
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On the other hand, a recent study was undertaken by Barrie et al. (2009) on the 

colloform bands of sphalerite from the Galmoy Zn-Pb mine, Ireland. In their results, 

individual layers in the colloform sphalerite displayed variations in colours and 

textures, crystal preferred orientation (CPO), sulfur isotope composition, and trace 

element geochemistry. The S isotope composition was also different in each bands 

ranging from the end member of the bacteriogenic (-25‰) to hydrothermal (10‰) 

sources. There are also variations in the trace element content between the colloform 

layers. Based on these results, they concluded that the growth of the colloform 

layers, reflected by the differences in the crystallographic and chemical properties, 

have occurred through eight discrete stages. They also suggested a bacteriogenic 

source for some of the sulfur in the fluid, and a possible fluid mixing of this fluid and 

a metal and sulfur-bearing hydrothermal fluid. Hence, they contended that the 

concept of colloform sphalerite originating from a single gel mass is untenable for 

their colloform samples.  

A study by Pfaff et al. (2011) also investigated the trace element and sulfur isotope 

composition of colloform sphalerite from the Wiesloch and Schwarzwald ore 

districts, SW Germany. They attributed the occurrence of alternating 

microcrystalline light orange and red to dark brown layers in the colloform sphalerite 

to the varying amounts of trace elements assumed to represent the amount of nano-

inclusions of the sulfosalt jordanite-geocronite solid-solution series. The dark layers 

were seen to contain elevated levels of Pb, As, Tl, and Sb compared to the light 

coloured bands. A correlation of bivalent cations such as Fe2+ or Cd2+, which 

commonly substitutes for Zn2+, was not observed in their study. The results also 

showed strong isotope fractionation of sulfur (-32 to -2 ‰), however, there was no 

apparent correlation to the colloform bands. A mixing of mineralising hydrothermal 

fluid with a sulfur reservoir from SRB in meteoric and hydrothermal karst cavities, 

coupled with the sudden oversaturation of Zn and S ions was deduced to have led to 

the formation of colloform sphalerite. 

Colloform (i.e. spheroid aggregates, botryoidal and mammillary) textures (Figure 4-

15) were also reported in nonsulfide Zn deposits such as in the Angouran deposit, 

Iran (Boni, 2003), La Calamine orebody, Belgium (Coppola et al., 2008), Star Zinc 

and Excelsior prospects in Lusaka, Zambia (Boni et al., 2011), Leadville, and the 
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Wolftone mine, Colorado, United States (Hitzman et al., 2003). Nonsulfide Zn ore 

minerals, commonly known as Zn oxides or “calamines” include Zn silicates 

(hemimorphite, willemite, zincite, franklinite, and Zn-rich clays), Zn carbonates 

(smithsonite, hydrozincite,), hydrous Zn phosphates (tarbuttite, scholzite) and Zn-

rich clays (sauconite; Hitzman et al., 2003). Descriptions of these nonsulfide Zn 

minerals and other common supergene minerals are listed in Table 4-2.  

Two major types of nonsulfide Zn mineralisations occur in supergene and hypogene 

environments. Supergene deposits, the most common type, are predominantly 

products of the oxidation of primary hosted sulfide minerals and pre-existing 

nonsulfide minerals instigated by post-depositional processes such as tectonic uplift, 

karst development, changes in groundwater levels, and weathering (Boni and Large, 

2003). Subcategories of this type are (i) direct replacement, (ii) wall-rock 

replacement, and (iii) residual and karst-fill deposits. Supergene deposits are mainly 

derived from either MVT or a high-temperature, carbonate replacement type sulfide 

progenitors, and thought to be formed during the Cenozoic era (Hitzman et al., 

2003). Smithsonite is observed to be the most dominant ore mineral in most  

Table 4-2 Characteristics of common and uncommon minerals in nonsulfide Zn deposits (adapted 
from Hitzman, 2003). 
Mineral Formula Specific 

gravity 
Moh’s 
hardness 

Colour Comments 

Most common zinc minerals 
Smithsonite 
(calamine in 
U.K.) 

ZnCO3 4.4 4.4 White Soluble in HCl 

Hemimorphite 
(calamine in 
U.S.) 

Zn4Si2O7(OH)2 · H2O 3.6 5 White Weakly soluble 
in HCl 

Hydrozincite Zn5(CO3)2(OH)6 3.6–3.8 2–2.5 White, gray, 
yellow 

Decomposed by 
HCl 

Sauconite Na0.3Zn3Si3AlO10(OH)2 · 
4(H2O) 

Variable, 
2–3 

1–2 White Smectite-type 
clay 

Less common zinc minerals 

 
Zincian 
aragonite 
(Nicolsonite) 

(Zn,Ca)CO3 3 3.5–4 White Effervesces in 
HCl 

Willemite Zn2SiO4 3.9–4.2 5.5 White, 
green, red, 
brown, black 

Prismatic habit, 
vitreous luster, 
fluorescent in 
short UV—
green, pale 
green 

Goslarite ZnSO4 · 7H2O 2.2 2 Yellowish, Soluble in 
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bluish water, tastes 
astringent 

Loseyite (Mn, Zn)7(CO3)2(OH)10 3.3 3 Bluish 
white, brown 

Vitreous 
(glassy) luster, 
soluble in HCl 

Descloizite (Zn, Cu)Pb(VO4)(OH) 5.9–6.2 3.5 Red, brown, 
black 

 

Hetaerolite ZnMn2O4 4.6 6 Yellowish 
black 

Soluble in HCl 

Hydrohetaerolite Zn2Mn4O8 · H2O 4.6 5–6 Brownish 
black 

Radial to 
botyroidal habit 

Chalcophanite (Zn,Mn,Fe)Mn2O5 · 2H2O 3.9 2.5 Black Soluble in HCl 
Aurichalcite (Zn,Cu)5(OH)6(CO3)2 3.5–3.6 2 Pale green or 

blue 
Soluble in HCl 

Woodruffite (Zn, Mn2+)2Mn5
4+O12 · 

4H2O 
4 4.5 Brown, 

black 
Brown streak, 
earthy luster 

Tarbuttite Zn2(PO4)(OH) 4.2 3.5–
3.7 

Colorless, 
pale, white, 
yellow, 
brown 

 

Scholzite CaZn2(PO4)2 · 2(H2O) 3.1 3–3.5 White  

Other common minerals 
Cerussite PbCO3 6 3 White, tan Soluble in 

dilute HNO3 
Anglesite PbSO4 6.3 3 White Slightly soluble 

in HNO3 
Litharge PbO 9.1 2 Red Soluble in 

HNO3 
Pyromorphite Pb5(PO4,AsO4)3Cl 7 4 Green, 

yellow, 
brown 

Resinous luster, 
soluble in 
HNO3 

Mimetite Pb5(AsO4, PO4)3Cl 7.1 3.5 Yellow, 
brown, tan 

Soluble in 
HNO3 

Plumbojarosite PbFe6(SO4)4(OH)12 3.6 3 Brown Soluble in HCl 
Chalcocite Cu2S 5.5–5.8 2.5–3 Black, dark 

gray 
Weakly soluble 
in HCl 

Malachite Cu2(OH)2(CO3) 4 4 Green Soluble in HCl 
with 
effervescence 

Azurite Cu3(OH)2(CO3)2 3.8 3.5–4 Blue Soluble in HCl 
Goethite FeO(OH) 4–4.4 5–5.5 Brown, 

black 
Soluble in HCl 

Hematite Fe2O3 5.2 5 Red to black Red streak 

supergene deposits owing to its low solubility in a weathering environment (~25°C 

and near neutral pH). Hemimorphite is also pervasive in supergene setting (Hitzman 

et al., 2003). 

In few cases, hypogene or hydrothermal processes also produce nonsulfide Zn 

deposits, either as structurally controlled or as stratiform deposits. Dominant ore 

mineral of the hypogene type is willemite, which is characterised by pseudo-

‘colloidal’ textures, instead of smithsonite and hemimorphite (Boni, 2003). Two 

subtypes of hypogene deposits are the (i) structurally-controlled, composed of veins 



Chapter 4 – Colloids and microorganisms: a review  
 

 
86 

and irregular pipes of willemite-(sphalerite)-(hematite)-(manganese-rich minerals); 

and (ii) stratiform deposits, consist of commonly manganiferous lenses of 

franklinite-willemite-zincite+gahnite. They are linked to the Broken-Hill type of 

deposits and possible metamorphism of zinciferous sulfides (Hitzman et al., 2003). 

The mixing of a reduced, high temperature (80° to 200°C) zinc-rich, sulfur poor 

fluid, and an oxidised and sulfur-poor fluid is said to be responsible for the formation 

of this type of deposit (Hitzman et al., 2003). Possible sources of an oxidised and 

sulfur-poor fluid are seawater, groundwater, or a basinal fluid, which has equilibrated 

with an oxidised rock mass (i.e., red bed sequence or a weathered regolith; Boni, 

2003). An example of a hypogene nonsulfide deposit is the willemite-dominated 

mineralisation at La Calamine, Belgium (Coppola et al., 2008).  

 

 

  

Figure 4-15 Photographs of 
nonsulfide Zn ores exhibiting 
colloform textures. (A) 
Alternating layers of “oxide”-
sulfide ores from the 
Angouran deposit, Iran. 
Smithsonite with 
arsenopyrite, galena, pyrite 
and quartz represent the 
"oxide"-sulfide ores (image 
from Boni, 2003). (B) 
Botryoidal or mammillary 
microcrystalline smithsonite 
from La Calamine deposit, 
Belgium (image from 
Coppola et al., 2008). 
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4.2  Microorganisms in mineral formation 

Microorganisms are known to thrive in every conceivable environment on the 

Earth’s surface, and even extending to several depths below it (Konhauser, 2009). 

Microorganisms in the biosphere play various active roles in shaping Earth as we 

know it now, for billions of years up to the present. These roles importantly include 

paving the way for the planet to be habitable for higher life forms (Konhauser, 2009). 

The chemical reactivity of the cellular structures of these microbial communities, and 

the diversity of their metabolic products also make them an integral component of 

the global elemental cycles (Lowenstam and Weiner, 1989). Microbes affect the 

cycling of metals and S, and significantly contribute to mineral precipitation, 

particularly in the formation of sulfide minerals (Banfield and Nealson, 1997) in 

regions that permit cellular life (<100°C; Konhauser, 2009). It is in this particular 

context that the characteristics and influences of microorganisms are briefly 

reviewed here. In detail, this section focuses on the features and participation of 

microorganisms in surface and near-surface sulfide formation processes. This will 

allow better assessment of the potential function of microorganisms in the formation 

of sulfides in the Grieves Siding peat in later sections of this thesis. 

4.2.1	  	  	  	  Biomineralisation	  

The study of biomineralisation includes the evaluation of the formation, structure, 

and properties of inorganic solids precipitated in biological systems (Mann, 2001). It 

also includes the collective microbial activities and processes that lead to the 

formation of minerals. It is a multidisciplinary field that encompasses both the 

organic and inorganic realms (Lowenstam and Weiner, 1989; Banfield and Nealson, 

1997; Posfai and Dunin-Borkowski, 2006; Konhauser, 2009). 

4.2.1.1 Biomineralising processes 

Two distinct processes create a spectrum of biomineralisation: (i) biologically 

induced mineralisation (BIM) and (ii) biologically controlled mineralisation (BCM). 

These routes are distinguished based on the manner and the degree of control exerted 

by the microorganisms in the formation processes (Lowenstam and Weiner, 1989; 

Posfai and Dunin-Borkowski, 2006; Konhauser, 2009). 
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“Biologically induced mineralisation” was a term first used by Lowenstam (1981), 

and refers to microorganism activities that indirectly result in mineralisation. 

“Biologically controlled mineralisation,” on the other hand, was coined by Mann 

(1983), and refers to situations in which microorganisms strictly control the location 

and properties of minerals. BCM was previously referred as “organic matrix 

mediated mineralisation” (Lowenstam, 1981), but the phrase was found to be  

restricting, describing only those minerals that occur within a preformed network, 

and BCM have greater scope than this (Mann, 1983). However, Lowenstam and 

Weiner (1989) suggested that in practice, demarcation between the two end-members 

does often not exist because microorganisms, whenever present, always influence or 

exert a certain control on mineralisation, and so merit the use of the general term 

“biomineralisation”.  

4.2.1.1.1	  	  	  	  Biologically	  induced	  mineralisation 

Minerals that are produced as uncontrolled consequences of the mere presence of 

microorganisms and their metabolic by-products are considered products of BIM. 

Microorganisms are capable of creating chemical environments or 

microenvironments that instigate the precipitation of minerals (Lowenstam and 

Weiner, 1989). Some chemical reactions linked to microbes include even minor 

perturbations such as the introduction of biogenically-produced metabolic end-

products, the release of cations by the cell, and the construction of a charged surface 

such as cells, or cell walls, which under favourable conditions can induce minerals to 

precipitate (Lowenstam and Weiner, 1989). Microbes have also been observed to 

secrete or produce one or more metabolic products that react with ions or compounds 

in the environment resulting in the subsequent precipitation of mineral particles 

(Pósfai and Dunin-Borkowski, 2006; Martínez et al., 2007). An example of this is the 

reduction of sulfate to H2S that reacts with FeOH to form FeS-FeS2 polymorphs 

(Rickard, 2012). In BIM, nucleation and growth processes of these mineral particles 

occur extracellularly (Frankel and Bazylinski, 2003). 

In cases in which BIM reactions occur in solution or on sediment particles, the 

precipitated products commonly resemble the crystallochemical chemical 

characteristics of those formed from inorganic processes (Frankel and Bazylinski, 

2003). This resemblance occurs because such mediums (i.e., solution and sediments) 
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allow the metabolic products to diffuse away from the source microorganisms, 

therefore, reducing the direct influence of the microbes upon the precipitated 

minerals. The type of minerals formed as a consequence of BIM is mainly 

constrained by the physical and chemical conditions of the environment in which the 

microorganisms thrive. The same organism could produce a different type of mineral 

in a different habitat (Lowenstam and Weiner, 1989). 

4.2.1.1.2	  	  	  	  Biologically	  controlled	  mineralisation	  

In BCM, the microorganisms exert a significant degree of control over the nucleation 

and growth of the minerals and consequently over the composition, size, habit, and 

location (i.e., extra-, inter-, and intracellular) of the mineral products (Frankel and 

Bazylinski, 2003). While the degree of control varies across the species, almost all 

such controlled mineralisation processes occur in an isolated environment (Weiner 

and Dove, 2003). The precipitated particles commonly develop on or within organic 

matrices or vesicles within a cell (Frankel and Bazylinski, 2003). The 

microorganisms create these organic frameworks or molds, where reactive ions are 

actively introduced. If an appropriate level of saturation is reached, then nucleation 

could occur within the organic templates. The attributes of the mineral products such 

as the type, orientation of crystallographic axes, and microstructures are considered 

as genetically controlled (Lowenstam, 1981).  

The mineral products of BCM are commonly structurally well ordered with a narrow 

size distribution and species specific. They also exhibit consistent crystal habits (e.g., 

magnetite from magnetotatic bacteria). Moreover, in BCM, mineral formation 

processes are not strongly influenced by external environmental parameters unlike in 

BIM, because the mineralisation site within the cell is sealed off from the 

environment (Konhauser, 2009). Also, the intra-vesicular conditions (e.g., chemistry) 

are controlled by the physical and chemical attributes of the microorganism (Frankel 

and Bazylinski, 2003). Table 4-3 summarises the type and means of control exerted 

by microorganisms in BCM. 
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Table 4-3 Means of control exercised by microbes in BCM in the mineral formation processes and in 
the properties of mineral products (adapted from Mann, 2001, Posfai and Dunin-Borkowski, 2006). 
Type of regulation Controlled factors of 

mineral formation  
Means of control Result 

Chemical Ion concentration in 
solution 

Coordinated ion transport o Supersaturation and 
nucleation 

 Crystal growth Promotors and inhibitors o Controlled crystal 
morphology 

o Phase transformation 

Spatial Supersaturation and 
crystal growth 

Vesicles or organic 
framework 

o Controlled location, 
size, shape of the 
mineral 

Structural Nucleation Organic surfaces as 
templates, molecular 
recognition at 
organic/inorganic 
interfaces 

o Polymorph selection 
o Controlled 

crystallographic 
orientation 

Morphological 
and constructional 

Nucleation and growth Organic boundaries, 
vectorial regulation 

o Complex morphologies 
o Time dependent 

patterning 

4.2.1.2    Nucleation and growth of biominerals 

Under similar environmental conditions, the thermodynamic principle supporting 

both the biologically induced or controlled mineralisation parallels those in 

abiological or inorganic mineral processes (Konhauser, 2009).  For biomineralisation 

or any mineralisation to proceed and initiate nucleation, a certain amount of energy 

needs to be invested (Konhauser, 2009). Such energy is required to overcome the 

activation energy barrier for nuclei to form and nucleation and growth to progress 

because overcoming the energy barrier is important in (Konhauser, 2009): 

(i) offsetting the potential repulsive interaction between the double layers 

separating the solid and solutes;  

(ii) eliminating the hydration shells surrounding dissolved ions, so that a 

chemical bond can form between them and the surface ligands; 

(iii) removing organic ligands that have chelated metal ions; and 

(iv) forming a new interface between the nascent nucleus and both the 

aqueous solution and the underlying substrate. 

In cases where the activation energy barrier is high, metastable phases occur until 

either the barrier is reduced or the concentration of ions is diminished, thus, reducing 
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the thermodynamic driving force towards precipitation (Konhauser,	  2009). At low 

temperatures, for example, crystalline minerals that would otherwise be difficult or 

impossible to nucleate directly could bypass the activation energy barriers by making 

use of the amorphous precursors as a template for their growth (Figure 4-16). As the 

mineral begins to develop, the crystal increases its surface area. As a result, it 

controls the proximal free ion activity. In doing so, the saturation state of the solution 

moves below the solubility of the precursor, causing it to dissolve, and leaving the 

less soluble (crystalline) mineral to grow (Steefel and Van Cappellen, 1990; 

Konhauser, 2009). 

In a biological system, to attain and preserve supersaturation, a localised zone is 

often necessary. This region is characterised by a physically delimiting geometry 

such as compartments, to isolate the potential mineralising sites from external 

environmental influences, and to limit the diffusion of nutrients in and out of the 

system (Weiner and Dove, 2003). An example of a localised mineralisation site is the 

diffusion-limited intercellular vesicles formed when bacteria cluster in biofilms 

(Weiner and Dove, 2003; Konhauser, 2009). 

4.2.1.3    Characteristics of biominerals 

The products of biomineralisation are referred as biominerals. They meet the 

requirements of true minerals, and are therefore considered as such. Biominerals 

commonly exhibit crystallochemical features that are mostly indistinguishable from 

minerals from inorganic chemical reactions (i.e., pyrite and magnetite; Weiner and 

Dove, 2003). In cases where they are crystalline, the biominerals would have habits 

that resemble those formed by their inorganic counterparts and exhibit an extensive 

range of sizes and textures (Konhauser, 2009).  

However, some biominerals display characteristics that are significantly distinct from 

their inorganic equivalents (Weiner and Dove, 2003). One of the distinct features of 

biominerals are their unique external morphologies, which are typically poorly 

defined, for example, the calcitic spicules, shells, and bones. These exquisite 

morphologies are attributed to the genetic regulation associated with controlled 

mineralisation (Weiner and Dove, 2003). 
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Another unique attribute of biominerals is heterogeneity, often represented by 

disequilibrium mineral assemblages. These disequilibrium assemblages are often 

products of the heterogeneous accumulations of biologic or organic, and inorganic 

components (Skinner, 1997; Skinner and Ehrlich, 2014), that occur as composites or 

agglomerates of smaller crystals separated or held by organic material (i.e., collagen 

or chitin; Weiner and Dove, 2003). Some biominerals, for example, the calcareous 

spicules of sea urchin embryos, have also been observed to display XRD properties 

of a single crystal but were found to be a mosaic of microcrystals that are delimited 

by organic layers (Wilt, 2002). Furthermore, disequilibrium mineral assemblages 

could also be formed and maintained during the lifetime of a microbe, perhaps by its 

dynamic metabolism (Skinner, 1997; Skinner and Ehrlich, 2014). Then, on its death, 

the structures of the mineral products may retain some of the original characteristics 

of the microbe (Skinner, 1997; Skinner and Ehrlich, 2014). Often the evolution and 

distribution of the biominerals, particularly as observed in BIM and less so in BCM, 

reflect the setting where they were formed, including responses to the environment 

and climatic, or any other pervasive geochemical changes at the time of their 

formation (Skinner, 1997; Skinner and Ehrlich, 2014). 

 

 

Figure 4-16 Simplified representation of Ostwald ripening of silica species at hot springs (from 
Konhauser, 2009). (A) As the solution is supersaturated with silica, it nucleates silica seeds or 
monomers. (B) Over time, some of these monomers accrete and grow into oligomers of colloidal 
dimensions. 
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4.2.2	  	  	  	  Bacteria	  and	  biofilms	  

Bacteria are ubiquitous and 

thrive in almost all natural 

niches including all natural 

waters, soils, and 

sediments, and in extreme 

environments (Fortin et al., 

1997). The omnipresence 

of bacteria in the terrestrial 

realm is attributed to their 

simple cellular structure, 

which consequently results 

in a relative ease of adaption, mutation, and selection (Beveridge, 1989; Davey and 

O'Toole, 2000).  

Bacteria are small prokaryotes (Figure 4-17) with microscopic sizes between 500 nm 

and 2 µm in diameter, with volumes that range between 1 to 3 µm3 and a wet weight 

of approximately 10-12 µg for a bacterium (Konhauser, 2009). Bacteria are covered 

by a plasma membrane, commonly known as the cell wall, which fully encapsulates 

the cell, and separates the cytoplasm 3  and nucleoid inside, from external 

environments (Figures 4-17 and 4-19). The primary function of the cell wall is to act 

as a selective and semipermeable barrier that regulates the diffusive flow of nutrients 

in and out of the cell (Douglas and Beveridge, 1998; Konhauser, 2009). The cell wall 

is pivotal for the survival of bacteria because it influences the selective acquisition of 

nutrients by attaching to pre-existing surfaces (e.g., clays; Fortin et al., 1997). The 

bacterial cell wall and cytoskeleton4 of individual cells also control the shape of the 

bacteria. Bacteria exhibit diverse morphologies (Figure 4-18), such as spherical 

(cocci), rodshaped (bacilli), and curved-rods or helical (vibrio or spirilla).  These 

                                                
3 Cytoplasm refers to the material or protoplasm inside an organism’s cell, excluding the nucleus 
4 Cytoskeleton refers to a dynamic three-dimensional structure that fills the cytoplasm in eukaryotic cells. This 
structure acts as muscle and skeleton, which is vital in the organism’s movement and stability. 

Figure 4-17 Idealised model of a prokaryotic cell showing its 
internal and external structure (adapted from Konhauser, 2009). 
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different shapes result in varying cell surface areas and volume to shape ratios 

(Figure 4-18), which are significant in the interaction of microscopic particles, for 

reasons similar to those presented in colloids (Figure 4-5). Many of the metabolic 

functions of bacteria occur at the outer cell wall, where the external sources of 

nutrition and energy are derived. A suitable shape, with a high surface area to 

volume ratio, is beneficial in optimising the diffusional capabilities of the bacterial 

cell (Konhauser, 2009).   

Available metals that are vital for the metabolism of bacteria are often taken into the 

cell through various biosorption mechanisms (i.e., ion exchange, chelating, 

adsorption, and diffusion through cell walls and membranes (Ahmad et al., 2011); 

and then incorporated into the necessary physiological pathways and biosynthetic 

structures (Beveridge, 1989; Douglas and Beveridge, 1998). As a consequence of 

their small size, expansive reaction site, and metabolic activities, they are able to 

Figure 4-18 Diverse morphologies of bacteria as observed under the SEM, (A) rods (coli) (B) 
spherical (cocci) (C)  spiral (spirilla), and (D) filaments (from Konhauser,  2009). 
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closely interact with metal ions, and consequently participate in mineral precipitation 

(Fortin et al., 1997). 

In natural environments, such as soils, bacteria commonly create stable communities 

that are commonly bound to wet or submerged solid surfaces (Davey and O'Toole, 

2000). When a self-produced extracellular polymer matrix covers such bacterial 

communities, it is referred as biofilms or bacterial mats (Figure 4-20; Flemming et 

al., 2016). Biofilms can be composed of a single bacterial species or numerous 

species of bacteria (Davey and O'Toole, 2000). 

 Bacterial biofilms are 

commonly dome-shaped. 

They consist of complex 

arrangements of dense 

layers of bacterial cells and 

extracellular components 

that form microcolonies 

(Costerton et al., 1994). 

They are separated from 

one another by voids and a 

network of channels 

through which the medium 

(e.g., water) carrying the nutrients diffuses freely (Davey and O'Toole, 2000). 

Biofilms are self-sustaining ecosystems that are mainly controlled by the biological 

film (i.e., biofilm) that encapsulates the bacterial communities (Costerton et al., 

1994; Flemming et al., 2016). This film is crucial in the mineral formation process 

because it can act to encapsulate a precipitated particle (e.g., metal sulfide), and in 

doing so, shield the material from external influences such as oxygen (Costerton et 

al., 1994). As such, it can prevent or slow oxidation of metal sulfides, and can also 

reduce the exposure of source materials to oxygenated environments, and therefore, 

preventing the subsequent release and distribution of the low pH reaction products 

(Fortin et al., 1997).  

 

Figure 4-19 Transmission electron micrograph of a 
mineralised sulfate-reducing bacteria colony grown in lactate, 
and in the presence of Fe2+. The bacterial cells are encrusted 
with amorphous iron sulfides (from Frankel and Bazylinski, 
2003). 
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4.2.2.1 Bacterial sulfur production  

In low-temperature conditions, the formation of sulfide minerals at temperatures 

below 100 °C is commonly linked to the activity of dissimilatory sulfate reducing 

bacteria (Benning et al., 2000; Konhauser, 2009). Many bacteria species can reduce 

sulfates to sulfide in small amounts, limited to synthesising sulfur-bearing cell 

components; this is referred as assimilatory sulfate reduction (Leustek, 2002). 

However, larger scale H2S production is attributed to dissimilatory sulfate reduction, 

during which bacteria ‘breathe’ in sulfate to obtain energy and expel H2S as waste 

(Pfennig et al., 1981). The bacterial consortium capable of this is referred as sulfate 

reducing bacteria (SRB). SRB generate the dissolved hydrogen sulfide gas (H2S), by 

reducing sulfate (SO4
2-) and also oxidising simple organic compounds, or molecular 

hydrogen (H2) to achieve anaerobic respiration (Figure 4-21; Pfennig et al., 1981). 

The common equation of the above reaction (Postgate Jr. and Odom, 2013) is as 

follows:  

4 H + SO4
2-àH2S + 2H2O +  2OH-     

CH4 + SO4
2-àHS-  + HCO3- + H2O 

Hydrogen sulfide in aqueous solution, depending on pH reacts with heavy metals 

(Me) cations to form low soluble metal sulfides with low solubility in water, as 

Figure 4-20 Simplified diagram of the conversion of sulfate to sulfide ion by the action of sulfate 
reducing bacteria (adapted from Oilfield-biocides, 2016) 

biofilm 
bacteria 
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described in equation below (Postgate Jr. and Odom, 2013). 

Me2+ + H2S à MeS + 2H+           

Significant involvement of SRB has been observed in subaerobic to anaerobic 

habitats including deep subsurface sites and at oxic-anoxic interfaces (Frankel and 

Bazylinski, 2003). The metabolic products of the reduction process (e.g., reduced 

metal ions and sulfide) are considered reactive and become potential components for 

subsequent mineral formation processes (Frankel and Bazylinski, 2003). Metal ions 

are observed to react more readily with dissolved sulfide if it is adsorbed in bacterial 

cell walls than when H2S is in solution (Mohagheghi et al., 1985). Because of this, 

bacterial cell walls are ideal nucleation sites for metal sulfide (Ferris et al., 1987). 

Thus, SRB preferentially facilitate mineral formation by providing nucleation sites in 

addition to their role as factories for reduced aqueous sulfides.  

4.2.2.1.1 Sulfate	  reducing	  bacteria	  in	  peat	  

Numerous studies have shown that peat deposits accumulate chalcophile elements 

like As, Cd, Hg, Pb, S and Zn (Shotyk, 1988; Shotyk et al., 1990; Shotyk et al., 1992; 

Martinez et al., 2002; Martínez et al., 2007; Weiss et al., 2007). Metal accumulations 

and metal retention in peat are mainly attributed to the influence of SRB facilitating 

biologically induced mineral precipitation. In anaerobic conditions, some literatures 

refer to these as sulfate-reducing microorganisms (SRM; Webb et al., 1998). 

Laboratory experiments by Webb et al. (1998) have demonstrated the potential for  

microbial activity in wetlands to remove metals from solution while simultaneously 

producing sulfides. Spatial relationships between concentrations of Zn, S, and 

bacterial genes (dsrAB) of SRB in peats have been established by Martinez et al. 

(2007). After correlating the total S and Zn concentrations with peat depths, it was 

determined in their study that Zn accumulations were highest at intermediate depth 

where biogeochemical evidence also indicated a reducing environment. At this same 

depth, dsrAB genes of sulfate-reducing bacteria were detected. Thus, it was 

confirmed that SRB populations preferentially occur in locations where reducing 

conditions prevail (Martínez et al., 2007). The study of Yoon et al. (2012) of 

naturally Zn-enriched peat indicated that ZnS was formed in situ as framboidal 

nanocrystallite aggregates mainly associated with organic matter by microbial 
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reduction of oxidised forms of S. Two distinct mineral forms of ZnS nanocrystallites 

were noted: polytypic wurtzite and nanocrystalline sphalerite. 

4.2.2.1.2 Sulfate	  reducing	  bacteria	  in	  ore	  formation	  

Significant contributions of sulfate-reducing bacteria in low-temperature ore genesis 

and formation of sulfide minerals in natural waters have previously been 

acknowledged (Trudinger et al., 1972; Duhig et al., 1992a; Ledin and Pedersen, 

1996; Southam and Saunders, 2005).  Several issues were, however, raised by 

Trudinger et al. (1972) on the feasibility of the SRM-formed ores. These include (1) 

environmental limits of biogenic sulfate reduction; (2) whether the age of biological 

sulfate reduction is coincident with the ages of ancient sulfide deposits, and; (3) 

whether the rates of sulfate reduction are sufficient for ore formation. Trudinger et al. 

(1972) were not able to clarify these issues due to the inadequacy of information at 

the time, but other workers (Druschel et al., 2002; MacLean et al., 2007) addressed 

some of the open questions. Druschel et al. (2002) developed a geochemical model 

based on solution chemistry and kinetic restraints that describe the chemical 

evolution of ground water. The model shows constraints on metal transport and 

sequential deposition of sulfide minerals. To be feasible, they concluded, the fluids 

introducing Zn (or other metals) must be flowing at a sufficient rate to ensure that the 

sulfide produced by SRB can be effectively titrated out by ZnS (or PbS) 

precipitation. The suggested titration process does not require a high concentration of 

Zn in the fluid. In the model, Druschel et al. (2002) predicted that the sequence of 

metal sulfide formation would be CuS, followed by CdS, then ZnS, PbS and finally 

FeS. Meanwhile, MacLean et al. (2007) showed that FeS precipitated after ZnS, 

which he attributed to Zn depletion in the medium. The exhaustion of Zn enabled the 

formation of a second sulfide phase because after the first metal had been depleted, 

sulfide can then accumulate enough for a second metal sulfide to emerge. 

4.2.3	  	  	  	  Biogenic	  sulfide	  minerals	  

4.2.3.1  Fe sulfides  

Among sulfide minerals, iron sulfide is most linked to microbial activity, particularly 

to that of dissimilatory sulfate-reducing bacteria (Southam, 2000). In early studies, 

the role of SRB in iron sulfide formation was limited to the production of reduced 
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sulfur, and its reaction with Fe2+ to form iron sulfide (Rickard, 1969). More recent 

studies revealed that biological mediation in Fe sulfide mineralisation goes beyond 

this. A study of sulfide-rich mine tailings demonstrated that Fe sulfide mineralisation 

commences by the entrapment of amorphous FeS on the cell surface through the 

ionic interaction of Fe2+ with anionic cell surface charges and biogenic H2S (Fortin et 

al., 1995; Fortin and Beveridge, 1997). Subsequent mineral transformations cause the 

production of other Fe sulfides (e.g., amorphous mackinawite), and eventually, pyrite 

(Fortin et al., 1995; Fortin and Beveridge, 1997). The formation and transformation 

of FeS to pyrite are regarded as efficient via bacterially-mediated processes than 

through abiogenic reactions (Donald and Southam, 1999).  

Similarly, framboidal pyrite is associated with bacteria, particularly a bacterial-gel 

organic template (Section 4.1.7.1). An example is a study  

 

  

Figure 4-21 Organic and inorganic pathways of Fe sulfide formation (from Pósfai and Dunin-
Borkowski, 2006). The circles represent dissolved ions, whereas the rectangles represent solid 
species. Italic text denotes biologically influenced processes. 
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from the South African Witwatersrand Evander Au mine, where framboidal pyrite 

was detected in anaerobically growing ZnS-rich microbial biofilms. The framboidal 

pyrite microcrystals were observed to occur within organic matrices such as 

exopolysaccharides (Figure 4-22;	  MacLean et al., 2007). 

  

 

4.2.3.2  Zn sulfides  

Three different environments that host biologically mediated ZnS formation have 

been investigated recently. One is a biofilm from a flooded tunnel in the carbonate-

hosted Piquette Pb-Zn mine in Wisconsin (Labrenz et al., 2000; Moreau et al., 2004). 

The second involves worm tubes from a deep-sea vents on the East Pacific Rise 

(Zbinden et al., 2001), and the third is in the Bagno Bory wetland, southern Poland 

(Smieja-Król et al., 2015). Despite occurring in different settings, the biomineral 

products in these cases display comparable chemical and morphological 

characteristics. 

In case one from Labrenz et al. (2000) , the biomineral ZnS product detected in a 

biofilm was represented by 1-5 µm spherules, each of which was further composed 

of smaller aggregates of 2 to 5 nm diameter nanoparticles (Figure 4-23). They were 

also observed in close spatial association with bacterial cells identified as SRB and 

their by-products (Figure 4-23A). Some of the bacterial cells were encrusted and 

fossilised by ZnS spheroids, suggesting an SRB mediated mineralisation involving 

the oxidation of the microbial organic matter to drive the SRB reaction. The ZnS 

Figure 4-22 Focused ion beam micrograph of framboidal pyrite in a biofilm sample. The 
framboidal pyrite occurs in close association with the honeycomb-like structure. This is 
deemed as a proto-framboid, where the template and segregated compartments act as templates 
to be filled in by microcrystalline pyrite (from Maclean et al., 2008). 

B A 
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products were almost monomineralic and contain As and Se, only minor amounts of 

the common substituent Fe, and no detectable Pb. The biofilm was said to also 

contain oxidised regions, as indicated by the presence of a sulfide oxidising bacterial 

species, and suggests that ZnS precipitation is confined to the reduced zones of the 

layered microbial communities. The Zn concentration in the biofilm showed 106 

times more that of the associated groundwater. The authors of this study interpreted 

the observed mechanisms as a strategy to mediate metal toxicity and environmental 

implications (Labrenz et al., 2000).  

In case two from Zbinden et al. (2001), the biomineral ZnS was hosted by alvinellid 

or so-called Pompeii worms (Alvinella pompejana and Alvinella caudate), which 

were subject to much more elevated temperatures of up to 403˚C (Damm et al., 

1995), compared to the biofilms in the previous example from Piquette Pb-Zn mine. 

 

Figure 4-23 (A) FESEM 
image of spherical ZnS 
aggregates in a biofilm in the 
flooded mine workings in 
Piquette Mine, which are 
identified as sphalerite and 
wurtzite. Such spheroid 
aggregates are also in close 
association with filamentous 
structures. (B) Enlarged view 
(in white rectangle) of a 
fractured spheroid showing 
internal aggregate structure 
and a faint concentric 
banding (from Moreau et al., 
2004). 

B 

A 
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The Pompeii worms thrive in active Zn and Fe sulfide-rich chimney walls where 

they were exposed to intense thermal and chemical reactions. The availability of S 

ions from the hydrothermal fluids and seawater, and the Zn and Fe from the chimney 

walls and surrounds, forced the precipitation of sulfide minerals within the Pompeii 

worms (Figure 4-24). The worm tubes in section consisted of concentric layers of 

fibrous organic materials, with filamentous bacteria and ZnS grains covering the 

inner surface of the tube (Figure 4-24). The ZnS grains were spherical and composed 

of 1-5 nm nanocrystal aggregates, and defined by a uniform composition of 

Zn0.88Fe0.12S, which was identified by XRD as sphalerite and wurtzite.  

 

 

 

In the Bagno Bory wetland, southern Poland, there were two main morphologies of 

ZnS grains detected in the peat samples (Smieja-Król et al., 2015). One type consists 

of angular grains (>1 um) that exhibit smooth surfaces. Hollow pits and fractures 

have also been observed in these types of grains, which were likely to be developed 

during the post-depositional stage in the wetland. The second type of occurrence of 

ZnS was described as nano- to micrometer-sized spheroidal aggregates (0.3 to 1 um 

in diameter; Figure 4-25). The ZnS spheroids showed close spatial affinity to organic 

matter in the peat, in particular plant cells (Figure 4-25). The ZnS particles were 

B A 

Figure 4-24  (A) Sketch and (B) an optical micrograph of Alvinellid worm and its tube. (A) The 
worm secretes a new layer in the inside of the tube (white arrow). (B) The black dots and specks 
(white arrowheads) represent ZnS grains of sphalerite or wurtzite composition (from Zbinden et 
al., 2001) . 
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observed to adhere to the plant surface by microbial slime or microfibrils. In some 

cases, ZnS microparticles were found within a mass of biofilm (Smieja-Król et al., 

2015).  

 

 

 

 

  

 

  

Figure 4-25  (A-D) SEM images showing the common occurrences of ZnS spheroids in the 
Bagno Bory wetland, southern Poland. The ZnS spheroids occur in various textures: (A-B) 
enveloped by organic matter, (C) attached to plant surface by microbial fibrils, and (D) dispersed 
in a biolfilm. Inset in (A) shows the spheroids adhered to a plant surface, while inset in the center 
(C) is a close-up view of the spheroids within an organic cover (from Smieja-Krol et al., 2015). 
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A 
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Chapter 5 

The evolution of authigenic Zn−Pb−Fe-bearing phases in 
the Grieves Siding peat, western Tasmania 

This chapter is an expanded version of a published paper with the citation: 

AWID-PASCUAL, R., KAMENETSKY, V. S., GOEMANN, K., ALLEN, N., NOBLE, T. L., 
LOTTERMOSER, B. G. & RODEMANN, T. 2015. The evolution of authigenic Zn–Pb–Fe-bearing 
phases in the Grieves Siding peat, western Tasmania. Contributions to Mineralogy and Petrology, 
170, 1-16. 

The author begs the indulgence of the examiners for the introductory repetitions in this section. 
Sections 5-2, 5-3, and 5-4 are also repeated from earlier chapters. 

5.1    Introduction 

Peat is defined as a Quaternary organogenic sediment, consisting primarily of plant 

residues and inorganic constituents (Andrejko et al., 1983). It is also recognised to be 

an effective repository for metals and metalloids (Shotyk, 1988; Steinmann and 

Shotyk, 1997; Martinez et al., 2002; McBride et al., 2006; Weiss et al., 2007), 

notably Zn (up to 22 wt. %; Lee et al., 1984) and Pb (up to 1.5 wt. %; Toverud, 

1977). Metal enrichment can result from one, or more of the following processes: the 

interaction with surrounding rock types, diffusion from ground waters, atmospheric 

dust fall (Rothwell et al., 2005; Smieja-Król and Fialkiewicz-Koziel, 2014) brought 

in by anthropogenic and natural pathways (Steinmann and Shotyk, 1997; Syrovetnik 

et al., 2004), or most potentially, the interaction of metalliferous fluid with live or 

dead biogenic matter. In situ precipitation of minerals that attain saturation, in 

addition to co-precipitation, adsorption, and complexation with organic matter, can 

strongly influence the speciation and retention of the accumulated metals in the peat 

(Peltier et al., 2003; Sheoran and Sheoran, 2006). The precipitation and co-

precipitation of minerals within organic substrates are strongly linked to 

microbiologically mediated processes (Ehrlich, 1996; Webb et al., 1998; Bennett et 

al., 2001). One example is the reduction of oxidised forms of sulfur by sulfate-

reducing microorganisms promoting precipitation of zinc sulfides (Labrenz, 2000; 

Yoon et al., 2012). Peat-hosted minerals and their assemblages originate as detrital 

(transported), authigenic (formed in situ) and diagenetic (altered) phases (Franzén, 
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2006). The geochemistry of peat has been extensively studied (Fraser, 1961; Boyle, 

1977); however, little is known about the mineral phases within peat. The 

examination of mineral occurrences and characteristics in peat is important because 

it provides information on the processes and conditions of mineral formation, with 

possible implications for metal enrichment including potential ore upgrade in low-

temperature surface environments.  

The Grieves Siding peat in western Tasmania provides a rare opportunity to 

investigate diverse authigenic mineralogy in an extremely metal-rich peat (up to 28.6 

wt. % Zn and up to 3.8 wt. % Pb; Capp (2007)). Although atmospheric input from 

nearby smelters is a possibility, the remote location of the studied peat within a 

Pb−Zn metallogenic province (Glover, 1996) suggests that the metals are dominantly 

lithogenic rather than anthropogenic.  

In this chapter, the mineralogical properties and associations of the authigenic 

Zn−Pb−Fe mineral phases and assemblages are presented. We studied the process of 

phase transformations toward stable configurations, represented by the 

stoichiometric minerals. Thus, this research adds to our understanding on the 

occurrence and properties of metal-rich peats and contributes to revealing the genesis 

of metal-rich phases in organogenic sediments. 

5.2    Physiography and Geology 

The Grieves Siding peat, part of the Pb−Zn metallogenic province in western 

Tasmania, Australia, is situated approximately 10 km south of the town of Zeehan 

(Figure 5-1A). The site is located in a shallow depression stretching along the Badger 

River button grass plain that is flanked by escarpments on its western and eastern 

margins (Figure 5-1C).  

The thickness of the peat ranges from <1 m to 20 m with varying distances below the 

surface. Analytical work conducted by the Commonwealth Scientific and Industrial 

Research Organization Petroleum (New South Wales, Australia) determined the peat 

material as belonging to the vitrinite maceral group. The peat components are mainly 

organic remnants derived from the woody parts of terrestrial plants, often displaying 

cell structures (Purvis, 2006). Traces of charcoal fragments are also encountered 
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sporadically, possibly from previous bushfires. The age of the peat is speculated to 

be Quaternary (Purvis, 2006). Underlying the peat is the Grieves Siding carbonate 

prospect (GSCP) that is characterised by significant Pb−Zn geochemical anomaly 

(Glover, 1996), represented by sphalerite and minor galena, partially transformed to 

oxides, silicates and carbonates (Hendrick and Milburn, 2011), and comparable to 

that in the Irish-style deposits (Tear, 2002; Lewis, 2006). Previous exploration 

activities were focused on the GSCP since the 1980s but recently shifted to the 

overlying metal-rich peat (Purvis, 2006). In 2006 − 2011, Icon Resources Limited 

(Icon) conducted sampling, preliminary geochemical, mineralogical and organic 

petrology studies on the Grieves Siding peat.   

Gravels from the lower Ordovician Moina Sandstone, eroded from the escarpments, 

overlie a significant portion of the peat. The geomorphology of the study area 

suggests that the peat waters are supplied from the surface and possibly from the 

Gordon Limestone underneath (Sheldon, 2011). 

The 600 m thick and 30°−60° NW-dipping Ordovician Gordon Limestone underlies 

the Grieves Siding area (Figure 5-1C). It is dominantly dolomite in the upper half 

and contains bioclastic argillite and oolite, as well as several micrites and 

argillaceous zones toward the base. The Gordon Limestone is associated with several 

significant Pb−Zn−Ag stratiform deposits and prospects in western Tasmania 

(Everard et al., 1992), which include the Oceana deposit and the GSCP.  

The Gordon Limestone is overlain conformably by the Silurian Crotty Quartzite and 

has a gradual contact with the underlying lower Ordovician Moina Sandstone, which 

is correlative to the Owen Sandstone that is part of the Owen Group (Seymour and 

Calver, 1995). The Owen Group characterised by alternating marine 

sandstone−siltstone units and quartzite as well as a chert-rich volcaniclastic 

conglomerate that, with detrital chromite in place, generally rests conformably with 

the Middle Cambrian Dundas Group but in the Zeehan area, it lies on an erosional 

unconformity with the Middle–Late Cambrian Mount Read Volcanics (Green, 2012).  

The Dundas Group consists of two units: (i) a lower sequence of Middle Cambrian 

age characterised by detritus from felsic volcanic rocks (possibly Mt Read 

Volcanics), ultramafic−mafic rocks and intra-basinal cherts and (ii) an upper layer of 
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Late Cambrian age where the sediments are predominantly siliceous and derived 

from Precambrian metasedimentary rocks (Seymour and Calver, 1995). The Mt Read 

Volcanics host several major volcanic- hosted massive sulfide (VHMS) deposits 

(e.g., Hellyer, Que River, Rosebery, Hercules, Mt Lyell, Henty) in western Tasmania 

(Figure 5-1A) that are considered to have formed on the seafloor during volcanism 

(Corbett and Solomon, 1989). 

 

Figure 5-1 Map showing the (A) location and (B) sampling points of the Grieves Siding peat and 
surrounding Pb-Zn deposits and prospects in western Tasmania (adapted from Large (1989)). (C) The 
simplified geological section along 48000N (Figure 3-8) of the Grieves Siding carbonate prospect 
(GSCP) with the overlying metal-rich peat (modified from Hendrick and Milburn, 2011).  

B 

5349150'

5349350'

5349550'

5349750'

5349950'

364400' 364600' 364800' 365000'

GS4'

GS1'

GS3'

GS7''
GS8'

GS2'

GS6'

GS5'

200'm'

Badge
r'Rive

r'tribu
taries

'

mN'

mN'
mE'

E W

A 

C 

B 



Chapter 5 – The evolution of Zn-Fe-Pb-bearing phases 
 

 
109 

5.3   Sampling and sample preparation 

Eight peat samples, representative of variable concentrations of Zn and Pb, were 

provided by Icon (Figure 5-1B). The samples were mixed thoroughly to ensure 

homogenisation and then dried at 40oC for 5 days. A portion of the peat samples 

were mechanically milled to <63 µm using a chromium steel mill. The pulverised 

samples were analysed for bulk chemical composition (Intertek Genalysis, Australia) 

and phase composition (Federation University, Australia).  

The heavy mineral fraction of the peat material was extracted from several samples 

(GS3, GS7, and GS8) with the highest Zn concentration. The samples were placed in 

an ultrasonic bath for an hour to disaggregate the peat, washed in distilled water and 

then panned to isolate heavy particles. The heavy mineral fraction was further sieved 

to obtain 300- to 500-µm-sized grains, where Zn- and Pb-rich phases are known to be 

prevalent. The mineral grains were then handpicked under a binocular microscope. 

Some of the heavy mineral separates were powdered and analysed by XRD. 

For optical and scanning electron microscopy (SEM), the mineral grains were 

mounted on 12 mm diameter aluminum SEM mounts using double sided sticky 

carbon tabs (Proscitech, Australia) and then coated with 20 nm carbon. The grains 

were also mounted in an Araldite epoxy resin and exposed by hand grinding and 

polishing. Grinding was initially carried out using alumina and water and then using 

diamond and kerosene as the lubricant. Final polishing was done on a silk pad using 

an oil-based 1-µm diamond compound. Then the mounts were coated with 20 nm 

carbon. For mounts containing grains that were analysed and mapped for their 

carbon content, the initial carbon coating was removed, and then coated with Pt to 

ensure that the C signature is not coming from the C-coating. 

5.4    Analytical methods 

The bulk mineralogical composition of the peat samples was determined by 

quantitative x-ray diffraction (QXRD) with Siemens D500 and D501 diffractometers 

using Fe-filtered CoKαα radiation (Federation University Australia). A computer-

aided search of the ICDD PDF4/Minerals 2010 database was then performed to 

identify the mineral phases present. Quantitative XRD results were obtained using 
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SiroQuant™ version 3.0, utilising the most suitable mineral structures available in 

the current software package databank.  Results should be regarded as 

semiquantitative because SiroQuantTM is a whole-pattern Rietveld analysis 

technique. Considering numerous variables not limited to the mineral crystallinity 

and order, the detection limit is set at 0.4 wt. %. 

The mounted heavy particles were analysed by backscattered electron (BSE) and 

secondary electron (SE) imaging and energy dispersive x-ray spectrometry (EDS) at 

University of Tasmania (UTas) on a Hitachi SU-70 Schottky field emission SEM 

fitted with an Oxford AZtec XMax80 silicon drift detector EDS system at 5−15 kV 

accelerating voltage. Chemical compositions displayed with ED spectra in this 

chapter have been obtained by standardless quantification and can be considered 

semiquantitative only.   

Textural characteristics of mineral phases were further investigated by SEM X-ray 

mapping, electron probe microanalysis (EPMA) and cathodoluminescence (CL) 

microscopy. In order to improve spatial resolution for the sub-micrometer oscillatory 

compositional variations in the bands of botryoidal phases, imaging and X-ray 

mapping were conducted at 5 kV acceleration voltage.  

Compositional analyses of the Zn-rich phases were obtained on a Cameca SX100 

electron probe microanalyser equipped with five wavelength-dispersive 

spectrometers at UTas. Operating conditions were 10 keV beam energy accelerating 

voltage, 20 nA beam current, 5 µm spot size, and 1.5 min total counting time. 

Utilised as standards were galena for Pb Mα, hematite for O Kα, marcasite for Fe 

Kα, sphalerite for S Kα, Zn Lα (all standards Astimex Standards Ltd, Toronto, 

Canada), clinopyroxene for Si Kα, plagioclase for Al Kα, and Cd metal for Cd Lα.  

Cathodoluminescence (CL) microscopy was also carried out on polished and carbon-

coated samples captured in parallel with selected BSE images to allow direct 

comparison of the two different image signals. CL images were acquired on an FEI 

Quanta 600 environmental scanning electron microscope (UTas) equipped with a 

Gatan PanaCLF CL detector. The accelerating voltage was at 20 kV with a beam 

current of 20 nA (SX100) and around 3 nA (Quanta 600). 
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Identification of minerals was aided by a Renishaw inVia Raman microscope (UK) 

using a 100x, 0.90 NA or 50x, 0.75 NA objective. The excitation wavelength was 

532 nm using a 200 mW rated pumped-diode laser with variable power tailored for 

the individual samples ranging between 30 and 300 µW at the sample. The spectra 

were recorded on a Peltier cooled CCD camera with an acquisition time between 1 

and 60 s and using a spectral range of 140−2760 cm-1 with a grating of 1200 l/mm 

giving a spectral resolution of about 2.6 cm-1.  

Selected grains of galena identified by the SEM were analysed for lead isotope 

compositions using a New Wave 193 nanometre Nd-YAG solid-state laser and 

Agilent 7700 quadrupole ICP-MS at CODES, UTas, according to the method 

outlined by Woodhead et al. (2009) and Meffre et al. (2008). The grains were 

sampled with 12 µm spot size at the repetition rate of 10 Hz and an energy density of 

3 J/cm2. Isotopes measured were (202Hg, 206Pb, 207Pb, 208Pb, 232Th, 238U), each for 5 

ms with the exception of 204Pb where 10 ms was used to improve precision on the 

low signal. Data reduction was done utilising the Isoplot software (Ludwig, 2003). 

5.5     Results 

5.5.1 Mineralogy	  of	  the	  peat	  

QXRD data revealed that the bulk peat samples are generally characterised by a 

significant amount of non-diffracting organic matter (up to around 50 wt. %; Figure 

5-2C) and variable amounts of sulfide, sulfate, silicate, oxide, carbonate, and 

phosphate phases (Tables 5-1 and 5-2). Considering crystalline phases only, the 

majority of the peat samples (GS1 to GS6) show a relative abundance of quartz (up 

to 57 wt. %), muscovite (up to 58 wt. %), kaolinite (up to 3.4 wt. %), gunningite2 (up 

to 21 wt. %), sphalerite (up to 5 wt. %), pyrite (up to 4.4 wt. %), and native sulfur 

(up to 7 wt. %). Other samples (GS7 and GS8), with relatively lower organic content 

(as indicated by the weaker background swell in the spectra; Figures 5-2G to 5-2H), 

contain substantial proportions of Zn-bearing phases such as baileychlore2 (up to 50 

wt. %) and Zn sulfides in addition to quartz (up to 35 wt. %), as the main 

components. Sphalerite and other Zn sulfide phases (up to 25 wt. %) are identified 

                                                
2 gunningite (Zn,Mn)(SO4).(H2O) 
2  baileychlore (PbFe3+

6(SO4)4(OH)12 
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Table 5-1 XRD results in wt. % of the Grieves Siding peat samples. The results only considered the 
crystalline phases present and excluded the non-diffracting organic matter and the amorphous 
inorganic phases. 

together with several Pb-bearing phases including anglesite (up to 16 wt. %) and 

galena (up to 1.5 wt. %). Among the separated grains, Zn sulfides dominate,reaching 

up to 60 wt. %, followed by baileychlore (up to 29 wt. %), anglesite (up to 10 wt. %), 

quartz (up to 7.9 wt. %) and galena (up to 2.3 wt. %). Examination of the degree of 

crystallinity of Zn sulfides revealed a high degree of structural irregularity and a 

significant broadening and asymmetry towards higher 2Ɵ angles on the sphalerite 

(ZnS fcc structure, [202] and [113]) peaks are observed; Figure 5-2I). This 

disordered structure could indicate the possible coexistence of a Zn-rich phase with 

the Zn sulfides that is amorphous or with different crystal structures. The results of 

the QXRD study are confirmed by examination of individual mineral grains using 

optical and scanning electron microscopy.  

  

Mineral 
name 

Bulk (wt. %) Heavy fraction 
(wt. %) 

GS1 GS2 GS3 GS
4 

GS5 GS6 GS7 GS8 GS7 GS8 

           Anglesite - - - - - - 15.5 7.4 10.1 5.3 

Albite - - 1.8 2.7 1.6 - - - - - 

Baileychlore - - - - - - 36.3 50.1 26.5 28.6 

Franklinite - - - - - - - - - - 

Galena - - - - - - 0.7 1.5 1.9 2.3 

Gypsum - 0.4 6.6 1 1.9 - - - - - 

Kaolinite 3.4 1.8 1.2 0.6 2.3 3.2 - - - - 

Gunningite - 2.1 21.3 2.2 3 - - - - - 

Muscovite 57.7 44.9 27.1 37.8 40.6 39.5 - - - - 

Pyrite 4.4 2.3 2.5 11 6 - - - - - 

Quartz 34.1 46.3 31.5 39.7 43.9 56.6 35.4 16.5 7.9 5.3 

Sphalerite/ 
Zn phases 

- - 1 5 - - 12.1 24.5 53.7 59.5 

Sulfur 
(native) 

- 1.9 7 - 0.6 - - - - - 
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Figure 5-2 XRD traces of the peat samples: (A) GS1, (B) GS2, (C) GS3, (D) GS4, (E) GS5, 
(F) GS6, (G) GS9. Spectral traces of heavy fractions in the peat from GS7 (H) and GS8 (I). 
Arrow in (C) indicates background swelling, possibly due to the presence of organic matter or 
non-crystalline phases. Spectrum in (I) shows ZnS fcc structure with [202] and [113] peaks. 
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5.5.2 Zn	  bearing	  phases	  

SEM imaging revealed that majority of Zn bearing grains exhibit botryoidal3 textures 

(Figure 5-3). The botryoidal phases contain varying concentration of Zn, S, O, Al, Pb 

and Si, and possibly light elements (e.g. C and H; Figures 5-4A). Based on its 

composition (Figures 5-4A and 5-2A), this material cannot be confidently identified 

as a single stoichiometric mineral; hence, it will be referred as botryoidal ZSOAPC4 

from hereon. This phase typically forms individual and aggregated microscopic-sized 

spheroids (Figure 5-3A). Section views of the spheroids reveal colloform banding 

(Figures 5-3C and 5-4A) comparable to that of schalenblende (Mindat.org, 2016; 

Figure 4-14). The alternating light and dark bands in the BSE images range from <1 

to 4 µm thick, are concentric within a single spheroid, and are parallel to the external 

outlines of the spheroidal aggregates (i.e. colloform texture; Figures 5-3C and 5-4A). 

The bands generally have sharp boundaries, but in some cases display uneven and 

diffuse characteristics. Bulbous ZSOAPC masses adjacent to the colloform phases 

(Figure 5-3C) have lower O and Al contents and faint banding compared to the 

colloform spheroids. 

The EPMA analyses support the EDS results (Figures 5-4A and 5-5) and indicate 

that in addition to Zn (up to 65.4 wt. %) and S (up to 31.4 wt. %), the spheroids 

incorporate O (up to 18.5 wt.%), Al (up to 8.5 wt. %), Pb (up to 2.9 wt. %) and Si 

(1.7 wt. %). Minor amounts of Fe, Cd, Cu, Ag, Sb and As are also detected. A 

detailed examination of the mineral chemical characteristics of the colloform phases 

is presented in Chapter 7. Element mapping (Figures 5-6 and 5-7) of the botryoidal 

phases revealed that the brighter bands have a higher mean atomic number due to the 

higher concentrations of Zn and S compared to the darker bands, which are enriched 

in O, Al and C. Carbon was detected in both C- and Pt-coated mounts. CL images 

(Figure 5-4E; Appendix D-4) also display similar zoning as seen in the SEM images 

and maps, with the lower atomic number zones emitting a slightly higher CL signal. 

However, it is not known which defects or impurities give rise to the CL emission. 

                                                
3botryoidal and colloform textures are used interchangeably in this study  
4ZSOAPC is an acronym, which refers to the composition of botryoidal/colloform phase that is composed of 
mainly of Zn-S-O-Al-Pb-C, erratic Si and minor Fe, Cd, Cu, Ag, Sb and As 
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Figure 5-3 Diverse occurrence of the botryoidal ZSOAPC phase in the peat, all are secondary 
electron (SE) images except for (C): (A) as an aggregation of <1-5 µm spheroids, which in some cases 
are closely associated with (B) clustered and bladed anglesite (ang). (C) Section view of the spheroids 
(BSE image) displays colloform texture characterised by alternating light and dark banding reflecting 
compositional variations. Bulbous ZSOAPC mass of the same phase and with relatively faint banding 
is observed close to the colloform phase. The dark portion of the image represents a substrate of the 
botryoidal ZSOAPC phase with a composition close to baileychlore (bchl) with a prominent carbon 
peak. Possible biologically controlled textures both with the ZSOAPC composition are the (D) 
capsule-bearing and (E) tubular formations. (F) A magnified view of the capsule structures (shown in 
D) shows them to resemble mineralised and pseudomorphed bacterial cells. Grains are from GS3, 
GS7, and GS8.  
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As another textural type, the ZSOAPC phase also forms elongate ovoid ‘capsules’, 

which are closely associated with the botryoidal phases (Figures 5-3D to 5-3F). The 

capsules show very uniform dimensions with diameters of about 0.5 µm and lengths 

of 1.5 to 2 µm long. Their morphology suggests an origin as fossilised and encrusted 

microorganisms (Figures 5-3D and 5-3E). The final textural variation is the tubular 

formations represented by linearly arranged aggregates of the spheroids (Figure 5-

3F). They are observed to have a diameter of about <1 to 1 µm and lengths of up to 

100 µm. The tubular structures appear to follow paragenetically the growth of the 

botryoids based on their infilling character (Figures 5-3F).  

The filled capsules and tubular structures are characterised by a composition similar 

to the botryoidal ZSOAPC phase (Figures 5-4A, 5-5, 5-6, and 5-7).  

Other zinc-bearing phases are represented by sphalerite (Figures 5-4A and 5-4B) and 

baileychlore (Figure 5-4B to 5-4D), as well as inclusions of Fe−Zn−Pb carbonate 

(Figure 5-8E) in sulfides. Sporadically, sphalerite is observed at the core of the 

botryoidal ZSOAPC phase (Figure 5-4A).  

A significant difference between the botryoidal ZSOAPC phase and sphalerite is best 

seen in the dark bands where abundances of O, Al and C are strongly elevated 

(Figure 5-7B). The brighter bands have compositions closer to sphalerite than the 

dark bands (Figure 5-7). Lead, although predominant in the botryoidal phases did not 

show distinct association with the bands (Figures 5-6 and 5-7). 

Baileychlore, which was also detected in QXRD, is dominantly fibrous (Figures 5-

4B, 5-4C) and rarely has perfect crystals up to 200 µm in length (Figure 5-4D). It 

occurs as an intergrowth and a substrate to the botryoidal ZSOAPC phase and 

sphalerite (Figure 5-4B). Baileychlore shows compositional variation represented by 

a relatively darker phase in the BSE images, (bchl1 in Figures 5-4B and 5-5B), 

corresponding to a lower Zn content compared to the BSE-brighter variety (bchl2). 

In some cases, baileychlore has an elevated Fe content (Figure 5-8B) tending more 

towards a chamosite composition. 
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Figure 5-4 Other Zn-bearing phases in the peat include: (A) Sphalerite (sp), as bright particles (A1), 
enclosed by botryoidal ZSOAPC, and in which the dark portion correspond to elevated O and Al 
compared to the lighter parts (A2) in BSE;  (B) Baileychlore (bchl) exhibiting (B, C) fibrous textures 
and, (D) crystalline structure, in SE. Brighter portions (BSE) of the (B) fibrous baileychlore (bchl) 
correlate to elevated Zn compared to the darker phase (bchl2). Sphalerite (sp) is detected at the core of 
the baileychlore. Anhedral quartz (qtz) is detected nearby. Dark portion in the centre is resin in a hole. 
(E) CL image displaying zoning and a corresponding to those observed in the BSE image (inset). 
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Figure 5-5 SEM-EDS spectra of the common Zn-bearing phases
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Figure 5-6 Element map of a botryoidal ZSOAPC phase. Dark bands correspond to an enrichment of  
C and Al with minor Zn and S whereas the bright parts are dominantly composed of high 
concentration of Zn and S. The mount was coated with Pt to ensure that the C signature is not coming 
from the C-coating. Map is taken from GSM-04 grain 23 of GS3. 
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Figure 5-7 (A) Profile of the light and dark bands of the botryoidal phase in a grain collected from 
peat sample GS7. Data is taken from Table 7-2 (sample IDs: gsm05_gr15_pt1 to pt13). Dark bands 
correspond to an elevated concentration of O and Al while lighter bands have depleted Al and O and 
high content of Zn and S. Figure (B) displays the concentration of Zn and S measured in the bands 
normalised to the composition of sphalerite (Zn=67.1 wt. %; S=32.9 wt. %). Significant deviation 
from sphalerite composition is observed in spots 2, 4, 6 and 10 sited on the dark bands. The light 
bands generally have a composition close to sphalerite as compared to the dark bands.	  
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5.5.3 Pb	  bearing	  phases	  

Lead bearing minerals occur in close association with the Zn-bearing phases and are 

represented by galena, anglesite, plumbojarosite and in rare cases, Pb-rich 

aluminosilicate. Galena is observed as pore filling specks (<1−5 µm) and subhedral 

to anhedral intergrowths (up to 100 µm) with sphalerite (Figure 5-8A) and with the 

botryoidal ZSOAPC (Figure 5-8B). A ring-structure galena is also observed (Figure 

5-8C). Some nm - µm size galena microparticles are found along the rims of 

individual rings that resemble atoll formations. The nearly spherical shape and 

aggregation of rings of the ring-structure galena could be compared to the overall 

appearance of a framboidal pyrite (Figure 5-9). But unlike the framboidal pyrite, the 

galena counterpart lacks microcrystalline precipitates at the center of each ring 

(Figure 5-8C).  

Anglesite commonly occurs as clusters of bladed and striated crystals (Figure 5-3B 

and 5-8D), and in some cases, it forms around the galena (Figure 5-8D). Another Pb 

bearing mineral is spheroidal plumbojarosite (120-130 µm in diameter), which is 

much bigger than other spheroidal minerals in the peat. It consists mainly of 

clustered microscopic-size fibrous particles (Figure 5-8F). In some parts within the 

spheroid, hexagonal crystals of the same composition are encountered. 

5.5.4 Fe	  bearing	  phases	  

Pyrite is by far the most common Fe-bearing phase in the peat aside from the 

sporadic Fe-Zn-Pb carbonate (Figure 5-8E). It occurs as disseminated particles, 

isolated framboids, polyframboids and anhedral grains (Figure 5-9). Isolated and 

polyframboids are typically associated with the Zn bearing phases (Figure 5-10A). 

Hollow spherical structures are typically observed in close association with the 

ghosted polyframboids in Zn-rich substrate (Figure 5-10B). In some cases, pyrite is 

hosted by dolomite (Figure 5-10C).  
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Figure 5-8 SE images of Pb-bearing minerals. (A) Anhedral galena (gn) in close association with 
sphalerite and baileychlore (bchl). (B) Another grain with anhedral galena infringed by shapeless 
ZSOAPC phase. (C) Ring structure galena resembling a framboidal structure characterised by 
aggregates of galena microparticles bordering a circular mold.  (D) Anglesite (ang) is observed 
replacing anhedral galena, with Fe-Zn-Pb carbonate (Fe-Zn-Pb carb) as inclusions (dark spots). (E) 
Magnified view of Fe-Zn-Pb carbonate in galena. (F) Spheroid of plumbojarosite, larger than the 
framboidal minerals in the peat and composed of fibrous and hexagonal microcrystals of 
plumbojarosite. 
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The morphology of framboids is dominantly spherical, although ovoid to polygonal 

shapes are not rare (Figure 5-9C). The diameters of the framboids vary from 3 to 25 

µm. The aggregated particles comprising the framboids exhibit regular and random 

arrangements. Large spherical framboids frequently display well-arranged particles, 

typically in circular and linear patterns (Figures 5-9D and 5-9F), whereas the non-

spherical variety is generally disordered (Figure 5-9C). Microcrystal sizes range 

from <1 to 2 µm and are approximately equidimensional within each framboid. In 

some samples, aggregation of smaller particles (<1 µm) produces spheroidal cores 

that are often rimmed by relatively larger and perforated particles (Figure 5-9B). 

Another textural variety is anhedral pyrite (5–25 µm) typified by smooth surfaces 

without distinct structure. These anhedral phases, when abundant and interlocking, 

display mosaic texture (Figures 5-9E and 5-9F) and in some cases, enclosing well-

developed framboids (Figure 5-9G). Closure and homogenisation of the grain 

boundaries of anhedral and framboidal pyrite result in a massive polycrystalline 

pyrite (Figures. 5-9H). 

The 1:2 Fe:S ratio determined by combination of SEM-EDS, QXRD and Raman 

established that the Fe sulfide in the peat samples is pyrite. Identification and 

confirmation of the framboidal iron oxide as magnetite (150-160 µm in diameter) 

was also done through Raman. 

5.5.5 Mineral	  associations	  

The majority of the Zn-Pb-Fe authigenic minerals and nonstoichiometric phases are 

spatially associated with baileychlore and the nonstoichiometric Zn-aluminosilicate 

(Figures 5-3C, 5-3D, 5-4A, 5-4B, 5-5, 5-8A, and 5-8B). These Zn-rich chlorite and 

aluminosilicates seem to host the growth of the authigenic sulfide phases. 

Sphalerite and the colloform ZSOAPC and its other textural varieties are seen to be 

closely associated with Pb-bearing phases such as galena and anglesite and Fe-

bearing phase represented by pyrite (Figures 5-8A, 5-8B, 5-10A, and 5-10B). In 

Figure 5-8A, sphalerite is observed to infringed galena. Similarly, in Figure 5-8B, 

bulbous and shapeless ZSOAPC phase, which is darker in BSE than sphalerite, is 

also seen to infringed and surround galena, which is brightest in BSE amongst the 
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three phases (Figures 5-8A and 5-8B). An overgrowth of a Zn-rich phase, which is 

close to the composition of ZSOAPC, on pyrite is noted in Figure 5-10A. The Zn-

rich phase seen as the brighter phase (BSE) appears to encroach through the darker 

(BSE) crystals of pyrite. Several ‘hollow’ spheres and structures that appear like 

ghosted disseminated pyrite are also observed within the Zn-rich and ZSOAPC 

phases (Figure 5-10B). 

Amongst the Pb-bearing phases, only anglesite is observed with pyrite. Anglesite is 

detected with the ghosted pyrite structures and the ZSOAPC phase in Figure 5-10B. 

Galena and pyrite have not been found associated in the samples.  

5.5.6 Pb-‐isotope	  geochemistry	  

Pb isotope compositions (n=11) of the galena grains from the Grieves Siding peat are 

listed in Table 5-4, and plotted in Figure 5-11. Ratios of the 206Pb/204Pb, 207Pb/204Pb, 

and 208Pb/204Pb from the studied galena are generally uniform ranging from 

18.29−18.38, 15.61−15.67, and 38.25−38.44, respectively.  

5.6     Discussion 

5.6.1 Sources	  of	  metals	  in	  the	  peat	  

The mobility and reactivity of Pb in near-surface environments in western Tasmania 

are supported by the occurrence of crocoite (PbCrO4) in the Dundas region (Figure 

5-1). The supergene formation of crystalline crocoite is the product of the availability 

and co-occurrence of Cr and Pb in the area instigated by the extensive weathering 

and leaching of the Cr-bearing ultramafic ophiolite complex and Pb-containing 

Cambrian Dundas rocks and sediments, thereby supplying ample Cr and Pb ions in 

the solution (Bottrill et al., 2006). Oxidising conditions in the acidic ground waters 

also favour the mineral formation, hence suggesting Pb mobility in the vicinity of the 

Grieves Siding peat. 

The Pb isotope signature of the Grieves Siding galena corresponds to the Pb 

compositions of the Cambrian Pb-Zn deposits and prospect in western Tasmania 

(Figure 5-11), such as Hellyer, Que River, Rosebery, Hercules, Oceana and GSCP 

(Gulson et al., 1987; Glover, 1996; McGilvray, 2003), which are located within 8 to 
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Table 5-2 List of the mineral phases detected in the Grieves Siding peat. 

 

  

Mineral name Chemical Formula Identified by Origin 

1. Botryoidal 
ZSOAPC 

- SEM-EDS Authigenic 

2. Sphalerite ZnS XRD, SEM-EDS, 
Raman 

3. Baileychlore (Zn,Al)3(Si,Al)2O5(OH)4 XRD, SEM-EDS 

4. Zn-rich 
aluminosilicate 

- SEM-EDS 

5. Fe-Zn-Pb 
carbonate 

- SEM-EDS 

6. Galena PbS SEM-EDS 

7. Pb-rich 
aluminosilicate 

- SEM-EDS 

8. Anglesite PbSO4 XRD, SEM-EDS 

9. Plumbojarosite PbFe3+
6(SO4)4(OH)12 SEM-EDS 

10. Pyrite FeS2 XRD, SEM-EDS, 
Raman 

11. Anhydrite CaSO4 SEM-EDS, Raman 

12. Gypsum CaSO4.2H2O XRD, SEM 

13. Gunningite (Zn,Mn)(SO4).(H2O) XRD 

14. Franklinite ZnFe3+
2O4 XRD 

15. Sulfur S XRD 

16. Quartz SiO2 XRD, SEM-EDS Authigenic/ Detrital 

17. Muscovite-
Illite 

KAl2Si3AlO10(OH,F)2 XRD, SEM-EDS 

18. Magnetite Fe2+Fe3+
2O3 XRD, SEM-EDS, 

Raman 
Detrital 

 

19. Kaolinite Al2Si2O5(OH)4 XRD 

20. Albite NaAlSi3O8 XRD 

21. Apatite Ca5(PO4)3F SEM-EDS 

22. Dolomite CaMg(CO3)2 SEM-EDS 

23. Chromite (Fe2+,Mg)(Cr,Al)2O4 SEM-EDS 

24. Rutile TiO2 SEM-EDS 



Chapter 5 – The evolution of Zn-Fe-Pb-bearing phases 
 

 
126 

 

  

E"

25"μm"

A 

D C 

B 

H G 

F E 



Chapter 5 – The evolution of Zn-Fe-Pb-bearing phases 
 

 
127 

Figure 5-9 SE images showing textural characteristics of pyrite in Grieves Siding peat, hypothesised 
here to represent the textural transformations of pyrite in the peat: (A) Individual and disseminated 
pyrite particles represent nucleation and growth stage. (B) In some cases, minute particles form 
spheres alongside large particles, which may represent the site of pyrite growth. (C) Framboids at 
different stages of particle aggregation and coalescence (which occurs probably through self-
organisation), exhibit disarrayed spherical and non-spherical shapes. (D) Some framboidal particles 
exhibit the regular linear pattern. (E) Close spatial associations between framboidal pyrite and 
anhedral pyrite are observed. A circular boundary surrounding some pyrite is also noted (white arrow, 
also in G). (F) Magnified and view of the coarsening of the pyrite micro-particles that results in 
anhedral pyrite with the mosaic texture visible in (G). Transformation to a massive polycrystalline 
pyrite (H) occurs through further coalescence and recrystallisation of the framboidal and anhedral 
particles. 
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Figure 5-10 Occurrences of pyrite in various substrates: (A) framboidal pyrite  (py) hosted by a Zn-
rich substrate, close to the composition of ZSOAPC phase (BSE, bright area),  and (B) grain showing 
hollow spheres (arrow) and ghosted pyrite structures on the Zn-rich (ZSOAPC) substrate. Inset 
presents a magnified view of the relic pyrite structures. (C) framboids on a detrital dolomite (dol) host 
with apatite grain (ap).  
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Table 5-3 Average sizes of Zn-Pb-Fe authigenic phases detected in Grieves Siding peat 

Morphology Mineral/Phase Size (widest dimension) 
Microparticles 
(shapeless, specks; non-crystalline) 

ZSOAPC <1 µm –1 µm 

Microcrystals Sphalerite 
(anhedral) 

<1–8 µm 

 Galena 
(subhedral) 

<1–5 µm 

 Pyrite (euhedral) <1 µm–2 µm 
Crystals (subhedral, anhedral) Galena 10–80 µm 
 Pyrite 5–25 µm 
Aggregates:   
Botryoids (aggregates of spheroids) ZSOAPC 10 µm–25 µm 
Tubular (linear aggregates of 
spheroids) 

ZSOAPC <1 µm–1 µm (diameter); 
up to 100 µm (length) 

Framboids (spheroidal  
aggregates of microcrystals) 

Pyrite 3 µm–25 µm 

 Magnetite 150–160 µm  
 Plumbojarosite 120–130 µm  
Bulbous masses ZSOAPC >200 µm 
 Sphalerite 10–80 µm 
Sheet-like Baileychlore 100–200 µm  
 Zn-aluminosilicate > 200 µm 

 

60 aerial kilometres from the Grieves Siding peat (Figure 5-1). Given that the 

Grieves Siding mineralised peat directly overlie the GSCP hypogene Zn-Pb ores, it 

was expected that the Pb-isotope signatures of galena in the peat would be identical 

to those of the hypogene sulfides. Instead, the data spread to less radiogenic 

compositions is consistent with mixing with the Cambrian Rosebery VHMS Pb ore. 

However, the data also lie on a mixing line between Oceana Pb and Grieves Siding 

Pb ore. They show no component of Pb that is more radiogenic than the Cambrian or 

the Ordovician ores. Hence, they do not support the incorporation of Cambrian host 

rock Pb that is derived by U decay into the wall rock, and its subsequent weathering 

as a source of Pb in the peat. Consequently, the Pb detected in the peat, either derives 

from a hidden Cambrian ore system and Grieves Siding primary Pb, or most likely, it 

derives completely from Grieves Siding ores, and these must have layers with the 

Oceana (Ordovician system) Pb composition that was not detected in the previous 

study of Glover (1996). Contamination with Rosebery Pb is also a possibility. 
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5.6.2 Features	  of	  metalliferous	  peats	  from	  around	  the	  world	  

An example of a well-documented metalliferous peat site, aside from Grieves Siding, 

is a peat bog located east of a Zn smelter in Southern Poland (Smieja-Król et al., 

2010). The peat bog is enriched with Zn (494 ppm), Pb (238 ppm) and Cd (16 ppm), 

hypothesised to be products of atmospheric deposition (Smieja-Król et al., 2010). 

These metals are deemed to be derived anthropogenically and sourced from the 

nearby smelter (Smieja-Król et al., 2010). Mineralisation in the peat includes 

atmospherically-derived sphalerite that occurs as irregular grains commonly with Cd, 

and as intergrowths with galena.  Other minerals that were sourced anthropogenically 

are galena and Fe oxides. Galena grains are typically porous and irregular (less than 

5 µm in diameter), possibly due to intense weathering. Fe oxides are encountered in 

the upper layers of the peat and on the plant growing on the peat, in a more 

oxygenated region. They commonly form angular grains or irregular aggregates of 

variable size up to 20 µm (Smieja-Król et al., 2010). Authigenic Zn sulfides are also 

detected, characterised by a spheroidal (1-3 µm in diameter) and occasionally 

hemispheroidal structure, which is said to reflect growth on an organic surface. The 

spheroidal Zn sulfides have also been observed to consist of nano-sized aggregates 

and have been found within organic tissues (Smieja-Król et al., 2010).   

Other documented metalliferous peat sites are the three back-barrier peat marshes 

(the Torreblanca, Benicasim and Moncofar marshes of the Valencia–Castellón basin) 

from Eastern Spain and the Orihuela del Tremedal peat bog from Central Spain 

(López-Buendía et al., 2007). Iron and other elements (i.e., S, Si, Al, Na, K, Mg, Ca 

and Cl) in the peat were brought and deposited by continental and marine waters for 

the marshes and by continental water draining from the hill slopes for the peat bog 

(López-Buendía et al., 2007). Metals are deemed to have lithogenic sources. Pyrite is 

pervasive in the peat swamps reaching up to 10.2 wt.%. Average pyrite contents are 

2.3 wt. % for Moncófar and 4.4 wt. % for Benicasim marsh, with very low 

concentration in Torreblanca marsh. The Orihuela del Tremedal peat bog shows 

much lower pyrite content than the peat marshes of the Valencia–Castellón basin. 

Pyrite commonly occurs as framboids and isolated grains. Marcasite is also detected 

in the peats.  
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Table 5-4 Pb-isotope compositions of galena from the Grieves Siding peat. 

Sample No. 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 

GSM05-1 18.36 15.67 38.44 

GSM05-2 18.37 15.66 38.43 

GSM05-3 18.35 15.64 38.43 

GSM05-4 18.35 15.62 38.41 

GSM05-5 18.38 15.64 38.41 

GSM05-6 18.36 15.63 38.39 

GSM05-7 18.32 15.63 38.37 

GSM05-8 18.34 15.63 38.37 

GSM05-9 18.32 15.62 38.32 

GSM05-10 18.31 15.61 38.30 

GSM05-11 18.29 15.63 38.25 

Average 18.34 15.64 38.38 

 

Figure 5-11 Pb-isotope ratio plot of galena from the Grieves Siding peat (marked as red dots). The 
Pb-isotope values shown for GSCP and other mineral deposits in western Tasmania is adapted from 
McGilvray (2003).  
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5.6.3 Metal	  enrichment	  by	  authigenic	  phases	  

The prevalence of the authigenic Zn-, Pb- and Fe- bearing phases (Tables 5-1 and 5-

2) in the Grieves Siding peat correlates with extremely high concentrations of these 

metals (GS3, GS4, GS7, and GS8) in bulk geochemical analyses. Thus, the local 

metal enrichment is controlled by the accumulation of phases that represent metal 

repositories. Compared to other peat deposits (López-Buendía et al., 2007; Smieja-

Król et al., 2010) and metal-contaminated sediments (Hochella Jr et al., 2005), the 

studied peat contains more diverse Zn, Pb, and Fe bearing phases such as silicates, 

sulfides, sulfates, oxides, and carbonates.  

The authigenic phases (i.e., precipitated within the peat) are distinguished from the 

detrital minerals based on their textural and morphological characteristics. The 

absence of erosional and dissolution surfaces and edges in the Zn−Pb−Fe bearing 

phases (Figures 5-3, 5-4, 5-8, and 5-9; Appendix D-3) is indicative of in situ 

formation. Additionally, the delicate textures, i.e., bladed, framboidal and botryoidal 

(Figures 5-3, 5-4, 5-8, and 5-9) of these phases all suggest that they have not 

undergone abrasion caused by transport. Tabular crystals of anhydrite, continuously 

precipitating in moist peat material in the laboratory conditions, are also considered 

as authigenic. On the other hand, rounded and/or partially resorbed grains of quartz, 

apatite, dolomite, chromite, and rutile represent a population of detrital minerals 

(Appendix D-3).  

5.6.4 Evolution	  of	  Zn−Pb	  sulfides	  

The close spatial affinity of the botryoidal ZSOAPC and sphalerite (Figure 5-4A) is 

common in the samples and suggests a genetic relationship between them. The 

botryoidal ZSOAPC commonly associated with sphalerite is hypothesised to be a 

precursor phase to account for the sprinkled sphalerite microcrystals within the 

botryoidal ZSOAPC (Figure 5-4A). This assumption is also supported by the 

Ostwald (1897) Step Rule for sequential reactions, which states that the 

thermodynamically least stable phase precipitates first, followed by new phases in 

the order of increasing stability (Luther III et al., 1999). A stable mineral (i.e., 

sphalerite) may have originated from a more soluble precursor phase when 

nucleation is difficult to achieve at low temperatures (Steefel and Van Cappellen, 
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1990). Luther (1999) also demonstrated that Zn-bearing amorphous clusters preceded 

Zn sulfide formation in an aqueous medium at 25°C. Furthermore, Morse and Casey 

(1988) documented the applicability of the Ostwald processes on several mineral 

groups and assemblages (i.e., carbonates, silica, iron and manganese oxides, iron 

sulfides, clay minerals, zeolites, and phosphates). The elevated Al, C and O contents 

in the dark bands of the ZSOAPC phase tend to drop down during transformation 

into a more stable configuration (bright bands), and finally into bona fide sphalerite. 

We thus contend that in this case the growth of authigenic phases is a continuous 

process from nucleation and growth of a metastable Zn-S precursor through 

enlargement by aggregation to maturation and crystallinity.  

Baileychlore, a Zn-rich end member of the trioctahedral chlorite series, is the only 

stoichiometric authigenic Zn-bearing (~26 to 27 wt.% Zn) aluminosilicate in this 

study. Baileychlore is documented in the peat for the first time here, although it 

commonly occurs in hydrothermal systems (Rule and Radke, 1988). The large 

compositional variability of baileychlore (Figure 5-5B) may be constrained by the 

local availability of Zn and Fe ions. In Figures 5-4B and Figure 5-5B, the brighter 

phase, which is adjacent to the sphalerite at the core, contains elevated Zn content 

compared to the darker phase, indicating that the Zn may be acquired from the 

dissolution and subsequent leaching of the sphalerite. Conversely, in Figure 5-8A 

and Figure 5-5B, there is a significant increase in the Fe content and relative 

decrease of Zn in the baileychlore. This scenario may also be controlled by the 

availability of Fe, which results in a compositional shift towards chamosite. Such 

chemical variation can be attributed to cation substitution, which is common between 

the end members of the chlorite series, i.e., clinochlore and chamosite (Wiewióra and 

Weiss, 1990). 

The formation of the Pb sulfate anglesite in the Grieves Siding peat is hypothesised 

to be via two reactions – by direct precipitation from the peat pore water and by 

alteration of galena. In the first, we contend that the bladed and elongated form of 

some anglesite (Figure 5-3B) requires direct precipitation caused by the interaction 

between Pb2+ and sulfate ions in an aqueous medium, as observed in some near-

surface environments (Mann and Deutscher, 1980). The precipitation of anhydrite in 

the dehydrated peat samples strongly suggests the availability and supersaturation of 
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sulfate ions in the parent media, which may have also prompted the precipitation of 

the Pb sulfate in Pb rich domains. In the second reaction, we infer that the anglesite 

fringing grains of galena (Figure 5-8D) is a product of oxidation, possibly also 

involving bacterial processes. This hypothesis is supported by the experimental 

synthesis of anglesite in the presence of iron- and sulfur-oxidising bacteria (da Silva, 

2004; Baba et al., 2011). Analogous to anglesite, gunningite (Table 5-2) is also 

regarded as a bacterial oxidation product of the Zn sulfide phases (Baba et al., 2011). 

5.6.5 Evolution	  of	  Fe	  sulfides	  

A genetic relationship between framboids and a polycrystalline pyrite is suggested in 

this study based on distinctive textures (Figure 5-9), which possibly represent the 

stages of pyrite development. A metastable framboid precursor to crystalline pyrite 

has been inferred in many previous studies concerning the growth of this mineral in a 

range of environments (e.g., Love and Amstutz, 1966; Ostwald and England, 1979; 

Soliman and El Goresy, 2012). Here, we propose a stepwise pyrite formation in a 

manner that has been earlier envisaged by Sawlowicz (1993), (2000). The 

evolutionary path involves: (1) nucleation and growth of pyrite particles, (2) 

aggregation of pyrite particles producing framboidal structures by self-organisation, 

(3) further packing of the structure by coalescence of particles, (4) transformation of 

spherical framboids to polygonal aggregates, (5) sintering of polygonal aggregates to 

result in massive polycrystalline pyrite.  

Individual and disseminated Fe sulfide particles (<1−2 µm), sometimes appearing 

like “pyrite dust”, are distinguished from framboids based on their limited and non-

spheroidal clustering (Figure 5-9A). The clustering of the particles, specifically 

distinct spheroidal aggregation of particles comprising framboids, is attributed to a 

self-organisation process, which refers to the spontaneous arrangement of a non-

equilibrium system from unpatterned to a patterned state without any external 

intervention (Ortoleva et al., 1987). The spheroidicity of framboids by self-

organisation is considered as a result of the minimisation of surface area by each 

particle and the entire framboidal aggregates (Ohfuji et al., 2005), possibly through 

the effects of surface tension (Butler et al., 2000). Several experimental studies (e.g.,  

(Berner, 1969; Sweeney and Kaplan, 1973; Wilkin and Barnes, 1996; Butler and 

Rickard, 2000) on framboidal pyrite have demonstrated the self-organisation in an 
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organic and inorganic medium for the periods of 5−45 days at varying temperatures 

(i.e., 25°C−140°C). In our study, the distinct spherical structures recognised by 

Sawlowicz (1993) as “annular” (Figure 5-9B) and “hollow” framboids (Figure 5-

10B) were also observed. Annular structures characterised by microcrystals with 

circular outline and spheroidal aggregations of minute pyrite particles are considered 

as sites of framboidal growth (Figure 5-9B). The occurrence of multiple nuclei 

centers, represented by the disseminated particles and polyframboids (Figure 5-9A), 

is attributed to a supersaturated parent solution containing abundant reactive iron and 

reduced sulfur ions (Rickard, 2012). Hollow framboids, on the other hand, are 

considered to be relics or possibly framboidal pyrite pseudomorphs. 

The formation of a polycrystalline pyrite via disseminated and framboidal pyrite 

(Figure 5-9H) involves several dissolution-precipitation events and commences with 

aggregation and related enlargement of the particles. Further coalescence produces a 

closely packed polygonal framboid structure (Figure 5-9A) that eventually converts 

to an anhedral pyrite with a mosaic, “jigsaw” texture. Further recrystallisation results 

in sintering of the framboids and anhedral particles (Figure 5-9F) towards a 

polycrystalline pyrite (Figure 5-9G and 5-9H).  

During the textural conversion process, organic matter and clays that are closely 

associated with framboids at nucleation stage are assumed to be expelled or retained 

as inclusions (Sawlowicz, 1993). This scenario may explain the Al and O peaks 

detected by EDS on the framboidal pyrite, which are not present in its crystalline 

counterparts (Appendix D-3).  

In some cases, the textural transformation did not follow the sequencece of the 

proposed evolutionary pathway. Some disseminated pyrite directly transformed into 

mosaic ‘jigsaw” pyrite without passing through the framboidal stage. In this case, the 

dispersed pyrite particles coalesce with each other and have been promoted on the 

margins of the well-organised framboids (Figure 5-9G). Some framboidal pyrite also 

appears to develop independently from the disseminated pyrite microparticles. 

Framboids displaying a distinct circular outline (Figure 5-9G in arrow) are 

speculated to develop in a different process, particularly forming and growing within 

a pre-existing organic mold (Section 4.2.3.1).   
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Known framboidal pyrite precursors, i.e., mackinawite, pyrrhotite or greigite are not 

detected in the Grieves Siding samples. It is postulated that the parent solution may 

be supersaturated in sulfur, which favors the formation of pyrite rather than the Fe 

monosulfides or any other Fe sulfides (Soliman and El Goresy, 2012). The 

enrichment of sulfur in the peat and pore water is corroborated by the presence of 

abundant sulfide minerals, sulfates and elemental sulfur (Tables 5-1 and 5-2).  

The changing pore water chemistry can be a significant factor in the transformation 

of pyrite textures (Raiswell, 1982), whereas the size and morphology of framboids, 

as well as the habit of resultant crystals, depend on the saturation of parent solutions 

(Sawlowicz, 1993). The coexistence of the various textures of pyrite and the different 

pathways of pyrite formation are attributed to the microenvironments in the peat, 

which could also be influenced and created by microorganisms and biofilms 

(Costerton et al., 1994). 

5.6.6 Sulfide	  paragenesis	  summary	  

Baileychlore and the nonstoichiometric Zn-rich aluminosilicate phase observed to 

host the growths of the authigenic Zn-Pb-Fe sulfides are deemed to form earlier than 

the phases they are hosting. In some cases, for example, baileychlore, it could 

develop independently from the other Zn-Pb-Fe phases (Figure 5-4D).  

The hollow spheres and ghosted disseminated pyrite (Figure 5-10B) are assumed to 

be relic structures. These pyrite relics and pseudomorphs were possibly formed 

before the influx of Zn in the peat, and were probably removed during sample 

preparation. Another possibility is that the pyrite was removed by dissolution process 

through oxidation, possibly in the presence of oxidising bacteria, which is a common 

occurrence in acid mine drainage (Liang and Thomson, 2009). These remnant pyrite 

structures being overprinted by bulbous Zn-rich phases and ZSOAPC phases (Figure 

5-10B) suggests that the Zn-rich phases succeed pyrite. 

Galena being encroached and rimmed by shapeless sphalerite and ZSOAPC phase 

(Figures 5-4A and 5-4B) indicates that galena precedes sphalerite and the ZSOAPC 

phase. Anglesite succedes galena, often as an oxidative product of galena. In cases 

where anglesite is precipitated through the direct interaction of Pb and SO4
-, 

anglesite forms independently from galena (Section 5.6.4). Since association of 
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pyrite and galena was not observed in the samples, their relationship cannot be 

confidently established here. However, considering that Zn and Pb are geochemically 

affiliated, it is speculated that galena then sphalerite came later than pyrite. With this, 

the observed relative genetic relationships of the authigenic Zn-Pb-Fe phases in the 

peat, although at times not occurring in sequence, is summarised in Table 5-5. 

Table 5-5 Paragenetic associations of the Zn-Pb-Fe phases in the Grieves Siding peat. 
 Mineralisation stages 
Zn-Pb-Fe phases Early Middle Late 
Baileychlore  
and nonstoichiometric Zn-
rich aluminosilicate 

   

Disseminated pyrite    
Framboidal pyrite    
Polycrystalline pyrite     
Galena    
Anglesite    
ZSOAPC phase    
Sphalerite    

It is postulated that the sequence of sulfide formation in the peat is controlled by the 

availability of Zn, Pb, and Fe, which is believed to occur at different times. It is 

assumed that Fe may have been available earlier in the peat than Zn and Pb. Hence, 

the formation of pyrite prior to sphalerite and galena. The influx of Zn and Pb in the 

peat is assumed to occur synchronously based on their close geochemical 

association.  

The sequence of sulfide precipitation observed in the peat where sphalerite 

precipitates later than galena and pyrite, and originating through a precursor phase 

(ZSOAPC) is inconsistent and reverse to what Druschel et al. (2002) and Brennan 

and Lindsay (1996) have proposed. The geochemical modelling of metal transport 

and sulfide precipitation in groundwater by Druschel et al. (2002) suggests that the 

sequence of metal sulfide formation would be CuS, followed by CdS, then ZnS, PbS 

and finally FeS2. Similarly, the thermodynamic calculations of Brennan and Lindsay 

(1996) on a highly reduced soil, predicted the order of sulfide precipitation to be: 

CdS, ZnS, PbS, FeS2. Additionally, the obtained sulfide sequence in this study is in 

different from the result of MacLean et al. (2007b), which showed that Fe sulfide 

precipitated after ZnS in a biofilm samples taken from Evander Au mine, which he 

attributed  to Zn depletion in the medium. The exhaustion of Zn enabled the 

formation of a second sulfide phase because after the first metal had been depleted, 
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sulfide can then accumulate enough for a second metal sulfide to emerge. 

Framboidal pyrite only began to precipitate subsequent to the depletion of Zn in the 

solution (MacLean et al., 2007a). 

5.6.7 Influence	  of	  organic	  matter	  and	  microorganisms	  in	  mineral	  
formation	  

Low temperature (i.e., <100 °C) sulfides of Zn and Fe (Benning et al., 2000) have 

been generally associated with the activity of sulfate reducing microorganisms 

(SRMs; Konhauser, 2009). In particular, sulfide formation in organic-rich substrates 

including peat is closely linked to the metabolism of SRM (Ledin and Pedersen, 

1996; Labrenz, 2000; Druschel et al., 2002; Yoon et al., 2012), whereby the SRM 

induce the formation of H2S or HS- and, in the presence of a suitable cation, will 

precipitate as a metal sulfide. The above could also be applicable to the Grieves 

Siding peat where reduction of sulfur was facilitated by SRM. However, the prior 

oxidative weathering of ore ‘upflow’ in a groundwater stream and probably in the 

presence of sulfur oxidising bacteria (Rickard, 2012), is required to furnish the  

sulfate. 

The distinct textures of the authigenic Zn phases, particularly the individual 

spheroids and spheroidal aggregates (Figure 5-3) could reflect biological forms and 

products of their metabolism. Notably, experiments by Xu et al. (2003) produced 

onion-like spheres, porous and rod-like silica structures resembling those observed in 

the Zn-bearing substrate observed in this study (Figure 5-3). Huang et al. (2003) also 

suggested that organic ligands as metabolic products of microorganisms may have an 

influence on the microscopic size and spheroidal morphology of Zn sulfides and that 

subsequent assemblage of these particles results in a large single crystal. 

Morphological similarities have also been observed between the studied samples 

(Figure 5-3A) and Zn sulfides found in organic-rich and low temperature regimes, 

such as in other metalliferous peat deposits (Smieja-Król et al., 2010; Yoon et al., 

2012), and in a biofilm growing in the abandoned Piquette Pb−Zn deposit (Labrenz, 

2000; Moreau et al., 2004).  

The formation of the capsule-like Zn sulfide (Figures 5-3D to 5-3F), resembling 

encrusted and fossilised bacteria could be a bacterially-controlled process. This 

process can be compared to another form Zn−Fe sulfide mineralisation, within the 
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tubes of alvinellid or Pompeii worms (Alvinella pompejana), found in the deep sea 

hydrothermal vents of the East Pacific Rise (Zbinden et al., 2001). The characteristic 

features of microorganisms (e.g., mucus strands) that were pseudomorphed by Zn 

mineralisation through the tubular encrustation of the zinc spheroids in the low 

temperature region of a generally high-temperature setting of the East Pacific Rise, 

(Figure 5-3E) are also regarded as biologically controlled (Section 4.2.3.2).  

Some framboidal pyrites, particularly those that show distinct circular outlines 

(Figures 5-9E and 5-9G), which were absent on some framboids (Figure 5-9G), are 

deemed to develop with a strong biological intervention. These framboids are 

supposed to have formed independently from the proposed evolutionary pathway 

whereby framboidal pyrite is developed through a self-organisation process. The 

circular outline of the framboids (Figures 5-9E and 5-9G) is hypothesised to 

represent the pre-existing organic template, which would subsequently be removed 

in the maturation process, leaving a notable space and outline. A possible an organic 

template guiding the formation on some framboidal pyrite in this study is supported 

by the observations of MacLean et al. (2008) in their study on framboidal pyrite in a 

bacterial biofilm. They suggested in his study that the clustering of pyrite 

microcrystals might have resulted from nucleation and growth within the confined 

spaces of a pre-existing organic structure, which could also be true in this study. 

They further suggested that a polymer matrix likely played a leading role in the 

growth and aggregation of the pyrite crystals as it directs the arrangement of the 

microcrystals. 

The ring structure galena is also theorised to be precipitating along the fringes of an 

organic template. The overall appearance of the ring aggregates (Figure 4-22) 

resembles the organic template suggested by MacLean et al. (2008) for framboidal 

pyrite. Pb has also been found to exhibit a strong affinity to organic matter (Brown et 

al., 2000), which possibly have driven the attachment of Pb to the organic template. 

However, the absence of galena microcrystals in the framboids remains ambiguous at 

this stage. It is possible that the lack of galena microcrystals in the structure may be 

due to the depletion or exhaustion of Pb ions or reduced sulfide in the mineralising 

system, which impeded the formation of galena. Another possibility is that the galena 

microcrystals existed earlier but have been dissolved leaving the ring structure as 
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remnants. If this is the case, the abundant organic matter could have played two 

significant but opposing roles in the dissolution of galena particles. Firstly, the 

removal of Pb2+ from solution by complexation process with organic matter may 

have resulted in the increase of the galena dissolution rate. Secondly and with the 

opposite effect, as galena surfaces become coated with organic ligands (dissolved 

humic matter) dissolution may be inhibited (Rausch et al., 2005), which could 

potentially explain the ring structures. Anaerobic conditions and acidic environments 

are also considered to foster the dissolution of galena (Gerson and O’Dea, 2003). 

5.7 Summary 

This study of the Grieves Siding peat provided insights into the characteristics and 

genesis of the metal-rich phases in the organogenic sediments.  

1. The Grieves Siding peat is an effective repository for metals, particularly Zn and 

Pb, presumably derived from the neighboring Pb-Zn deposits. Accumulation and 

retention of metals are strongly influenced by in situ precipitation of mineral 

phases.  

2. The mineral phases in the peat are categorised as detrital and authigenic based on 

their distinct morphological characteristics. The “line of descent” of the Zn-

sulfide formation represents the evolution of the authigenic sulfide. Sphalerite, 

which exemplifies the sulfide “lineage”, originates by inversion from a precursor 

botryoidal ZSOAPC phase following the Ostwald step rule. Pyrite and galena 

follow a different mineralisation path and are excluded from this lineage. 

3. The polycrystalline pyrite is a result of a series of morphological transformations 

of pyrite from disseminated microparticles to framboids, through self-

organisation and dissolution-precipitation processes. 

4. Diverse authigenic phases and mineral assemblages in the peat result from a 

complex interplay of physical, chemical and biological conditions and processes. 
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Chapter 6  

Metal enrichment in the Grieves Siding peat, western 
Tasmania 

This chapter is a manuscript to be submitted to a peer-reviewed journal:  

AWID-PASCUAL, R., KAMENETSKY, V. S., DAVIDSON, G. J., GOEMANN, K., NOBLE T., 
GREGORY, D., ALLEN, N., 2016. Metal enrichment in the Grieves Siding peat, western Tasmania.  

The author begs the indulgence of the examiners for the introductory repetitions in this section. 
Sections 6-3, and 6-4 are also repeated from earlier chapters. 

6.1 Introduction 

Peat is an accrual of partially decomposed vegetation and organic matter in a 

terrestrial environment, which generally started to form within the last 10,000 to 

12,000 years (Wieder and Vitt, 2006). It is commonly found in a waterlogged 

ecosystem that develops when the water supply, typically fed by precipitation, as 

well as surface and groundwater, exceeds the water removal. Removal is mainly 

caused by runoff, evapotranspiration, infiltration, and in recent times, by 

anthropogenic activities.  Some of the factors that influence the geochemical 

characteristics of peat are the type of vegetation and microorganisms thriving therein, 

the degree of the decomposition, and the secondary products of the decomposition 

process (Dissanayake, 1987).  

Natural metal enrichment in peat has been widely documented (e.g., Shotyk, 1988; 

Steinmann and Shotyk, 1997; Martinez et al., 2002; McBride et al., 2006; Weiss et 

al., 2007) with extreme concentrations reaching up to 22 wt. % Zn, 1.5 wt. % Pb, 3 

wt. % U and 10 wt. % Cu (Lee et al., 1984; Shotyk et al., 1992). These metals, which 

are typically sequestered from metal-bearing ground waters (Syrovetnik et al., 2007), 

subsequently accumulate at geochemical barriers characterised by sharply changing 

physical-chemical conditions, such as reduction fronts at interfaces with 

carbonaceous sediments including peat (Syrovetnik, 2005). The accumulation of 

metals is commonly attributed firstly, to a primary enriched metal source, and fluid 

transporting capacity, and then to the high absorption capacity of peat (Couillard, 

1994; Sheoran and Sheoran, 2006). The latter feature is commonly controlled by pH, 

metal ion concentration, ionic strength, and the presence of metal binding ligands 
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such as humic and fulvic acids (Brown et al., 2000; Kalmykova et al., 2008). The soil 

type, the soil water quality, and the local and regional rocks, including suspended 

and possibly colloidal particles that have been transported and deposited by water, 

and rarely by wind, can also contribute to its chemical composition (Laine, 1982). 

The Grieves Siding peat contains a pronounced concentration of Zn, Pb, and other 

metals, and when compared to 12 metal-bearing peats from around the world, it 

registered the highest Zn and Pb concentration (Figure 6-1). This study examines the 

distribution of metal accumulation in the Grieves Siding peat, including the key 

parameters and mechanisms for the metal concentration. Water samples from within 

the peat profile and adjacent fresh water drainage samples were obtained as part of 

the assessment.  

The discussion will be presented in the context of the mineralisation formation 

processes, which look into the four basic requirements for any deposit to form: (1) a 

source or sources of components; (2) a mechanism of metal transport to the site; (3) a 

trapping mechanism to ensure metal fixation; and (4) a process or a geological 

setting that allows long-term preservation of the metals. The results presented here 

are envisaged to contribute to the understanding of metal distribution and the 

constraints on metal concentration in a metalliferous peat.  

6.2 Topography and vegetation 

The Grieves Siding peat is located approximately 10 km south of Zeehan, western 

Tasmania. It is situated on a low-lying plain that is fringed by escarpments and 

topped by a plateau known as Professor Plateau, which has a maximum elevation of 

200 m (Figure 6-2).  

Thick button grass vegetation (Gymnoschoenus sphaerocephalus) predominates over 

a flat-lying karst landscape of Gordon Limestone and the overlying peat. Heath 

(Ericaceae), with patches of medium-height eucalypt (Eucalyptus globulus) saplings, 

also thrives in the flat-lying stretch of the site. A combination of grassland, dense 

bush, and temperate rainforest cover the elevated environs. 
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Figure 6-1 Map showing the distribution of peat in the world according to Van Engelen and Huting (2002) in Parish et al. (2008), and drafted by Pravettoni (2009). The 
Grieves Siding peat contains the highest concentration of Zn and Pb Compared to more than 12 metal-bearing peats around the world. Data from 1. This study 2. 
Dissanayake (1987) 3. Wei et al. (2012), 4. Dellwig et al. (2002), 5. Klavins et al. (2009), 6. Kalaitzidis and Christanis (2002), 7. Nieminen et al. (2002), 8. Franzén (2006), 
9. Steinmann and Shotyk (1997), 10. Shotyk et al. (1992), 11 and 12. Martinez et al. (2002), 13. Lee et al. (1984)

Source: Parish et al., 2008.
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The area receives over 2000 to 2400 mm of rainfall based on the 20-year average 

data of western Tasmania and has an annual mean temperature of 12° to 15°C 

(Bureau of Meteorology, 2011). The southwest flowing Badger River traverses the 

study site where west-southwest flowing tributary streams from the surrounding hills 

converge (Figure 6-2). These watercourses flow through into the Henty River 

downstream, then ultimately into the Indian Ocean. Since the study site is in a 

floodplain, it is often inundated, and swampy most of the year.  

 

 

6.3 Local geology and mineralisation 

Underlying the project area is the Ordovician Gordon Limestone, which is 

dominantly dolomite in the upper half, and contains bioclastic argillite and oolite, as 

well as several micrite and argillaceous zones towards the base. It is approximately 

600 m thick and dips 30°–60° to the northwest. The Gordon Limestone is closely 

associated with several significant Pb-Zn-Ag stratibound deposits and prospects in 

western Tasmania (Everard et al., 1992). 
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Strahan.  
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The Grieves Siding carbonate prospect (GSCP) is hosted by the Gordon Limestone 

unit, and occurs beneath the peat. It has been classified as Irish-style Pb-Zn 

mineralisation by previous studies (Tear, 2002; Lewis, 2006). Mineralisation in the 

GSCP is represented by sphalerite and minor galena that show weak to strong 

alteration to oxides, silicates and carbonates in some places (Hendrick and Milburn, 

2011). The GSCP is one of the Pb-Zn anomalous sites in western Tasmania, 

Australia, targeted for exploration from the 1980s until recently when the focus of 

exploration shifted to the assessment of the overlying metal-rich peat (Purvis, 2006). 

Icon Resources Ltd. (Icon) spearheaded the preliminary geochemical, mineralogical 

and organic petrology studies on the Grieves Siding peat from 2006 to 2011 (Chapter 

2).   

The metal-rich peat substrate has been identified by the Commonwealth Scientific 

and Industrial Research Organisation Petroleum (New South Wales, Australia) to 

belong to the vitrinite maceral group. It consists mainly of organic remnants derived 

from the woody parts of terrestrial plants but includes traces of bush fire-produced 

charcoal fragments (Purvis, 2006). The peat layer ranges in thickness from <1 m to 

20 m. Purvis (2006) interpreted the peat to be deposited during the Quaternary. Peat 

mounds in southwest Tasmania have also been dated to have commenced developing 

around the Mid- to Late-Holocene (Macphail et al., 1999), and this age could also 

apply to the Grieves Siding peat. It is likely that the cooler temperatures during the 

Late Holocene (Macphail and Hope, 1985) reduced both evaporation and peat decay 

rates, and therefore, promoted the development of peats found around western 

Tasmania.  

Gravels eroded from the escarpments of the dipping Lower Ordovician Moina 

sandstone and Silurian Crotty Quartzite situated at the eastern and western flanks, 

respectively, unconformably overlie a significant portion of the peat.  
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6.4 Sample description and analytical methods 

Icon Resources Limited (Icon) provided the peat samples used in this study. The 

samples were collected through auger drilling and pit sampling during the company’s 

exploration program in 2006 (Figure 6-3). 

The peat samples were dried and homogenised. A portion of each sample was 

mechanically pulverised to <63 µm using a chromium steel mill for 5 seconds, and 

submitted to Genalysis Australia for multi-element analysis. Chromium was 

excluded from the evaluation of results due to possible contamination from milling. 

A detailed description of the methods of dissolution and the analytical techniques 

employed in the multi-element analysis is presented in Chapter 3.  

The isotopic composition of the solid-bound S and C in the powdered peat samples, 

and in selected heavy mineral fractions, were also analysed at the Central Science 

Laboratory (CSL) at the University of Tasmania (UTas). The detailed process of the 

C and S isotope analytical procedure, as well as the formula used in the calculation 

of the S   isotope  values   (δ34S),   is given in Chapter 3. However, for the S isotopic 

analysis, no attempt was made to sample and measure the organically bound S, 

native S, or sulfide against sulfate bound S. Another portion of the powdered peat 

samples was used to measure paste pH (Smart et al., 2002), and electrical 

conductivity (EC) using a Mettler-Toledo pH meter. 

The freshwater samples were collected from the three tributaries (WS1, WS2, and 

WS5) of the Badger River, and two samples from stagnant pit waters (WS3 and 

WS4) located within the project site (Figure 6-2). The pit water samples (WS3 and 

WS4) were derived from resting fluids in pits and are considered as proxies of peat-

exchanged waters at discharge zones, being equilibrated with the atmosphere. It was 

not possible to obtain unoxygenated in situ groundwater. The river and pit water 

samples were collected using an injection filter and directly filtered through a 

cellulose acetate filter (0.45 um; Nalgene). They were stored in pre-cleaned 

polyethylene bottles and then acidified with HNO3. Unfiltered samples were also 

collected to compare with the filtered samples. The pH and EC were measured for 

the water samples using an Oakton Ecotestr waterproof pH tester in the field.  
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Element concentrations in the 

water samples were determined 

using a sector field inductively 

coupled plasma mass 

spectrometer (ICP-MS; Thermo 

Fisher Element 2, Bremen, 

Germany), equipped with a 

CETAC autosampler (ASX-500, 

Omaha, USA) at CSL, UTas. 

Indium (High Purity Standards, 

Charleston, USA) was added to 

all samples as an internal 

standard (100 mg L1) together 

with UHP nitric acid (Seastar 

Chemicals, BC, Canada) to a 

final concentration of 1%. 

Quantification was by external 

calibration using a series of 

standards prepared from 

commercially available 

premixed solutions (QCD Analysts, Environmental Science Solutions, Spring Lake, 

USA). Calibration accuracy was certified through the analysis of independent NIST 

1640 “Trace Elements in Natural Water” SRM (Gaithersburg, MD, USA). Townsend 

(2000) offers additional information on this analytical technique.  

To assess the relative metal enrichment in the peat, enrichment factors (EF) of the 

elemental data were calculated using the formula:  

EF= (Cn/Cref)/(Bn/Bref) 

This formula was introduced by Buat-Menard and Chesselet (1979), where Cn is the 

mean concentration of an examined element in the sample; Cref is the mean 

concentration of the reference element in the sample; Bn is the mean concentration of 

an examined element in a reference environment (i.e., upper crust, soil, peat, and 
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GSCP) and Bref is the mean concentration of the reference element in a reference 

environment.  

To interpret the EF, the categories below (Sutherland, 2000), is used in this study. 

These guidelines were also referred in determining the enrichment of Zn in Nigerian 

farming soils (Uduma and Awagu, 2013). 

EF < 2 depletion to minimal enrichment 
EF 2 <5 moderate enrichment 
EF 5 <20 significant enrichment 
EF 20 < 40      very high enrichment 
EF > 40           extremely high enrichment 

In this work, the EF is determined by setting the concentration of the elements in the 

peat against the composition of continental crust (Wedepohl, 1995), soil (Shacklette 

and Boerngen, 1984), and a reference peat (peatref; Wei et al., 2012). This is to assess 

the enrichment of the peat alongside the global composition of rocks and sediments. 

It is recognised that there could be intrinsic flaws (due to variable composition of the 

Earth’s crust in different areas compared to the global average, the natural 

fractionation of elements during element cycling in the crust, the differential 

solubility of minerals and influence of biogeochemical processes) in using the upper 

crust as a reference material (Reimann and de Caritat, 2005). Hence, the global crust 

EF results were evaluated in conjunction with the sediments and peatref. This study 

calculates peat EF relative to a global sediment/soil composition, as practiced by 

Steinmann and Shotyk, 1997.  

To gain insights on the contribution of the GSCP to the metal quality and quantity of 

the peat, the metal enrichment in Grieves Siding peat was further examined by 

determining the EF in comparison to the metal budget of the underlying GSCP (Tear, 

1996). A low EF value (<2) is interpreted to indicate that the metal concentration of 

the peat is similar to that of the GSCP, and suggests that there is transference and 

movement of metals from the underlying GSCP as the nearest source to the peat. 

The assay results of the studied peat acquired by Icon (Icon Resources Limited, 

2007) are also used as comparator to validate the acquired geochemical results of this 

study.  

Titanium was used as the normalising element in the calculation of EF in the crust, 
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soil, and peatref because it is an established conservative element (Horowitz, 1991). It 

is also used in the study of Steinmann and Shotyk (1997), which was followed here,  

and reference data are available. However, Al was used as the normalising element 

in determining the EF for GSCP and peatIcon due to the unavailability of the Ti data 

in these materials.  

6.5 Results 

6.5.1 Peat	  

6.5.1.1 Degree of decomposition 

The physical description of the peat samples is presented in Table 6-1. All samples 

are black in colour except for GS6, GS7, and GS8, which have brown and gray 

colour. Based on visual observation, the colour difference is attributed to the smaller 

quantity of organic material in GS6, GS7, and GS8 compared to the other samples. 

Also shown in Table 6-1 is the degree of decomposition (humification) of the peat 

samples that ranges from H7 (moderately to highly decomposed peat) to H8 (very 

highly decomposed peat). The degree of decomposition was determined using the 

von Post scale of humification (Ekono, 1981), which is a 10-point scale that ranges 

from H1 (undecomposed peat) to H10 (completely decomposed peat).  This 

classification scheme is briefly summarised in Tables 6-1 and 6-2. 

6.5.1.2 Elemental and isotopic composition 	  

Table 6-3 and Figure 6-3 provide an overview of the relative abundance of elements 

detected in the Grieves Siding peat. For ease of interpretation, the elements have 

been grouped according to Goldschmidt’s classification, which describes the 

elements’ association with the host phases: chalcophiles (ore-loving or chalcogen-

loving), siderophiles (iron-loving), lithophiles (rock-loving), and atmophiles (gas-

loving). Zinc (up to 27.2%) and Pb (up to 3.8%) registered extreme enrichments, 

while other chalcophile elements such as Cd, As, Cu, Ag, and S, also displayed 

significant abundance. Siderophile elements (i.e., Ni, Co, and Fe) and lithophiles 

(i.e., U and Ti) are also present, including traces of Au and Pt. Manganese is below 

the detection limit in all the peat samples. Total carbon (TC) showed predictably 

high values, which is mainly contributed by organic carbon (OC). Total inorganic 
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Figure 6-4 Graphical representation of the relative abundance (max-med-min) of elements detected in 
the Grieves Siding peat. 

carbon (TIC) displayed low concentrations. 

 Sulfur isotope values (δ34S) of the peat samples show a spread from -1.57 ‰ to 

10.00 ‰ (Table 6-4). The highest values denoting heavy S are observed in the heavy 

fractions and GS5, whereas GS2 and GS4 registered the relatively lowest values and 

light S.  

The carbon isotope values (δ13C) of the studied peat displayed a very restricted 

variance from -26 ‰ to -27 ‰. The complete results of the S and C isotope 

measurement are in Table 6-4. 

6.5.1.3 pH and conductivity 

The pH of the peat samples range from 1.9 – 3.1, indicating they are acidic. 

The electrical conductivity values of the studied peat broadly range from 2.22 mS/cm 

to 17.59 mS/cm (Table 6-3). 
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Table 6-1 Description and degree of decomposition (humification) of the Grieves Siding peat 
Sample 
No. 

Description Degree of 
decomposition 

GS1 Black peat, pasty-feel; contains brown, clay-like specks; gypsum 
crystals noted; low to moderate plasticity 

H8 

GS2 Black peat, pasty-feel; contains off-white to light brown fragments 
of carbonates and clays; high plasticity 

H7 

GS3 Black peat with brown clay, and carbonate fragments; gypsum 
crystals noted; low to moderate plasticity 

H8 

GS4 Black peat with brown clay coatings and specks; carbonate 
fragments and plant roots and stalks noted; loose; low plasticity 

H6 

GS5 Black peat with cobweb and mold-like coating; brown clay present; 
loose; low plasticity 

H8 

GS6 Dark brown, mostly pebbly clay;  loose; non-plastic  H8 
GS7 Gray, mostly pebbly clay;  loose; non-plastic H8 
GS8 Gray, mostly pebbly clay;  loose; non-plastic H8 

Table 6-2 The von Post scale of decomposition (humification) scale (adapted from Ekono, 1981) 
Symbol Description 
H1 Completely undecomposed peat, which, when squeezed, releases almost clear water. 

Plant remains easily identifiable. No amorphous material present. 
H2 Almost entirely undecomposed peat, which, when squeezed, releases muddy brown 

water, but from which no peat passes between the fingers. Plant remains still 
identifiable, and no amorphous material present. 

H3 Very slightly decomposed peat, which, when squeezed, releases very muddy dark 
water. No peat is passed between the fingers but the plant remains are slightly pasty 
and have lost some of their identifiable features. 

H4 Slightly decomposed peat, which, when squeezed, releases very muddy water with a 
very small amount of amorphous granular peat escaping between the fingers. The 
structure of the plant remains is quite indistinct although it is still possible to 
recognise certain features. The residue is very pasty. 

H5 Moderately decomposed peat, which, when squeezed, releases very muddy water 
with a very small amount of amorphous granular peat escaping between the fingers. 
The structure of the plant remains is quite indistinct although it is still possible to 
recognise certain features. The residue is very pasty. 

H6 Moderately to highly decomposed peat with a very indistinct plant structure. When 
squeezed, about one-third of the peat escapes between the fingers. The residue is 
very pasty but shows the plant structure more distinctly than before squeezing.  

H7 Highly decomposed peat. Contains a lot of amorphous material with very faintly 
recognisable plant structure. When squeezed, about one-half of the peat escapes 
between the fingers. The water, if any is released, is very dark and almost pasty. 

H8 Very highly decomposed peat with a large quantity of amorphous material and very 
indistinct plant structure. When squeezed, about two-thirds of the peat escapes 
between the fingers. A small quantity of pasty water may be released. The plant 
material remaining in the hand consists of residues such as roots and fibres that resist 
decomposition. 

H9 Fully decomposed peat in which there is hardly any recognisable plant structure. 
When squeezed it is a fairly uniform paste. 

H10 Completely decomposed peat with no discernible plant structure. When squeezed, all 
the wet peat escapes between the fingers. 
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Table 6-3 Element abundances, pH, and electrical conductivity (EC) of the Grieves Siding peat. Multi-element geochemistry analysis measured by ICP-MS and 
ICP-OES (Intertek, Australia). Values below the detection limit (<dl) were assigned one-third of the detection limit of the element in the calculation of the mean, 
maximum, and minimum. The list of the detection limits is given in Chapter 3. Note: % = wt. %; <dl = below detection limit; na=not analysed; TIC=total inorganic 
carbon; TC = total carbon. 

Elements Units GS1 GS2 GS3 GS4 GS5 GS6 GS7 GS8 Mean Maximum Minimum 

Sample depth 
interval 

m 4-5 3-4 1-2 7-8 8-9 2-4 1-2 2-3

Ag ppm 0.12 0.13 1.07 1.82 0.73 1.71 21.9 18 5.69 21.90 0.12 

As ppm 54.3 93.4 70.2 44.9 161.6 11.2 32 16 60.45 161.60 11.20 

Cd ppm 0.49 0.57 13.69 16.3 2.1 0.37 308.12 252.93 74.32 308.12 0.37 

Cu ppm 22.3 20.6 15.6 18.7 17.9 108.9 150 101 56.88 15 15.60 

Pb ppm 85.9 155.2 1368.1 2000 219.6 793.5 37815 26017 8556.79 37815 85.90 

Sb ppm 2.01 2.16 10.13 4.21 3.83 1.77 3.8 1.4 3.66 10.13 1.40 

Zn ppm 1723 13655 48890 34773 822 136 196704 272031 71091.75 272031 136 

TS % 3.79 6.24 6.8 6.28 6.75 0.4 6.35 7.48 5.51 7.48 0.40 

Au ppb 3 2 3 2 3 1 na na 2.33 3 1 

Co ppm 22.8 66.9 34.1 52.2 13.3 12.4 4.2 5.3 26.40 66.90 4.20 

Fe % 2.75 4.76 3.26 3.41 5.26 0.53 1.93 2.56 3.06 5.26 0.53 

Mo ppm 1.5 1.3 1.8 0.9 1.1 0.4 0.5 0.4 0.99 1.80 0.40 

Ni ppm 70.7 128.7 96.7 127 53.4 25.3 113 155 96.23 155 25.30 

P % 0.06 0.01 <dl <dl <dl 0.04 0.02 0.1 0.03 0.10 <dl 

Pt ppb 1 2 2 <dl <dl <dl na na 2.50 3.33 1 

Al % 7.04 6.31 2.27 4.53 3.17 7.13 5.48 6.27 5.28 7.13 2.27 

Ca % 0.2 0.3 0.7 0.3 0.4 0.2 <dl <dl 0.27 0.70 <dl 

Cr ppm 72 66 43 55 43 98 51 64 61.50 98 43.00 

K % 2.54 2.65 0.62 1.47 1.09 2.81 0.32 0.2 1.46 2.81 0.20 
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Elements Units GS1 GS2 GS3 GS4 GS5 GS6 GS7 GS8 Mean Maximum Minimum 

Mg % 0.36 0.43 0.22 0.22 0.21 0.3 0.34 0.54 0.33 0.54 0.21 
Mn % <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl 
Na ppm 894 784 287 624 435 951 106 76 519.63 951 76 
Si % 17.2 22.2 5.9 16.8 10.8 32.7 17.1 10.1 16.60 32.70 5.90 
Ti % 0.41 0.41 0.16 0.28 0.22 0.44 0.28 0.33 0.32 0.44 0.16 

U ppm 4.4 4.4 7.7 5 4.9 4.8 4.39 5.3 5.11 7.70 4.39 

TC % 14.92 5 24.54 17.12 24.88 2.28 4.14 4.75 12.20 24.88 2.28 

TIC % 0.03 0.03 0.04 0.03 0.02 0.02 na na 0.03 0.04 0.02 

pH 2.3 2 2 3.1 1.8 2.9 3.5 3 - - - 

EC mS/cm 12.67 17.38 17.59 7.38 12.54 2.22 2.35 2.26 - - - 
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6.5.2 Pit	  and	  surface	  waters	  

6.5.2.1 Elemental composition 

The abundance of elements in filtered and unfiltered water samples is given in Table 

Ca, Mg, S, Si, K, and Al, in 

addition to Fe, Ti, Zn, Pb, and Cu 

(Figures 6-5A and 6-5B).  

All elements detected in the water 

samples parallel those that are 

detected in the peat. However, they 

occur at very low concentrations 

(Figure 6-5C and D). The peat is 

enriched up to 8x106 times in Zn, 

4.7 x106 times in Pb, and 2.4 x106  

times in Cd against the river waters (Figure 6-5D). All the other metals in the peat 

are also at least 103 times enriched compared to the bulk fluids (Figure 6-5D).

6.5.2.2 pH and conductivity 

The pH range of the water samples is from 4.3 to 4.4 with one outlier of 6.9 from 

WS5.  

The electrical conductivity of the water samples is relatively lower than the peat and 

ranges from 61 µS/cm to 97 µS/cm (Table 6-4).  

Sample 
no. 

Sample weight 
(mg) 

δ13CPDB 34SCDT 

GS1 1.8105 -27.02 5.07 

GS2 2.0458 -26.75 -1.57

GS3 3.2315 -27.49 4.09

GS4 1.7930 -27.55 -0.28

GS5 2.5305 -27.40 10.00

GS6 5.5862 -27.08 3.05

GS7 0.9846 -27.04 1.21

GS8 1.0176 -26.82 3.27

Heavy Fractions 

GS7 0.6349 -27.26 13.61 

GS8 0.6981 -27.20 14.09 

6-4 and Figure 6-5. The filtered and unfiltered fractions of the water samples contain

similar composition represented by

detectable concentrations of Na, Table 6-4 Carbon and sulfur isotope composition of
the peat and selected heavy fractions
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Table 6-5 Element concentration in the water samples collected from the project site and analysed by sector field ICP-MS. Note: EC = Electrical conductivity; <dl = 
below detection limit; (-) = data not available 
Elements Filtered fractions Unfiltered fractions Australian Drinking Water 

Guidelines (NHMRC, 2004) 
Langmuir (1997) 

Units WS1 WS2 WS3 WS4 WS5 WS1 WS2 WS3 WS4 WS5 Health Aesthetic Surface water Ground 
water 

As ppb 0.62 0.48 0.83 0.90 0.51 0.73 0.51 0.89 0.64 0.94 7 - 2 2 

Cd ppb 0.03 0.004 0.11 0.08 0.06 0.04 0.01 0.13 0.08 0.03 2 - 0.03 0.03 

Cu ppb 1.33 1.55 1.15 1.91 1.67 1.15 0.83 2.59 1.25 1.38 2000 1000 3 3 

Pb ppb 2.53 1.20 6.41 2.56 1.75 1.69 1.16 7.34 2.89 1.99 10 - 3 3 

Zn ppb 14.93 3.22 266.10 33.82 8.44 12.51 2.99 269.63 32.16 6.89 - 3000 20 20 

S ppb 348.90 358.91 604.45 413.16 343.51 343.33 362.64 577.19 455.73 334.96 - - 6300 - 

Co ppb 0.07 0.01 0.40 0.08 0.04 0.07 0.02 0.44 0.10 0.06 - - 0.1 0.1 

Fe ppb 70.77 70.56 609.95 172.97 245.35 72.42 72.02 626.40 188.57 252.57 - 300 100 - 

Mo ppb <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl 50 - 1.5 1.5 
Ni ppb 0.19 <dl 0.38 <dl <dl 0.04 0.03 0.64 <dl <dl 20 - 1.5 1.5 

P ppb 1.08 0.65 2.61 2.46 2.86 0.68 0.66 3.80 7.18 4.23 - - - 20 

Al ppb 158.36 126.96 428.55 152.06 160.04 169.55 130.21 457.59 167.76 158.56 - 200 10 - 

Ca ppb 278.93 254.16 336.39 635.55 6563.20 307.70 257.35 369.95 647.24 6441.72 - - - 15000 

Cr ppb 0.23 0.18 1.05 0.29 0.24 0.23 0.18 1.07 0.31 0.29 50 - 1 1 

K ppb 151.52 176.12 181.71 248.35 191.74 147.44 185.34 248.04 261.23 157.74 - - - 2300 

Mg ppb 823.27 810.67 732.65 1006.99 1543.51 817.12 804.51 728.86 1006.54 1546.40 - - - 4100 

Mn ppb 0.71 0.61 9.41 6.72 3.64 0.66 0.65 9.82 7.47 3.73 500 1000 15 - 

Na ppb 7392.10 7200.69 7876.69 6611.81 7034.98 7331.39 7189.88 7546.27 6303.21 7004.25 - 180000 - 6300

Si ppb 236.19 262.27 785.34 237.20 484.77 245.63 264.04 837.59 297.61 491.05 - - 14000 -

Ti ppb 4.15 2.10 2.33 3.19 1.25 2.15 1.92 4.88 3.72 1.78 - - 3 - 

U ppb 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 20 - 0.5 0.5 

pH 4.3 4.3 4.3 4.4 6.9 

EC µS/cm 97.0 81.3 61.0 95.7 78.6 
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Figure 6-5 Graphical representations (logarithmic scale) of the cation concentration (ppb) of 
(A) filtered and (B) unfiltered fractions, which showed a similar distribution of elements. (C)
A comparison of the mean concentrations of the peat samples, and the river and pit (filtered)
water samples (logarithmic scale) revealed a resemblance in the element distribution in the
peat and the bulk waters, and (D) an extreme enrichment in the peat relative to the bulk waters,
from 103 to 106 times in all elements. All values are normalised to chondrite (C1; McDonough
and Sun, 1995).
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6.6 Discussion 

6.6.1	  	  	  	  Metal	  enrichment	  in	  the	  peat 

6.6.1.1 Chalcophile elements 

The metal inventory in the peat samples was set against the lithogenic background by 

calculating the enrichment factor (EF) of the detected elements relative to the 

continental crust (Wedepohl, 1995), soil (Shacklette and Boerngen, 1984), and peat 

abundances (Wei et al., 2012). The results are shown in Table 6-6 and Figure 6-6.  

The EFs obtained in the studied peat revealed extremely high enrichment of Zn 

(about 2000 times), Pb (about 1000 times), and Cd (about 1000 times) compared to 

the abundance of elements in the continental crust and global soil (Table 6-6). The 

studied peat also revealed an EF of 40 times compared to a reference peat (peatref). 

Minor enrichment of other chalcophile elements such as Cd, As, Ag, Sb, and Cu 

relative to the crustal abundance was also noted. These elements were not compared 

to global soil and peat due to the absence of data. The notable low concentration and 

absence of Mn in the peat could be attributed to its mobility in a reducing condition. 

In a reducing environment such as peat, Mn has been found to occur predominantly 

as reduced soluble Mn2+ (Gounot, 1994). Another possible reason that Mn was not 

retained in the peat is that precipitation as a stable Mn4+ oxide is difficult in the peat 

(Gounot, 1994).  

The Grieves Siding peat revealed an enrichment of up to 5 times Zn and 3 times Pb 

compared to the GSCP (Table 6-6). The moderate enrichment of Zn versus GSCP 

(about 5 times) as compared to its extreme enrichment against the global sediments 

(about 2000 times) suggests that the underlying GSCP is a major contributor of Zn 

and Pb in the peat. The enrichment of Zn and Pb in comparison to the underlying 

GSCP also showcased the efficiency of the peat as an archive of Zn and Pb, and its 

capability to enrich these metals. It is also speculated that in addition to the GSCP, a 

secondary source of metals is possible, potentially the surrounding carbonate and 

volcanic rocks farther from the study site. Silver, As, Cu, and U revealed an EF ~1, 

which suggests that the GSCP underneath the peat accounts for these metals. 
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The EFs obtained in the studied peat compared to the bulk estimates of Icon (peatIcon) 

is ~1 across all elements except Zn and Pb (Table 6-6 and Figure 6-6). This result 

indicates that the extremely high concentration of Zn in this study (Table 6-3), 

mirrors previously obtained values by Icon, which measured Zn concentrations of up 

to 28.6 wt. %, and Pb up to 3.8 wt. % (Capp, 2007). Figure 6-3 shows the spatial 

(aerial) distribution of Zn in the study area that was outlined using the Icon assay 

database. The estimated Zn contained in this peat layer formed a JORC-compliant 

Inferred Resource of 409,000 tons @ 3.9 % Zn (Burrows, 2005). The study site was 

considered for mining. However, the extraction process for Zn was found technically 

ineffective and too expensive to be economically feasible. Exploration activities 

conducted in the Grieves Siding prospect are elucidated in Chapter 2.  

6.6.1.2	  Siderophile,	  lithophile,	  and	  atmophile	  elements	  

The remaining lithophiles and siderophile elements plotted slightly enriched in 

relation to crustal and soil abundances, but fell within the range of the reference 

peatref (Wei et al., 2012) composition (Table 6-6; Figure 6-6). Total carbon showed 

slight enrichment in the studied sample compared to the reference soil and peat 

(Table 6-6; Figure 6-6).  In comparison to the GSCP, the studied peat revealed minor 

depletion in Fe, Ca, and Mg (Table 6-6; Figure 6-6). 

6.6.2 Contributing	  factors	  to	  the	  enrichment	  of	  metals	  

6.6.2.1 Availability of metals, sulfur, and carbon 

6.6.2.1.1 Metal-‐bearing	  local	  and	  regional	  rocks	  

Table 6-7 presents a correlation matrix for the detected elements in the Grieves 

Siding peat. The Pearson product-moment correlation coefficient (r) has been 

calculated to recognise the linear dependencies of the element content of the studied 

peat. Zinc is observed to have a strong positive correlation with Ag, Cd, Cu, and Pb. 

Such correlation parallels the typical element association in carbonate-hosted 

stratibound Pb-Zn deposit found in Australia (e.g., Lennard Shelf and Oceana), and 

some volcanic-associated massive sulfide deposits (e.g., Mt Lyell, Rosebery, 
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Table 6-6 Enrichment factors of the studied GS peat (mean concentration) relative to the published composition of continental crust (Crust) from Wedepohl (1995), 
soil (Soil) from Shacklette and Boerngen (1984), reference peat (peatref) from Wei et al. (2012), underlying carbonates (GSCP) from Tear (1996), and assay of the 
studied peat from Icon peatIcon The values in Peatref are obtained from BX-24 (sample ID) at 48 cm bgl (depth). This section was chosen because it has the highest Zn 
concentration among the samples collected in the study. The GSCP values represent the average element content that were calculated from 5 diamond drill holes that 
intersected the carbonate deposit. Details of the GSCP drill holes are presented in Appendix A-4. In the calculation of EF, elements that are below the detection limit 
(<dl) were assigned one-third of the detection limit values of the element. Note: % = wt. %; (-) = data not available. 

Concentration Enrichment factor of studied peat relative to 

Elements Units GS Peat Crust Soil Peatref GSCP PeatIcon Crust Soil Peatref GSCP PeatIcon 

Ag ppm 5.69 0.07 - - 1.86 8.03 172.1 - - 1.73 0.25 
As ppm 60.45 1.7 7.2 - 21.64 58.83 191.1 17.6 - 1.58 0.36 
Cd ppm 74.32 0.1 - - - 50.35 1574.6  - - - 0.52 
Cu ppm 56.88 25 25 105 24.86 84.38 4.8 4.8 0.1 1.3 0.24 
Pb ppm 8556.79 14.8 19 55.6 1661.34 6274.63 1210.5 942.9 45.6 2.92 0.48 
Sb ppm 3.66 0.3 0.66 - - 5.83 25.6 11.6 - - 0.22
Zn ppm 71091.75 65 60 116.2 7387.49 51553.13 2290.0 2480.8 41.3 5.45 0.48
TS % 5.51 0.697 0.16 - - 4.50 16.6 72.1 - - 0.43
Au ppb 2.33 2.5 - - - - 2.0 - - - -
Co ppm 26.40 24 9.1 24.5 - 27.50 2.3 6.1 0.2 - 0.34
Fe % 3.06 6.2 2.6 5.96 4.63 3.28 1.0 2.5 0.4 0.37 0.33
Mo ppm 0.99 1.1 0.97 - - 1.03 1.9 2.1 - - 0.34
Ni ppm 96.23 56 19 66.6 - 91.88 3.6 10.6 0.1 - 0.37
P % 0.03 0.17 0.043 0.1 - 0.02 0.4 1.5 7.7 - 0.47
Pt ppb 2.50 0.4 - - - - 13.1  - - - -
Al % 5.28 15 7.2 28.82 2.99 1.85 0.7 1.5 0.1 1 1 
Ca % 0.26 5.5 2.4 2.87 15.13 0.11 0.1 0.2 0.1 0.01 0.83 
Cr ppm 61.50 126 54 152 - 38.63 1.0 2.4 0.01 - 0.56
K % 1.46 2.58 1.5 2.8 1.10 0.15 1.2 2.0 0.9 0.75 3.34

Mg % 0.33 3.7 0.9 1.31 2.79 0.12 0.2 0.8 0.3 0.07 0.93
Mn % <dl 0.09 0.055 0.03 0.09 70.63 1.6 2.5 108.2 0.4 - 
Na ppm 519.63 32000 12000 1500 - - 0.03 0.1 0.00005 - 1.70
Si % 16.60 61.6 31 - - 107.50 0.6 1.1 - - 
Ti % 0.32 0.67 0.29 0.9 - 0.01 1.0 2.3 2 - 19.73
U ppm 5.11 1.7 2.7 - - 3.88 6.3 4.0 - 1.30 0.46
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Figure 6-6 Bar graph showing enrichment factors of mean concentration of the elements in the Grieves Siding peat versus the continental crust (Wedepohl, 1995), soil 
(Shacklette and Boerngen, 1984), reference peat (Wei et al., 2012), and the underlying carbonates (GSCP; Tear, 1996).  
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Hellyer, and Hercules; McQueen, 2005). Silver, Cd and Pb have often been observed 

to be incorporated in sphalerite (e.g., Di Benedetto et al., 2005; Cook et al., 2009; Ye 

et al., 2011). However, in this study, Cd is observed to be closely associated with the 

nonstoichiometric Zn-rich colloform phases (Awid-Pascual et. al., unpublished; 

Table 7-2). 

The positive relationship between Zn, Pb, and Cd has also been observed in other 

peat occurrences elsewhere, i.e., Manning in western New York, U.S.A., and Guelph 

in Ontario, Canada (Martínez et al., 2007).  Similar to the Grieves Siding peat, which 

is underlain by the Gordon Limestone, both peats are also underlain by a carbonate 

sequence, the Lockport Dolomite (Martínez et al., 2006). 

The positive correlation of Ag, Cd, Cu, Pb, and Zn is consistent with the EF results 

(Table 6-6 and Figure 6-6) of these chalcophile elements and indicates that they are 

being derived mainly from the primary ores of the Ordovician Gordon Limestone-

hosted GSCP underlying the peat. The Pb isotopic compositions of galena 

determined from the peat (Awid-Pascual et al., 2015) suggests that in addition to the 

GSCP, some of the Pb and most probably Zn were partly derived from a 

supplementary external sources such as the Mt. Read Volcanics and a possible 

hidden Ordovician system similar to Oceana (Awid-Pascual et al., 2015). This 

observation fosters the hypothesis that some of the metals are derived from the 

mineralised rocks in the vicinity, which could be an extension of the host rocks of 

various metallic deposits and prospects north of the project site. The 206Pb/207Pb 

ratios of galena further indicate that anthropogenic sources for Pb, and by association 

Zn, Ag, Cd, and Cu in the studied peat, can be discounted as the values obtained 

reflect lithogenic rather than anthropogenic sources (Awid-Pascual et al., 2015).  

Other chalcophile and siderophile elements (i.e., Sb, Ti, Co, and Ni) were not 

compared to the carbonates underneath due to unavailability of data. However, it is 

assumed that most of these elements detected in the peat are likely derived from the 

Devonian Granite related deposits (e.g., pyrrhotite-cassiterite replacement deposits, 

magnetite – cassiterite + scheelite skarn, and tin-tourmaline greisen) as observed by 

Large (1989) and shown in Figure 5-1A. Similar mineralising conditions have also 
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been observed in some lateritic nickel prospects (e.g., Cuni prospect; Figure 2-1) 

north of the studied peat (Tear, 2002), hence may also be a source of Ni in the peat. 

6.6.2.1.2 Sources	  of	  sulfur	  

It is deduced that consistent to the metals (i.e., Zn and Pb), the most feasible source 

of sulfur at Grieves Siding is the weathering of the hypogene base metal and iron 

sulfides of the underlying carbonate deposit (GSCP). A second likely source is sulfur 

weathered from the surrounding volcanic sequence. A third possible source is 

dissolved seawater sulfate with Tasmanian rainwater, although this is considered to 

be minute compared to the probable contribution of the first mentioned source. 

It is probable that the weathering front within the Grieves Siding primary ores in 

GSCP is producing a bulk sulfate composition that is fractionated with respect to the 

original sulfides from the underlying carbonates based on S isotope studies at 

developing gossans (Leybourne and Cameron, 2007). 

With time, this fractionation is potentially minimised by quantitative removal of all 

sulfides, and reprecipitation of this S in the peat. However, the reduction of sulfate is 

likely also to produce fractionation. At the low-temperature (<50°C) of the peat, such 

sulfate reduction can only have been biologically mediated (Rollinson, 1993). If the 

sulfate reduction process was incomplete, then a heavy isotopic fraction likely is 

retained in the peat water.  

The S isotope composition of the peat (δ34S= -1.57‰ to 10.00‰) appeared to be 

significantly distinctive from the underlying carbonates in the GSCP, which exhibit 

an ore stage sulfide values in the range of 20.9‰ to 21.4‰, and diagenetic pyrite 

signatures ranging from -29.4‰ (Figure 6-7B; Glover, 1996). However, if the 

positive isotopic values of GSCP sulfides were mixed with sulfur from the 

surrounding (light) diagenetic pyrite during weathering, waters with intermediate 

isotopic compositions are likely to result. 

An intermediate range is indeed observed here (δ34S=-1.57‰ to 10.00‰). However, 

since the composition of the peat is not uniform, the obtained isotope values can be 

explained by either (i) a uniform δ34S value in the feedwater but variable bacterial 

sulfate reduction producing in situ fractionation of peat minerals; (ii) a uniform δ34S 
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in the feedwater but different S isotopic composition (δ34S) of sulfide minerals in 

the peat; or (iii) variation of the S isotopic composition (δ34S) in the feedwater along 

the peat deposit. These options cannot be narrowed down further with the 

current data. However, the presence of authigenic sulfides in the peat (Chapter 5; 

Awid-Pascual et al., 2015) requires that biogenic reduction of the GSCP equilibrated 

peat water SO4
2- occurred in the peat. The isotopic characteristics of sulfate 

reduction by bacteria are discussed further below. 

Moreover, the S isotope values in the studied peat lie within the range of the 

prospects and deposits such as Oceana and Myrtle, Heemskirk Granite Sn Deposits, 

and Zeehan Mineral Field (Figure 6-7). Such parallels points to the possibility that 

these deposits also contributed partly to the S in the peat. 

6.6.2.1.3 Bacterial	  sulfate	  reduction	  

The bacterial reduction process is a well-established main constraint on S isotope 

fractionation in low-temperature (below 50°C) settings (Rollinson, 1993). This 

observation, and the low variability in the degree of S fractionation of the measured 

S isotopes in the studied peat (-1.57 to 10‰; Table 6-4), which are mainly 

isotopically light S, indicates that S is predominantly biogenically reduced.  

A large range in δ34S is a key feature of pure cultures of sulfate-reducing bacteria 

(Harrison and Thode, 1958; Chambers and Trudinger, 1979; Fry et al., 1995; 

Rickard, 2012). During the reduction reaction, bacteria favour the lightest S isotope 

(32S), and as a result enrich the external remaining aqueous sulfate in heavier S (34S), 

an example of a kinetically controlled isotopic reaction. In typical suboxic sediments, 

part of this reduced S (as H2S) escapes biological re-oxidation and precipitates as 

sulfide minerals, such as pyrite, mackinawite, and greigite. This process is 

responsible for the fractionation of the sulfur pool into a light sulfide component that 

is enriched in 32S (Konhauser, 2009). 

The S isotope values in the peat, although within the same range, have a smaller 

spread compared to the results obtained by Rickard (2012) for the fractionation of 

various sulfate-reducing bacteria species (2 to 42 ‰; Rickard, 2012), and compared 

to modern marine sediments (around -50 to +20 ‰; Figure 6-7A).
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Table 6-7 Pearson correlation matrix of the detected elements in the Grieves Siding peat; n=8. Values corresponding to >0.707 are considered statistically significant at the 
95% level for this population (Freund, 1976). In the calculation, values that are below detection limit (<dl) were assigned one-third of the detection limits of the elements. 

Ag As Cd Cu Pb Sb Zn TS Au Co Fe Mo Ni P Pt Al Ca Cr K Mg Mn Na Si Ti U TC 

Ag 1.0 -0.5 0.998 0.8 0.99 -0.2 0.9 0.3 -0.5 -0.6 -0.4 -0.7 0.5 0.4 0.6 0.2 -0.7 -0.2 -0.7 0.5 - -0.8 -0.2 -0.1 -0.2 -0.5
As -0.5 -0.6 -0.5 0.2 -0.5 0.4 0.6 0.3 0.9 0.5 -0.2 -0.6 0.1 -0.6 0.5 -0.6 0.0 -0.4 - 0.0 -0.4 -0.4 0.0 0.7
Cd 0.8 0.99 -0.2 0.9 0.4 0 .16 -0.6 -0.3 -0.6 0.5 0.4 0.2 0.2 -0.7 -0.2 -0.7 0.5 - -0.8 -0.2 -0.1 -0.1 -0.5
Cu 0.8 -0.3 0.7 -0.2 -0.8 -0.7 -0.7 -0.8 0.04 0.4 0.4 0.4 -0.7 0.3 -0.3 0.4 - -0.4 0.3 0.2 -0.3 -0.7
Pb -0.2 0.9 0.3 -0.2 -0.6 -0.4 -0.6 0.5 0.4 0.4 0.2 -0.7 -0.2 -0.7 0.5 - -0.8 -0.2 -0.1 -0.2 -0.5
Sb -0.1 0.4 0.5 0.2 0.2 0.6 0.01 -0.6 -0.1 -0.9 0.8 -0.6 -0.4 -0.6 - -0.3 -0.6 -0.8 0.9 0.7
Zn 0.5 0.2 -0.5 -0.3 -0.6 0.7 0.6 -0.04 0.1 -0.6 -0.2 0.6 0.6 - -0.8 -0.4 -0.2 0.03 -0.4
TS 0.7 0.2 0.7 0.2 0.8 -0.1 -0.1 -0.6 0.2 -0.9 -0.7 0.1 - -0.8 -0.8 -0.7 0.3 0.4
Au -0.1 0.6 0.8 0.2 -0.1 -0.5 -0.6 0.5 -0.8 -0.6 -0.2 - -0.6 -0.9 -0.6 0.4 0.8
Co 0.5 0.5 0.3 -0.5 -0.2 -0.1 0.4 -0.1 0.4 -0.1 - 0.4 0.1 0.1 0.1 0.2
Fe 0.6 0.2 -0.5 -0.1 -0.5 0.5 -0.7 -0.1 -0.2 - -0.1 -0.5 -0.4 0.1 0.6 
Mo -0.1 -0.4 -0.8 -0.5 0.8 -0.4 0.2 -0.4 - 0.2 -0.4 -0.3 0.5 0.7 
Ni 0.2 -0.2 -0.03 -0.2 -0.4 -0.5 0.5 - -0.6 -0.4 -0.2 0.1 -0.2
P -0.5 0.6 -0.6 0.5 -0.1 0.8 -0.1 0.02 0.5 -0.2 -0.5
Pt -0.2 -0.1 0.01 -0.2 -0.6 - -0.2 0.2 -0.2 -0.1 -0.01
Al -0.8 0.8 0.6 0.7 - 0.5 0.7 1.0 -0.7 -0.8
Ca -0.4 0.02 -0.7 - 0.1 -0.4 -0.6 0.8 0.8
Cr 0.7 0.3 - 0.7 0.9 0.9 -0.4 -0.7
K -0.03 - 1.0 0.8 0.8 -0.4 -0.2
Mg -0.2 0.1 0.5 -0.3 -0.7
Mn - - - - -
Na 0.7 0.7 -0.4 -0.1
Si 0.8 -0.6 -0.7
Ti -0.7 -0.7
U 0.6
TC 1.0
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They are lighter overall compared to the SO4 composition of modern marine sulfate 

(δ34S=21‰; Figure 6-7A).

Several capsule-like structures resembling fossilised and mineralised bacteria and 

bacteria pseudomorphs have been observed in the peat (Awid-Pascual et al., 2015). 

These structures could represent sulfate reducing bacteria, such as 

Desulfovibrio desulfuricans, which would support biogenic mediation to form the 

reduced S. 

6.6.2.1.4 Sulfur	  speciation	  in	  the	  peat	  

The final composition of sulfides in any system is also constrained by whether that 

system is open or closed. A ‘closed’ system refers to a reservoir with ‘limited’ 

reactant, whereby all input S is eventually deposited within the system and in bulk 

mirrors its source, whereas, an ‘open’ system is a system with ‘infinite’ reactants 

(Thode, 1991). Bacterial cells are regarded as systems that vary from ‘open’ to 

partially ‘closed’ systems (Rickard, 2012). In cases where they are closed, all S 

entering the cell is converted to H2S, and the H2S composition mirrors that of the 

sulfate feedwater. Conversely, incomplete reduction in any given cell means that 

strong fractionation may occur at any point along the reduction pathway (Rickard, 

2012). In some studies, low S concentration has been observed to correlate with low 

degrees of S fractionation (e.g., Konhauser, 2009).  
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Figure 6-7  (A) Graphical representation of the Grieves Siding peat S isotope composition relative to 
the natural S isotope reservoirs (adapted from Rollinson, 1993) and (B) other western Tasmanian 
Upper MVT and Irish-style Tynagh deposits (adapted from Glover, 1997). 
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The presence of authigenic sulfate minerals in the peat is relevant to the question of 

whether the peat is an open or closed system. The fact that sulfate minerals such as 

anglesite (Pb sulfate), gypsum and anhydrite have been recognised in the peat 

(Awid-Pascual et al., 2015) indicates that there are sulfate ions, likely derived from 

the surface and groundwaters that are not reduced in the peat. The reaction between 

Ca and sulfate ions, which precipitates gypsum and anhydrite, suggests that the 

system is open, and the composition of the peat sulfides cannot reflect the sulfate 

composition of the fluid. The sulfate phases are too small to assess isotopically. 

Another explanation for the presence of the sulfate minerals, such as anglesite is the 

oxidation of existing authigenic galena. In this scenario, all SO4 was likely reduced, 

but subsequent oxidation results in new fractionation. 

6.6.2.1.5 Biomass	  

The very narrow variance in the isotopic composition of carbon (δ13C=-26‰ to -

27‰) in the studied peat indicates limited C isotope fractionation. Bulk isotope 

measurements in other peats similarly lie within this light isotope range. For 

example, -25.6 to -29 ‰ in Aravena et al. (1993), -26.5 to -27.4 ‰ in Galand et al. 

(2010), and -25.78 to -27.5 ‰ in Esmeijer-Liu et al. (2012). 

The acquired δ13C values in the peat samples fall within the sedimentary source and 

biomass spectrum (Figure 6-8) in the natural C reservoirs. McSween et al. (2003) 

specifically identify this range to be sourced from terrestrial C3 plants, which are 

most efficient in photosynthesis in cool and wet climates (i.e., cereal crops, trees, and 

lawn grasses), and macroalgae. Terrestrial plants on average are more enriched in the 

light isotope, and commonly fall within the δ13C range of -22 to -32‰ (Galimov, 

1985). The isotopic composition of C (Table 6-4) is most consistent with a single 

organic C source, probably the C3 plants in the Grieves Siding environs such as 

grasses. 

The prevalence of organic C and depletion of inorganic C, despite the presence of 

underlying carbonates, could be attributed to the acidity of the peat, which registered 

very low pH (Table 6-3). There is a strong possibility that carbonate minerals were, 

at some point in the weathering cycle, abundant in the peat. However, considering 

that they are soluble, they were dissolved when reacted with acids in the peat.  
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6.6.2.2 Metal transport 

The resemblance of the 

cation composition of the 

peat and surrounding waters 

(Tables 6-3 and 6-4; Figures 

6-3 and 6-4), albeit at very

low concentrations in the 

waters, suggests that surface 

and groundwaters transport 

the metals. The studied peat, 

as well as the GSCP and 

other mineral deposits, 

which were suggested to be 

the sources of metals 

(Section 5.6.2.1.1), lie 

within the same drainage basin, the King-Henty catchment (DPIPWE, 2015). The 

rivers within this drainage catchment generally flow toward the west-southwest to 

the Henty River, passing the study site, then finally to the Indian Ocean.  Inorganic 

constituents of peat such as trace metals are commonly observed to be carried and 

fed by surface and ground waters (e.g., Syrovetnik et al., 2004). 

The interconnectivity of the surface and ground waters in western Tasmania 

(Sheldon, 2011) may have also aided the transport process. Most lakes, wetlands, and 

estuaries in the region are significantly connected to, and dependent up on 

groundwater. Of all the groundwater settings, the karst environment is deemed the 

most highly connected system brought about by the intense rock fracturing (Bacon 

and Latinovic, 2003). In a karst landscape, akin to Grieves Siding’s topography, 

carbonate minerals such as limestone and dolomite commonly forms caves and 

enlarged fractures that supply water to springs, surface streams, and lakes. At other 

times, due to the connectivity brought by the fractures, these underlying carbonate 

rocks can also receive water from surface catchments (Bacon and Latinovic, 2003; 

Sheldon, 2011).  

-10-20-30-40 0 10
δ13C‰&(PDB)&&

Chondritic meteorites

Sedimentary organic carbon

MORB
Carbonatites
Diamonds
Marbles

Marine carbonate
Marine bicarbonate
Limestones

Biomass

Atmospheric CO2

Range of mantle 
δ13C

Grieves Siding peat

Figure 6-8 Graphical representation of the C isotope 
composition of the Grieves Siding peat (from 8 samples), in 
comparison to the natural Cisotope reservoirs (adapted from 
Rollinson, 1993). 
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Prevalent anions in natural waters include Cl-, HCO3-, CO3
2, and SO4

2- (Nikanorov 

and Brazhnikova, 2009). These aqueous complexes, in addition to HS- and OH- are 

found to strongly influence the solubility and transport of Zn in natural freshwaters 

(Brugger et al., 2003; McPhail et al., 2003). The mobility of Zn is typically improved 

by low pH, oxidised conditions (sulfide-poor), and high salinity (Brugger et al., 

2003).  

The occurrence of S in the waters (Table 6-5 and Figure 6-5), and the association of 

Zn and S (Table 6-6 and Figure 6-6) in the peat, suggests that S-bearing aqueous 

complexes such as sulfate, bisulfate, and sulfide ions transport Zn. In oxygenated and 

acidic waters, the aqueous complex ZnSO4 is predicted to be the main dissolved Zn 

species (Brugger et al., 2003). The solubility of Zn minerals is also observed to 

increase in the presence of the sulfate ion, particularly at low temperature (e.g., 

100°C; Brugger et al., 2003). In this light, it is assumed that SO4
2- is the main ligand 

in the transport of Zn by surface and groundwaters flowing to the peat. Sulfur is 

posited to be mainly derived from the weathering of pre-existing sulfides from the 

underlying GSCP, and partly from carbonate and volcanic rock sources from afar 

(Section 6.6.2.1.2). 

The solubility of ZnS is very low in natural waters (Brugger et al., 2003), therefore 

sulfide ions as a transport agent are unlikely here. However, a study by Luther and 

Rickard (2005) suggested that the metals could also be transported as metal sulfide 

aqueous clusters in nano- to colloidal sizes. Clusters are defined as a group of 

molecules preceding a nucleus with critical radius, which are deemed as precursors 

to a more ordered crystalline material (Luther and Rickard, 2005). In their study, 

metal sulfide (MS) aqueous clusters for Zn, Cu, Pb and Ag, with stoichiometries of 

M3S3, M4S4 and M4S6, have been observed to occur extensively in various water 

environments such as ocean, river, and lake waters as well as in sulfidic waters of 

sediments, bays, marshes and hydrothermal vents (Luther and Rickard, 2005). 

However, it is plausible that the surface and groundwaters in Grieves Siding area are 

O2-bearing rather than in reducing condition, therefore, metal transport by sulfide 

complexes is not applicable here. Furthermore, Zn transport by bisulfide complexes 

(i.e., Zn[OH][HS](aqueous) and Zn[HS]3-) is only effective when the transporting bulk 

fluid contains high S concentration (Hanor, 1996). Based on the low concentration of 
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Zn in solution (<1ppm; Table 6-5), bisulfide complexes were probably not important 

for the transport of Zn in the peat. 

Zinc chloride (ZnCl4
2-), which is the most common ligand in a geologic fluids 

especially at low pH (Brugger et al., 2003), dominates in hypersaline (>seawater) 

brines and enhances the transport of Zn (McPhail et al., 2003). However, this 

scenario is improbable in this study, since the waters surrounding Grieves Siding are 

not saline, but rather are freshwaters. 

Under very alkaline conditions (i.e., pH > 10), Zn could also be transported as Zn 

hydroxide complexes (i.e., Zn[OH]3- and Zn[OH]4
2; McPhail et al., 2003). However, 

these aqueous complexes may not be applicable in this case because the waters in the 

area are acidic (Table 6-3). Correspondingly, the low pH of the waters could also be 

the reason that Zn carbonate and Zn bicarbonate complexes are unlikely to transport 

Zn here. 

Zinc and associated chalcophile elements (i.e., Ag, Cd, Cu, and Pb) in the peat 

moderately correlate with K and Mg (Table 6-6), which could represent clay 

minerals. Zinc, as well as the other abovementioned chalcophile elements, may be 

occurring as adsorbed constituents in the clays.  The close association of Zn and 

associated chalcophile elements to clays suggest that Zn could be transported as 

suspended sediments by being adsorbed on clays (Gibbs, 1973). Another possibility 

for transport is by adsorption on smaller-sized particles, i.e., colloidal-sized clay 

particles, which are ubiquitous in ground waters (McCarthy and Zachara, 1989; 

Pokrovsky and Schott, 2002; Kretzschmar and Schäfer, 2005). For instance, an 

experiment by Karathanasis (1999) demonstrated that colloid-mediated transport of 

Cu and Zn, which were sorbed to clay-sized colloids, has enhanced the mobility of 

up to 50 times. It is plausible that an upward movement of these metals, (i.e., Ag, Cd, 

Cu, and Pb) occurred as absorbed constituents on clays from the underlying GSCP to 

the peat. The regional surface and groundwater flow to the peat coupled with the 

fluctuating groundwater levels probably carried the metals upward adsorbed in clays. 

Metals that are associated with TC (i.e., As, Sb, Mo, and Au) may have complexed 

with organic matter, and thus bound into the peat. This suggestion is supported by 

the presence of organic matter seen in the investigated freshwaters, which are 
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distinctively tea-coloured due to the high concentration of tannins, which are derived 

from the prevalent button grass in the region (Flanagan and Roberts, 1988). River 

waters in western Tasmania commonly contain an elevated amount of organic matter 

(Baker, 1973).  Baker (1973) also observed that metals are complexed with organic 

matter, although they have low solubility in water, and were readily mobilised in the 

presence of organic matter. Zinc ammine and acetate complexes are also considered 

as an important ligand in transporting Zn in natural waters (Giordano, 2000; Brugger 

et al., 2003; McPhail et al., 2003). However, identifying the organic complexes that 

potentially transport the metals to the peat is beyond the scope of this study.   

6.6.2.3 Metal sequestration 

The cation concentration of the sampled rivers (WS1, WS2, and W5; Figure 6-2 and 

Table 6-5) except for Al, showed lower values than average river concentration 

(Langmuir, 1997) and the accepted levels as per the Australian Drinking Water 

Quality Guidelines (NHMRC, 2004). The pit waters (WS3 and WS4; Figure 1), on 

the other hand, showed slightly elevated abundance in Zn, Pb, Co, Al and Fe 

compared to the average surface water (Langmuir, 1997). The minor differences in 

concentration probably also arise because the pit waters are in direct contact with the 

mineralised peat, while the rivers are not. The elevated concentration in the pit 

waters is consistent with the metals (i.e., Zn, Pb, Co, Al, and Fe) in the peat being 

leachable. It should be noted that the pits in this study were open at the time of 

sampling, and so the water compositions are considered equivalent to an O2-reacted 

fluid discharge of the peat, rather than water precipitating sulfides within the peat. 

The pits likely cut across a complex hydrological peat substructure, and cause local 

mixing of waters from all the peat. From this perspective, the information in the pit 

water must be used cautiously.  

The sequestration of metals into the studied peat may be effective because the 

concentration in the waters is low (Table 6-5; Figure 6-5D). However, considering 

the nature of our sampling and its limitations as stipulated earlier means that we 

cannot be definitive about this. Previous investigations have reported that peat is 

most efficient at removing metals from wastewater when the flow rates are slow, the 

quantity of wastewater to be treated is small, and the ion concentrations are low 

(Holmberg, 2006). The greater the initial concentration, the longer the contact time 
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or the increase in surface area needed for metal removal (Brown et al., 2000). Very 

low metal levels in the surrounding waters have also been observed in the Oostriku 

peat bog, Estonia (Syrovetnik et al., 2004), and that study proposes for a long-term 

accumulation process for the nutrients in the peat.  

It is also feasible that the low concentrations in the waters are caused by loss of 

metals due to flocculation during oxidation in the Grieves Siding pits, and that metal 

contents of the primary metal transporting fluid were initially much higher. 

However, although metal flocculation must have occurred, since the water and peat 

compositions are showing similar metal distributions (Figure 6-5), it was probably 

not a significant fractionating process. 

6.6.2.4 Metal retention 

6.6.2.4.1.	  	  Minerals	  in	  the	  peat	  

At Grieves Siding, Zn shows moderate correlation with S  (Table 6-7). The affinity 

of Zn with S is probably due to Zn being present primarily as sulfide minerals (i.e., 

Zn sulfides-sphalerite and other nonstoichiometric S-bearing phases, e.g., ZSOAPC), 

which have been identified as authigenic minerals in the peat (Chapter 5; Awid-

Pascual 2015). The sulfide phases in the peat, although some are nonstoichiometric, 

host most of the Zn and associated chalcophile elements (Awid-Pascual et al., 2016). 

The most recognised metal retention mechanism, in peat or any anaerobic 

environment, is the precipitation of metal sulfides because they form insoluble or 

low solubility precipitants at low temperature (Sheoran and Sheoran, 2006), and this 

applies to Grieves Siding peat. The redox change in the interface between the 

oxidised metal-carrying groundwater and the reducing peat also influence the high 

metal content of peats.  Within this interfacial zone, the sulfate ions and ligands in 

the oxidised groundwater convert to a reduced S species with the aid of bacterial 

action. Subsequently, this reduced S reacts with Zn and other metals to form ZnS and 

other metal sulfides. 

Zinc is also more enriched in the peat than S (Figures 6-4 and 6-6), requiring that 

some Zn should be associated with other mineral phases other than the S-bearing 

species (i.e., sulfides and ZSOAPC), for example, clays. In support of this, Zn-

bearing aluminosilicate phases such as baileychlore and nonstoichoimetric Zn-rich 
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aluminosilicates were also detected in the peat (Awid-Pascual et al., 2015). Despite 

the observed occurrence of Zn-bearing aluminosilicates (Awid-Pascual et al., 2015) 

and moderate correlation with K and Mg (Table 6-6), there is a poor correlation of Al 

with Zn (Table 6-6). Aluminium has been observed to have a tendency to be 

removed by dissolution in peats. Similar occurrences have also been reported from 

two peat bogs in the Franches Montagnes region, Switzerland (Steinmann and 

Shotyk, 1997). In this study, the behaviour of Al is attributed to the possible non-

depositic nature of Al following its dissolution by mineral weathering. 

Lead bearing phases such as galena, anglesite, and plumbojarosite, as well as Fe-

bearing phases, which are mainly pyrite and magnetite are responsible for the 

fixation of Pb and Fe in the peat. Notable is the depletion of Fe relative to the 

underlying GSCP (Table 6-6; Figure 6-6). This scenario could suggest that despite 

the occurrence of authigenic pyrite (FeS2), some of the Fe was not retained in the 

peat. One possible reason for the non-retention of Fe is the competition with Zn and 

Pb ions for the reduced S pool to precipitate sulfides. In this study, the Zn and Pb are 

seen to be favoured in the sulfide formation than Fe, presumably because of their 

availability at high levels in the peat. Another possible reason for the depletion of Fe 

in the peat is the weathering and dissolution of pre-existing pyrite, which releases Fe.

The Fe is considered highly mobile in acidic conditions and can easily be mobilised 

in great distances (Claff, 2011), hence, could be lost in the peat system here. 

On the other hand, despite the extreme enrichment of Cd, CdS has not been detected 

in the peat. However, Cd is found to be incorporated in the nonstoichiometric Zn-

rich phases (Chapter 7; Awid-Pascual et al., 2016, unpublished). Cadmium has been 

typically observed to occur primarily as sphalerite inclusions in pyrite in sedimentary 

environments (Berner et al., 2013; Gregory et al., 2015), and this is not observed in 

Grieves Siding peat. 

6.6.2.4.2	  Nonstoichiometric	  phases	  

The distinctive processes in the peat, strongly influenced by the low-temperature and 

acidic conditions, either slowly or rapidly causes precipitation of sulfides that show 

nonstoichiometric element substitution. These nonstoichiometric species create a 

geochemical niche for several elements (i.e., Cd, Cu, Ag, Sb, and As) that would 
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otherwise not be precipitated. 

6.6.2.4.3.	  	  Complexation	  with	  organic	  matter	  

Zinc and its associated chalcophile elements (i.e., Ag, Cd, Cu, and Pb) showed poor 

correlation with C (Table 6-7). The weak association between C and Zn and the 

metals mentioned above is consistent with the findings in a lateritic peat in Sri Lanka 

(Dissanayake, 1987) and with a metalliferous peat in China (Wei et al., 2012). 

However, this particular result is inconsistent with the studies of Holmberg (2006) 

and Shotyk (1988), where a positive correlation was observed between Zn and the 

organic matter in peat. In the study by Holmberg (2006), it was demonstrated that 

peat showed a preference towards Zn, which was attributed to the electronic 

configuration of Zn, which enables it to form strong chelates via electron pairing in 

the d-orbital.  The negative correlation of Zn and other chalcophile elements to the 

organic C at Grieves Siding may provide evidence that these metals were unable to 

form stable metal-organic complexes in the peat. One possible reason for this could 

be the advanced decomposition (H7 to H8) of the studied peat. Separate studies by 

Ringqvist and Oborn (2002) showed that zinc adsorbs more readily in poorly 

humified peat than in a highly humified peat. Hill and Siegel (1991) also observed 

that concentrations of Zn and Pb are higher in less decomposed surface peat than in 

the decomposed peat. Moreover, a fresh peat is preferred as an adsorbent material 

over decomposed peat (Andriesse, 1988). 

The low pH (Table 6-3) in the studied peat is speculated to be one of the factors that 

hinder the capture of Zn and associated metals in the peat, although it is deemed to 

facilitate metal transport as ZnSO4 complexes. The low pH of the peat may have 

stimulated the leaching or the release of metals, rather than sequestration. Brown et 

al. (2000) suggested that below a pH range of 3.0–3.5, the removal of most metal 

ions from solution ceases. He further suggested that the optimum pH range for 

metals capture is generally 3.5–6.5, which is higher than the bulk pH of waters in the 

studied peat. However, it should be noted that the precise fluid pH structure of the 

peat is undefined as only bulk pH was measured, and not pore water pH. Therefore, 

it is also possible that some parts of the peat are currently too acidic for metal 

deposition, whereas others are appropriate. 
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The humic, fulvic and other organic acids, which are common constituents of peat 

and most probably present in the Grieves Siding peat, may have contributed to the 

lowering of the pH. It is hypothesised that the advanced decomposition (H7 to H8; 

Table 3) possibly prompted the dissociation of protons from organic matter (i.e., 

carboxylic and phenolic groups), and consequently produced organic acids 

(Holmberg, 2006), in addition to the acidity derived from sulfide weathering and 

organic C breakdown-derived acids that typify west coast Tasmanian surface waters. 

Aside from influencing the acidity in the peat, the organic acids are effective agents 

of metal extraction in soils. Humic acids have been found by Baker (1973) to be 

effective agents in mineral degradation and in extraction of metals from Tasmanian 

podzolic soils. In his study, Cu, Fe, and Pb were observed to be more vulnerable to 

humic acid attack than Zn. Conversely, Au and Ag were observed to be less 

susceptible to acid dissolution (Baker, 1973). 

Other processes that increase or reduce acidity, and may be applicable to the studied 

peat are ion exchange attributed to the cation or anion uptake, change in redox 

conditions, mineral acidity by dissolution of sulfides (e.g., H2SO4), input of alkalinity 

by carbonates, and the activity of sulfur-metabolising bacteria (Urban et al., 1987; 

Urban et al., 1990).  

On the other hand, a strong affinity for organic C is observed for As, Sb, Mo, and Au 

(Table 6-7) despite the low pH. The organic constituents of peats typically contain 

functional groups such as carboxylic, phenolic, carbonyl, quinone, and hydroxyl. 

These are involved in chelation and formation of complexes (Holmberg, 2006), and 

may have been effective in trapping these metals at Grieves Siding. Organic C is 

widely considered significant in various geochemical processes such as solubility, 

mobility, concentration and accumulation of metals (Kabata-Pendias, 2010; Rashid, 

2012).  

6.6.2.4.4	  Metal	  fixation	  by	  bacteria	  

The capsule-like structures observed in the peat speculated to be fossilised and 

mineralised bacteria and bacteria pseudomorphs (Chapter 5; Awid-Pascual et al., 

2015), may have been responsible not only for the production of the reduced sulfur 

but also in the enhancement of the Zn fixation in the peat. Bacteria are found to be 
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direct catalysts of mineral formation reactions in aqueous solutions (Frankel and 

Bazylinski, 2003; Konhauser, 2009). The metabolic activities of bacteria change the 

solution chemistry of the bulk fluid that leads to supersaturation of the fluid 

components, and therefore produces mineral precipitates (Frankel and Bazylinski, 

2003; Konhauser, 2009).  In some instances, bacteria indirectly influence mineral 

precipitation by acting as geochemically reactive solids and mineral nucleation sites. 

Bacterial cell surfaces act as reactive sites that facilitate sorption of dissolved metal 

and ions directly from solution, and foster heterogeneous nucleation and growth 

(Ferris et al., 1987; Konhauser et al., 1993; Schultze-Lam et al., 1996; Fortin et al., 

1998). A study of ZnS formation in natural biofilms in Piquette Pb-Zn deposit, 

Wisconsin has demonstrated that these biological structures are capable of enriching 

Zn at least 106 times relative to the bulk fluid (Labrenz et al., 2000).  

6.7 Summary and implications 

The Grieves Siding peat is an effective repository for metals containing an extreme 

enrichment in Zn, Pb, and Cd as well as significant enrichment of other chalcophile 

elements such as As, Ag, Sb, and Cu. The studied peat also hosts other lithophile and 

siderophile elements occurring in concentrations within the range of typical soil and 

peat. 	  

The enrichment of metals in the studied peat is a result of the weathering and 

leaching of metals from the underlying and surrounding mineralised carbonate and 

volcanic rocks, which subsequently have been transported, sequestered, and 

preserved in the peat. The accumulation of metals in the peat is seen to have been 

influenced by a combination of the following factors: (i) availability of the metals 

derived from mineralised local and regional rocks; (ii) availability of sulfur in the 

surrounding waters and biogenically reduced S for the metal sulfide precipitation; 

(iii) efficiency of the metal transport by ground and surface waters; and (iv) the

retention of metals predominantly by sulfide precipitation (i.e., Zn, Pb, and Fe), and

also by adsorption of some metals to clay minerals (i.e., Zn, Pb, Cd, Cu, Fe, Ag, Ti,

Ni, and Co) as well as organic complexation of  selected metals (i.e., As, Sb, Mo, U,

and Au excluding the main enriched metals Zn, Cd, and Pb), and association of

selected elements (i.e., Zn, Pb, Cd, Cu, Ag, and Fe) to nonstoichiometric phases.
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The results of this study showed the capability of peat to effectively preserve metals 

to concentrations that could be feasible as an economic mineral deposit. This study 

also establishes the potential of peat as an exploration vector, whereby metals 

captured by the peat could serve as an indicator for an underlying and even distant 

hypogene ores. This study also marks the potentiality of peat as a natural analogue 

for stripping of metals from metalliferous waters, and hence, should be further 

assessed for its application to acid mine drainage problems, particularly in the 

western Tasmania. 
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Evolutionary stages of sphalerite formation via metastable 
colloform Zn-rich precursors in the Grieves Siding peat, 
western Tasmania 

This chapter is a manuscript to be submitted to a peer-reviewed journal:  
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2016. Evolutionary stages of sphalerite formation via metastable colloform Zn-rich precursors in the 
Grieves Siding peat, western Tasmania.  

The author begs the indulgence of the examiners for the introductory recurrence in this section. 
Sections 7-2 is repeated from earlier chapters. 

 

7.1 Introduction 

Colloform textures, represented by spherical, botryoidal, reniform, stalactitic and 

mammillary forms (Rogers, 1917), and characterised by alternating light and dark 

bands, are diagnostic features of sulfides found in low-temperature environments that 

grow into open space. These distinct bands are pivotal for the provision of insights 

on the processes of mineral formation, as they are considered to be growth zonation 

that preserves chronological information on the changing physical and chemical 

conditions during primary precipitation (Barton, 1991; Foley et al., 2001).  

Colloform sphalerite, which commonly occurs in sediment-hosted Pb-Zn deposits 

(i.e., Kuhlemann and Zeeh, 1995; Leach et al., 2001; Barrie et al., 2009) and in 

metal-rich surface sediments (Moles et al., 2003) has been deemed to form by a 

direct crystallisation pathway (Roedder, 1968). The processes in this pathway 

typically involve (i) nucleation through assemblage of atoms or molecules directly 

from solution (Kashchiev, 2000); (ii) growth resulting from the build-up of structures 

layer by layer, reflected by the development of the bands (Roedder, 1968); and (iii) 

incorporation of trace elements by inclusions and ionic substitution in solid solution 

(Viets et al., 1992; Di Benedetto et al., 2005).  

Recent experimental studies provide increasing evidence for a different and indirect 

mineral formation pathway, wherein, nucleation and growth involves amorphous 
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(Luther III et al., 1999; Gong et al., 2012; Nielsen et al., 2014; De Yoreo et al., 2015) 

and crystalline nanoparticles (Banfield et al., 2000) as precursors to a crystalline 

mineral product. Luther (1999) demonstrated that an intermediate species for Zn 

sulfide in the form of zinc soluble complexes and clusters precedes a crystalline Zn 

sulfide. The formation of calcium carbonate in the spicules of sea urchins has also 

been found by Politi et al. (2008) to be associated with complex nucleation and 

growth processes involving an amorphous calcium carbonate as a precursor.  

Despite the availability of these experimental data, there remains a notable paucity of 

a detailed account of reaction pathways leading to the formation of mineral 

specimens in low-temperature environments. Moreover, documentation of the 

occurrence and characteristics of precursor phases especially from natural samples is 

scarce. Hence, many questions remain unanswered about these phases, although 

these answers could be important to understanding the early stages of mineral 

formation. 

This study on the metal-rich peat of Grieves Siding in western Tasmania provides an 

opportunity to preview the development of sphalerite via documenting the variances 

in texture, morphology, mineral chemistry and crystallography of the Zn-rich phases 

in the peat, inferred to be metastable precursors to crystalline sphalerite. Here, a 

conceptual model that explores a pathway for formation of sphalerite, from the 

nucleation, growth, and maturation of amorphous precursor phases in close 

association with a nonstoichiometric Zn-bearing clay phase, to its ultimate 

conversion to sphalerite, is established. It is envisaged that this proposed pathway 

could elucidate the formation of sulfides in low-temperature Pb-Zn deposits and in 

ore-hosting carbonaceous sedimentary environments.  

7.2 Samples and analytical methods 

Samples were collected from Grieves Siding peat, approximately centred at 

145.3664° E; 41.9944°S (GDA94) and located about 10 km south of Zeehan, western 

Tasmania (Figure 7-1). The examined colloform grains were handpicked from the 

screened (0.3 to 0.5 mm diameter) heavy mineral fraction of the peat, and mounted 

in epoxy resin. The texture, phase content, and crystallinity of the grains were 

determined using a Hitachi SU-70 field emission scanning electron microscope 
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(fitted with an Oxford AZtec XMax80 NordlysNano combined energy dispersive 

spectrometry and electron backscatter diffraction system) and a Cameca SX100 

electron probe microanalyzer. Occurrence of possible organic phases was examined 

by Fourier transform infrared microspectroscopy (Bruker Vertex 70; Bruker 

Hyperion 2000). All analyses were conducted at the Central Science Laboratory, 

University of Tasmania, Australia. Details of the analytical techniques employed in 

this study are found in Chapter 3.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-1 Location map of Grieves Siding peat, and surrounding Pb-Zn prospect and deposits 
(redrafted from theLIST (www.thelist.tas.gov.au), © State of Tasmania. Inset map shows sampling 
sites (modified from Awid-Pascual, 2015). Underlying the peat is the Grieves Siding Pb-Zn carbonate 
prospect (GSCP) classified as an Irish-style mineralisation (Lewis, 2006; Tear, 2002). The Zn-rich 
peat together with GSCP is part of the Pb-Zn metallogenic province in western Tasmania (Awid-
Pascual, 2015). 
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7.3 Results 

The samples from the Zn-Pb-rich Grieves Siding peat (up to 27.2 wt. % Zn and 3.8 

wt. % Pb) are characterised by authigenic phases such as sphalerite, 

nonstoichiometric Zn-rich phases, baileychlore, Fe-Zn-Pb carbonate, galena, Pb-rich 

aluminosilicate, anglesite, plumbojarosite and pyrite. Among these, the sphalerite, 

the nonstoichiometric phases1, i.e., Zn-bearing clay/aluminosilicate, and Zn-rich 

colloform particles are found to be the key Zn-bearing phases in the peat (Awid-

Pascual et al., 2015), and therefore the focus of this study. 

7.3.1 Morphological,	  crystallographic,	  and	  chemical	  features	  of	  the	  
Zn-‐rich	  phases	  

7.3.1.1 Clay phase

The clay phase is typically opaque to a translucent brown under transmitted light 

with uncommon internal concentric banding (Figure 7-2), and intense desiccation 

cracking (Figures 7-2, 7-3, and 7-4). The clay is comprised of O (up to 44.1 wt. %), 

Al (up to 25.5 wt. %), Si (up to 11.3 wt. %), S (up to 3.1 wt. %) and Zn (up to 1.5 wt. 

%) with smaller amounts of Pb, Fe, and Cd. Table 7-1 presents the detailed chemical 

composition of the clay phase. All of the samples revealed low total values. These 

results could be attributed to the presence of low atomic number elements that cannot 

be detected by the electron microprobe. In addition to hydrogen, which occurs in all 

clay minerals as hydroxyl or water, another possibility is carbon, which was detected 

in the chemical maps of the clay phase (Figure 7-5). The chemical mapping 

performed on the electron microprobe further detected signals of Ti, As, and Cu.  

The lack of electron backscatter patterns (EBSPs) indicates that the clay exhibits low 

crystallinity and could potentially be amorphous (Figure 7-6G; Appendix D-5). 

Based on the general appearance (Figures 7-2 and 7-3) and chemical composition 

(Table 7-1) that is close to other clay minerals, this phase will be referred as ‘clay’ 

from hereon. The colloform Zn-rich phase and sphalerite commonly occur on and 

within the clay phase (Figures 7-2, 7-3, and 7-4). 

1 Nonstoichiometric phases in this study refers to Zn-rich (i.e., clay and colloform) phases, in which 
their chemical composition do not correspond to known minerals, thus, have no established mineral 
name. 
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7.3.1.2 Colloform phase 

Aggregates of porous microparticles (Figure 7-5A) and clusters of banded spheres 

represent the colloform phase (Figures 7-4, 7-5B, 7-5C, and 7-6). The bands of the 

colloforms are usually distinct (Figures 7-2B, 7-4D, and 7-6). However, some 

particles have less sharp or more diffusive banding, in some cases to the extent that 

particles show no clear banding at all (Figure 7-4). Similar to the clay phase, the 

colloform phase lacks EBSPs (Figure 7-6G; Appendix D-5). Referred to as the 

botryoidal ZSOAPC2 in Awid-Pascual et al. (2015), this phase primarily contains Zn 

(up to 65.4 wt. %) and S (up to 31.4 wt. %) with variable 	  quantities of O (up to 18.5 

wt. %), Al (up to 8.5 wt. %), Pb (up to 2.9 wt. %), Si (~1.7 wt. %), H, C, and trace 

Cd and Fe (Table 7-2; Figure 7-7). Absorption signatures in infrared spectra, such as 

2800-3000 cm-1 and at 1625 cm-1 and between 1460 – 990 cm-1, typical of the C-H 

and O-H stretches, respectively, indicate that the H and C occur as organic carbon, 

water, and/or hydroxyl groups (Figure 7-8 and 7-9).  

For easy reference, the colloform ZSOAPC phase will be referred as Zn-organic 

(ZO) phase henceforth. The Zn and S content of the ZO phase is close to that of 

sphalerite, however, the addition of significant O, Al, C, H, and erratic Si does not 

correspond to any documented mineral. The distinct microscale colloform zoning in 

backscattered electron (BSE) images of the ZO phase reflects compositional 

                                                
2 ZSOAPC is an acronym used in Chapter 5 and Awid-Pascual et al. (2015) for botryoidal particles 
that are composed predominantly of Zn, S, O, Al, Pb, C, possible H, minor Si, Fe, Cd, and trace Cu, 
Ag, Sb, As. The textural terms botryoidal and colloform are used interchangeably in this dissertation.  
 

20 μm  20 μm  

Figure 7-2 (A) The clay 
phase displays translucent 
spheroids and quasi-
spheroids (arrow-lower 
left) with dark outline in 
transmitted light. Distinct 
concentric banding is also 
noted on the clay (arrow-
upper right). (B) In 
reflected light, the 
translucent structures are 
opaque white, also with 
sharp and concentric 
banding. These are 
identified as the colloform 
Zn-bearing phases that are 
growing on the brown to 
light brown clay substrate.  

A B 

20 µm 20 µm 
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variation (Figures 7-4D and 7-5B). Brighter bands primarily comprise Zn and S. 

While also containing variable Zn, dark bands tend to be enriched in O, Al, and C, in 

addition to sporadic Si, Pb, and Fe (Figures 7-10). The more faintly banded ZO 

particles are brighter in BSE, and tend to contain elevated Zn, S and depleted O, Al, 

and Si relative to more distinctly banded particles (Figure 7-4). Clusters of capsule-

like structures (~1 to 1.5 µm; Figures 7-4B to 7-4C) and fibrous microparticles 

(Figures 7-4B to 7-4D and 7-11A to 7-11D) have close spatial affinities and 

comparable compositions to the amorphous ZO phase (Figure 7-12).  

Figure 7-3 SEM image and low-voltage (5 kV) EDS element maps of a clay phase. Aluminum, O, 
and Si are showing prominent signatures in the mapped sample, whereas Ti, As, Fe, Pb, Cu, S, and C, 
although weak, are also detected. Notable is the scarcity of Zn in the clay, whereas intense signature 
of Zn is observed in the colloform phase (bright spherical phase at bottom left).  

 

Al O

C

Fe

AsTi

Pb Cu

SZn

Si

Epoxy
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Figure 7-4 Backscattered electron (BSE) photomicrographs of (A) Representative grain showing 
authigenic Zn-rich phases, i.e. sphalerite (SP), colloform Zn-organic (ZO) phases and clay phase 
(CLAY), represented by dark gray cracked phase. The ZO phase exhibits distinct to faint concentric 
bands. Brighter (BSE) ZO colloforms (black arrows in A) are considered more mature than the darker 
phases.  (B) In close association and with a comparable composition to the ZO phase is a cluster of 
capsule-like structures, possibly bacteria pseudomorphs forming a biofilm. Adjacent rounded fibrous 
aggregates (circled) are inferred to be early colloform ZO phase. (C) A uniform gap typically 
separates the capsule-like structures and colloform ZO phase instances. The fibrous margin of the 
colloform is assumed to be degradation of the biofilm. (D) Colloform ZO phase showing brighter 
bands at the core, suggesting that maturation emanates from the core outwards (E) Anhedral sphalerite 
with the shape of an early colloform ZO particle, is proximal to an isolated capsule-like structure 
(arrow) and other colloform ZO particles  
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                                  Table 7-1 Mineral chemistry of nonstoichiometric clay phase in the Grieves Siding peat as determined by EPMA. All values are in  
wt. %. For those microprobe measurement points that have below detection limit levels, their actual concentrations were used  
in the calculation of maximum, minimum and average values. Sample ID denotes the sample locations in Appendix B;  
gsm= Grieves Siding mount number; gr=grain number; pt=probe point number.  

Sample ID Fe Si Pb Zn Cd Al S O Total wt. % 
DL 0.04 0.02 0.07 0.04 0.04 0.02 0.03 0.05  

gsm5-gr15-21 0.16 10.53 0.09 0.26 <dl 24.87 2.61 43.65 82.19 
gsm5-gr15-22 0.14 10.69 <dl 0.43 <dl 25.17 2.53 43.48 82.48 
gsm5-gr15-23 0.48 8.05 <dl 1.04 <dl 25.31 2.67 37.28 74.89 
gsm5-gr15-24 0.42 7.92 0.13 0.71 <dl 21.45 2.71 30.63 62.99 
gsm5-gr15-25 0.60 5.14 0.14 1.24 0.05 20.37 3.01 29.22 59.76 
gsm5-gr16-26 0.17 10.68 <dl 0.44 <dl 24.11 2.73 40.98 79.11 
gsm5-gr16-27 0.71 5.88 <dl 1.47 <dl 20.74 3.14 28.26 60.26 
gsm5-gr16-28 0.59 8.73 <dl 1.13 0.04 25.48 2.73 35.16 73.92 
gsm5-gr16-29 0.23 10.69 <dl 0.37 <dl 23.01 3.11 41.87 79.29 
gsm5-gr16-30 0.17 11.28 <dl 0.41 <dl 23.70 2.43 44.09 82.09 
gsm5-gr18-31 0.33 7.21 0.08 0.83 <dl 22.27 2.68 31.15 64.55 
gsm5-gr18-32 0.22 6.30 0.07 1.00 <dl 20.31 2.88 26.78 57.61 

Mean 0.35 8.51 0.06 0.78 0.02 23.07 2.77 36.05 71.60 
Maximum 0.71 11.28 0.14 1.47 0.05 25.48 3.14 44.09 82.48 
Minimum 0.14 5.14 <dl 0.26 <dl 20.31 2.43 26.78 57.61 
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7.3.1.3 Sphalerite 

Sphalerite particles in the peat, with sizes ranging from ~1 to 5 µm, typically occur 

adjacent to (Figure 7-4E) and within the colloform ZO particles (Figures 7-6D and 7-

6E). In some cases (Figure 7-4F), the shape of the sphalerite is observed to follow a 

pre-existing colloform ZO structure. Relic bands of colloform ZO are also noted 

within the sphalerite structure (arrow in Figure 7-4F). In Figure 7-4F, a sphalerite 

crystal is also observed proximal to an isolated capsule-like structure. 

The sphalerite has an average composition of Zn = 67.7 wt. %; S = 32.3 wt. % 

(Figure 7-6H), with occasional C signature, but devoid of the common trace metals 

(e.g., Pb, Fe, Cd, Mn, Ag, and Cu) detected in a sphalerite. Also, metals incorporated 

in the colloform ZO phase are also absent in the sphalerite. 

The sphalerite in the peat also displays EBSPs with sufficient band contrast that 

match sphalerite from international crystallographic databases. Thus, unlike the clay 

and ZO phases, the sphalerite is definitely crystalline (Figures 7-6F and 7-11E).  

A 

C 

B 

Figure 7-5 Secondary electron (SE) 
photomicrographs of the Zn-organic (ZO) phase 
that (A) occurs as an aggregate of porous 
microparticles. (B) Early ZO colloforms exhibit 
well-defined and diffuse banding. (C) Re-
examination of the same particle in (B) after one 
month revealed cracking and phase contraction.  

5 μm  

5 μm  

 1 μm  
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Figure 7-6 (A) SE photomicrograph of a heavy fraction mineral grain on an unpolished block 
showing a botryoidal texture. The degraded section of the grain is interpreted to be the clay phase, 
where Zn-organic (ZO) colloforms are deemed to be developing. (B) BSE image of the ZO colloform 
phase showing faint and sharp bands. Band formation is inferred to initiate from the core (bright spot 
at the center-boxed) outwards. Removal of the bands, possibly through dissolution and expulsion of 
the impurities, is observed in (C). (D) SEM image of sphalerite particles (<1 µm) found within the 
colloform ZO phase. (E) The anhedral sphalerite in Figure 7-4E and the sphalerite microparticles in 
(D) display indexable electron backscatter patterns (EBSPs) with strong band contrast matching that 
of sphalerite (F). (G) The ZO phase did not show any band contrast in the EBSP. (F) A representative 
composition of sphalerite in the peat is given in the EDS spectrum. 
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Table 7-2 Mineral chemistry of the colloform ZO phases in the Grieves Siding peat as determined by EPMA. All values are in wt. %.  Note: <dl=below the  
detection limit; na=not analysed. For those microprobe measurement points that have below detection limit levels, their actual concentrations were used in 
the calculation of maximum, minimum and average values. Sample ID denotes the sample locations in Appendix B: gsm= Grieves Siding mount number; 
gr=grain number; pt=probe point number 

Sample ID Al O Si Zn S Pb Fe Cd Cu Ag Sb As Total wt. % 
DL 0.02 0.04 0.02 0.06 0.04 0.09 0.05 0.06 0.02 0.06 0.03 0.04   

gsm02_gr09_pt1 1.20 4.98 0.21 59.26 29.39 1.45 0.16 0.37 <dl <dl <dl <dl 97.06 
gsm02_gr09_pt2 1.61 4.63 0.27 57.43 29.40 1.28 0.17 0.36 <dl <dl <dl <dl 95.20 
gsm02_gr09_pt3 1.43 3.77 0.26 58.19 28.66 1.35 0.17 0.31 <dl <dl <dl <dl 94.25 
gsm02_gr09_pt4 1.68 5.43 0.25 59.94 29.40 1.45 0.18 0.32 <dl <dl <dl 0.07 98.78 
gsm02_gr09_pt5 1.39 4.55 0.21 60.14 26.31 1.48 0.13 0.38 <dl <dl <dl <dl 94.66 
gsm02_gr09_pt6 1.54 5.78 0.24 61.01 26.82 1.40 0.16 0.31 <dl <dl <dl <dl 97.32 
gsm02_gr09_pt7 1.83 4.89 0.28 59.91 27.15 1.34 0.16 0.34 <dl <dl <dl <dl 95.94 
gsm02_gr09_pt8 1.58 4.82 0.21 60.01 30.44 1.42 0.16 0.31 <dl <dl <dl 0.04 99.05 

 gsm02_gr09_pt11 1.32 3.40 0.22 57.94 30.74 2.88 0.10 1.72 <dl 0.06 <dl <dl 98.42 
 gsm02_gr09_pt12 1.58 3.68 0.23 58.84 30.76 2.11 0.09 1.72 <dl 0.07 <dl 0.04 99.12 
 gsm04_gr16_pt15 0.54 3.62 0.08 61.03 30.08 0.48 0.26 0.36 <dl 0.26 0.26 <dl 97.00 
 gsm04_gr16_pt16 0.54 3.62 0.08 61.03 30.08 0.48 0.26 0.36 <dl 0.26 0.26 <dl 97.00 
 gsm04_gr16_pt17 0.56 2.65 0.12 60.40 29.93 0.60 0.19 0.38 <dl 0.26 0.30 <dl 95.41 
 gsm04_gr16_pt18 0.68 2.64 0.12 60.05 30.11 0.61 0.15 0.39 <dl 0.28 0.29 <dl 95.31 
 gsm04_gr16_pt19 0.65 2.93 0.13 60.86 29.93 0.57 0.15 0.40 <dl 0.20 0.28 <dl 96.15 
 gsm04_gr16_pt20 0.68 3.17 0.12 60.68 29.67 0.53 0.19 0.35 <dl 0.21 0.28 <dl 95.89 
 gsm04_gr16_pt21 0.29 3.00 0.09 60.70 31.24 0.43 0.42 0.36 <dl 0.26 0.27 <dl 97.07 
 gsm04_gr16_pt22 0.13 1.75 0.07 61.85 30.85 0.30 0.68 0.32 <dl 0.27 0.29 <dl 96.50 
 gsm04_gr16_pt23 0.13 1.75 0.07 61.85 30.85 0.30 0.68 0.32 <dl 0.27 0.29 <dl 96.50 
 gsm04_gr16_pt24 0.61 2.72 0.03 57.95 30.58 0.51 0.27 0.39 <dl 0.26 0.29 <dl 93.59 
 gsm04_gr16_pt25 0.61 2.72 0.03 57.95 30.58 0.51 0.27 0.39 <dl 0.26 0.29 <dl 93.59 
 gsm04_gr16_pt26 0.26 3.98 0.05 55.30 25.06 0.29 0.45 0.18 0.16 0.18 0.18 0.04 86.16 
 gsm04_gr16_pt27 0.43 4.60 0.05 57.17 28.42 0.42 0.36 0.28 0.28 0.21 0.23 <dl 92.49 
 gsm04_gr16_pt28 0.48 4.62 0.05 52.74 26.60 0.52 0.35 0.26 0.87 0.16 0.25 <dl 86.95 
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           Continuation Table 7-2 
Sample ID Al O Si Zn S Pb Fe Cd Cu Ag Sb As Total wt. % 

             gsm03_gr01_pt1 
             gsm03_gr01_pt2 
             gsm03_gr01_pt3 

2.58 
2.46 
3.94 

18.16 
18.51 
13.45 

0.34 
0.31 
0.57 

58.53 
57.86 
48.61 

15.45 
13.77 
17.73 

1.60 
1.65 
1.64 

0.25 
0.22 
0.35 

0.16 
0.24 
0.16 

na 
na 
na 

na 
na 
na 

na 
na 
na 

na 
na 
na 

97.08 
95.01 
86.45 

             gsm03_gr01_pt5 3.29 13.74 0.42 54.78 22.14 2.34 0.25 0.11 na na na na 97.06 
             gsm03_gr01_pt7 4.06 9.55 0.46 54.32 24.67 1.74 0.29 0.13 na na na na 95.21 
             gsm03_gr01_pt8 3.12 11.07 0.35 55.57 23.79 1.93 0.29 0.15 na na na na 96.27 
             gsm03_gr01_pt9 2.32 11.09 0.28 59.33 24.61 1.75 0.23 0.20 na na na na 99.81 

gsm03_gr01_pt10 1.86 9.99 0.20 59.41 25.68 1.59 0.19 0.22 na na na na 99.15 
gsm03_gr01_pt11 2.03 8.69 0.23 59.85 26.58 1.68 0.14 0.21 na na na na 99.42 
gsm03_gr01_pt12 1.93 14.06 0.18 56.19 24.87 1.25 0.21 0.21 na na na na 98.90 
gsm03_gr02_pt16 1.39 4.32 0.18 60.80 29.20 1.64 0.15 0.22 na na na na 97.91 
gsm03_gr02_pt17 1.64 5.69 0.21 60.67 27.60 1.84 0.10 0.19 na na na na 97.94 
gsm03_gr02_pt18 1.34 5.10 0.14 61.75 28.79 1.54 <dl 0.24 na na na na 98.94 
gsm03_gr02_pt19 1.38 5.61 0.18 60.72 27.53 1.72 0.12 0.19 na na na na 97.45 
gsm03_gr02_pt20 1.58 6.49 0.21 60.54 27.66 1.63 0.19 0.18 na na na na 98.48 
gsm03_gr02_pt21 1.61 6.50 0.22 59.82 28.10 1.56 0.07 0.21 na na na na 98.08 
gsm03_gr02_pt22 1.94 6.88 0.25 58.78 27.59 1.84 0.17 0.19 na na na na 97.65 
gsm03_gr02_pt23 1.93 7.09 0.29 58.63 27.46 1.72 0.19 0.22 na na na na 97.53 
gsm03_gr02_pt24 1.58 6.32 0.23 59.89 28.00 1.86 0.13 0.22 na na na na 98.23 
gsm03_gr02_pt25 1.81 6.65 0.25 59.02 27.95 1.85 0.21 0.17 na na na na 97.91 
gsm03_gr02_pt26 2.06 5.18 0.31 58.64 27.80 1.50 0.13 0.23 na na na na 95.84 
gsm03_gr02_pt27 2.54 6.72 0.38 56.79 26.80 1.37 0.22 0.24 na na na na 95.06 
gsm03_gr02_pt28 2.86 6.86 0.44 56.83 26.74 1.13 0.22 0.31 na na na na 95.37 
gsm03_gr02_pt29 3.72 7.95 0.55 54.15 25.58 1.21 0.26 0.24 na na na na 93.66 
gsm03_gr02_pt30 2.59 6.50 0.39 57.45 27.07 1.27 0.20 0.28 na na na na 95.74 
gsm03_gr02_pt31 4.34 8.79 0.61 51.66 24.74 1.13 0.28 0.24 na na na na 91.79 
gsm03_gr02_pt32 2.83 7.18 0.44 57.48 26.03 1.48 0.17 0.24 na na na na 95.85 

             gsm05_gr15_pt1 2.84 4.79 0.29 58.33 29.31 0.19 0.14 <dl na na na na 95.93 
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            Continuation Table 7-2 
Sample ID Al O Si Zn S Pb Fe Cd Cu Ag Sb As Total wt. % 

gsm05_gr15_pt2 
gsm05_gr15_pt3 
gsm05_gr15_pt4 

8.13 
3.66 
4.61 

11.72 
5.62 
6.99 

1.68 
0.53 
0.89 

43.27 
59.67 
56.48 

24.38 
29.11 
27.52 

0.18 
0.05 
0.07 

0.32 
0.19 
0.24 

<dl 
<dl 
<dl 

na 
na 
na 

na 
na 
na 

na 
na 
na 

na 
na 
na 

89.68 
98.82 
96.81 

gsm05_gr15_pt5 3.63 7.17 0.70 59.76 27.19 0.11 0.23 <dl na na na na 98.83 
gsm05_gr15_pt6 3.78 8.28 0.80 59.02 26.03 0.09 0.20 <dl na na na na 98.23 
gsm05_gr15_pt7 3.12 5.86 0.51 61.15 28.10 0.10 0.12 <dl na na na na 98.97 
gsm05_gr15_pt8 0.89 3.03 0.12 56.10 28.19 0.41 0.15 0.08 na na na na 88.97 
gsm05_gr15_pt9 2.42 5.98 0.20 60.80 27.64 0.32 0.19 <dl na na na na 97.53 

 gsm05_gr15_pt10 7.78 11.61 1.51 50.37 24.51 0.23 0.25 <dl na na na na 96.25 
 gsm05_gr15_pt11 3.33 6.12 0.42 58.87 28.52 0.11 0.22 <dl na na na na 97.65 
 gsm05_gr15_pt13 3.12 5.49 0.55 59.00 29.26 0.14 0.18 <dl na na na na 97.76 
 gsm05_gr15_pt14 3.65 5.60 0.70 57.88 29.06 0.13 0.21 <dl na na na na 97.24 
 gsm05_gr15_pt15 2.64 4.40 0.18 62.36 28.38 0.12 0.14 <dl na na na na 98.26 
 gsm05_gr15_pt16 8.53 10.84 1.70 48.27 23.42 0.04 0.27 <dl na na na na 93.13 
 gsm05_gr15_pt17 3.68 11.83 0.43 63.91 19.36 0.15 0.25 <dl na na na na 99.59 
 gsm05_gr15_pt18 2.87 5.91 0.80 56.58 28.50 0.20 0.27 <dl na na na na 95.17 
 gsm05_gr15_pt19 0.66 2.30 0.04 63.46 31.39 0.08 0.31 <dl na na na na 98.27 
 gsm05_gr15_pt20 0.56 1.93 0.03 63.18 30.79 0.03 0.34 <dl na na na na 96.88 
 gsm05_gr15_pt21 0.28 2.07 0.08 65.44 30.85 0.04 0.27 <dl na na na na 99.08 
 gsm05_gr15_pt23 1.11 2.61 0.17 63.38 30.67 0.01 0.48 <dl na na na na 98.44 
gsm08_gr18_pt1 0.75 5.82 0.03 62.10 29.15 0.91 <dl <dl na na na na 98.79 
gsm08_gr18_pt2 1.39 4.48 0.03 61.36 28.64 0.71 0.07 <dl na na na na 96.68 
gsm08_gr18_pt3 1.96 4.84 0.07 55.60 26.46 0.76 <dl <dl na na na na 89.78 
gsm08_gr18_pt5 0.81 5.45 0.03 63.55 28.30 0.91 <dl 0.07 na na na na 99.17 
gsm08_gr18_pt6 1.70 4.75 0.05 60.32 28.44 0.72 0.08 <dl na na na na 96.07 
gsm08_gr18_pt8 0.98 8.31 0.02 61.87 27.55 0.85 <dl 0.06 na na na na 99.67 

MEAN 
MAX 
MIN 

2.12 
8.53 
0.13 

6.30 
18.51 
1.75 

0.32 
1.70 
0.02 

58.61 
65.44 
43.27 

27.41 
31.39 
13.77 

0.95 
2.90 
0.01 

0.23 
0.70 
<dl 

0.31 
1.70 
<dl 
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Figure 7-7 (A) The average concentration of elements in the colloform phase measured by 
EPMA. The vertical lines represent the maximum and minimum concentrations of each element. 
(B) Graphic illustration showing the relationships of Zn against S, O, Al, and Si. Zn shows a
positive correlation with S, whereas it displays a weak association with O, Al, and Si, generally 
trending in two populations. The Zn/S ratio is maintained towards low Zn levels, which suggests
that sphalerite could be developing in a matrix of other materials that likely dilute the sphalerite
composition. The grey circle represents the sphalerite in the peat with the most stoichiometric 
composition (Zn=67.7 wt.%; S=32.2 wt. %; Figure 7-6H).
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Figure 7-8 ATR (corrected) infrared spectra of the (A) colloform ZO phase, and (B) sphalerite (SP). 
The spectrum of the ZO phase (A) shows an intense and broad OH stretching between 2000-3650  
cm-1. This broad absorption range suggests the presence of strongly hydrogen-bonded OH similar to 
H2O but shows a difference in some signatures from free liquid water. The shoulder between 2800-
3000 cm-1 (arrow) falls into the aliphatic CH stretching region. The peaks at 1625 cm-1 and between 
1460 – 990 cm-1 are probably related to an H2O bending mode, and CH functional groups, 
respectively. The remarkable difference between the two spectra is seen in the weak to absent OH and 
CH stretching and bending in sphalerite relative to the ZO phase.  
 

7.3 Discussion 

7.4.1 Nucleation	  and	  growth	  of	  the	  precursor	  phases	  

Sphalerite in the Grieves Siding peat is postulated to originate through a step-wise 

process, commencing from the nucleation of the ZO phase (Figure 7-13). The 

spheroidal and botryoidal morphology of the amorphous ZO phase growing 

uninterrupted on and within the clay surfaces suggests heterogeneous nucleation of 

the earliest microparticles (Figures 7-4A and 7-6). The apparent interaction between 

the clay substrate and ZO phase (Figures 7-2 and 7-9) raises the possibility of 

coupled dissolution-precipitation processes (Steefel and Van Cappellen, 1990; Ruiz-

Agudo et al., 2012), involving the dissolution of substrate surfaces with subsequent 

precipitation of the ZO phase. The dissolution of the substrate possibly results in a 

thin boundary layer of fluid becoming supersaturated with Zn and S, hence, leading 

to the nucleation of the ZO phase. The Al, O, Si, C and H in the ZO phase are likely 

inherited from the clay substrate, and possibly some O, C, and H from the bulk fluid. 

Away from this interfacial layer, the bulk solution in the peat is inferred to remain 

undersaturated with Zn and S.   
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Figure 7-9 Hyperspectral chemical (functional group) mapping was performed by FT-IR on (A) a Zn-
rich grain with clay (CLAY) and colloform phases (where ZO1 represents the phase interpreted to be 
early and less mature, and ZO2 is the mature phase).  Generated thematic maps include (C) the 
integrated value peaks of the Amide I function, and (B) water at 2400-3680 cm-1, as well as the (D) 
principal component analysis (PCA), and (E) hierarchical cluster maps. Amide I band (~1600 to 1700 
cm-1) is the most intense absorption band of proteins due to the C=O stretching vibrations. (B) The 
Amide I function signature is seen to be more intense in ZO2 than in ZO1. This observation is 
reversed in (C), whereby, a stronger water signature is observed in ZO1 than in ZO2. The spectral 
signature of the clay region is consistently weak in (B) and (C). Both the (D) PCA and (E) cluster 
maps are consistent with the occurrence of the colloform and clay phases. Noteworthy in (E), is the 
demarcation of transitional clusters (yellow) between the clay and colloform phases. The interaction 
between the clay and colloform phase is hypothesised to occur in these regions, indicating that these 
interim clusters represent the mineral double-layer. (F) Representative spectra of (1) ZO1 (2) CLAY, 
and (3) ZO2. 
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Figure 7-10 Low accelerating voltage (5 kV) SEM-EDS element maps of a colloform sample. Dark 
bands correlate to strong signals of O, C, Al, Zn and weak Pb, Fe and Si. Bright bands correspond to 
intense Zn and S signatures. 
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The clusters of capsule-like structures that are commonly associated with the ZO 

phase are interpreted to be preserved remnants of bacterial colonies, possibly part of 

a biofilm (Figures 7-4A to 7-4C). Bacteria (Figures 7-4B and 7-12) are known to 

attach to clays as these aluminosilicate minerals are considered to be good source of 

exchangeable inorganic nutrients and provide a favourable environment for the 

microbes (Konhauser and Urrutia, 1999; Shock, 2009). The comparable 

compositions of the former colonies and the amorphous ZO phase indicate a 

potential biological influence on ZO precipitation (Figure 7-12). The bacterial 

colonies, whenever present, appear to have facilitated nucleation of the ZO phase 

(Figures 7-11, 7-12, and 7-13-S1), as the organic framework of bacterial cell walls 

(Ferris et al., 1987) is conducive to binding dissolved ionic species (such as metals; 

Beveridge and Fyfe, 1985) as a result of the net negative charge of organic cells 

(Mann, 1988). The bacterial colonies superficially resemble those of sulfate-reducing 

bacteria (SRB; Section 4.2.2; Figure 4-19). 

These SRB colony sites are significant for ZO development because these are 

consistent to H2S formation sites. Another role of these microorganisms is probably 

to create local microenvironments in the peat, enabling the preservation and co-

occurrence of the various Zn-rich phases (e.g., microparticles, colloform, and 

sphalerite), which represent the different stages of sphalerite development (Figure 7-

4). The consistently close spatial association between the capsule-like structures and 

the ZO phase throughout the samples examined supports the interpretation that 

colonies of bacteria, possibly sulfate reducing bacteria, play a key role in the 

formation of the ZO phase (Figure 7-11 and 7-13-S1.1). 

Particle growth of the ZO phase appears to occur mainly through multiple stages of 

aggregation and coalescence of these microparticles (Figures 7-5A, 7-13-S2, and 7-

6) through a self-organisation process (Boal et al., 2000). The botryoidal clustering 

of ZO particles and the continuation of compositional bands across individual 

spheroids (Figure 7-4A) may, as above, represent aggregation and coalescence of the 

spheroidal particles.  
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The colloform banding of the ZO particles is interpreted to be the result of a 

reaction-diffusion process (Figure 7-13-S3), akin to the Liesegang (1913) ring 

phenomenon within a pre-existing particle mass (George et al., 2004). The colloform 

banding may indicate that the ZO particles are metastable and in disequilibrium 

when forming (Ortoleva et al., 1987; L'Heureux, 2013), leading to the partitioning of 

elements incompatible with the prevalent Zn-S precipitate and into the more O, Al, 

Si, and C-rich bands. Experiments demonstrate that diffusion of metal ions and 

biologically reduced sulfur in a heterogeneous multi-element system, i.e., clays and a 

colloidal or aqueous system, gives rise to sharp bands of metal sulfide precipitates 

(Temple and Le Roux, 1964; Weiss and Amstutz, 1966; Gregory et al., 2014). The 

configuration of the colloform bands here, which matches the ‘centrifugal’1 as 

opposed to the ‘centripetal’2 banding by Shaub (1934), suggests that diffusion 

emanates from the centre of each particle with the reaction front moving outwards. 

The particle coarsening and band formation processes presumably recur until the 

phase reaches a stable configuration (Figure 7-13-S4). 

The colloform texture of the ZO phase may additionally be influenced by the 

associated bacterial colonies. The fibrous particles related to the bacterial colonies 

have a similar texture to the outer zones of many of the colloform ZO particles 

(Figures 7-2C to 7-2D) and may represent biofilm relics. Biofilm degradation could 

have expedited the aggregation and coalescence of ZO microparticles nucleated 

within bacterial cells (Figures 7-2B to 7-2D and 7-11C). Biofilms are composed of 

extracellular biopolymeric substances that adhere to surfaces and form thin 

membranes (Costerton et al., 1994). These membranes modify 

hydrophobic/hydrophilic balance at the surface and may cause the notable gaps 

between the colonies and the colloforms (Figures 7-2C to 7-2E).  

                                                
1 Centrifugal banding results when bands develop from a central point or axis, and extend outward 
(Shaub, 1934). 
2 Centripetal banding results when crust accumulates on the walls of a circular opening and grows 
towards the center developing a lemniscate-like bands (Shaub, 1934). 
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Figure 7-11 (A–D) BSE images of colloform ZO phases in close association with bacteria-like 
structures, and fibrous, fragmented, and stalk-like mat, possibly representing degraded biofilms. (A) 
shows a close-up view of dark bands in Figure 7-4A, which shows fibrous material resembling 
“broken shells” deemed to be a degraded biofilm. A diametrically cut relic bacterial cell (black arrow) 
is observed proximal to the fibrous materials in the dark bands, which further substantiates that this 
fibrous material originates from the degradation of bacterial cells. (C) shows a close-up view of (B; 
black rectangle) also highlighting relic capsule structures postulated to be bacterial cells. In B and D, 
the development of sphalerite in a biofilm is illustrated. (X) represents the colloform ZO phase, 
whereas the brightest and densest mass (Y) represents the most mature phase, which has a 
composition closer to that of pure sphalerite, hence a bright BSE signature. The fibrous material (Z) 
surrounding (Y), which displays a darker BSE signature represents a part of the biofilm wherein 
colloform ZO development has not occurred (yet). If ZO development does not occur in (Z), these 
materials (Z) are removed and dissolved as seen in (D). In (D), as the colloform ZO matures, the dark 
bands containing O-Al-Si-C are eventually removed leaving relic degraded biofilm particles (Z).  
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Figure 7-12 (A–B) EDS spectra showing typical compositions of the colloform ZO phase and 
capsule-like structures inferred to be a bacterial colony. (C) EDS spectrum of the clay substrate. 
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7.4.2 Phase	  maturation	  and	  transformation	  to	  sphalerite	  

The end product of ZO maturation and phase transformation is postulated to be 

crystalline sphalerite (Figure 7-13-S6). The formation of crystalline sphalerite is 

inferred to require the removal of impurities (i.e. O, Al, Si, C, and H2O) from the ZO 

phase (Figure 7-13-S5). The formation of colloform banding by diffusion is inferred 

to represent the onset of impurity expulsion from the amorphous phase and, as 

mentioned above, reflects the initial metastability of the ZO phase. Continued 

impurity expulsion sees the ZO phase becoming more homogeneous, which is 

indicated by the colloform bands becoming more diffuse and with increased 

brightness in BSE (Figure 7-4A). An expulsion of H2O is expected during 

aggregation-growth of particles (Banfield et al., 2000). Dehydration occurs with the 

maturation process indicated by cracking and shrinkage of more mature ZO particles 

(Figures 7-4A, 7-5C, 7-13-S5). However, many substrate cracks do not propagate 

into the more mature ZO particles (Figure 7-4A), indicating cracks may heal by 

densification during maturation. Contraction of the clay and the ZO phases typically 

leaves a halo of bright ‘dusty’ substrate, which separates mature3 ZO particles from 

the immature4 ones (Figures 7-4A and 7-11D). These ‘dusty’ particles are inferred to 

be relics of the shrunk ZO phase.  

The occurrence of sphalerite microparticles within (Figure 7-6D) and at the 

periphery of a mature ZO phase (Figure 7-4E) suggests that conversion to sphalerite 

has no preferred site. The apparent genetic association between the amorphous ZO 

phase and crystalline sphalerite invokes Ostwald’s (1897) step rule, where the 

metastable phases precipitate first, followed by phase conversion to the stable 

configuration. The preservation of textural and overgrowth relationships, as well as 

chemical and crystallographic variations, enable the construction of an evolutional 

pathway of essentially ZnS phases from amorphous ZO to crystalline sphalerite 

(Figure 7-13). The maturation of the ZO phase can also be trailed by the increasing 

compositional homogeneity, tending to Zn and S, through impurity removal. The 

preservation of the multiple stages of ZnS phase evolution indicates this is a 

                                                
3 mature ZO phases refer to particles that are in the late stage of formation and approaching the 
sphalerite composition and crystallinity; they are denoted by the abbreviation ZO2, whereas, 
4 immature ZO phases, denoted by the abbreviation ZO1, are particles that are still in the early stages 
of formation and are typically nonstoichiometric and amorphous 
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Figure 7-13 Proposed step-wise evolutionary pathway of sphalerite formation in the Grieves Siding peat.  
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Table 7-3 Explanation of the schematic diagram in Figure 7-13 showing the proposed multi-stage sphalerite formation in Grieves Siding peat. Note: p=page; par=paragraph 
Steps Processes Description Composition of the 

particles 
The discussion of 
each step is found in: 

The mechanisms were inferred 
based on the textural and 
chemical features of the ZO 
and SP particles observed in: 

S1 Heterogeneous 
nucleation  

Heterogeneous nucleation of amorphous, metastable Zn-
organic (ZO) microparticles on and within a clay substrate. 

ZO 
(immature; 
predominantly Zn, 
S, O, Al, Pb, C, 
possible H, and 
minor Si, Fe, Cd, 
and trace Cu, Ag, 
Sb, As) 

Section 7.4.1, p193, 
par1 

Figures 7-2, 7-4, 7-5A, 7-6A, 
and Appendix D-3 

S1.1 Heterogeneous 
nucleation in the 
presence of 
biofilms 

If present, sulfur reducing bacteria (SRB) biofilms facilitate 
intracellular and extracellular nucleation and growth of the 
ZO phases as nucleation stimulant and growth templates. 
They are also responsible for the production and release of 
H2S, which is essential to the sulfide formation (the broken 
line). Particles nucleated within the biofilms grow following 
the same mechanism as those nucleated on CLAY (solid 
line). 

Section 7.4.1, p196, 
par1 and Section 
7.4.1, p197, par2 

Figures 7-4, 7-4A, 7-4B, 7-4C, 
7-12 and Appendix D-3

S2 Initial growth of 
particles 

Early growth by aggregation and coalescence of ZO 
particles 

Section 7.4.1, p196, 
par3 

Figures 7-4B (encircled), 7-5A 
and its inset, and Appendix D-
3 

S3 Initial band 
formation by 
reaction-diffusion 
within pre-existing 
particles 

Reaction-diffusion within the ZO particle leads to internal 
colloform banding, whereby Zn and S (bright bands) 
segregate from the impurities, i.e., O, Al, Si, C and other 
metals (dark bands). 

Section 7.4.1, p197, 
par1 

Figures 7-5B, 7-7, 7-10, and 
Appendix D-3 

S4 Subsequent growth 
of particles and 
band formation 

Succeeding particle growth is through multiple events of 
(S2) aggregation, coalescence, and (S3) reaction-diffusion 
processes within the pre-existing ZO aggregates to achieve 
equilibrium. Significant influences of biofilms are also 
observed at this stage. 

Section 7.4.1, p196, 
par3 
Section 7.4.1, p197, 
par2 

Figures 7-4A, 7-4E, 7-6B, 7-
6C, 7-6D (broad colloform 
bands), 7-11, 7-12, and 
Appendix D-3 

S5 Maturation Maturation of the ZO phase is marked by (a) phase 
contraction through dehydration; (b) compositional 
homogenisation (ZnS purification) by the expulsion of the 
impurities; and (c) densification of the phase. 

ZO  
(mature; 
mainly Zn, S with 
sporadic C and 
trace metals  

Section 7.4.2 Figures 7-5C, 7-6C (white 
arrows), 7-6D, 7-8, 7-9, 7-11B, 
7-11D, and Appendix D-3

S6 Transformation to 
sphalerite 

In the final stage, aged phases ultimately convert to pure and 
crystalline sphalerite (SP). 

ZnS 
(with occasional C 
but no metals) 

Section 7.3.1.3 
Section 7.4.2 

Figures 7-4F, 7-6D, 7-6E, 7-
6F, and Appendix D-3 and D-5 
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continuing process at the ambient conditions in the peat. 

The suggested step-wise precipitation and transformation of metastable phases to a 

stable, crystalline phase has also been experimentally demonstrated in a variety of 

chemical systems (De Yoreo et al., 2015) and by different phases, e.g., Zn-bearing 

phases (Luther III et al., 1999) and amorphous calcium carbonate (ACC; Politi et al., 

2008). The occurrence and conversion of ACC precursors to crystalline calcite in the 

spicules of sea urchins, in this sequence: hydrated ACCàdehydrated ACCàcalcite 

(Politi et al., 2008), closely resembles the inferred dehydration and conversion of the 

ZO particles to its crystalline counterpart. However, Politi et al. (2008) suggested 

that the transformation of ACC to crystalline calcite progressed via secondary 

nucleation, whereby the interaction of other existing ACC crystals initiates the 

crystal growth. In their experiment, the crystallisation of ACC stimulates the change 

of the domains in contact with it, and therefore, the first central crystal controls the 

crystallographic orientation of the end product, calcite (Politi et al., 2008). These 

scenarios were not observed in this study. With this, although the products of the 

sequential transformation of ACC to calcite resemble this study, the mechanisms of 

nucleation, growth, and phase changes of the amorphous phase to its crystalline 

equivalent proposed by Politi et al. (2008) and this study differ.  

7.4 Summary and implications 

Sphalerite and the nonstoichiometric Zn-rich phases preserved in the Grieves Siding 

peat are interpreted to represent the evolution of an amorphous, metastable, Zn-rich 

precursor to crystalline sphalerite at ambient temperature. This interpretation is based 

on the observation of a continuum of different microstructures, ranging from a 

homogenous and amorphous ZO phase that appears to infill microbial cells and to 

grow independently on clay substrate, to heterogeneous ZO phase with bands of 

alternating composition, to sphalerite microcrystals within the most mature ZO 

particles.  This study also highlights the significance of metastable precursor phases 

in ore formation that may not be preserved in high-temperature and recrystallised 

systems. 

The proposed sphalerite evolution pathway has potential as an alternative mechanism 
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to the direct crystallisation of sphalerite from an ore fluid (Roedder, 1968), 

particularly for the initial stages of ore formation in Pb-Zn sediment-hosted ore 

deposits. This study demonstrates a pathway of sphalerite originating from 

amorphous phases in low-temperature and carbonaceous environments that may 

serve as a precursor to large, sediment-hosted deposits, where mineralisation has 

since been reworked. Also, the findings of this study potentially extend to 

environmental remediation, geochemical exploration, and extractive metallurgy. An 

elaborate discussion of these implications is presented in Chapter 9.  
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Chapter 8  

Genetic model and the roles of colloids and microorganisms 
in mineral formation in the Grieves Siding peat  

8.1 Introduction 

In this chapter, the geological, geochemical, and mineralogical characteristics of the 

Grieves Siding peat, which have been described in detail in the previous chapters, are 

extrapolated to create a conceptual genetic model for the metal enrichment and 

mineral formation processes in the peat. This reconstruction is then related to the 

Irish-style mineralisation of the underlying metal-bearing Ordovician Gordon 

Limestone sequences to establish the link between the two different metal 

concentration zones in the Grieves Siding prospect. There are some repetitions from 

earlier chapters, and for that the lenience of the examiners and readers is requested.  

8.2 Genetic model for the Grieves Siding peat 

8.2.1	  Mineralisation	  styles	  in	  Grieves	  Siding	  prospect	  

Grieves Siding prospect is one of the Zn-Pb enriched sites in western Tasmania. The 

Quaternary peat and the underlying Ordovician carbonate prospect (GSCP) represent 

the two metal-rich lithological hosts of the prospect (Figure 8-1). The Pb-Zn-rich 

carbonate sequence is hosted by the Ordovician Gordon Limestone (Glover, 1996), 

which has been classified as an Irish-style deposit (Tear, 2006). Ore mineralogy in 

the GSCP is represented by sphalerite and associated galena, commonly associated 

with the carbonate sequences. An assemblage of alteration minerals of the hypogene 

sulfides consists of Zn-bearing silicates, oxides, and carbonates (Hendrick and 

Milburn, 2011).  

The metal-rich peat mantling the GSCP is mainly composed of vitrinite maceral 

organic matter (Purvis, 2006) as well as bacterial communities that thrives therein, 

and detrital and authigenic minerals. The width of the metal-rich peat ranges from 30 

m to 50 m, trends NE, and stretches about 700 to 800 m along the base of the Moina 

Sandstone escarpment (Figure 2-12B; Section 2.6.2). The depth of the peat varies 
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from 1 to 24 m below ground level before intersecting the upper reaches of the 

underlying carbonate sequence (Figure 3-2). The peat is assumed to have 

commenced its formation during the Holocene, possibly concurrently with other 

peats in western Tasmania. The flat-lying topography, cold (12 to 15 °C year-round), 

wet and boggy conditions of the site may have influenced the development and 

preservation of the peat (Section 6-2). Younger gravels eroded from the surrounding 

hills overlie most of the areas in the Grieves Siding prospect. The Silurian Crotty 

Quartzite gravels are also noted to unconformably cover the peat in some areas. 

 

 

8.2.2	  Mechanisms	  for	  the	  concentration	  of	  metals	  into	  the	  peat 

The diverse and extreme abundance of metals (reaching up to 27.2 wt. % Zn and up 

to 3.8 wt. % Pb) demonstrates the capacity of the peat as an effective sink for base 

metals, particularly Zn and Pb (Figure 6-4; Table 6-3). Peat is a naturally non-metal-

bearing organic deposit (Shotyk, 1988), hence, the presence of authigenic Zn-Pb 

minerals within it requires additional processes and circumstances. 

The spatial connection between the carbonate sequences (GSCP), and the metal 

concentration in the overlying peat at Grieves Siding suggests a link between them. 

The underlying GSCP is considered to be the main source of the majority of the Zn 

and Pb, including other metals (i.e., Cd, Fe, Cu, and Ag, As, and U) in the peat 

(Section 6.6.1). However, the fact that the peat is about six times more enriched in 

Zn, and three times more enriched in Pb, compared to the underlying GSCP (Figure 
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6-6; Table 6-6), not only testifies to the capability of the peat to create metal 

concentrations, but to do so differentially and selectively. The Pb isotope 

composition (Section 6.6.1) of galena in the peat is more radiogenic than the galena 

in the Ordovician ores, and so requires some metal acquisition from uranogenic Pb-

bearing silicate rocks somewhere along the groundwater flow path. Hence, in 

addition to the GSCP, some of the Zn and Pb must have been acquired from external 

sources such as the Mt. Read Volcanics and probably from the non-carbonate 

component of the Ordovician stratigraphy (Section 6.6.1). 

The surface and groundwaters within the Grieves Siding prospect, which likely flows 

between the site of leaching and site of metal deposition (Figure 8-2), are found to 

have very low metal concentration levels (Figure 6-5; Table 6-5). This suggests that 

only small amounts of metals are being transported at a certain period of time, and 

therefore means that large quantities of fluids and geologically significant periods of 

time would have been required to accumulate the high metal concentrations found in 

the peat. The abundance of metals in the peat appears to be the result of the 

interaction of the background groundwater with highly reactive metalliferous 

bedrock (GSCP), followed by efficient metal stripping by the peat. In this light, the 

relative positions of the main metal source, and the site of metal deposition indicate 

very short transport distances for most metals, and short aqueous-state residence 

times for the key metals. 

The oxidising interconnected surface and groundwater system is postulated to 

weather the deeper hypogene sulfide minerals (i.e., sphalerite and galena) of the 

GSCP (Figure 8-2). The metal leaching must occur under oxidising conditions as 

evidenced by the extreme H2SO4-based acidities of waters in the peat (pH 1.9 – 3.1), 

and the occurrences of sulfate minerals in parts of the peat deposit (section 5.5.1 and 

Table 5-2). Aside from the release of metals, the weathered hypogene sulfides also 

release and create SO4
2- ions, particularly the ZnSO4 complex. The ZnSO4 aqueous 

complex is postulated to be the main carrier of Zn ions here because it is the most 

effective complex in an oxidising, acidic, and low-temperature setting (Brugger et 

al., 2003). This oxidised fluid also delivers SO4
2- and ZnSO4 to sulfate reducing 

bacteria (SRB) communities in the peat, which appear to be responsible for H2S 

production in the peat. Previous work (Glover, 1996; Section 6.6.2.1.2) showed that 
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base metal sulfide dissolution (δ34S= 20.9‰ to 21.4‰) is the main vector of metal 

and S supply, although the low abundance of Ordovician diagenetic pyrite δ34S= -

29.4‰ made some contribution. Assuming that immediate breakdown of galena and 

sphalerite generated waters with isotopic compositions of up to ~21.4‰, then the 

peat sulfide values (δ34S= -1.57‰ to 10.00‰; Table 6-4) require a preferential 

uptake of 32S, which is a typical SRB isotopic signature (Section 6.6.2.1.2). The 

interaction between the metal-bearing fluids and reduced, sulfide-rich environments 

is known to promote sulfide formation, forming chemical traps (McQueen, 2005). 

This tenet is found true in Grieves Siding, specifically in water-rock interaction 

zones (i.e., double-layer of the clay substrate) and in sites proximal to the SRB 

colonies (Sections 8.4.2.1 and 8.4.2.2).  
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Figure 8-2 (A) Schematic illustration showing the hydrostratigraphic units in the study site based on 
the estimated porosity (K) of the rock types. (B) A conceptual hydrologic model and predicted fluid 
flow in the Grieves Siding site driven by the topography and porosities (K) of the hydrostratigraphic 
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In the Grieves Siding peat, microbes and their organic by-products are posited to also 

stimulate and assist in the sulfide mineral formation (Section 8.4.2.2). The significant 

contribution of bacteria to the metal fixation and sulfide formation is elucidated in 

the succeeding sections (Section 8-4).  

The sequestered metals are stably fixed in the peat mainly as authigenic minerals, 

which are precipitated in situ. Zinc-bearing phases are represented by sphalerite, 

baileychlore, Fe-Zn-Pb carbonate and nonstoichiometric (i.e., clay and colloform) 

phases that also contain S, O, Al, Pb and C. Authigenic Pb- and Fe-bearing phases 

such as galena, anglesite, plumbojarosite, magnetite, and pyrite are also detected. 

Other chalcophile metals (i.e., Cd As, Ag, Sb, and Cu) closely associated with Zn are 
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incorporated in the nonstoichiometric (i.e., clay and colloform) phases. Selected 

metals (i.e., As, Sb, Mo, and Au, excluding the main enriched metals Zn, Cd, and Pb) 

are observed to have found a niche in the organic compounds (Figure 8-6; Section 

6.6.2.4). A hypothesis involving the development and evolution of nonstoichiometric 

Zn-rich phases from colloidal solutions (gels) is expounded in the subsequent 

sections (Section 8-3). 

The Zn and Fe sulfides are interpreted to undergo multi-stage textural and chemical 

transformations. For instance, textural evidence of stepwise conversions of pyrite 

from disseminated and framboidal texture to a massive polycrystalline structure has 

been observed (Chapter 5; Section 5.6.5). Also, metastable colloform Zn-rich 

precursor phases experience several chemical and crystallographic changes to 

achieve the stoichiometric sphalerite composition and crystalline configuration 

(Chapter 7; Section 7.4). The occurrence of amorphous Zn-rich phases inferred to be 

metastable precursors to crystalline sphalerite has been described in this study 

(Figure 7-13; Section 7.4). In Chapter 7, a conceptual reconstruction that explores a 

pathway for the formation of sphalerite was presented. It commences from the 

nucleation, growth, and maturation of amorphous Zn-rich precursor phases, to its 

ultimate conversion to sphalerite (Figure 7-13). Notably, this stepwise chemical 

and/or textural transformations of Fe and Zn sulfides have not been observed in Pb 

sulfides (Chapter 5; Sections 5.6.4 and 5.6.5). 

In summary, the authigenic Zn-Pb-Fe phases in the peat typically show the following 

genetic progressions: Zn-rich clayà pyrite (disseminated àframboidal àanhedral 

à polycrystalline) à galenaàanglesiteà colloform ZSOAPC àsphalerite.  

The assemblages of these authigenic minerals, which include nonstoichiometric 

phases, and the step-wise mechanisms of their formation, reflect dynamic physical 

and chemical conditions that are not necessarily in equilibrium with one another. The 

tendency of nonequilibrium or metastable precursor phases to naturally progress into 

more stable configurations in a peat is demonstrated in this study (Chapters 5 and 7; 

Sections 5.6.4, 5.6.5, and 7.4). 
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8.2.3	  Comparison	  between	  the	  features	  of	  Grieves	  Siding	  peat,	  GSCP,	  
and	  other	  Pb-‐Zn	  deposit	  types	   

Table 8-1 presents the general characteristics of the Grieves Siding peat collated 

from the results of this study. The general features of Mississippi Valley-type Pb-Zn 

(MVT), Irish-style Pb-Zn, and the underlying GSCP, which Tear (2006) considered 

as an Irish-style example, are also presented in Table 8-1. These deposit types are 

potential analogues for the Zn-Pb-rich peat because they are all considered to be 

mainly sub-surface (rather than sediment-water interface) deposits, and all can 

contain a component of mammillary ore textures. The processes and end products 

leading to the metal concentration and mineralisation in the peat show some 

similarities and differences with features of the GSCP underneath, and other 

hypogene Pb-Zn deposit types. 

The Grieves Siding peat has one main contributor of its metals (i.e., Zn, Pb, Cd, Ag, 

Cu, and Fe), and sulfur (SO4
2-) content, the underlying GSCP (Chapter 6; Sections 

6.6.1 and 6.6.2). However, the peat shows a slightly elevated Zn and Pb content 

compared to the carbonate sequences, and this slight enrichment demonstrates the 

efficacy of the peat to enhance and create metal concentrations (Chapter 6; Section 

6.6.1 and 6.6.2). It is hypothesised that these metal concentration zones could likely 

be patchy and discontinuous because the sulfide formation is strongly dependent on 

the presence of SRB colonies (Figure 8-4). Although the GSCP also derived some of 

its reduced sulfur from SRB processes to form the very isotopically negative 

diagenetic pyrite component, the influence of the SRB was not as extensive as in the 

peat. Apart from the SRB, the GSCP acquired some of its reduced sulfur from 

inorganic sources (e.g., a modified seawater source affected by an inorganic 

reduction process such as thermochemical sulfate reduction). Such scenario is 

unlikely for the peat, where SRB-produced S is the only probable source for reduced 

S. 

The means of transport of the metals and reduced sulfur as ‘ore-constituents’ differ. 

In the peat, the metals and sulfur are carried by an oxidised non-saline fresh surface 

and groundwater, whereas, in the GSCP and in most MVT and Irish-style Pb-Zn 

systems, oxidised brines are responsible for metal transport. Fluid flow in the peat is 

controlled by topographic gradients, whereas a combination of topography and burial  
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Figure 8-4 Conceptual diagrams showing the development of the Grieves Siding peat through 
karstic dissolution and sinkhole formation in the underlying GSCP. It is predicted that overtime, 
this peat-filled sinkhole is moving the point of mixing of SRB zone and acid water, to form a 
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or over pressurisation of tectonic fluids could drive the fluids in MVT and Irish-style 

systems (Table 8-1). The temperature of mineral formation in the peat is far lower 

(12 to 15 °C; Section 6.2) than the temperature established for the GSCP or most 

other basinal Pb-Zn systems (90 to 280 °C; Table 8-1). The GSCP is also said to be 

formed at a higher temperature setting around 150 °C (Table 8-1; Glover, 1996). 

The mineralogy in both the peat and GSCP consists predominantly of sphalerite, 

galena and pyrite. Although the colloform ZnS species in the peat showed no 

associated brecciation or other signs of diagenetic processes, the overall colloform 

texture is consistent with some open space fill, and replacement of original carbonate 

(host rock) scaffold (Table 8-1; Glover, 1996). However, a marked difference 

between the two is the occurrence of nonstoichiometric Zn- and S-bearing phases in 

the peat, which are deemed to be precursor phases to stoichiometric sphalerite. These 

are absent in the GSCP. The incorporation of Al, O, Si, and C in these phases, and 

the stepwise formation of sphalerite originating from these metastable precursors, are 

also exclusive to the peat. These nonstoichiometric Zn-rich and S-bearing precursors 

exhibit colloform texture but in an amorphous and semi-crystalline1 (gel) state as 

compared to the crystalline structure of sulfides in the GSCP ore minerals (Glover, 

2006). Moreover, the ZSOAPC particles and sphalerite in the peat did not show any 

dissolution marks, which could indicate that these mineral phases are at the early 

stages of their formation, and have not undergone diagenetic or weathering 

processes.  

With these, it is therefore proposed that the peat is a different deposit from the 

underlying GSCP, rather than being a weathered equivalent of the carbonate 

sequence. The peat is also found to have formed by mechanisms that show 

differences compared to many sub-surface Pb-Zn deposits. Hence, the Grieves 

Siding peat could be considered as an ore deposit-type in its own right. Since the peat 

is also precipitating primary sulfide minerals in a supergene environment, it could be 

a suitable analogue for hypogene deposits such as low-temperature Pb-Zn carbonate 

deposits and other sulfide ore-hosting, low- to intermediate-temperature, 

carbonaceous sedimentary environments. 

                                                
1 semi-crystalline is a term used in this study to describe a mixture of crystalline particles and an 
amorphous matrix    
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Table 8-1 Summary of the characteristics of MVT and Irish-type Zn-Pb deposits in comparison to the Grieves Siding carbonate prospect and the examined Grieves Siding 
peat. Data adapted from a Leach and Sangster (1994); b Hitzman (1995 ); c Glover (1996); and d this study. 
 
Feature MVTa Irish-typeb Grieves Siding  

carbonate prospect (GSCP)c 
Grieves Siding peatd 

Metal grades 
 

Zn: 2 - 6 wt. %; 
16 wt. % (max) 
Pb: 1 - 3 wt. %   
Ag: < 40 g/t 
Cu: low 
 

Zn: 2-16 wt. % 
Pb: 0.2 - 6 wt. %   
Ag: < 40 g/t 
Cu: low 
 

Zn: 10.6m @ 17.8 wt. % 
Pb: 4m @ 5.4 wt. % 
Ag: low 
Cu: low 
 

Zn= up to 27.2 wt. % 
Pb= up to 3.8 wt. % 
Cd= low; up to 308.12 ppm 
Ag= low; up to 21.9 ppm 

Mineralogy 
 

Sulfide: low Fe sp, gn, py, 
marc ± cp, bn 
Gangue: dol, cal, minor qz± 
fl, bar 

Sulfide: low & high Fe sp, 
gn, py, marc, minor ten, cp ± 
bn 
Gangue: dol, cal, minor qz± 
ba, sid 

Sulfide: low Fe sp, gn, py, 
marc ± cp, bn, cv, sm, mag, 
rho 
Gangue: dol, sid ± ba, calcite, 
hem 
 

Sulfide: sp, gn, py 
Nonstochiometric phase: ZSOAPC1 and Zn-rich 
aluminosilicates 
Gangue: detrital minerals such as qtz and clay 
grains;  
Prevalent association with bacterial cells and 
colonies, and their organic by-products 
 

Characteristic 
textures 
 

Colloform sulfides, “snow-
on-roof”, open space fill, 
carbonate replacement, 
breccia rims, multiple sp 
dissolution-precipitation, 
internal sediments 
 

Massive sulfides, carbonate 
replacement, colloform 
sulfides, multiple sp 
dissolution-precipitaiton ± 
internal sediments 

Colloform sulfides, open 
space fill, minor carbonate 
replacement, multiple 
sphalerite, dissolution- 
precipitation. 
 

Colloform sulfides in open space, i.e., spheroid 
aggregates or botryoidal texture, amorphous or 
semi-crystalline microparticles, microcrystals, 
framboids, and anhedral crystals 

Characteristic form 
 

Irregular breccias, veins, 
lesser carbonate replacement 
and semi massive 
stratabound 

Massive stratabound to 
strataform lenses with 
associated “feeder” zones 
typically with halo of veinlet 
and disseminated 
mineralisation 

Stratabound lenses, with 
minor Mn and Ba halo. Black 
matrix dolomite breccia 
variably silicified.  

Possibly lenses in peat, possibly controlled by the 
presence of SRB colonies 
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Associated with  
dolomitisation 
 

Many districts associated 
with a pre-mineralisation 
dolomite  
 

Intimate relationship of 
regional and alteration 
dolomitisation  

Diagenetic and pre-
mineralisaiton dolomite 
 

Post-dolomitisation; peat formation possibly 
associated with the weathering of the carbonate 
sequence 

Metal source Sediments and/or basement In dispute: sediments or 
basement 

Sediments and/or basement -Mainly from underlying Pb-Zn bearing carbonate 
sequence (GSCP) and surrounding volcanic rocks  
-Sediments and/or basement 

Sulfur source 
 
 

Variable: TSR of evaporates 
or seawater sulfate; many 
districts probably had 
mixing of isotopically heavy 
and light S, biogenically 
reduced source 

Probably two sources: i) 
isotopically heavy reduced 
source with metals; ii) 
isotopically light 
biogenically reduced source 

Probably three sources: i) 
modified seawater source; ii) 
inorganically reduced source; 
iii) biogenically reduced? 
Diagenetic source 
 

Probably two sources: i) isotopically heavy sulfur 
derived from the weathering of underlying 
hypogene sulfides in carbonate and volcanic rocks 
ii) isotopically light sulfur from biogenically 
reduced sulfate, carried by oxidising and sulfate-
bearing surface and groundwaters 

Temperature of 
formation 

90oC – 150oC 
 

100oC –280oC 
 

130oC – 173oC,  
mean = 150oC 

Ambient surface conditions of western Tasmania, 
around 12 to 15 °C as the annual temperature of 
Grieves Siding peat area 
 

Fluid salinity 15-20 eq. wt. % NaCl 10-24 eq. wt. % NaCl  2.5 – 4.3 eq. wt. % NaCl  
mean = 3.5 

Non-saline; mineralising bulk fluids are fresh 
surface and groundwaters; non-saline and metal-
bearing pore waters in the double-layer of the 
substrate are also implicated in the mineral 
precipitation. 
 

Fluid flow 
mechanisms 
 

Topography, tectonic, 
episodic overpressuring, 
thermal convection 

Deep convection or 
topography  
 

Convection, topography, 
diagenetic compaction 
 

Topography; surface and groundwater flow driven 
by the differences in hydraulic heads or 
topographic gradients  
 

Timing of 
mineralisation 

Late diagenetic or younger; 
most probably related to 
tectonic events much 
younger than depositional 
age of host successions 

Probably diagenetic related 
to tectonic uplift. Some 
workers favour a 
synsedimentary or early 
diagenetic age 

Late diagenetic related to 
Benambran Orogeny 
 

Post-formation of peat; possibly commencing in 
the Holocene, and still ongoing up to present time; 
Zn-Pb-Fe-sulfides and other authigenic minerals 
are epigenetic in the peat 
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8.3 Colloids (gel) in the peat 

8.3.1	  Are	  the	  colloform	  Zn-‐rich	  phases	  in	  the	  Grieves	  Siding	  peat	  of	  
colloidal	  origin? 

Whether colloform minerals are precipitated from a colloidal solution (gel) or a true 

solution has remained a conundrum up to this day (Sections 4.1; 4.1.7.2). Several 

criteria have been suggested by Guilbert and Park (2007) to distinguish the origin of 

colloform textures; these are the: (i) colloidal size of particles; (ii) spheroidal 

structure, which is deemed to be due to surface tension; (iii) shrinkage cracks, 

resulting from the aging of the supposed gel; (iv) amorphous or non-crystalline 

structure; (v) diffusion bands or Liesegang rings; (vi) chemical heterogeneity of the 

bands; and (vii) colloidal state as a necessary intermediary during condensation 

(Section 4.1.7.2). These distinguishing features are used here to determine whether 

the colloform ZSOAPC1 particles in the peat originate from a colloidal solution (gel).	  
The examination process involves reviewing the textural, chemical, and 

crystallographic characteristics of the colloform particles (Chapters 5 and 7), and 

comparing them to the benchmarks of Guilbert and Park (2007) presented earlier.  

8.3.1.1   Colloidal size of particles and spheroidal form 

The colloform ZSOAPC particles in the peat generally display quasi-spheroidal to 

spheroidal form (Figure 5-3A; Appendix D-3), and ranging in size from <1 µm–1 µm 

(Table 5-3). The aggregation of these spheroids results in a botryoidal structure 

(Figure 5-3A; Appendix D-3), with sizes from 10 µm to 25 µm (Table 5-3). A closer 

examination of the individual spheroids reveals that they further consist of much 

smaller and porous microparticle aggregates (<1 µm; Figures 8-5), which lie within 

the size range of colloidal particles (1 nm –1 µm; Table 7-1). These microparticles 

are commonly near-spherical, but in some cases are cotton-like, in which case they 

display ellipsoidal and asymmetric shapes (Figure 8-5).   

                                                
1 ZSOAPC is an acronym used in Chapter 5 for botryoidal/colloform particles that are composed 
predominantly of Zn, S, O, Al, Pb, C, possible H, minor Si, Fe, Cd, and trace Cu, Ag, Sb, and As. The 
textural terms botryoidal and colloform are used interchangeably in this dissertation. In Chapter 7 
manuscript draft, this phase is referred as (Zn-organic) ZO for easy reference.  



Chapter 8 –  Genetic model and roles of colloids and microorganisms  
 

 
218 

Some ZSOAPC particles with 

colloidal sizes (<1 um) are also 

observed within the bacterial 

cells (Figures 5-3F and 8-8). 

These colloid-sized particles are 

assumed to be nuclei or seeds of 

nucleation within the bacterial 

cells as their nucleation sites 

(Section 8.3.2.2.2; Figure 8-8), 

in addition to the Zn-rich clay 

substrate (Section 7.3.1.1; 

Figures 7-2 and 7-4). These 

unbanded particles are deemed 

newly formed and at an early 

state of the ZSOAPC phases. 

 

8.3.1.2    Shrinkage cracks 

Cracks are common in the colloform ZSOAPC particles (Figures 7-4, 7-5, and 

Appendix D-3). The possibility that sample preparation produces these cracks is 

always carefully considered in the interpretation. However, an example of cracks, 

which are products of particle dehydration and shrinkage rather than sample 

preparation effects can be seen in Figures 7-5B and 7-5C.  A colloform ZSOAPC 

sample, which initially did not show cracks (Figure 8-6A), has developed cracks 

when the epoxy mount holding that grain was left at room temperature for a month 

(Figure 8-6B). The newly formed cracks are interpreted to be results of natural 

shrinking by dehydration as part of the maturation process of the colloform ZSOAPC 

that ultimately converts to sphalerite (Section 7.4.2). The clay substrate in the early 

colloform also showed cracking (Figure 8-6A), however, the crack developed later 

(Figure 8-6A), does not seem to follow the crack from the clay.  

 

0.5 μm

Figure 8-5 An enlarged view of Figure 7-5, which shows 
that the ZSOAPC spheroids are further composed of cotton-
like and porous particles of <1 um size.  These ZSOAPC 
particles with no bands and with smaller size represent the 
early (young) state of ZSOAPC. 

0.5$μm$
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8.3.1.3    Amorphous and semi-

crystalline structure 

The colloform ZSOAPC particles did 

not show any distinct electron 

backscatter pattern (EBSP; Figures 7-

6G and 8-7; Appendix D-5). The 

absence of an EBSP strongly 

indicates that the phase has low 

crystallinity and is potentially 

amorphous at a microscopic level. 

The microparticles (Figure 7-6D) that 

are spatially associated (Figure 7-4F) 

and commonly occur at the core of 

the colloform samples (Figure 7-6D) 

show weak EBSP corresponding to 

sphalerite (Figure 7-6F). These 

microcrystalline structures are 

speculated to represent a developing sphalerite (Section 7.4.2) and reflect the initial 

conversion of a disordered phase into an ordered one, similar to those described in 

studies investigating precursor phases (Nielsen et al., 2014, Benning and Waychunas, 

2008). This observation is also consistent with the proposed nucleation and growth 

process of microcrystalline structures within an amorphous medium (Boydell, 1924, 

Stanton, 1989). Moreover, an experiment by Lagzi and Ueyama (2009) demonstrated 

the transformation of amorphous Liesegang rings to crystalline products, which is 

potentially applicable to this study.  

Based on the X-ray diffraction data, modelling, and calculations using the Scherrer 

equation for diffracting crystallite sizes (Stock and Cullity, 2001), the colloform 

grains consist of 14.8 nm size particles, which is approaching nanocrystalline 

dimensions (Appendix D-1). This observation is consistent with the earlier 

suggestion earlier that colloform ZSOAPC particles are composed of nanocrystalline 

to microcrystalline particles within an amorphous mass. Given that the smaller 

Figure 8-6 (A) A translucent colloform ZSOAPC 
phase without a crack displays a distinctive 
cracking  (B) after a month at room conditions. (B) 
The colloform ZSOAPC is also showing an 
opalescent appearance, similar to an ageing gel.  
These images also appear in Figures 7-5B-C. 

B 

A 

5 μm  

5 μm  
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particles occur within the hypothesised amorphous mass (matrix), it is therefore 

reasonable to assume that the colloform ZSOAPC also has a semi-crystalline nature. 

The Raman spectral data on the colloform ZSOAPC particles did not show any 

distinct and identifiable signatures (Appendix D-6), which could also confirm the 

lack of a fully crystalline configuration and indicate a disorganised molecular 

structure of the ZSOAPC particles.  

8.3.1.4 Chemical heterogeneity of the colloform bands 

The colloform ZSOAPC incorporates Zn, S, with O, Al, Si, Pb, Fe, Cd (Table 7-2), 

and light elements such as H and C as well as trace Cu, Ag, Sb and As. The C signal 

has been consistently observed in the element maps (Figures 5-6 and 7-10), while the 

FTIR spectra and maps of the colloform samples display signatures correlating to 

H2O and organic C phases (Figure 7-9). Natural specimens of sphalerite, not limited 

to colloform ones, tend to exhibit a wide range of compositional variations, 

incorporating a range of cations such as Mn, Fe, Co, Ni, Cu, Ga, Ge, As, Mo, Ag, 

Cd, In, Sn, Sb, W, Au, Hg, Tl, Bi and Pb (e.g., Di Benedetto et al., 2005, Cook et al., 

2009, Ye et al., 2011). However, to the best of our knowledge, associations of 

sphalerite with O, Al, Si, C, and H have not been reported before.  

Element profiling (Figure 5-7) and element mapping (Figures 5-6 and 7-10) of the 

colloform particles revealed that the brighter bands are generally characterised by the 

enrichment of Zn and S, which has a collectively heavier molecular weight compared 

to the lighter cumulative weight of O, Al, Si, and C that are noted in the darker 

bands. The demarcations of the bright and dark bands are often not distinct and 

somewhat diffuse. In some cases, Zn has been observed in element map to diffuse to 

the dark bands (Figure 7-10). Other metals (i.e., Cd, Cu, Ag, Fe and Pb) are also 

detected, however, their associations with the ZnS and O-Al-Si in the colloform 

bands are not clear (Figures 5-10; 7-10). However, in the bulk samples, there is a 

positive correlation between the chalcophile elements (i.e., Pb, Cd, Cu, and Ag) and 

Zn (Table 6-6). As BSE is dominated by the major element composition, variations 

in trace metal compositions are generally not visible in BSE images. It is therefore 

possible that the BSE map signals of the trace metals are masked by the stronger 

BSE signal of Zn.  
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The EPMA spot measurements of the colloform ZSOAPC samples showed positive 

correlation between Zn and S, and negative to no correlations between Zn and O, Al, 

Si, Pb, and Fe (Figure 7-7). A good correlation is consistently observed between O 

and Al, and weak and sometimes erratic correlation between O and Si (Figure 7-7). 

Comparisons with the average composition of the sphalerite samples from the 

studied peat and the colloform phase reveal that the most remarkable difference 

between the colloform phase and sphalerite is best seen in the dark bands where O, 

Al, Si, and C are pervasive (Figure 5-7). To the best of my knowledge, the collective 

predominance of O, Al, Si, and C in the dark bands, has not been reported in other 

studies that examined the characteristics of the ZnS colloform bands (Roedder and 

Dwornik, 1968, Katsev et al., 2001, Barrie et al., 2009, Pfaff et al., 2011). 

Most colloform ZSOAPC phases are also detected with distinct CL luminescence 

contrast between bands (Figure 5-4E; Appendix D-4). The marked contrast in the 

degree of luminescence throughout individual bands typically denotes variation of 

5 μm 5 μm

10 μm No EBSP

Figure 8-7 (A) SEM (B) forescattered detector (FSD) images of ZSOAPC spheroid. Both the dark 
(white arrow) and bright (black arrow) colloform bands did not show any EBSP in (D) suggesting 
that the phase could be amorphous or semi-crystalline. The dark bands also appear to be indented 
than the brighter bands. (C) SEM image of spheroidal aggregates of ZSOAPC, also with the dark 
bands showing as dents. The dark and lighter bands also did not display any EBSP. More EBSD 
results in Appendix D-5. 

B A 

C D 
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defect concentrations in the same structure, but in some cases, the CL bands also 

indicate different structures (Müller, 2000). Defects could be vacancies (atoms 

missing from the lattice), zoning and internal structure of solids, substitution 

(incorporation of trace elements), and complexes (Müller, 2000). In the case of the 

colloform samples in the peat, the luminescence variances seemingly coincide with 

the differing compositions of the bright (Zn- and S-rich) and dark bands (O, Al, Si, 

and C bearing). 

8.3.1.5    Liesegang-like pattern of the bands 

There are several explanations for the formation of colloform bands in sphalerite, 

one of which is the sequential growth of layers or bands composed of different 

sulfides (i.e. sphalerite, pyrite, galena), which is analogous to the periodic 

precipitation reminiscent of the “varve-like” or “annual ring” process (Roedder, 

1968). This is commonly attributed to the changing chemistry of the metal- and 

sulfur-bearing fluids. Other studies also demonstrate that darker bands are correlate 

to elevated Fe content and other divalent cations that are substituting for Zn in the 

structure (e.g., McLimans et al., 1980, Fowler and L'Heureux, 1996, Beaudoin, 2000, 

Di Benedetto et al., 2005, Pfaff et al., 2011). In this light, ionic substitution of Zn by 

divalent cations can result in chemical layering in sphalerite. Other suggested causes 

of the banding are the presence of organic compounds (Roedder, 1967), and deviance 

from a stoichiometric ZnS composition due to excess S or excess Zn (Togari, 1961, 

Uchida, 1964). Colloform banding created by reaction-diffusion processes that occur 

in an amorphous mass, for instance a gel medium, is also proposed, and is typically 

linked to a colloidal origin for the colloform minerals (Katsev et al., 2001). 

In the Grieves Siding colloform samples, both the dark and light bands of the 

colloform did not display any EBSP (Figure 8-7). This suggests that both the dark 

and light bands could be part of a single amorphous or semi-crystalline mass rather 

than developing by any of the mechanisms discussed above.  

Here, the colloform bands are postulated to form within an amorphous mass by 

reaction-diffusion process (Section 7.4.1; Figure 7-13-S3), similar to the Liesegang 

ring formation process. This mass is possibly represented by the unbanded (newly 

precipitated) ZSOAPC particles (Figure 8-5), and/or the bacterial colony or biofilm, 
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which are mineralised and encrusted by ZSOAPC (Figures 7-3B and 8-8). In a 

heterogeneous multi-element system such as clays, gel, or aqueous systems, it has 

been observed that the reaction-diffusion of metal ions and reduced sulfur could give 

rise to sharp bands of metal sulfide precipitates (Sections 4.1.6.2 and 7.4.1; Temple 

and Le Roux, 1964, Weiss and Amstutz, 1966, Gregory et al., 2014). This 

mechanism is postulated to have occurred in the colloform samples. The partitioning 

of Zn and S is deemed responsible for producing the bright bands representing the 

developing ZnS. This is induced by the affinity of S and Zn, coupled by the elevated 

concentration of Zn. The dark bands, on the other hand, encompass H2O as the 

medium, which possibly carries the Al, Si, O, C, and other trace metals. The dark 

bands are deemed to constitute the heterogeneous (gel) medium, similar the 

Liesegang ring formation experiments. The elements Al, O, Si, C and H are not 

detected in sphalerite, hence, these components of the dark bands are likely expelled 

during the maturation process of the colloform ZSOAPC, towards its conversion to 

sphalerite (Figure 7-13). In some cases, the dark bands are also seen with fibrous and 

coarse aggregates (Figure 7-4), which are deemed to be part of a degraded biofilm 

(Figure 7-4). Based on these observations, the influence of organic matter in the 

formation of bands as suggested by Roedder (1967), may also hold true here. The 

role of biofilms in the formation of minerals in the peat is presented in the 

subsequent section (Section 8.4). 

Aside from the self-organisation and diffusion of particles presented above, the 

possibility that the individual bands could likely be initiated by periodic 

accumulation of layers of colloidal material is also being considered in some cases. 

This alternative scenario could likely occur in places where development of 

colloform ZSOAPC particles is not affiliated with biofilms, and chemical changes in 

bulk waters may instead control the build-up of the colloform layers. 

Ionic substitution in solid solution is the common mechanism of the incorporation of 

divalent cations (Viets et al., 1992), particularly for those elements with atomic sizes 

similar to Zn. Substitution in solid solution is highly unlikely in this case because of 

the discrepancies in the atomic sizes of O, Al, Si, and C compared to Zn, which 

could not fit in the tight structure of sphalerite. 
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8.3.1.6    The colloidal state as a necessary intermediary stage in the sphalerite 
formation 

Guilbert and Park (2007) argue that a definitive criterion for a colloidal (gel) origin is 

a demonstration that a material exhibits a sequence from less ordered to more 

ordered crystal structure during aging, as is well established for some cherts. Stable 

crystalline minerals at low temperature commonly experience difficulty in directly 

nucleating due to the energy barrier or high activation energy necessary to initiate 

nucleation. This condition requires the mineral to pass through an intermediate stage 

utilising a precursor phase that acts as a template for their growth (Steefel and Van 

Cappellen, 1990). A precursor phase, usually metastable, which commonly exhibits 

amorphous or non-crystalline structure, and has a chemical composition distinctive 

from that of the final stable mineral, is typically favoured in a low energy surficial 

environment, for example, peat. The precursor phase characterised by smaller 

interfacial free energies and a lower nucleation energy barrier is considered to more 

easily instigate nucleation compared to the stable minerals (Steefel and Van 

Cappellen, 1990). This explanation follows the Ostwald Step Rule (1897) or the ‘rule 

of stages’, which theorises that for a sequential reaction in a mineralising system, the 

first phases to precipitate are the thermodynamically least stable (more soluble) 

phases, followed by the more stable phases in order of increasing stability. The 

Ostwald step rule (1897) also states that the first-formed precipitate exhibits similar 

structure and composition as the parent solution. Hence, it is possible that the 

composition of the mineralising fluid or the precipitating medium of the colloform 

phase is a metal-rich and O-Al-Si-C-bearing fluid containing organic components.  

The consistent close spatial association of the ZSOAPC particles to the clay substrate 

(Figures 7-2, 7-6A, and Appendix D-3) indicates that the colloform ZSOAPC phases 

are growing within a microenvironment of the clay, possibly in the double layer or in 

the rock-water interface of the substrate. Disaggregation of the substrate is common 

in water and the rock transition zone and may have been influenced by microbes 

(Konhauser and Urrutia, 1999). With the clay’s interaction with water, this double-

layer region is deduced to consist of metal-rich (e.g., Zn, Pb, and Fe), O-Al-Si (as 

dissolved clay components), and organic-bearing solution. This solution, which 

closely resembles the composition of ZSOAPC particles, is hypothesised to be the 

parent solution (in gel form) of the ZSOAPC particles. 
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The development of the ZSOAPC particles as proto-sphalerite occurs in a step-wise 

manner commencing from the nucleation of these precursor ZSOAPC phases to 

multiple stages of growth and maturation process, then culminates in the conversion 

of these precursor colloform phases to sphalerite (Sections 7-4.1 and 7.4.2; Figure 7-

13). The proposed multi-step process commences with the heterogeneous nucleation 

of amorphous and/or semi-crystalline, metastable ZSOAPC microparticles on and 

within a clay substrate. In places where bacterial colonies and biofilms are present, 

they facilitate intracellular and extracellular nucleation and growth of the ZSOAPC 

phases. Particle growth follows, also through several events of aggregation, 

coalescence, and reaction-diffusion within the pre-existing ZSOAPC particles. 

Reaction-diffusion within the particles results in internal colloform banding, whereby 

Zn and S (bright bands) segregate from the impurities, i.e. O, Al, Si, C and other 

metals (dark bands). Maturation is marked by phase contraction through dehydration, 

compositional homogenisation (ZnS purification) by expulsion of the impurities, and 

densification of the phase. Aged phases ultimately undergo conversion to crystalline 

sphalerite. 

8.3.2	   Origin	   and	   roles	   of	   the	   colloform	   ZSOAPC	   particles	   in	   the	  
mineral	  formation	  

The colloform ZSOAPC particles are interpreted to comprise multiple 

nonstoichiometric phases or associations. Based on the significant affinity of Zn and 

S to each other, the dominant phase is speculated to be close in composition to ZnS 

as a developing sphalerite. The second phase is presumed to be an O-Al-Si phase, 

which may be inherited from a disaggregating clay substrate (i.e., baileychlore, Zn-

rich aluminosilicate, and clay Zn-rich phase originally by breakdown of hypogene 

clays in the dissolved underlying Ordovician carbonates). Other phases are possibly 

H2O and organic C compounds as indicated by the H2O bending and C-H functional 

group signatures seen in the infrared spectra (Figures 7-7) and mapping (Figures 7-

9). The H2O component is deemed to be the continuous medium (in a colloidal 

solution or gel) wherein all the previously mentioned phases such as the developing 

(Zn and S), and disaggregating phases, (Al, Si, and O) and organic components are 

dispersed. The organic C signature in the colloform ZSOAPC may be from bacteria 

and their by-products.  
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In this light, and based on (i) the particle size, which is within colloidal size range; 

(ii) the spheroidal shape of the particles; (iii) the low crystallinity and potentially 

amorphous nature of colloform particles; (iv) the presence of cracks due to particle 

dehydration and shrinkage; (iv) the formation of Liesegang rings by reaction-

diffusion process; and (v) the step-wise pathway of the nucleation and growth of the 

colloform ZSOAPC particles, which originate from an amorphous precursor. It is 

therefore concluded that the colloform ZSOAPC particles originated from a colloidal 

solution (gel), and in some samples are still a maturing gel. Sphalerite is interpreted 

as the end product of the ZSOAPC maturation process. 

The gel structure of the ZSOAPC phases has enhanced the sequestration and fixation 

of the metals into the peat. Aside from the Zn and S, the ZSOAPC gel particles also 

host numerous trace metals (i.e., Pb, Cd, Fe, Cu, Ag, Sb and As). It is also posited 

that the gel structure of the ZSOAPC together with the bacterial influence (Section 

8.2.2.2) enables and catalyses the sulfide formation (i.e., ZnS) in an oxidising surface 

environment. It is possible that the described gel origin of sulfides is not restricted to 

Grieves Siding, but also applicable to other sulfides, which are formed in close 

association with clay minerals at low- and intermediate temperature environments. In 

these settings, sulfides (e.g., sphalerite) could possibly pass through a gel stage at the 

early stages of formation before assuming the final crystalline configuration. 

8.4   Microorganisms in the peat 

The textural, chemical, and crystallographic characteristics of bacteria-like structures 

(Chapters 5 and 7) are also re-examined here to assess the nature and roles of 

bacteria in the mineral formation. 

8.4.1	  Sulfate-‐reducing	  bacteria	   

Several aggregates of capsule-like structures (Figures 5-3E, 5-3F, 7-4A-C, and 7-12) 

are observed to be spatially associated with the colloform ZSOAPC phases. These 

structures are also encrusted with ZSOAPC matching the composition of the 

colloform particles (Figures 5-5A and 7-12). The dimensions of the capsule-like 

structures (0.5 to 2 µm diameter; Figure 7-14A) are comparable to that of bacteria 

(e.g., Figure 7-14A), and its aggregates resemble a colony of sulfate-reducing 

bacteria (SRB) in a biofilm (e.g., Figure 7-15 and 4-19; Section 4.2.2). Lastly, the 
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concentration of 32S-rich sulfides in the peat is consistent with the activity of SRB 

under conditions of incomplete reduction, assuming that the bedrock galena and 

sphalerite (δ34S= 20.9‰ to 21.4‰) are the main source for S. It is therefore 

postulated that the aggregates of these capsule-like structures represent SRB 

communities. The distinct textures of the ZSOAPC phases, particularly the 

individual spheroids and spheroidal aggregates or botryoids (Figure 5-3) exhibit 

morphological congruency to the Zn sulfides found in some other bacteria-

favourable, organic-rich, and low-temperature terrestrial environments, such as in 

other metalliferous peat deposits (Smieja-Król et al., 2010, Yoon et al., 2012), and in 

a biofilm growing in the abandoned Piquette Pb−Zn deposit (Labrenz, 2000, Moreau 

et al., 2004). All of these Zn mineral-forming sites are linked to SRB. The chemical 

and morphological resemblance, and the spatial association between the mineralised 

spheroids and capsules, and the colloform particles (Figures 5-5A), suggests that 

SRB extended significant contributions from SRB to the formation of sulfide 

minerals and other nonstoichiometric sulfur bearing phases in the Grieves Siding 

peat. 

8.4.2	  Roles	  of	  SRB	  in	  the	  mineral	  formation	  	  

8.4.2.1 Production of reduced sulfur 

At low temperature (<100 ºC), sulfide mineralisation is linked to dissimilatory 

bacterial sulfate reduction (Benning et al., 2000, Konhauser, 2009), and this scenario 

is most likely to be applicable to the Grieves Siding peat. As an organic-rich surface 

deposit (1 to 24 m bgl) with an annual temperature ranging from 12 °C to 15 °C 

(Bureau of Meteorology, 2011), the most plausible source of the reduced sulfide in 

the peat is associated with the dissimilatory SRB reduction of sulfate from the 

surrounding waters (Section 6.6.2.1.2). Moreover, the shallow groundwater 

temperature at Rosebery is determined to be at around 10.8 °C (Evans, 2009), which 

further substantiates the Grieves Siding site and its waters to have low temperature.  

The assumption that sulfate is reduced by SRB is also supported by the bulk S-

isotope composition of the peat, which showed an intermediate range (δ34S= -1.57 ‰ 

to 10.00 ‰; Section 6.5.1.2 and mentioned above), attributed to incomplete 

reduction of oxidised GSCP sulfides by SRB (Section 6.6.2.1.2). The SRB are 

deemed to be the main factory for reduced S in the peat, and consequently, a main 
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contributor in the formation of sulfide and sulfur-bearing phases such as colloform 

and microparticles ZSOAPC, sphalerite, galena, and pyrite.  

While most of the colloform ZSOAPC and sphalerite occur in close spatial 

association with bacterial cells and biofilms, there are a few colloform ZSOAPC 

particles that are formed far from bacterial structures (Figure 7-5; Appendix D-3). 

Nonetheless, these colloform particles derive their reduced S from SRB, and 

precipitate in the same manner as those that are associated with the biofilms 

following the stepwise formation pathway of ZSOAPC to sphalerite (Figure 7-13). 

There is also a strong possibility that other species of bacteria aside from SRB thrive 

in the peat. However, bacterial fingerprinting is beyond the scope of this study. 

8.4.2.2 Nucleation sites and catalysts of mineral formation 

A detailed examination of individual cells showed the encrustation and 

mineralisation of the cell walls and internal structure (cytoplasm and its components) 

of bacteria by ZSOAPC (Figures 7-4, 7-19, and 8-8). Aggregates of ZSOAPC micro-

particles (<1 µm) are also observed inside the bacterial cells (Figures 7-19 and 8-8). 

These are inferred as seeds or cores of nucleation (Section 7.4.1). The bacterial cells 

are considered favourable nucleation sites because the metals complexed in its cells 

react more efficiently with dissolved sulfide compared to a pure water environment 

(Mohagheghi et al., 1985). The chemical microenvironment created by the bacteria 

within the biofilm may also enhance the physiochemical conditions and catalyses the 

sulfide formation (Maclean et al., 2008). The components of ZSOAPC (i.e., Zn, O, 

2.5$μm$

Figure 8-8 An enlarged view of Figure 7-4B highlighting the spatial associations of bacterial cells 
in a biofilm, and the colloform ZSOAPC phases. Both the bacterial cell walls, and the cytoplasm 
inside are mineralised with ZSOAPC (bright in BSE). A newly developed colloform (arrow) from 
the degradation of bacterial cells and aggregation of ZSOAPC particles is observed. 
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Al, Pb, and C; Section 7.3.1.2) are derived from the Zn-rich clay substrate as 

adsorbed constituents upon its interaction with the bulk fluid. These cations are 

released from and precipitated on the substrate, in the same way as the coupled 

dissolution-precipitation processes studies (Ruiz-Agudo et al., 2012, Steefel and Van 

Cappellen, 1990). Such processes involve the dissolution of the substrate upon 

contact with water, and subsequent precipitation of the ZSOAPC particles, which 

probably occurs at the rock-water interface (double-layer). The double-layer hosts 

the concentrated Zn and reduced S from the SRB to supersaturation, hence inducing 

the heterogeneous nucleation of the ZSOAPC particles on the clay substrate (Section 

7.4.1). Some of the dissolved and released elements from the Zn-rich substrate may 

have been adsorbed into the bacterial cell walls by diffusion. The adsorption is 

assumed to result in a local concentration of Zn, which then combines with S to 

reach Zn-S-gel supersaturation, commencing the nucleation process. The nucleation 

and the entire process of growth within the bacterial cells occur within the clay in the 

interstitial layer. A particular role of the clay may be to take up Zn, thus reducing 

toxicity for the live microbial layers. This explains the close association of the clay, 

bacterial colonies and the ZSOAPC particles (Figure 8-9). The clay substrate and the 

Al, Si, O, and C components mark the difference between the colloform ZSOAPC in 

the peat and other biogenically catalysed ZnS (i.e., Labrenz et al., 2000, Zbinden et 

al., 2001, Yoon et al., 2012). Other biogenic ZnS show almost pure sphalerite or 

wurtzite compositions, whereas the ZSOAPC colloform in the peat carries other 

additives, which is deemed to be caused by bacteria and the clay substrate. 

The evolutionary development of ZSOAPC particles is best depicted in Figure 7-4, 

and the conceptual mechanisms involved in the ZSOAPC formation are presented in 

Figure 7-13. The enlarged view of Figure 7-4C in Figure 8-9 shows (A) a region that 

marks the early stage of the ZSOAPC formation where formation of nuclei and their 

growth to a critical (insoluble size) occur inside the bacterial cells in a biofilm. The 

(B) region shows a more mature configuration as colloform ZSOAPC phase in a 

separate biofilm. The space between A and B represented by (C) could be caused by 

a semi-permeable organic membrane that encapsulates every biofilm. These 

colloform particles are inferred to be products of multiple stages of aggregation, and 

coalescence of the ZSOAPC particles as well as reaction-diffusion of its components 

to achieve equilibrium (Chapter 6). The textural conversion of the capsule to 
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colloform ZSOAPC phases depicts the tendency of materials to convert into a more 

stable configuration (capsule to colloform). In the process of transformation, the 

mineralised bacterial cells are seen to degrade or dissolve as the material converts 

into a colloform. The B region also appears like crushed up "shells" of dead bacteria 

(Goemann, 2016), which first get mixed with clay (B') and then get compacted over 

time (lower part of B). Organic traces of that biofilm are expelled as it converts into 

a pure sphalerite (Figure 8-10; Figure 7-13). 

The stepwise development of ZSOAPC particles as precursors to sphalerite occurs 

entirely in a biofilm (Figure 7-3). Here, the biofilm is seen to be a favourable site for 

the sulfide precipitation, and possibly creates a closed or semi-closed system that 

allows the reaction-diffusion processes for band development, and eventual 

transformation to sphalerite to proceed without interruptions or influences from the 

external environment. The biofilm also protects the developing particles from 

oxidation, hence, enabling the seeds of nucleation to grow by aggregation.  

 

2.5$μm$

Figure 8-9 An enlarged view of Figure 7-4C showing the different textures of ZSOAPC, which 
represent different stages of ZSOAPC development. (A) Capsule-like textures are mineralised 
bacterial cells that are sites of nucleation. These structures mark the onset and the early stages of 
ZSOAPC formation. (B) Colloform texture representing a mature ZSOAPC towards its conversion 
to pure ZnS (brighter in BSE and smoother in texture). (B’) A dark colloform band, which consists 
of O, Al, Si, and C, separated from Zn and S likely by a reaction-diffusion process. The fibrous 
particles in B and B’ are deemed to be biofilm relics, which are more notable in the dark bands. (C) 
Gaps between the two bacterial communities or biofilms (A and B) are assumed to be due to the 
organic membrane covering the biofilms. 

A 

B 
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8.4.2.3 Organic templates 

The majority of the pyrite in the Grieves Siding peat is postulated to form through 

textural conversion from disseminated pyrite microparticles to framboidal pyrite, 

then ultimately to a massive polycrystalline pyrite (Figure 5-9). However, there are 

isolated framboidal pyrites that are presumed to form within an organic template. 

Such framboids show a distinct circular outline (Figures 5-9E and 5-9G), which were 

absent on most framboids (Figure 5-9G). The circular outline of these framboids 

(Figures 5-9E and 5-9G) is hypothesised to represent a pre-existing organic template. 

This organic template appears to be subsequently removed in the maturation process, 

but leaves a notable space and circular outline. The overall appearance of the ring 

structure galena (Figure 5-8C), wherein aggregates of galena are seen to be 

precipitating along a pre-existing structure, resembles the organic template proposed 

by Maclean et al. (2008) for framboidal pyrite. This observation also further 

corroborates the hypothesis of an organic template for framboidal pyrite. 

 

Figure 8-10 SEM image of colloform ZSOAPC showing different stages of 
development. (A) represents an earlier state than (B), which is a more mature 
phase. In (A) fibrous particles deemed to constitute the degraded biofilms are 
prominent as well as the banding. In (B), the particles fringing the colloform 
phase are deemed the relics of the biofilms as a result of its degradation. The 
phase in (B) also appears to be denser and more compact than (A). 

5"μm"

A 

B 
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8.4.3	  Induced	  and	  controlled	  biomineralising	  processes	  in	  the	  peat 

Biological mediation in the peat involves both induced (BIM) and controlled (BCM) 

processes (Section 4.2.1.1). The BIM processes operating in the peat include the: (i) 

reduction of sulfate from surrounding waters by SRB; (ii) adsorption of metals into 

the bacterial cells; (iii) catalysis of the local concentration of metals and S to reach 

supersaturation; and (iv) enhancement of the microenvironment and chemical 

conditions inside and surrounding the biofilm, making it favourable for sulfide 

growth.  

The bacterial cells as nucleation sites are associated with BCM because the cells 

controlled the location of the mineralisation. However, it was observed that inorganic 

self-organisation processes (i.e., aggregation of pyrite particles to framboids and 

aggregation of spheroids to botryoids) controlled the conversion of ZSOAPC to 

sphalerite. To achieve equilibrium, the inorganic self-organisation processes 

subjugated the influence of the bacterial cells. It is hypothesised that the 

microorganisms are alive during the nucleation process but become overpowered by 

the mineral formation process as cells appear to be ‘choked or clogged up’ by the 

growth of inorganic ZnS species (Davidson, 2016). The bacterial cells are then 

further degraded, and ultimately removed, as the ZSOAPC converts to a pure ZnS. 

Another BCM-related scenario in the peat is the possible occurrence of an organic 

template for framboidal pyrite and galena (Figures 5-8 and 5-9; Section 5.6.7).  

8.5 Colloids and microorganisms in Grieves Siding peat 

The contribution of sulfate reducing bacteria communities in the Grieves Siding peat 

goes beyond the known sulfate reduction processes. They act as nucleation sites and 

catalysts for sulfide mineral precipitation. The microenvironment within the biofilm 

also provides an essential microenvironment for sulfide formation, likely by 

maintaining reducing conditions within the biofilm, and consequently preventing 

oxidation and dissolution of the precipitated sulfide minerals (i.e., colloform 

ZSOAPC, sphalerite, galena, and pyrite). Strong contribution of microorganisms in 

mineral formation has also been observed in other analogue low-temperature 

environments globally (Section 4.2.3.2), such as in biofilms from a flooded tunnel in 

the carbonate-hosted Piquette Pb-Zn mine in Wisconsin (Labrenz et al., 2000; 
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Moreau et al., 2004); in worm tubes from a deep-sea vents on the East Pacific Rise 

(Zbinden et al., 2001), and in Bagno Bory wetland, southern Poland (Smieja-Król et 

al., 2015).   

The colloform ZSOAPC particles are an amalgamation of inorganic and organic 

components that result in a gel material exhibiting colloidal (gel) properties. Based 

on textural and chemical features, colloform ZSOAPC phases are interpreted to 

originate from a colloidal solution (gel), and are in a gel state. The colloidal solution 

(gel), from which the ZSOAPC particles nucleated, is inferred to contain a plethora 

of nonstoichiometric components such as metals (i.e, Zn, Pb, Fe, Cd, Cu, Ag, Sb, and 

As), sulfur, Al-O-Pb-Si phase, organic C, and water as medium (Section 7.1.8.). 

Such solution occurs and is preserved because of the selective microenvironment 

within the biofilm, which possibly prevents dilution by the bulk waters, maintaining 

a high solid to liquid ratio. Moreover, one reason for the preservation of the colloidal 

properties of the colloform particles is the presence and significant intervention of 

bacteria in the mineral formation. The carbon content of ZSOAPC (Figure 7-9; 

Section 7.3.1.2), which is attributed to replacement of bacteria, coupled with other 

elements (i.e., O, Al, Si, and H) incorporated in the colloforms other than ZnS, may 

have inhibited the initial crystallisation of pure ZnS.  

Whether other colloform minerals globally originate from a colloidal solution 

remains ambiguous at this stage of the research. However, there is a strong 

probability that in low temperature, e.g., surface and near-surface environments and 

organic-rich settings, particularly peat, the sulfide formation could follow multiple 

stages of mineral formation. In such a pathway, sulfide minerals originate from 

colloidal metastable precursors. Significant interaction of clay substrate, 

microorganisms and metastable colloidal precursors results in formation of well-

crystallised pure sphalerite. 
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Chapter 9  

Conclusions 

9.1 Introduction 

This project set out to determine the geochemical and mineralogical characteristics 

of the base metal-rich Grieves Siding peat, and the chemical properties of the 

different authigenic minerals in it. In detail, the aim was to achieve a better 

understanding of the genesis and evolution of the mineral assemblages in an organic- 

and metal-rich surface deposit, and to evaluate it as a natural and modern analogue 

for low-temperature base metal mineralising systems. The distinct conditions of the 

peat environment allowed the observation of metastable base metal phases, which are 

often not available in ancient deposits because of their diagenetic and metamorphic 

histories. It was also an objective of this study to investigate the presence and roles 

of colloids and microorganisms as contributors to the low-temperature mineralisation 

processes. 

This chapter summarises the key results of the study and reflects on their 

significance based on scientific merit and their implications for exploration and 

environmental remediation. It is structured using the original aims stated in Chapter 

1. 

9.2 Summary of the key results 

a. Determine the geochemical characteristics of the peat, and identify the controlling 

factors of the enrichment of metals within  

The metal-rich peat is found to possess exceptionally high base metal contents 

reaching up to 27.2 wt. % Zn and up to 3.8 wt. % Pb. It also contains significant 

enrichment of other metals such as Cd, As, Ag, Sb, and Cu. The peat registered 

extreme enrichments in Zn (2000 times) and Pb (1000 times) relative to global crust 

and soil. It also registered the highest Zn and Pb content of all reported metal-bearing 

peats around the world. 
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The spatial proximity between the underlying Grieves Siding carbonate prospect 

(GSCP) and the metal-rich peat indicates a link between them, in which the GSCP is 

deduced to be the main source of the majority of the Zn, Pb, and other metals (i.e., 

Cd, Fe, Cu, and Ag, As, and U) in the peat. However, the peat is ~6 times enriched in 

Zn and ~3 times enriched in Pb relative to the underlying protore carbonate sequence 

(GSCP), and this indicates that protore metal ratios have not been entirely inherited 

into the overlying peat. This suggests the capability of the peat to differentially and 

selectively creates concentrations of these metals. Also, the Pb isotope signature of 

galena from the peat is found to be more radiogenic than in the underlying ores, and 

hence, it is assumed that some metals were acquired from distant uranogenic Pb-

bearing rocks, but along the surface and groundwater flow path. These external metal 

sources likely include the Mt. Read Volcanics (MRV) and non-carbonate component 

of the Ordovician sequence. 

The enrichment of metals in the studied peat is hypothesised to be a collective result 

of the weathering and leaching of metals mainly from the underlying mineralised 

carbonate sequence (GSCP), and possibly partially from the distal MRV and non-

carbonate components of the Ordovician rocks, intersected up-gradient in the 

groundwater system. The accumulation of metals in the peat is seen to have been 

influenced by a combination of the following factors: (i) availability of the metals 

and sulfate in the mineralised local and regional rocks; (ii) development of an 

environment suitable for sulfate-reducing bacteria; (iii) a high efficiency of metal 

transport by ground and surface waters; (iv) effective trapping of metals within the 

peat substructure, creating a geochemical barrier; and (v) the retention of metals by 

(1) sulfide precipitation (i.e., Zn, Pb, and Fe); (2) fixation of metals (i.e., Zn, Pb, Cd, 

Cu, Ag, and Fe) as nonstoichiometric (gel) phases, bacterial cells and biofilms; (3) 

adsorption to clay minerals of some metals (i.e., Zn, Pb, Cd, Cu, Fe, Ag, Ti, Ni, and 

Co); and (4) complexation of selected metals (i.e., As, Sb, Mo, U, and Au) to organic 

matter. 

b. Establish a conceptual hydrologic and genetic model for the peat 

Theoretical genetic and hydrologic models are also extrapolated from the 

geochemical and mineralogical data of the peat.  The conceptual hydrologic model 

predicts the porosity and permeability of the Grieves Siding peat including the 
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different rock types underlying the metal-rich peat. The hydrologic model also shows 

the hydraulic behaviour of the surface and groundwaters, as metal carriers, 

percolating through these rocks. The genetic model presents the interpreted 

development of the peat influenced by the hydraulic behaviour of waters infiltrating 

through the underlying carbonate sequence (GSCP), which results in karstic 

dissolution and sinkhole formation. The genetic model also illustrates the different 

metal fixation processes operating in the peat as stated above, which results in a 

significant concentration of metals in it. 

c. Determine the mineralogical characteristics of the peat, and the paragenetic 

association of authigenic sulfides in the peat 

The mineralogical assemblages are found to be diverse, represented by sulfides, 

silicates, sulfates, oxides, carbonates, and phosphates. They are categorised as (i) 

detrital minerals, which are derived from the surrounding rocks (i.e., Cambrian 

volcanic rocks and sediments, Ordovician carbonates), and (ii) authigenic phases that 

are precipitated in situ, including the predominant Zn-Pb-Fe bearing phases. The 

identified zinc-bearing phases are sphalerite, baileychlore, Fe-Zn-Pb carbonate, as 

well as nonstoichiometric (i.e., clay and colloform) phases that also contain S, O, Al, 

Pb and C. Authigenic Pb- and Fe-bearing phases such as galena, anglesite, 

plumbojarosite, magnetite, and pyrite are also found to occur in the peat.  

An evolutional paragenetic sequence of authigenic Zn-Pb-Fe is identified. It typically 

proceeds as follows: Zn-rich clayàpyriteàgalenaàcolloform ZSOAPCà 

sphalerite. An evolutionary route of pyrite is also identified, involving textural 

transformations from disseminatedàframboidalàanhedralàpolycrystalline massive 

pyrite. 

d. Identify any nonstoichiometric Zn-rich phases, and characterise their mineral 

chemical and crystallographic properties 

A detailed examination of the chemical and microcrystallographic features of the key 

Zn-bearing clay and colloform phases and sphalerite concluded the following: The 

clay comprises O, Al, Si, S, and Zn with smaller amounts of Pb, Fe, and Cd. The 

absence of electron backscatter patterns (EBSPs) in the clay indicates that it exhibits 

low crystallinity and could potentially be amorphous or semi-crystalline. Mineral 
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analysis of the colloform phase shows it to consist of Zn, S as well as O, Al, Pb, Si, 

with smaller amounts of the heavy metals Fe, Cd, Cu, Ag, Sb, As, but also lighter 

elements such as H and C. Brighter colloform bands in backscattered electron images 

are found to correspond to the highest concentrations of Zn and S, whereas the 

darker colloform bands contain more O, Al, Si and C. Lead and other trace metals 

display no correlation with the bands, or their BSE expressions. Similar to the clay, 

the colloform phase also lacks any EBSPs, suggesting that the colloform has low 

crystallinity and may even be amorphous or only semi-crystalline. Infrared spectra of 

the clay and colloform phases have distinctive signatures matching that of water, Al-

rich phases and in some cases, organic molecules. Sphalerite is crystalline and 

commonly occurs adjacent to the Zn-bearing clay and colloform phases.  

e. Identify a nucleation and growth pathway for sphalerite via precursor phases, and 

describe the mechanisms of its formation 

The coexistence of crystalline sphalerite and amorphous, nonstoichiometric Zn-rich 

phases, and the correlation observed between their chemical compositions and 

crystallographic properties, are concluded to indicate that metastable Zn-bearing 

precursors evolved to form well-crystallised sphalerite. The proposed model requires 

a multiple-stage crystallisation route rather than a transformation process in a single 

step. The pathway starts with the heterogeneous nucleation of precursor phases on 

and within a Zn-rich clay substrate, and then progresses through multiple events of 

growth and maturation by aggregation, coalescence, and impurity expulsion. It then 

concludes with the transformation of the colloform phases to sphalerite. Each step is 

observed to be an incremental step towards crystallinity and compositional 

homogeneity, ultimately leading to pure ZnS.  

f. Detect the occurrences of colloids and microorganisms, and describe their 

characteristics and significant roles in the mineralisation process  

A comparison of the texture, morphology, mineral chemistry, and crystallography of 

the Zn-rich colloform particles with the guidelines set by Guilbert and Park (2007), 

reveals that the colloform phase meets the criteria for formation from a colloidal 

solution (gel), and may still be in a gel state. This interpretation is based on: (i) the 

particle size, which is within colloidal size range; (ii) the spheroidal shape of the 
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particles, which are consistent with formation from surface tension; (iii) the low 

crystallinity and potentially amorphous nature of colloform particles; (iv) the 

presence of cracks due to particle dehydration and shrinkage; (iv) the formation of 

Liesegang-like rings inferred to be formed by reaction-diffusion process; and (v) the 

stepwise process of the nucleation and growth of the colloform particles, which 

originate from an amorphous precursor. With the observations above, the precursor 

phases represented by the Zn-rich colloform particles are therefore interpreted as gel 

particles that convert into crystalline sphalerite. It is understood that the gel structure 

of the precursor phases enhances the sequestration and fixation of metals into the 

peat. 

This study also showed that sulfate reducing bacteria (SRB) communities are very 

likely to be present in the Grieves Siding peat in a near-surface zone below the main 

growing front of the peat plants. The SRB appear to make crucial contributions to the 

mineral formation. Apart from being producers of H2S for metal fixation, the 

bacterial communities are observed to form biofilms, which act as nucleation sites 

where sulfide mineral precipitation is catalysed. The microenvironment within the 

biofilm also provides a favourable environment for the sulfide formation, likely by 

maintaining a reducing condition internally. By maintaining a reducing environment 

within, oxidation and dissolution of the sulfide minerals (i.e., Zn-rich colloform 

phases, sphalerite, galena, and pyrite) are prevented within the bacterial 

microenvironment, hence enabling their preservation in an acidic environment.  

9.3 Significance of the results  

a. Geochemical characterisation    

In terms of global significance, as an extremely metal-rich peat, the geochemical 

information that this study offers substantially adds to existing knowledge on metal 

distribution and speciation in metalliferous peat. The geochemical results also reveal 

the capacity of the Grieves Siding peat to preserve metals and to even create a 

significant concentration of base metals (i.e. Zn, Pb, and Cd) that could be 

considered feasible as a mineral prospect. With this, it shows the capability of peat to 

be an efficient host of metals, and to be considered as a possible mineral deposit in 

its own right.  
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The metal enrichment in the peat creates the possibility that peat sampling could be 

used as an exploration tool. The metals sequestered in a peat deposit could serve as 

an indicator for a potential metal source/s such as hypogene ores underneath, and 

even extending to deposits far from the peat, depending on the hydrology of a given 

region.  

The ability of peat to naturally capture metals from surface and groundwaters as 

observed in this study also highlights the potential of the Grieves Siding peat as a 

natural and modern analogue for new remediation strategies of metals in acid mine 

drainage waters in historic mining districts in wet temperate climates, for instance in 

western Tasmania.  

In terms of local significance, the establishment of the chemical and physical 

structure of the peat relative to the underlying carbonate sequences (GSCP) suggests 

simplified nomenclatures and descriptions for the two metal concentration zones 

(i.e., metal-rich peat and GSCP) in the Grieves Siding prospect. Further, this study is 

also able to generate a theoretical genetic and hydrologic model for the Grieves 

Siding peat area. Although, the information in these models is preliminary and 

conceptual in nature, they could potentially serve as groundwork for future ore 

genesis studies of peat and other low- and intermediate temperature base metal 

deposits.  

c. Mineralogical characterisation    

There is a vast amount of information in the global literature on the geochemistry 

and elemental composition of peats. However, discussion of the characteristics of 

mineral phases is noticeably lacking, apart from basic identification. This study fills 

that gap and details the mineralogical characteristics of authigenic minerals and 

phases in the peat. Here, a diverse assemblage of authigenic minerals in the peat, 

which reflects the existence of dynamic physical and chemical conditions that are not 

necessarily in equilibrium with each other, is observed. The tendency of the 

metastable phases (i.e., nonstoichiometric Zn-rich colloform phases) to transform 

into a stable configuration (i.e., sphalerite) chemically and texturally in a natural 

setting is also observed. With these observations, the importance of the self-

organisation process in a natural and low-temperature setting is underpinned. 
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This study reports textural transformations of pyrite in a low temperature terrestrial 

setting but from extremely acidic metal-rich fluids. The evolutionary path of pyrite 

proposed here has been explored in other studies (Sawlowicz 1993, 2000), however, 

it is the first time that the textural changes from framboids to euhedral pyrite by self-

organisation have been observed in peat samples. Importantly, it showcases the 

occurrences of these textural changes within one grain, which also has not been 

reported previously. 

d. Mineral-chemical characterisation of the nonstoichiometric Zn-rich phases    

This study identifies and describes Zn-rich nonstoichiometric (i.e., clay and 

colloform) phases for the first time. This discovery helps to better understand 

nonstoichiometric phases in natural settings elsewhere. The colloform ZSOAPC 

phase is interpreted as a metastable precursor originating from a gel, and possibly 

still in a gel form that naturally converts to sphalerite.  

Zinc extraction has posed a challenge to the companies that previously evaluated the 

Grieves Siding peat (e.g., Icon Resources Limited). Icon attributed this to some 

unidentified inhibitors, which lead to uneconomic reagent consumption. The 

information from the mineral chemical characterisation of the Zn-bearing minerals 

and phases, which showed unusual and heterogeneous mixtures of elements and 

organic components (i.e., O, Al, Si, organic C, and bacteria), apart from Zn and S, 

could provide information on more appropriate design for the effective extraction of 

Zn and Pb from the peat. It is likely, for instance, that the peat sections with high 

non-Zn element levels lead quickly to elevated, insoluble residues (‘slimes’). They 

may also be less reactive than the more Zn-rich sections. However, assessment of 

this was beyond the scope of this thesis. 

e. Stepwise nucleation and growth pathway of sphalerite    

An evolutionary pathway of authigenic sulfides depicted by a ‘line of descent’ of 

sphalerite originating from nonstoichiometric Zn-rich colloform phases is identified 

here. Aside from peats, the proposed stepwise pathway could be applied to other 

low- to intermediate-temperature base metal forming systems, such as carbonaceous, 

sediment-hosted base metal deposits and Mississippi-Valley Type Pb-Zn-Ag deposits 

that possess caps or barriers of carbonaceous matter that was in some way renewed, 
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but was subject to SRB processes in its interior. This is a very specific circumstance 

and is not expected to have occurred in all deposits, but could be situationally 

relevant. The proposed conceptual model opens up the possibility that in these types 

of deposits, metastable precursor phases may evolve to the known ore minerals, a 

feature which could be occurring in the mineral formation processes but has not been 

documented yet. This contribution therefore provokes a re-examination of sediment-

hosted base metal ore deposits to assess whether maturation of nonstoichiometric 

phases is a relevant or possibly even an essential feature of the genesis of such 

deposits. 

The different stages of the development of sphalerite are observed in one grain, 

which is rare. The coexistence of these different textures and chemistry, which 

reflects the different formation stages, indicates that several microenvironments 

could occur in a single grain. Abiotic (i.e., availability and supersaturation of metals 

and S ions) and biotic (i.e., bacterial cells and biofilms) processes probably 

controlled the microenvironments.  

d. Colloids and microorganisms 

This study demonstrates the occurrences and association of colloids and bacteria in 

the peat. The results here could, therefore, add to the knowledge on the roles of 

colloids and bacteria in the formation of minerals in a peat setting, and other low- 

and intermediate-temperature environments. The interpretation that the Zn-rich 

colloform particles originate from a colloidal solution (gel) also adds to the 

understanding of the physical and chemical properties of gels in a natural 

environment. This study also contributes to the ongoing debate regarding the origin 

of colloform minerals. It demonstrates that in a peat-like condition and in the early 

stages of formation, colloform Zn-rich phases in the peat could originate from a gel, 

and could retain this gel form for a period of time. The distinct condition in the peat, 

coupled with a strong contribution of the Zn-rich nonstoichiometric clay (Al-Si-O) 

substrate, and an influence of bacteria and biofilms are relevant to create the gel 

mixture. These conditions and circumstances are also implicated in the preservation 

of the gel state of the colloform particles. This study also opens up the possibility of 

a colloidal (gel) origin for sulfides (i.e., sphalerite) following a pathway of 
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maturation to sphalerite via a chain of metastable precursors in the very early stages 

of formation before achieving a fully crystalline configuration in the later stages. 

The occurrence and significant contributions of bacteria in mineral formation beyond 

the sulfate-reduction process is underscored in this study. Importantly, this study 

showed that bacterially mediated mineral formation has the capability of producing a 

metal enrichment large enough to be viable as an economic mineral deposit. 

9.4 Limitations of the study  

While the present study has several significant implications, it is recognised that it is 

not without limitations. It should be noted that the water samples were obtained from 

flowing rivers traversing the project site, and from the resting fluids in pits (Chapter 

6). The pits were open at the time of sampling. Therefore, the water samples from 

these locations are considered as proxies of peat-exchanged waters at discharge 

zones that are equilibrated with atmosphere, rather than being the actual water 

precipitating the sulfides within the peat. It was not possible to obtain unoxygenated 

in situ groundwater because of the thick overburden, and drilling additional holes for 

water sampling was beyond the resources of this project. In this light, the redox-

related features presented and discussed in this work were only inferred from the 

mineralogy, and hence, future reference on the information from the surface pit 

waters must be used cautiously. 

9.5 Opportunities for further research  

The contributions listed in the previous sections have only scratched the surface of 

the scientific information that could be acquired from further study of the inorganic 

and organic components of the Grieves Siding peat. Even so, the results and 

implications of this research have opened up a number of possible future studies in 

various fields, such as, but not limited to, mineral exploration and mining, 

biomineralisation, acid mine drainage remediation, and molecular genetics. 

A novel multi-stage pathway for the formation of sphalerite in the peat has been 

identified in this study. It is imperative to conduct an experimental study in line with 

the proposed mechanisms to quantitatively determine and measure the factors 
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controlling the mineral and phase evolutions. Of particular interest is to quantify how 

bacteria and biofilms interact with the clay and pore water zinc and sulfur. 

The study demonstrated the capability of the peat to concentrate metals to a mineable 

grade, although from a very enriched precursor. Synthesising metal sulfide and gold 

particles in a laboratory scale has been done in the past. However, studies regarding 

synthetic mineral precipitation in large quantities are scarce. By mimicking the 

conditions of the Grieves Siding peat in the presence of SRB bacteria (from the data 

of the experiments proposed above), there is a chance of producing a synthetic 

mineral deposit. By determining the precise properties of the peat, it would enable 

production of synthetic metal sulfides and other precious metals (i.e., Au and Ag) in 

the laboratory, and possibly in large volumes. The ultimate goal is to grow metal 

sulfides and precious metals “in the backyard”. Likewise, by simulating the 

conditions in the peat, particularly its natural metal trapping mechanisms from 

surface and ground waters, one could design an acid mine drainage remediation 

process for metal removal that is applicable to historic mining areas, particularly in 

western Tasmania. Both of these applications require the establishment of the rate of 

mineral formation, which has not yet been established at Grieves Siding, and is an 

important future research goal. 

SEM and EBSD provided remarkable data on the chemistry and crystallographic 

properties of the minerals and nonstoichiometric Zn-rich phases in the peat at a 

microscopic level. It would be interesting to examine the minerals and 

nonstoichiometric phases under the transmission electron microscope (TEM) to 

investigate the chemical and crystallographic structures of nanoparticles, particularly 

those particles that are beyond the scope of SEM and EBSD. A high-resolution 

atomic force microscopy (AFM) examination would also be interesting, to observe 

the actual dissolution and precipitation process in the rock-water (double layer) of 

the clay substrate, which would help in modelling saturation rates of mineral phases. 

Higher resolution x-ray spectroscopic analysis, e.g., X-ray absorption near edge 

structure (XANES) or Extended X-ray absorption fine structure (EXAFS) of the 

mineral phases would enable understanding of the speciation and nature of Zn in the 

system is an ideal tool to confirm the presence of sorbed and chemically substituted 

phases, to test the proposed genetic stepwise model for the sphalerite formation. 
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The sulfur isotope composition analysis was performed on bulk samples. It would 

also be useful to evaluate the isotopic characteristics of the different sulfur species in 

the peat, such as the organically bound sulfur, native sulfur as well as sulfide and 

sulfate-bound sulfur to refine the model for sulfur source and cycling in the peat. 

Determination of the isotopic signatures of the dark versus the light bands in the Zn-

rich colloform phases could be part of such a study. However, during this current 

study, the colloform bands of the samples were found to be too small to be measured 

even for sensitive high-resolution ion microprobe (SHRIMP), so this goal remains 

aspirational with current technology. 

The study detected the presence of bacteria in the peat, and inferred a vital role for 

SRB based on physical and chemical evidence. It would be very useful to better 

understand the nature and stratification of microbial communities at this site, and 

their microbial ecology, possibly by bacterial community fingerprinting analysis. A 

better knowledge of the nature of the bacterial community may also facilitate a 

microbe-based solution to the problem of economic extraction of Zn from Grieves 

Siding peat. However, if future mining does occur, the scientific value of the site as a 

natural working analogue of mineralising processes should be considered, which 

means that a representative portion should be preserved in situ. 
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